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ABSTRACT

Centrifugal spinning is a new technique for producing of nano and microfibers that has a great differential: a
higher production rate than those presented by traditional methods. Due to a great interest in using nano and
microfibers in technological applications along with the environmental interest in polymer recycling, this
research had the purpose of production fibers by centrifugal spinning from the expanded poly-styrene recy-
cling and the evaluation of the influence of operational parameters such as the concentration of polymer solu-
tion and the speed of rotation in the average diameter and in the distribution of the diameters of fibers formed.
The fibers obtained were characterized using the Scanning Electronic Microscopy (SEM) and they had their
diameters measured using ImageJ software. The fibers obtained in this research were entangled, woven,
fused, with a rough and porous surface, with bead formation and without directional ordering. The results
obtained show that the polymer solution concentration was the most influential parameter in the fibers ana-
lyzed characteristics and, in general, its increase generates an increase in the average diameter. With the in-
crease in rotation speed, there has been often a reduction in the presence of beads and microparticles due to
the better stretching of the fibers. In less concentrated solutions, continuous fibers with more regular surfaces
were obtained, however, promoting the higher production of beads. In the most concentrated solutions, we
noticed the formation of porous fibers and very rough surfaces, as well as fused and woven fibers. Through
the measurement of its diameters, it was possible to observe the obtaining of fibers with average diameters of
407,02 nm to 38113,20 nm, and the smallest value was obtained with the parameters of 5% w/w of polymer
concentration and rotation speed of 15000 rpm and the highest value had 15% w/w concentration polymer
and 10000 rpm.
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1. INTRODUCTION

Population growth added to high consumerism generates a very large load of solid waste; this waste can
damage the environment when there is no proper waste management at post-consumption [1-3]. One of the
main concerns regarding solid waste is the disposal of polymeric materials, since these materials usually re-
main for a long time in the place where they were disposed [2], and in this way the recycling and reuse of
these materials present itself as one of the most important actions to reduce the environmental impact [4].

According to Compromisso Empresarial para Reciclagem (Cempre) [5] — a non-profit association dedi-
cated to the promotion of recycling — Brazil recycled in 2011 only 21.7% of plastics (approximately 953,000
tonnes), and this low percentage can be attributed to the low cost of recycled plastics and the recycling eco-
nomic inviability [6]. However, recycling generates benefits such as reducing the greenhouse effect, air and
water pollution, energy consumption and increasing conservation of natural resources [6].

Expanded polystyrene (EPS) is one of the polymeric materials that must have an appropriate destination
and; due to its low density, EPS occupies a lot of space in the location where it is deposited. In addition, EPS
is 100% recyclable and reusable [6]. Expanded polystyrene is a rigid cellular plastic, produced from the
polymerization of styrene in water, with the addition of an expander agent, usually pentane [7]. The final
product consists of approximately 98% air and 2% solid matter (polystyrene) in volume [8]. The closed and
air-filled cells confer to EPS its properties of extreme lightness and acoustic insulation [7].
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A proposed way to increase the demand and aggregate value to plastics is through recycling and use in
the synthesis of nano and microfibers. Besides, these fibers have inherent characteristics, due to their dimen-
sions, which result in a range of applications in several areas [9]. Polymeric nanofibers (nano, 10° m) can
present attractive mechanical properties for various applications, given the increased orientation of the main
polymer chains along the longitudinal axis and the general increase in the material's resistance when in fila-
ment form [10].

The manufacture of polymeric nano and microfibers can be performed by several techniques such as
melt blowing [11, 12], phase separation [12, 13], self-assembly [12-14], electrospinning [12, 14, 15] and cen-
trifugal spinning [16-18]. This latest technique is a newly developed one, used for the production of nano and
microfibers of fused or in solution polymers, based on the action of centrifugal pseudo-force [18]. Centrifu-
gal spinning (or rotary jet spinning) presents a great advantage over traditional techniques such as electro-
spinning due to its higher production capacity, the possibility of using different polymers and low cost. Cen-
trifugal spinning uses physical forces to produce fibers, not requiring high electric voltage [17, 19, 20].

Centrifugal spinning equipment consists basically of a high-rotating motor, a fiber collection system
and a rotor containing injectors and reservoir [20]. The production of fibers by centrifugal spinning can be
described in three steps: jet initiation, jet extension, and solvent evaporation. In the first step, the reservoir
containing the polymer solution or molten polymer rotates at a high rotation speed. When the rotation speed
reaches a critical value, the hydrostatic pressure along with the pressure created by the action of centrifugal
pseudo-force exceeds the capillary force, and then the solution is ejected as a jet out of the rotor through the
hole [16, 21]. In the second stage, a radial centrifugal pseudo-force directed outward extends the jet towards
the collector's wall. The stretching of this jet was controlled by the balance between the viscous forces and
centrifugal pseudo-force [16, 22]. Finally, the solvent evaporation occurs, dependent on the solvent diffusion
through the polymer. The solvent evaporation rate depends on its volatility and, if the solvent is highly vola-
tile, the fibers formed will be thicker, with a rapid solidification of the jet and this solidification will reduce
its extension [16]; however, if the solvent evaporation is very low, a thin film can be formed by merging non-
solidified overlapping fibers on the collector [18].

Parameters such as surface tension, viscoelastic polymer properties, applied rotation, injector hole di-
ameter, fiber collector radius, environment control (humidity and temperature), polymer solidification tem-
perature and solvent evaporation, become extremely important regarding the control for the production of
suitable fibers by centrifugal spinning [16, 18, 22, 23]. The inadequacy of the production parameters may
cause defects in the fibers or even do not form fibers. In low viscosity solutions there is a lower shear rate
and easier deformation, which characterizes the possible formation of thinner fibers; nevertheless, the jet
elongation of the precursor solution of the fibers becomes more unstable due to the increased surface tension
and it causes the formation of defects such as beads [21]. The formation of pearled structures, or beads, oc-
curs due to their spherical structure that reduces the surface tension. In this work, was considered as bead the
interruption in the elongation of the fiber and as microparticle the sphere that not belonging to fiber. The
beads are usually found in fibers produced with lower viscosity solutions [18].

In this research, EPS recycled fibers were produced through the centrifugal spinning technique and we
evaluated the parameters of the rotation speed and concentration of the polymer solution. The morphology
and diameter of the formed fibers were investigated according to the equipment operating parameters.

2. MATERIALS AND METHODS

In this research, a recycled EPS was used, dissolved in chloroform (Synth, obtained commercially) at concen-
trations of 5%, 10% and 15% by mass. In triplicate, the solutions were agitated for 24 hours and then charac-
terized in a Viscometer of Brookfield brand and model LVDV-II + P at 20 rpm with spindle 18.

The centrifugal spinning equipment used in this work was built by the group and has the configuration
reported in the literature [16, 18, 22]. The parameters used initially had as a starting point studies reported in
the literature [16, 18, 20]. The rotation speeds used were 5000 rpm, 10000 rpm and 15000 rpm and these
speeds were controlled by a Variac and verified using a digital tachometer. As an injector, disposable com-
mercial hypodermic needles were used, with a diameter of 450 um defined by the manufacturer. The collec-
tor's radius used was 23 cm.

After the production, the fibers were characterized by electronic scanning microscopy (SEM) and the
purpose was to evaluate the microstructure of the fibers obtained and to observe details of the fiber formation
and continuity, alignment (organization), dimensions and presence of microparticles and beads. The analyses
were conducted at the Center for Southern Electron Microscopy (CEME-SUL) of the Federal University of
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Rio Grande - FURG, Rio Grande, Rio Grande de Sul, using the equipment JEOL model JSM — 6610LV. The
sample were covered by a thin layer of gold, using a sputter coated with the gold target. The approximations
used in the images were 1000 times, but by two simples (B1 and C3) it was necessary to use the approxima-
tion of 100 times because in this approximation was it was possible to obtain a clear image for these samples
and with the population needed to measure the diameter of the fibers. An initial voltage of 10 KV was em-
ployed to perform the analyses. In order to make measurements of the fiber diameters, a population of 50
fibers was stipulated and the software image J was used in the images obtained by SEM.

3. RESULTS AND DISCUSSION

The average viscosity and standard deviation obtained in the polymeric solutions are presented in Table 1. It
was observed that the significant increase in the viscosity value occurs due to the increase of the EPS concen-
tration in the solution. It happened because in more diluted solutions the polymeric chains are freer to move
individually while in the more concentrated solutions the increase of viscosity occurs as a result of the for-
mation of intermolecular intertwining which restricts the polymeric chain movement and leads to changes in
the solution disposal properties [24].

Table 1: Results of the average and standard deviation present in the viscosity analyses.

CONCENTRATION VISCOSITY

5% (wiw) 11,40+ 0,42 cP
10% (wi/w) 55,20 £ 0,97 cP
15% (wiw) 567,90 £ 1,21 cP

Table 2: Nomenclature of the fibers subgroups produced in accordance with the operating parameters used and average
diameters obtained of the fibers produced.

SUBGROUP |CONCENTRATION |RoTaTioN  |AMOUNT AVERAGE STANDARD
OF FIBERS | DIAMETER DEVIATION

Al 5% (wiw) 5000 rpm 50 0,53 um 0,16

A2 5% (wiw) 10000 rpm |50 0,42 pm 0,14

A3 5% (wiw) 15000 rpm |50 0,41 pm 0,13

B1 10% (w/w) 5000 rpm 50 9,46 pm 3,94

B2 10% (w/w) 10000 rpm |50 1,68 um 0,84

B3 10% (wiw) 15000 rpm |50 1,28 um 0,67

C1 15% (w/w) 5000 rpm 50 17,43 ym 5,40

Cc2 15% (wiw) 10000 rpm |35 38,11 um 9,21

C3 15% (w/w) 15000 rpm |25 15,02 pm 11,82

Table 2 contains the number of fibers that had their diameters measured, the average diameters and
the standard deviation of the fiber groups produced in this research, as well as nomenclature according to the
parameters evaluated. It was possible to observe a relationship between the solution viscosity and the fibers
average diameter in the results obtained. According to LU et al. [21], the increase in the fiber diameter can be
attributed to the increase in the solution viscosity; this escalation is related to greater intertwining and the
reduction of the polymer chain mobility. This also makes difficult the chains stretching and consequently the
formation of thicker fibers.

Figure 1 presents the micrographics of groups A, B and C and their respective subgroups. In the Al
micrographics, the presence of fibers was observed, with continuous appearance, heterogeneous diameters,
and presence of microparticles. In the image, it was still possible to observe that there is a higher concentra-
tion of microparticles than beads. In the A2 micrographics, there were entangled fibers and heterogeneous
diameters. We can see that there was a smaller presence of microparticles and that these microparticles
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seemed to have smaller dimensions, however, a greater quantity of beads was observed. In the A3 mi-
crographics, it was observed that the fibers had a continuous aspect, heterogeneous diameters; they were en-
tangled, and it was possible to see the expressive presence of beads, and the formation of microparticles was
not observed.

When considering the figures relating to group A and table 2, it was possible to observe that the in-
crease in rotation speed has led to the formation of fibers with smaller diameters. This can be associated with
a lower rotation that gives the solution jet a smaller extensional force exerted on the polymer solution jet and
consequently the extension and elongation of the polymeric chains are smaller, tending to the formation of
fibers with larger diameters. The trend observed for the group A is in accordance with the one observed by
BADROSSAMAY et al. [16], LU etal. [21] and PADRON et al. [18].

In the micrographics of the group B the formation of fibers with distinct dimensions and different
characteristics is observed, while noticing the bead formation. In the B1 micrographics, it was observed dis-
continuous fibers with a porous surface. It was noted that the fibers formed were coarse and these fibers
demonstrated an aspect of fused fibers, which can be attributed to the combination of the use of lower rota-
tion with a solution of greater viscosity. In the B2 micrographics, the use of a larger rotation (10000 RPM)
promoted the best stretching of the polymeric chains; this stretching enabled the fiber formation with a con-
tinuous appearance as well as the presence of beads and microparticles. The B3 micrographics demonstrate
the formation of fibers with a continuous aspect, with distinct dimensions among themselves, the formation
of beads and microparticles.

The C1 micrographics demonstrate the formation of tangled fibers, with large diameters and porous
surface, and portions containing fused fibers. In the C2 micrographics, it was observed the formation of short
and fused fibers and these fibers form several intertwining points, these points contain a large number of
pores on the surface. In the micrographics C3, we noted the formation of short, fused, tangled and intertwin-
ing fibers.

In general, the use of a lower rotation provided to the solution jet more time for its stretch and better
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control over the solvent evaporation. However, the extensional force exerted on the polymer solution jet was
lower and consequently the extension and elongation of the polymeric chains, tending to the formation of
fibers with larger diameters. When with a very high rotation, even if it can generate larger extension forces, it
can cause a solvent evaporation in time not suitable for the formation of continuous fibers with good proper-
ties.

Regarding the polymer solution concentration, it was observed that in solutions of larger concentra-
tions occurs the increase of the stretching forces, but also the decrease in the mobility of the molecules of the
polymer happens due to the largest amount of polymeric chains present in the solution. This can prevent the
solvent evaporation thanks to the formation of a barrier. This can be verified by observing the micrographics
of the group with greater polymer concentration (group C), were the formation of very defective fibers was
noted indicating that the evaporation did not occur properly.

4. CONCLUSIONS

Regarding the parameters evaluated in the fibers produced in this research, it was found that the concentra-
tion of the polymer solution was the most influential parameter in the variation of the diameters obtained.
The fibers obtained in this research were entangled without a directional ordering. In less concentrated solu-
tions, we noticed the formation of continuous fibers with more regular surfaces, however, with higher pro-
duction of beads. In the most concentrated solutions, it was observed the formation of porous fibers and very
rough surfaces, as well as fused and intertwining fibers.
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