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ABSTRACT

In this study, the aim is to describe the influence of electrospinning parameters on the morphology, the
water wetting property and dye adsorption property of poly(methyl methacrylate) nanofiber mats.
Specifically, the effects of solution concentration, solvent type, applied voltage, distance between the
electrodes and particulate reinforcement on the diameter and shape of the nanofibers were investigated.
All poly(methyl methacrylate) nanofiber mats contained beaded nanofiber structures. With increasing the
polymer solution concentration, the average fiber diameter also increased. Poly(methyl methacrylate)
nanofiber mat electrospun from dimethylformamide solution resulted in thicker fibers when compared
with the mat electrospun from acetone solution. Increasing the electric potential difference between the
collector and the syringe tip did not increase the average fiber diameter. Besides increasing the distance
between the electrodes resulted in a decrease in the average fiber diameter. When compared with PMMA
nanofiber mat, thicker fibers were obtained with silica nanoparticles reinforced nanofiber mat. According
to the water contact angle measurements, all poly(methyl methacrylate) nanofiber mats revealed
hydrophobic surface property. PMMA nanofiber mat with the highest water contact angle gave rise to the
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highest dye adsorption capacity.

1. Introduction

Materials, processed by controlling, assembling, manipulating
and characterizing matter at atomic and molecular length-scale,
are known as nanomaterials. Among one-dimensional nano-
structures, nanowires, nanotubes, nanocylinders, nanotubules,
nanorods and nanoribbons, nanofibers are the only one,
describing properly mechanically flexible nanostructures of
extremely high length-to-radius ratio (1). Polymer nanofibers
with diameters in the range from several micrometers down to
tens of nanometers are of considerable interest for various
kinds of applications, including dye adsorbents, catalyst sup-
ports, drug delivery systems, fuel cells, conducting polymers
and composites, photonics, sensors, medicine, pharmacy,
wound dressings, filtration, tissue engineering, fiber mats serv-
ing as reinforcing component in composite systems and fiber
templates for the preparation of functional nanotubes. Polymer
in nanofiber form possesses an exceptionally high specific sur-
face area, which results in quantum efficiency, nanoscale effect
of unusually high surface energy, surface reactivity, high ther-
mal and electrical conductivity, optical anisotropy, controllable
porosity at nanoscale and high strength (1, 2).

Polymer nanofibers can be prepared by several methods
such as drawing, template synthesis, phase separation, self-
assembly and electrospinning. To produce nanomaterials using
the cheapest and the most straightforward way, electrospinning
is a novel process that produces superfine nanofibers by apply-
ing a high voltage charge to a polymer solution or melt and

using the charge to draw the solution from the tip of a capillary
to a grounded collector. This process system is basically com-
posed of a syringe to hold the polymer solution, two electrodes
and a DC voltage supply in the kV range, sufficient to overcome
the surface tension forces of the polymer. The free surface of
the charged polymer produces very fine jets of liquid, drawing
to the grounded collector. The effect causes substantial drawing
of the rapidly solidifying fibers as they approach the grounded
collector. The fiber is collected as a web of fibers on the surface
of the grounded collector (2-4).

Hydrophobic surfaces have attracted much interest in engi-
neering due to their unique surface properties, including self-
cleaning, anti-icing, and anti-sticking, that can find applications
in photovoltaic, electronic and optical devices. Both surface
energy and surface morphology are known to largely determine
the final surface properties such as the water wetting property
or hydrophobicity (5, 6). Only low surface energy is insufficient
to achieve enhanced surface hydrophobicity. Rather, a combi-
nation of the surface energy and topography gives rise to the
water-repellent properties (6-8). The hydrophobicity of a sur-
face can be improved by being textured with different length
scales of roughness. Herein, electrospinning process takes
advantage of this by using a hierarchy of nano and microstruc-
tures on nanofiber coated surfaces to provide sufficient rough-
ness for hydrophobicity (9).

Numerous studies have been reported that the processing
parameters such as solution properties, the voltage supplied,
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Figure 1. SEM micrographs of silica nanoparticles.

the feed rate, temperature of the solution, type of collector,
diameter of needle and the distance between the needle tip
and the collector affect the morphology of electrospun
fibers. (3, 10-12). Hence, it is really important to investigate
the processing conditions of electrospinning process. In
addition, a growing research effort has been focused on dye
adsorption property of electrospun mats. Studies on dye
adsorption showed that the very large surface area and the
high porosity confer high adsorption performances to elec-
trospun mats (13-15). In this study, the effects of solution
concentration, solvent type, applied voltage, distance
between the electrodes and particulate reinforcement on the
fiber morphology, the water wetting property and dye
adsorption property of electrospun poly(methyl methacry-
late) (PMMA) mats were studied.

2. Experimental

Poly(methyl methacrylate) (product # AB211664) was purchased
from ABCR, Germany. PMMA was dissolved in acetone to obtain
2, 4 and 6 wt% solutions. For comparison purpose, PMMA was
also dissolved in dimethylformamide (DMF) to obtain 4 wt% solu-
tion. Laboratory scale electrospinning unit (NE-100, Inovenso) was
used to prepare PMMA nanofiber mats. The solutions, fed into a
syringe, were delivered using a syringe pump to maintain a steady
flow of 0.1 ml/hr. An electric potential difference of 20 kV was
applied between the collector and the syringe tip. For comparison
purpose, 30 kV and 40 kV electric potential differences were also
applied to 4 wt% PMMA-acetone solution. The distance between
the collector and the tip was 10 cm. As a process parameter, the
distance between the electrodes was changed to 19 cm during the
electrospinning of 6 wt% PMMA-acetone solution. Silica nanopar-
ticles (Figure 1), prepared according to the classical Stober method
in the laboratory before (16), was used and mixed with 2 wt%
PMMA -acetone solution to obtain 16 wt% silica/PMMA compos-
ite solution. An electric potential difference of 40 kV was applied
between the electrodes to prepare silica nanoparticles reinforced
nanofiber mat. Electrospun PMMA nanofibers were collected on
aluminum foil. PMMA nanofiber mats with their codes and proc-
essing conditions are summarized in Table 1. To investigate the
effect of nanofiber morphology on the water wetting property,
PMMA film was prepared using a Laurell Model (WS-400BZ-
6NP/LITE) spin-coater at 2000 rpm.

The microstructure and surface morphologies of the
PMMA nanofiber mats were observed by a scanning elec-
tron microscope (SEM: EVO LS10 ZEISS). The average fiber
diameter and its standard deviation were determined using
an image analysis software (National Institutes of Health
Images) from the SEM images of the PMMA nanofiber
mats. At least 20 different fibers were analyzed for this pur-
pose. The water contact angles of the PMMA nanofiber
mats and the spin coated PMMA film were obtained using
the sessile drop method with a drop shape analysis system
(Kriiss, easydrop model) at room temperature. Three differ-
ent contact angle measurements were performed for each
system and average of these three test results were given
with their standard deviations. Dye adsorption tests were
conducted by immersing PMMA nanofiber mat sample of
3x3 cm? into 50 ml methylene blue solution with a concen-
tration of 10 mg/L. The dye concentration was determined
with a UV-visible spectrophotometer (UV-Mini 1240 Spec-
trophotometer) at 665 nm. The adsorption capacity
q (mg/g) was calculated using the following equation:

where ¢, (mg/L)and ¢, (mg/L) are the initial and the equilib-
rium methylene blue concentrations, respectively. V (L) is the

Table 1. The PMMA nanofiber mats with their codes and electrospinning
conditions.

Electric
potential The distance
difference  between the
PMMA between the  collector and
composition Solvent collectorand  the syringe  Particulate

Codes  of solution  type the syringe tip tip reinforcement
PMMA1 2wt.%  acetone 20 kv 10 cm —
PMMA2  4wt.%  acetone 20 kv 10 cm —
PMMA3  6wt.%  acetone 20 kv 10 cm —
PMMA4  2wt.%  acetone 40 kv 10 cm —
PMMAS5 2 wt. % acetone 40 kv 10 cm silica
PMMA6  4wt.%  DMF 20 kv 10 cm —
PMMA7  4wt.%  acetone 30 kv 10 cm —
PMMA8  4wt. % acetone 40 kv 10 cm —
PMMA9  6wt.%  acetone 20 kv 19 cm —
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Figure 2. SEM micrographs of PMMA1 mat.
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Figure 3. SEM micrographs of PMMA2 mat.
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Figure 4. SEM micrographs of PMMA3 mat.

volume of the solution and m (g) is the weight of the mat
sample.

3. Results and discussion

The viscosity of the polymer solution plays a significant role in
the electrospinning process and the resultant fiber morphology
(3, 17). The viscosity of the polymer solution is mainly affected
by two different parameters, which are solvent type and

polymer concentration. The polymer solution concentration
has a significant effect on the final size and the shape of the
electrospun particle (3, 18). An increase in the polymer solution
concentration gives rise to an increase in the solution viscosity.
Moreover, addition of silica nanoparticles into PMMA solution
might result in an increase in the solution viscosity. With
increased solution viscosity, the diameter of the electrospun
fiber also increases (3, 7, 17). SEM images of PMMAI,
PMMA?2 and PMMA3 illustrate that increasing the polymer
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Figure 5. SEM micrographs of PMMA4 mat.
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Figure 6. SEM micrographs of PMMA5 mat.

solution concentration from 2 to 6 wt% increased the average
fiber diameter (Figures 2-4). According to SEM images,
PMMAA4 solution yielded beaded fiber structures with an aver-
age fiber diameter of 194 nm and silica nanoparticles reinforced
PMMA solution yielded beaded fiber structures with an average
fiber diameter of 307 nm (Figures 5 and 6).

When different solvents are used to make polymer solutions
with the same concentration, polymer solutions with different
viscosities can be obtained (19). A solution with a relatively
high viscosity gives rise to an increase in the diameter of the
electrospun fibers (3, 17). According to Table 2, the average
fiber of PMMAG6 mat is thicker than the average fiber diameter
of PMMA?2 mat (Figures 3 and 7), which should be the result
of different viscosities of polymer solutions made by different

Table 2. The average diameter of PMMA nanofibers with their standard deviations
and the water contact angle of the electrospun PMMA mats with their standard
deviations.

Sample Average diameter (nm) Water contact angle
PMMA1 101 £ 38 124.6° +2.3°
PMMA2 160 + 63 129.3° £ 6.1°
PMMA3 341 £ 54 134.6° + 3.0°
PMMA4 194 + 48 130.3° £ 4.3°
PMMAS5 307 + 61 147.1° £ 10.3°
PMMA6 517 + 66 123.2° £4.1°
PMMA7 1419 £ 138 132.2° +£2.0°
PMMAS8 762 92 135.6° + 2.6°
PMMA9 263 +98 100.1° + 5.4°

solvents at the same concentration (19). For electrospinning, if
the polymer solution viscosity is low owing to the low solution
concentration, the electrospinning process generates beaded
fibers instead of smooth fibers (3, 7, 18). This is the reason for
the beaded fibers observed on the SEM images of the PMMA
nanofiber mats (Figures 2-10). A minimum viscosity for each
polymer solution is required to yield fibers without beads
(3, 17).

Another important parameter that affects the electrospin-
ning process is the electric potential difference between the col-
lector and the syringe tip. If the electric potential difference is
higher, the greater amount of charges will cause the jet to accel-
erate faster and more volume of solution will be drawn from
the tip of the needle. As the electric potential difference
between the electrodes has an influence in the stretching and
the acceleration of the jet, it will have an influence on the mor-
phology of the fibers obtained. In most cases, a higher potential
difference will have the effect of reducing the diameter of the
fibers (3). However, this trend could not been seen among
PMMA2, PMMA7 and PMMAS8. PMMA2 mat possesses the
thinnest fiber diameter among those electrospun mats
(Figures 3, 8 and 9, Table 2).

As a process parameter, varying the distance between the tip
and the collector will have a direct influence in the flight time,
which will affect the electrospinning process and the resultant
fibers. When the distance between the tip and the collector is
increased, the jet will have a longer distance to travel before it



JOURNAL OF MACROMOLECULAR SCIENCE, PART A: PURE AND APPLIED CHEMISTRY 695

EHT = 20.00 kv
WD=10.0 mm

Sigral A = SE1 Mag= 500KX
| Probe = 20pA

EHT = 2000 bV
WD =10.0mm

Signal A = SE1 Mag= 100KX
| Probe = 20pA -

Figure 7. SEM micrographs of PMMA6 mat.
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Figure 8. SEM micrographs of PMMA7 mat.
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Figure 9. SEM micrographs of PMMA8 mat.

reaches the collector plate. The longer distance means that
there is a longer flight time for the solution to be stretched
before it is deposited on the collector. Hence, increasing the dis-
tance between the tip and the collector results in a decrease in
the average fiber diameter (3). As expected, PMMA9 mat pos-
sesses thinner fiber diameter when compared with PMMA3
mat (Figures 4 and 10). Increasing the distance between the
electrodes from 10 cm to 19 cm gave rise to a decrease in the
average fiber diameter from 341 nm to 263 nm (Table 2).
Hydrophilic surfaces show a contact angle between 0° and
30°. Moreover, less hydrophilic surfaces exhibit a contact angle

up to 90°. Materials with a contact angle more than 90° is
termed as hydrophobic (20). The images and the results of
water contact angle measurements are shown in Figure 11 and
in Table 2, respectively. Figure 11a illustrates a water droplet
formed on the spin coated PMMA film. The surface contact
angle of the spin coated film is 76.6°, which was measured as a
reference to the electrospun PMMA mats. Hence, the spin
coated film revealed less hydrophilic surface property. The
images of the electrospun mats illustrate a significant increase
in the contact angle, which may be ascribed to the enhanced
surface roughness (Figure 11, Table 2). The surface roughness
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(b)

Figure 11. Water contact angle images of (a) the spin coated PMMA film, (
mat (h) PMMA7 mat, (i) PMMA8 mat and (j) PMMA9 mat.

and the porosity have significant effect on the apparent contact
angle (18, 21-23). In addition, all the electrospun mats revealed
hydrophobic surface property.

With an increase in fiber diameter, the surface roughness of the
electrospun mat can increase (24, 25). As expected, increasing the
polymer solution concentration from 2 to 6 wt% increased both
the average fiber diameter and the water contact angle (Table 2,
Figure 11). However, this trend could not be seen among other
electrospun mats (Table 2). There should be an optimum fiber
diameter for enhanced surface roughness and hydrophobicity. The
surface roughness and the porosity of the electrospun mat can also
be enhanced by modifying the fiber dimension with bead structures
(7,21, 22). Although all the electrospun PMMA mats show beaded
fiber structures (Figures 2-10), the highest water contact angle of
147.1° was obtained with PMMAS5 mat. More enhanced surface
roughness might be obtained with silica nanoparticles reinforced
nanofiber mat.

Figure 12 illustrates the results of methylene blue adsorption
tests. In the first 30 minutes, a rapid adsorption was observed,
which might be due to the presence of adsorption sites, and
then the removal was almost constant (13). The adsorption
capacity values of PMMA1, PMMA3, PMMAS5, PMMAS and
PMMAY9 mats were 5.6, 5.3, 6.5, 5.4 and 5.1 mg/g, respectively.
When compared with PMMA1, PMMA3, PMMAS8 and
PMMAY9 mats, the stronger adsorption capacity of PMMAS5
mat might be due to the enhanced surface roughness and
hydrophobicity obtained with silica nanoparticles introduction,
leading methylene blue molecules to adhere on the mat surface

b) PMMA1 mat, (c) PMMA2 mat, (

- i

(D)

d) PMMA3 mat, (e) PMMA4 mat, (f) PMMAS5 mat, (g) PMMA6

easily (14). In addition, the pseudo-first order and pseudo-sec-
ond order models were used to study the adsorption kinetic
character of PMMA nanofiber mats. The pseudo-first order
and pseudo-second order models are given below (13, 14):

log (qe — qi) = logq. — kit
t__ 1 Lt
g  kq? g

where g; (mg/g)and g, (mg/g) are the adsorption capacity
at time t and at equilibrium, respectively. k; (min™") and k,
(g/mg.min) are the adsorption rate constants of the pseudo-
first order and pseudo-second order models, respectively.
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Figure 12. The adsorption capacity of PMMA nanofiber mats for methylene blue.
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Figure 13. The plots of the pseudo-first order model for methylene blue adsorption by (a) PMMA3 mat, (b) PMMA5 mat, (c) PMMA8 mat and (d) PMMA9 mat.
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Figure 14. The plots of the pseudo-second order model for methylene blue adsorption by (a) PMMA3 mat, (b) PMMA5 mat, (c) PMMA8 mat and (d) PMMA9 mat.

The plots of log(q.-q;) vs. t (Figure 13) and t/g; vs. t
(Figure 14) were used to determine the model parameters
for methylene blue adsorption on PMMA nanofiber mats
(Table 3). When comparing the correlation coefficient (R?)
values, the adsorption process was better described by the
pseudo-first order model (Table 3).

Table 3. The model parameters for methylene blue adsorption on the PMMA
nanofiber mats.

Pseudo-first order Pseudo-second order

Adsorbent g (mg/g) kq R? ge (Mg/g) ky R?

PMMA3 10.84 0.0504 0.8934 11.09 0.0017  0.7716
PMMAS5 8.69 0.0407  0.9442 9.76 0.0039  0.9272
PMMAS8 8.78 0.0404  0.9519 9.69 0.0025  0.9011
PMMA9 10.09 0.0447  0.9180 14.35 0.0008  0.5585

4. Conclusions

Electrospinning process parameters have shown implications
on the morphology, the water wetting property and dye
adsorption property of the PMMA nanofiber mat. SEM
images and water contact angle measurements indicate that
electrospinning parameters like solution concentration, solvent
type, applied voltage, distance between the electrodes and par-
ticulate reinforcement had significant impact on the average
fiber diameter and the surface hydrophobicity. The thinnest
fiber structure was observed on PMMAI mat. The highest
water contact angle and the strongest adsorption capacity
were obtained with PMMAS5 mat. This study has shown that
understanding of the electrospinning process parameters can
lead to the possibility of controlling the morphology, the water
wetting property and dye adsorption property of nanofiber
mats.
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