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ABSTRACT: The behavior of electrospun polyvinyl alcohol (PVA) and polyethylene oxide (PEO) nanofibers embedded with urea is
studied as a function of various process parameters. Our results show that three-dimensional nanofiber networks can be obtained
when high concentrations of urea in the solution are used during electrospinning. The nanofibers are characterized using both scan-
ning electron microscope (SEM) and Fourier transform infrared spectroscopy (FTIR). The stability of the nanofiber as a function of
electric field has also been studied. The successful formation of three-dimensional nanofiber networks can open new trends toward
applications in fertilizers containing nanofibers in the nanoagricultural field. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131,

39840.
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INTRODUCTION

Among the different natural and chemical fertilizers used for
plant cultivation, urea has been found to be one of the best
choices as a nitrogen release fertilizer.' Urea has the highest
nitrogen content per unit mass or volume (46% of its mass
nitrogen content) and has the lowest transport costs.”?
Although urea has many advantages, it is considered to be
harmful for farmers through skin exposure or inhalation.* For
example, urea can cause irritation to the skin or respiratory
tracts through inhalation, especially at high concentrations.”
Therefore, there is a strong demand to protect farmers during
fertilization in the cultivating process. Encapsulation of urea
granules is employed to control the release of urea to the soil;
however, it is also a helpful tool to protect farmers from skin
irritation by direct contact.’® Urea embedded in nanofibers can
be another possible mean to distribute the fertilizing compound
with reduced risk to farmers as there will be minimal direct
contact with skin or inhalation of urea dust.

Electrospinning is selected as the fabrication method for the
urea-embedded nanofibers because the simplicity of operation,
the feasibility to embed compounds such as urea in the result-
ing nanofibers, and the potential for scale-up to manufacture
large volumes.” Electrospinning is a process in which electro-
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static field across the tip of a needle and a metallic target causes
charged polymeric material to flow from the tip towards the
target, producing a nanofiber.*'® As the polymer jet flies
toward the target, it undergoes stretching and thinning proc-
esses through different kinds of instabilities: electric field-
induced instability, varicose instability, and whipping or bend-
ing instability,'' "> as shown in Figure 1. These instabilities are
due to the repulsion of charges on the jet surface.'*'

Electric field-induced instability arises from homogeneous axial
repulsions of charges on the jet’s surface.'®!” It corresponds to
the straight jet before bending occurs, and it could be combined
with small lateral fluctuation in the centerline of the polymer
jet."® Varicose instability appears when the straight jet centerline
starts to vibrate and immediately before the bending instability
starts to be occurred.'” In the inverted conical envelope region
of the jet, bending or whipping instability is developed by non-
symmetric charge repulsions.”” It occurs at some distance away
from the droplet tip.'">'” Bending instability can be reduced at
high electric field strengths and high flow rates, resulting in the
formation of straight jets along the distance between
electrodes."’

Many attempts have been made to fabricate nanofibers con-
taining high amount of urea, but the process have been shown
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Figure 1. Schematic diagram of electrospinning jet shows the different
regions of instabilities.

problematic. Liu et al. in 2008 and Isakov et al. in 2010 elec-
trospun PEO and PVA nanofibers containing urea.’"** Both
research groups studied the optical characteristics of the urea
embedded nanofibers. In addition, the fibers were further
characterized by Liu et al. using wide angle X-ray diffraction
(WAXD) and differential scanning calorimetry (DSC). PEO
nanofibers with embeded urea up to 15% were produced by
Celebioglu et al., but the authors reported the difficulty of
producing fibers containing urea above 15% as the fibers are
converted into debris.”” Shinji et al. investigated three differ-
ent techniques to create nanofibers containing urea crystalli-
tes: mix-spin, Langmuir—Blodgett-spin, and Langmuir—
Blodgett-natural drying methods, using an array of core-shell
particles as the template.”* Although Shinji et al. obtained
nanofibers that incorporated large concentrations of urea (up
to 40%), the techniques studied to create these urea-
embedded nanofibers are not suitable to scaled up for indus-
trial mass production.

PVA and PEO are well known as non-toxic biodegradable water
soluble polymers.*>*® This characteristic is critical for many
applications such as nanoagriculture, tissue engineering, and
other biomedical applications.”’ ! The slow biodegradation
rate of PEO compared to PVA and PVA/PEO blends makes it
the preferable polymer to utilize in applications where the
release rate of active materials, such as drugs and fertilizers,
embedded in the nanofibers must be controlled for long time
periods, with some studies demonstrating that the nanofibers
can remain for up to 34 days.>”° Thus, PEO is the most
attractive of the three polymers when electrospinning nanofibers
that containing urea for nanoagriculture applications where the
fertilizer must be released slowly over a month while either
urea-embedded nanofibers composted of PVA or a PVA/PEO
blend are good candidates when a rapid release of the fertilizer
is required.

In this article, the properties of PVA, PVA/PEO, and PEO
nanofibers with embedded urea are evaluated as a function of
the chemical composition of the fiber precursors and the
processing parameters. The physical properties of the nanofib-
ers, fiber diameters and morphology, are measured from
images obtained using a scanning electron microscope (SEM).
Also, the optimum process conditions to form three-
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dimensional (3D) electrospun nanofibers embedded with urea
have been identified. The porosity of 3D mats formed of
nanofibers can be higher than mats consist of microfibers.
This feature can enable a large volume of water to be cap-
tured within the voids of the 3D mat, which may be advanta-
geous as it may allow farmers to reduce the amount of water
required for irrigation because water can be introduced into
the soil along with the urea-embedded nanofibers and the 3D
mat can slowly release moisture trapped in the mat during
rainstorms or during irrigation. Fourier transform infrared
spectroscopy (ATR-FTIR) is used to study the interaction
between urea and the polymers, which is important to deter-
mine the viability of the embedded urea as a fertilizer. Finally,
the influence of the electric field intensity and electrode
polarity on the development of instabilities during the forma-
tion of the nanofibers is discussed.

EXPERIMENTAL WORK

Materials

PVA (Dupont, Taipei, Taiwan) with degree of hydrolysis of
88%, PEO of molecular weight 300,000 g/mol, and urea (both
from Sigma-Aldrich, St. Louis, MO) are the materials used to
form the electrospun fibers. PVA and PEO are dissolved in de-
ionized water at concentrations 13 and 8 wt %, respectively.
These concentrations are chosen as the authors had found this
to be the optimal concentration to produce electrospun mats
with minimal visual defects such as pinholes or wet fleeces.
Once the PVA and PEO are dissolved in water, urea is added to
the polymer solution and the mixture is stirred for 24 h before
the electrospinning process 1is initiated. The maximum

— Pump

Glass syringe

Polymer solution

HV

HV

Figure 2. Schematic illustration of the setup of the electrospinning device.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 3. FESEM images of: A: PVA nanofibers fabricated from solutions with no urea, B: PVA nanofibers electrospun from solutions containing 20 wt %
urea, C: PEO nanofibers with fabricated from solutions with no urea, and D: PEO nanofibers electrospun from solutions containing 20 wt % urea.

concentration of urea used in this study is 25% of the total
weight of polymer solutions.

Electrospinning

The electrospinning setup, as shown in Figure 2, consists of a
10 mL plastic syringe with 18 gauge metallic needle that will
be the source of the charged droplets that form the polymer
jet, a single polarity, variable high voltage (0-15 kV) power
supply (Gamma High Voltage Research, Inc. model ES40)
that is connected to the needle of the syringe, an adjustable
high voltage power supply (0-30 kV) with two different
polarities (Spellman High Voltage Electronics Corporation
model CZEIOO0R) that is connected to the aluminum foil-
covered target, and a syringe pump (New Era Pump, Inc.
model NE-300). The distance between the needle tip and the
target is held constant at 15 cm. The difference in voltage
between the needle and target is varied over the range from
15 kV to 25 kV. The flow rate of the polymer solution sup-
plied to the syringe is fixed at 1 mL/h. The polarities of the
two voltage generators are used to guide the polymer jet
aroused from the needle directly towards the target. The sam-
ples are collected on a flat metallic surface covered with alu-
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minum foil. Each deposition of electrospun fibers is run for a
total of 30 min with the result that a nonwoven fiber web
coats the target. During the experiments in which the polarity
of the electric field between the needle and target is switched,
high voltage supply that is connected to the aluminum foil
target is switched off and the target is used as a grounded
electrode while the high voltage supply connected to the
syringe remains on.

Characterization

The dimensions of the electrospun fibers are characterized using
a Zeiss LEO 1550 field emission scanning electron microscopy
(FESEM) to determine the morphology of the fiber web and
the diameter and homogeneity of the individual fibers. The
fiber diameters are measured by Image-J software and the webs
are imaged by a digital camera (Canon EOS 60D CMOS sen-
sor). Another characterization method is performed with FTIR
spectroscopy (Varian 670-IR with PIKE GladiATR accessory)
over a temperature range from 30°C to 110°C to detect the
existence of hydrogen bonding formed between urea and the
polymers through the absorption of carbonyl, amino, and
hydroxyl groups.
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Figure 4. FTIR spectra collected from (A) PVA and (B) PEO nanofibers both containing urea, where the measured temperature are increased from 30°C
to 110°C with increments of 20°C step. Characteristic absorption lines for N—H, C—H, and the C=0 and C—N bonds in urea are labeled. The shown

chemical formulas are related to PVA with urea and PEO with urea in Figures A and B, respectively.

RESULTS AND DISCUSSION

Characterization of Electrospun Fibers

Representative images of PVA nanofibers without and with 20%
urea are shown in Figure 3(A,B) and images of PEO nanofibers
without and with 20% urea are shown in Figure 3(C,D). It is
clear that electrospinning from PVA solutions containing 20 wt
% urea produce fused fibers whereas individual nanofibers are
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formed from PVA solutions that do not contain urea. The mor-
phology of PEO nanofibers containing urea is unchanged from
that obtained when the PEO nanofibers do not contain urea. It
is speculated that the fused PVA nanofibers could be due to the
incomplete evaporation of water from the polymer jet before
solidification on the target. The diameters of the PVA and PEO
nanofiber range from 200 to 400 nm in Figure 3(A,C,D).
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Figure 5. FTIR spectra for pure PVA nanofibers and PVA nanofibers containing urea showing the reduction of the CH peak between 2800 and 3000

cm™~ ! upon addition of urea.
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Figure 6. Images of electrospun nanofibers with embedded urea prepared using (A) PVA with no urea, (B) PVA with 20 wt % urea, (C) PEO with no
urea, and (D) PEO with 20 wt % urea. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

However, the diameter of the fused nanofibers in Figure 3(B)
varies from 150 to 430 nm.

FTIR spectra analysis in Figure 4 shows that hydrogen bonds,
H-bonds, are formed between urea (through its amino and
carbonyl groups) and the polymers (through their ether and
hydroxyl groups). As the temperature of the nanofibers is
increased, the peaks intensities are generally increased and
there is a cleavage of the H-bonds. This is shown in Figure 4

=

where the small shift of both amino and carbonyl peaks,
located in IR region, to higher wavelengths indicates the
cleavage of the H-bonds. The hydrogen bonds between PEO
and urea are more easily broken than the hydrogen bonds
between PVA and urea because the polarity of ether bonds
(C—0—C) in PEO is less than the polarity of alcohol bonds
(C—OH) in PVA. This difference in polarity means that there
are relatively weaker hydrogen bonds between urea and PEO

Figure 7. Images of electrospun PEO nanofibers with (A) 0 wt % embedded urea, (B) 20 wt % urea, and (C) 25 wt % urea that demonstrate that there
is an increase in the thickness of the three-dimensional web of fibers as the urea content of the polymeric solution is increased. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. SEM images of the 3D electrospun PEO nanofibers with (A) 20 wt % embedded urea and (B) 25 wt % urea.

than between urea and PVA.>° Therefore, more energy is
required to break the hydrogen bonds in the PVA matrix than
to break the bonds in the PEO matrix. This result is significant
because it demonstrates that a portion of urea incorporated in
the nanofibers will not be released easily from either polymer
matrix at room temperature and that the urea is more tightly
bound within the PVA nanofibers. Urea can liberate easily from
the PEO polymer chains rather than in case of PVA polymer
chains, which means that PEO is likely a better choice for a
timed release of urea for use as fertilizer. Even though the poly-
mer mats can dissolve in water, some of the urea will remain
bound to the polymer molecules, especially to PVA, and, thus,
not all of the urea embedded in the nanofibers will be available
as fertilizer. Additionally, as PVA is consumed by soil microor-
ganisms faster than PEO, the strongly attached urea to the PVA
can be consumed as well.””

The consumed urea will also be hydrolyzed by the microorgan-
isms into carbon dioxide and ammonia which can be toxic to
plants above certain concentrations.* The questions as to how
much urea embedded in the PVA would be converted to ammo-
nia and whether the result is at a sufficient concentration to
harm crop plants will be investigated further. On the basis of an
evaluation of the research conducted thus far, it is concluded

that PEO electrosupun nanofibers is a better choice for the
polymer matrix to deliver urea to crop plants rather than PVA
nanofibers. As ATR-FTIR is surface analyzing technique,”® we
speculate that urea is distributed homogenously on the surface
of nanofibers, bounded by H-bond with alcholoic or ester oxy-
gen. This is why the characterizing peak for CH at 2800-3000
cm™~ ' becomes much reduced as shown in Figure 5.

Impact of Urea Concentration

PEO and PVA solutions containing different amounts of urea
are used to electrospun nanofibers at electric field strength of 1
kV/cm, where a positive voltage has been applied to the needle
and a negative voltage is applied to the target. Three-
dimensional webs of nanofibers are observed when the solution
electrospun is PEO containing at least 20 wt %, urea while the
morphology of the electrospun PVA nanofibers with 20 wt %
urea are flat, as shown in Figure 6. Here, 3D webs means that
nanofibers are deposited randomly in three dimension structure
with an observable height. The thickness of the three-
dimensional fibers within PEO mats increases from 760 pm to
2 cm as the concentration of urea in the polymer solution is
altered from 0 to 25 wt % (Figure 7). SEM images of the
formed 3D nanofibers at different urea concentration are shown
in Figure 8. Generally the fiber diameters did not vary signifi-
cantly by increasing the concentration of urea, i.e., the fiber

I 5 e

Figure 9. Images show the reduction of the surface area of electrospun web formed from PEO nanofibers containing 20% urea as the electric field
strength between the charged target and grounded needle is increased from (A) 1 kV/cm to (B) 1.31 kV/cm, and, finally, to (C) 1.64 kV/cm.
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Figure 10. Images show the increase of the web area of PEO nanofibers containing 20 wt % urea with the increase of the electric field strength between
the grounded target and charged needle as the electric field strength is increased from (A) 1 kV/cm, (B) 1.31 kV/cm, to (C) 1.64 kV/cm. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

diameters are in the range of 200400 nm; however, the fibers’
morphology was deformed into thick bundles. This could be
attributed to existence of certain amount of water bounded to
urea and confined inside nanofibers. The formation of three
dimension network can be explained as follows: by increase the
amount of urea, then the solution conductivity will be
increased.” ™' Because of the strong repulsion between charges
during electrospinning, the length of the electric field induced
instability region will be reduced which is resulting in the
increase of the electrospinning process speed.*> As a result of
fast electrospinning the fibers will be deposited randomly in 3D
structure on the target.

Impact of Polarities Reverse and Electric Field Strengths

The effect of the polarity of the electrodes is studied for the
electrospun fibers of PEO containing 20 wt % of urea. In the
first configuration, the target is charged while the needle is
grounded. Conversely, the needle is charged and the target is
grounded in the second configuration. For each polarity config-
uration, the PEO solution is electrospun at three different elec-
tric field strengths (1, 1.31, and 1.64 kV/cm). All samples are
electrospun for the same processing time of 30 min.

In the first configuration, it is observed that the surface area
of the webs produced is reduced as the electric field strength
increases, as shown in Figure 9. This can be explained as the
dominant force is one of attraction between the charges in
the PEO jet and the higher potential surface of the target.
This can lead to a shift in all instability zones (the electric
field-induced, varicose, and whipping instabilities) to a loca-
tion closer to the target. As a result of this shift, the base
area of the inverted envelope in the whipping instability is
reduced. Consequently, the area of deposition is reduced. The
existence of two separate lobes in the web seen in Figure
9(A) is due to branching of the polymer jet in the bending
instability zone.

Changing the polarity of the electric field to the second configura-
tion produces a larger area of the deposited web with increasing
electric field strength (Figure 10). Because of the increase of the
charge concentration at the droplet tip, there is a larger concen-
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tration of charges that accumulate on the surface of the polymer
jet. Thus, the repulsion force becomes dominant in this configu-
ration, resulting in the development of larger bending instability
zone. As a result, the base area of the inverted envelope cone is
increased. The regions of the electric field-induced instability and
the varicose instability are not changed significantly. It can be
observed that a mound is formed at higher electric field strength,
as seen in the center of Figure 10(B,C).

CONCLUSIONS

The electrospinning behavior of PVA and PEO nanofibers
embedded with urea has been studied as a function of urea con-
centration, electrodes polarity, and electric fields. Analysis of the
FTIR spectra collected on the nanofibers proves the existence of
hydrogen bonding between urea and polymer matrix, which are
broken at elevated temperatures. The bonds between PEO and
urea are less thermally stable than the bonds between PVA and
urea. A three-dimensional network is formed when electrospin-
ning with solutions containing PEO with weight ratio of urea
up to 25 wt %, where the networking increases with increasing
urea concentration. Negligible networking is observed in the
PVA solutions with urea, although there is considerable fusing
of the PVA nanofibers at high concentrations of urea. Also, this
that the of deposition and three-
dimensionality of the electrospun webs embedded with urea can
be controlled by manipulating the polarity and magnitude of
the electric field between the electrodes, the needle and the tar-
get. The results demonstrate that polymer nanofibers can be
electrospun from solutions of PEO and PVA that contain high
concentration of urea, which may have an application as means
to safely distribute urea fertilizer in nanoagriculture. From FTIR
results, PEO is concluded is better than PVA as a biodegradable
polymer to embed high concentrations of active urea when
forming electrospun mats that will release the urea for use as
fertilizer.
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