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Abstract The surface tension of the spinning solution is an
important parameter in the electrospinning process. Surfac-
tants can change the surface tension of the solution. In this
paper, four different kinds of surfactants were added into
10 wt% polyvinyl alcohol/water solution. The effect of dif-
ferent surfactants on the solution properties, the morphology
of the resulting mats, the thermal performance, and the inner
structure of nanofibers were investigated. The results showed
that the surface tension of the spinning solution decreased
significantly when the surfactant content was less than 1 %.
The viscosity and electric conductivity of the solution
increased with the increasing of cationic and anionic sur-
factant content. The fiber diameter of poly(vinyl alcohol)
mats remarkably decreased from 405 to 100 nm as the non-
ionic surfactant content within the range of 1 % (v/v)
increased. Besides that, the surfactant content also had some
influence on the thermal performance and inner structure of
nanofibers. With the surfactant content increasing, both the
heat of fusions and crystallinity increased significantly.

Keywords Electrospinning - Poly(vinyl alcohol) (PVA) -
Surfactants - Differential scanning calorimetry (DSC) -
Morphology

Introduction

The contracting force per unit length around the perimeter of
a surface is usually referred to as surface tension if the
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surface separates gas from liquid or solid phases and inter-
facial tension if the surface separated two non-gaseous
phases. Surface tension can also be expressed in units of
energy per unit surface area. For practical purposes, surface
tension is frequently taken to reflect the change in surface-
free energy per unit increase in surface area [1]. In elec-
trospinning, the charges on the polymer solution must be
high enough to overcome the surface tension of the solution.
As the solution jet accelerates from the tip of the source to the
collector, the solution is stretched, while surface tension of
the solution may cause the solution to breakup into droplets
[2-4]. When droplets are collected, a different process called
electrospraying [5] is taking place rather than electrospin-
ning, where fibers are collected instead. Surface tension has
also been attributed to the formation of beads on the elec-
trospun fibers. Thus, it is important to understand the role of
surface tension in a fluid.

Surface tension has the effect of decreasing the surface area
per unit mass of a fluid. In this case, when there is a high
concentration of free solvent molecules, there is a greater
tendency for the solvent molecules to congregate and adopt a
spherical shape due to surface tension. A higher viscosity
means that there is greater interaction between the solvent and
polymer molecules, hence when the solution is stretched
under the influence of the charges, the solvent molecules will
tend to spread over the entangled polymer molecules, then
prevent solvent molecules to come together under the influ-
ence of surface tension.

Fong et al. [6] found that a solvent, such as ethanol, had
low surface tension. It could be added to encourage the
formation of smooth fibers. Another way to reduce the sur-
face tension is to add surfactant to the solution. The addition
of surfactant was found to yield more uniform fibers. Even
when insoluble surfactant is dispersed in a solution as fine
powders, the fiber morphology is improved [7].
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The surfactant is a molecule that lowers surface tension
with a hydrophilic head that sticks to water and a hydrophobic
end that sticks to organic substance. The surfactant usually
contains both a hydrophobic and a hydrophilic part within a
molecule [8, 9] and acts as a surface-active agent that can
greatly influence the chemical properties at the interface. The
driven force for a surfactant to adsorb at an interface is to
decrease the free energy of the phase boundary [10, 11].
Therefore, when the boundary is covered with surfactant
molecules, the surface tension is reduced. The primary clas-
sification of surfactants is made on the basis of the charge of
the polar head group. Traditionally, there are four types:
anionic surfactant, cationic surfactant, amphoteric surfactant
with polarity (negative and the positive charge), and non-ionic
surfactant with no electrical net charge [12].

Although many researchers had studied the polymer—sur-
factant aggregation [13-15], surface tension of the polymer—
surfactant solution [16, 17], there was little research on the
effect of surfactants or surface tension on the electrospinning
process. The surface tension of the solution is an important
parameter and has a great influence on the electrospinning
process and the nanofibers. Hence, the objectives of this study
are to prepare the PVA solution with different kinds of sur-
factants and different surfactant concentration; to research the
effect of different surfactants on the solution properties
including solution viscosity, solution conductivity, and sur-
face tension of the solution; to prepare nanofibrous mats from
the different PV A-surfactant solutions via electrospinning; to
measure the diameter of the resulting nanofibers and observe
the morphological change of the resulting mats; and then to
study the effect of the different surfactants on the diameters
and performance of the nanofibers.

from Henan Titaning Chemical Co. (China). The charac-
teristics for four kinds of surfactants are shown in Table 1.

Gemini quaternary is a new-style quaternary ammonium
cationic surfactant. It has lower critical micelle concen-
tration, but higher surface activity compared with con-
ventional single quaternary ammonium surfactant, gemini
quaternary. The formula is:

CHj; CHj3 2+

|
C]7H35CH2N —CH=CH— NCH2C17H35
I | -

CHj CHj

Rosin acid sodium is an anionic surfactant with three
benzene rings’ structure. It is widely used as high-perfor-
mance solid emulsifier due to its amphiphilic structure. It has
excellent emulsifying properties and perfect resistance to hard
water and lime soap dispersion properties. The formula is:
H,C COONa

CHs

Heterogeneous polyoxyethylene polyoxypropylene ether
(a biodegradable and low foaming, high efficiency, envi-
ronmentally friendly non-ionic surfactant) is made by a
reaction of heterogeneous alcohol, ethylene oxide, and
propylene oxide. The formula is:

R—(EO),—(PO),,—(OH)

Lauryl betaine, which can dissolve in water and polar
organic solvents, is an amphoteric surfactant. Under acidic
conditions, the aqueous solution is cationic, while under
alkaline conditions, it shows non-ionic properties. Besides
that, Lauryl betaine has a good thickening, anti-static, soft,

Experimental foaming, and decontamination performance. The formula is:
O

Materials

The poly(vinyl alcohol) (PVA) with a molecular mass (M,,,)

of 88,000 was purchased from J&K Chemical Co. (China). O

Cationic surfactants (Gemini quaternary), anionic surfac- +

N . o NT*¥——

tants (Rosin acid sodium), Non-ionic surfactants (Hetero-

geneous polyoxyethylene polyoxypropylene ether), and \

Amphoteric surfactants (Lauryl betaine) were obtained

Table 1 General characteristics of surfactants used in this paper

Sample Charge Appearance Concentration/% Electric
conductivity/m$S cm ™'

Gemini quaternary Cationic Liquid 50 45.1

Rosin acid sodium Anionic Liquid 50 46.6

Heterogeneous polyoxyethylene Non-ionic Liquid 99 0.0083

polyoxypropylene ether
Lauryl betaine Amphoteric Liquid 30 101.4
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Preparation of polymer solution

The 10 % (mass/mass) (m/m) PVA solution was prepared
by dissolving in distilled water and gently stirring at 80 °C
until complete dissolution of polymer occurred. Then, each
surfactant was incorporated into the PVA solution. The
ratio of the PVA solution/surfactant was 100/0, 99.9/0.2,
99.5/0.5, 99.2/0.8, 99/1 % 98.8/1.2 (m/m), respectively.
PVA solutions prepared were stirred for 1 h at room tem-
perature and then used for electrospinning.

Electrospinning setup

The experimental set-up device used for electrospinning
process is shown in Fig. 1. The variable high voltage power
supply was used for the electrospinning. It was used to
produce voltages ranging from 0 to 50 kV. The anode was
directly inserted into the polymer solution in the syringe.
The cathode was connected to the collector. The voltage
used in the experiment was 20 kV and the current was
adjusted to be constant. PVA solution was poured in a
syringe attached with a capillary tip of 1 mm diameter, the
flow rate was 0.5 mL h™', and the distance between the tip
and the collector was fixed at 12 cm.

Measurement of the solution properties

The surface tension of polymer solution was measured by
the Wilhelmy ring method using a tension meter (DCAT11,
Kriiss Co., Germany) at 25 °C. The platinum plate was
cleaned with an alcohol torch. The viscosity of polymer
solution was measured using a digital viscometer (NDJ-
8SN, Hangping Co., China) with spindle No. 62 at 100 rpm
at room temperature. Electric conductivity of polymer
solution was also analyzed using an electric conductivity
meter (FG3 series, Mettler-Toledo Co., Ltd., Germany) at
room temperature.

Instability
region

Polymer
solution  Taylor

l cone l
Pressure| ?

——

High voltage
power supply

Jet region

-

Collector

Fig. 1 The schematic diagram of the electrospinning set-up

Measurement of the nanofibers’ properties

The morphology of the resulting mats was examined by means
of scanning electron microscopy (SEM: JSM-5600LV, Jeol
Co., Japan) after gold sputtering. The average diameter and
the diameter distribution were obtained from an image ana-
lyzer (Photoshop CS). The thermal behavior of PVA elec-
trospun fibers prepared with or without different surfactants
was determined with a differential scanning calorimeter
(DSC) (Pyris DSC, PE Instruments, USA) using approx.
5.0 mg samples at a heating rate (Vj, = 20 °C min™') in
nitrogen at a gas flow rate of 25 ml min~'. The DSC data were
compiled and analyzed by the software associated with the
DSC instrument. The melting point (7,,,) was recorded and
was determined at the onset of the melting endotherm. The
microstructure changes of PVA nanofibers with or without
different surfactants were performed by X-ray diffraction. The
X-ray diffraction in this paper was tested by D/max-2550 PC
X-ray diffractometer which had software to evaluate the
crystallinity of the samples.

Results and discussion

It is well known that various parameters such as solution
concentration, ionic salts content, and applied electric field
strength affect the morphology of electrospun mats, the
thermal performance, and the inner structure of nanofibers
[18-24].

Surface tension of the solution

Figure 2 shows dynamic surface tension (mN m™') of
PVA solution prepared by tuning the surfactant content of

50
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Fig. 2 Dynamic surface tension of PVA solution as a function of
surfactant content
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0.2,0.5,0.8, 1.0, 1.2 % (m/m) for each surfactant (anionic,
cationic, amphoteric, and non-ionic surfactant, respec-
tively) at room temperature. The surface tension of PVA
solution alone was about 44 mN m™'. The surface tension
in a mixture of PVA and cationic surfactant as a function of
surfactant content decreased from 38.2 to 25.4 mN m~ ..
When the concentration of the anionic surfactant were less
than 1 %, the surface tension of PVA solution with anionic
surfactant decreased from 26.3 to 11.7 mN m~'; however,
the surface tension of PVA solution with 1.2 % anionic
surfactant was 38.1 mN m~'. When adding non-ionic
surfactant into the PV A solution, the surface tension force
decreased greatly from 43.4 to 4.6 mN m~'; however,
when the concentration of non-surfactant was 1.2 %, the
surface tension increased to 32.6 mN m™ . But, the surface
tension force was not decreasing significantly in the PVA
solution with amphoteric surfactant and the surface tension
force was about 33 mN m™'.

Asexpected, the mixtures of PVA and surfactant had lower
surface tension than the PV A solution itself in all cases, and
the non-ionic and anionic surfactant can decrease the surface
tension force of PVA solution significantly; however, when
the concentration of the surfactant were more than 1 %, the
surface tension force increased greatly. This surface behavior
was regarded as evidence for the polymer—surfactant inter-
action, which would change with the surfactant content
increase. Generally, when the surfactant content was at less
critical micelle concentration, the surfactant existed in the
solution as single molecule, and hardly had interaction with
the polymer. When the surfactant content reached critical
aggregation concentration, the surfactant began to interact
with the polymer. Then, as the surfactant concentration con-
tinued to increase, the free micelles of surfactant began to
form, the polymer—surfactant interaction saturated; at this
time, the increasing of surfactant content had no effect on the
polymer—surfactant interaction [ 12]. Different surfactants had
different interaction saturated concentrations in the PVA
solution; in the PVA/non-ionic surfactant solution, when the
surfactant content was 0.5 %, the polymer—surfactant inter-
action saturated; then, it continued to increase the surfactant
content, the surface tension of the solution did not change, and
when the non-ionic surfactant content was 1.2 %, the surface
tension increased due to too many free micelles. Lin et al. [25]
electrospun polystyrene nanofibers with the inclusion of cat-
ionic surfactants, dodecyltrimethylammonium bromide
(DTAB). He also found that the surface tension of polystyrene
solution decreased slightly with an increase in the concen-
tration of DTAB.

Viscosity of the solution

The viscosity in the mixture of PVA/surfactant as a func-
tion of surfactant content at room temperature is shown in
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Fig. 3 Viscosity of PVA solution with surfactant as a function of the
surfactant content

Fig. 3. The viscosity of the PVA solution alone was about
1,076 cPs. The viscosity of the solution with different
contents of non-ionic and amphoteric surfactants was
constant. In addition, the viscosity of the solution in both a
mixture of PVA/anionic surfactant and PVA/cationic sur-
factant increased with surfactant content increasing.

Keishiro et al. [26] and Cabane [13, 15] proposed that
the strength of the surfactant—polymer interaction is
dependent upon the chemical properties of the polymer
and surfactant. The results may be explained by the fact
that above the critical aggregation concentration, some
ionic surfactants could bind cooperatively to non-ionic
polymers. This cooperative binding, which is driven by
electrical or hydrophobic interactions, resulted in the
formation of polymer—surfactant complexes in the solu-
tion. The added cationic and anionic surfactants interacted
strongly with the hydrophobic groups (Alkyl groups) of
the polymer, leading to a strengthened association
between polymer chains and thus to an increased vis-
cosity. While for non-ionic surfactants, there was no
cooperative binding between the surfactant and polymer
as there was no free ion in the solution. For amphoteric
surfactant, there was no cooperative binding between the
surfactant and polymer due to the amphiphilic characters
of the surfactant. Hence, the viscosity of the solution in
both a mixture of PVA/anionic surfactant and PVA/cat-
ionic surfactant increased with the surfactant content
increasing, while the viscosity of the solution in both a
mixture of PVA/amphoteric surfactant and PV A/non-ionic
surfactant solution was constant. The interaction of
sodium dodecyl sulfate with polyethylene oxide has been
investigated by Malcom. He studied the conductance,
surface tension, viscosity of the solution, and got a similar
result [27].
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Electric conductivity of the solution

Figure 4 shows the electric conductivity in mixtures of
PVA and each type of surfactant. The electric conductivity
of PVA solution alone was 0.745 mS cm™'. For the PVA
solvents containing the cationic, anionic, and amphoteric
surfactants, the electric conductivity of polymer solutions
increased with the increasing of surfactant content. How-
ever, for the PVA solution with the non-ionic surfactant,
since the surface-active portion of the molecule bears no
apparent ionic charge, the non-ionic surfactant had no
effects on the electric conductivity of the PVA solution.

The morphology of electrospun nanofibers

The aqueous characteristics of PVA-surfactant solution
were discussed in the previous section. Aqueous charac-
teristics of PVA such as viscosity of polymer solution,
electric conductivity, and dynamic surface tension depen-
ded upon the content and types of surfactants. It is obvious
that some of the PVA solution in the presence of surfac-
tants had an influence upon morphological properties of
PVA non-woven mats during the electrospinning.

Figure 5a—e shows SEM images of PVA non-woven
mats prepared from a mixture of PVA/surfactant via elec-
trospinning. The diameter of electrospun fibers decreased
when surfactants were incorporated into PVA solution. As
clearly shown in Fig. 5, the PVA non-woven mats pro-
duced from the mixture of PVA and amphoteric had much
more junctions and bundles of fibers than those produced
from pure PVA solution, and the bundles of fibers
increased as the surfactant content increased. In the case of
non-ionic surfactant, with the increasing of the surfactant

content, the diameters of the nanofibers decreased
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Fig. 4 Electric conductivity of PVA with surfactants as a function of
surfactant content

significantly, and the uniformity of the nanofibers also
reduced. Figure 5d—e also shows that nanofibers prepared
from PVA/non-ionic surfactant solution and PVA/ampho-
teric surfactant solution were uneven. Especially for the
PVA solution with 0.5 % non-ionic surfactant, the diameter
distribution was relatively large.

The average diameter of fibers from PV A solution alone
was about 405 nm. The diameter of nanofibers from PVA
solution with four surfactants all decreased. Many
researchers had found a similar result [28-30]; they added
different surfactants to different polymer solutions, the
diameter of fibers all reduced because of the lower surface
tension and higher conductivity. The fiber diameter of the
electrospun non-woven mats prepared from a mixture of
PVA/non-ionic surfactant (Fig. 5(d(1), d(2), d(3))) was
much thinner when compared to the others. The average
diameter of fibers from PVA/non-ionic and PV A/anionic
surfactant decreased from 405 to 100 nm due to the lower
surface tension and higher conductivity, while the average
diameter of fibers slightly decreased as the cationic and
amphoteric surfactant content increased (see Fig. 6).

Figure 6 also shows that the diameter of nanofibers from
PVA/non-ionic surfactant solution and PVA/amphoteric
surfactant solution was uneven, the error bar of the fiber
diameter was larger.

DSC characterization of PVA nanofibers

Figure 7 shows DSC curves of PVA electrospun nanofibers
produced from 10 % PV A/water with no surfactant, 0.2 %
cationic surfactant, 0.2 % anionic surfactant, 0.2 % non-
ionic surfactant, 0.2 % amphoteric surfactant; and the
melting peak and the heat of fusion were observed in five
curves. As DSC curves showed that the PVA nanofibers
with or without surfactants appear at approximately the
same T, around 190 °C, the heat of fusion of PVA
nanofibers with no surfactant, 0.2 % cationic surfactant,
0.2 % anionic surfactant was about 36 J gfl. However, for
the nanofibers with 0.2 % non-ionic surfactant, the heat of
fusion increased to 43.8954 J gfl, while for the nanofibers
with 0.2 % amphoteric surfactant, the heat of fusion
decreased to 32.2637 ] g_l; the results indicated that the
non-ionic and amphoteric surfactants can influence the
thermal performance of the nanofibers, the thermal stability
of the nanofibers with non-ionic surfactant was the best,
while the thermal stability of the nanofibers with ampho-
teric surfactant was the worst. From the Figs. 5 and 6, we
knew that the nanofibers produced from PVA/non-ionic
solution were smallest, which indicate that the nanofibers
got the greatest stretching in the electrospinning process.
Hence, the molecular chains of the nanofibers were more
regular, leading to the heat of fusion increase. However,
adding amphoteric surfactant into the polymer solution,
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Fig. 5 SEM images of the electrospun PVA non-woven mats solution; d PVA-amphoteric surfactant solution; € PVA non-ionic
prepared from various PVA-surfactant systems: a PVA solution; surfactant solution (the content of surfactant (w/w): (1): 0.2 %,
b PVA-cationic surfactant solution; ¢ PVA-anionic surfactant (2): 0.5 %, (3): 1 %)
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Fig. 6 Average fiber diameter from PVA with surfactant as a
function of surfactant content

because both positive and negative charges were present in
the surface-active portion, positive and negative charges
both acted on the molecular chains and led to irregular
alignment of the polymer chain, which resulted in the heat
of fusion decrease.

From the DSC curves of PVA nanofibers with or without
surfactant shown in Fig. 7, it is clear that pure PVA
nanofibers (sample A) showed a broad T, at 94.38 °C;
when adding 0.2 % surfactant into the PVA solution, the T,
peak maximums increased, except the cationic surfactant;
the T, peak maximums increased to 99.42 °C for the
anionic surfactant, to 107.89 °C for the non-ionic surfac-
tant, to 95.84 °C for the amphoteric surfactant. As a gen-
eral rule, any structural features that reduce segmental
mobility or free volume will increase the 7, when adding
surfactant into the PVA solution. The polymer—surfactant
interaction could introduce restrictions on segmental
mobility and enhanced T,. While for the cationic surfac-
tant, although the 7, decreased when adding 0.2 % cationic
surfactant, when adding more (0.5 or 1 %) cationic sur-
factant, the 7T, increased (see Table 2; Fig. 8). Hence,
adding bits of surfactant could enhance 7.

Table 2 shows the effect of different surfactants and
surfactant contents on the 7, of PVA nanofibers. Figure 8
shows the effect of surfactant content on the 7, of PVA
nanofibers. They both clearly show that the T, of nanofi-
bers increased with the increasing of surfactant content.
PVA is a linear aliphatic hydroxyl polymer containing
secondary hydroxyl groups in every alternate carbon, and
the concentration of hydroxyl groups has a significant
impact on T,. In the case of adding more non-ionic and
amphoteric surfactant into the PVA solution, it introduced
more hydroxyl groups and enhanced hydrogen bonding,
which increased the T, peak maximum because PVA, non-

o
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Fig. 7 DSC curves of electrospun PVA nanofibers with or without
different surfactants (A PVA alone; B PVA with 0.2 % cationic
surfactant; C 0.2 % anionic surfactant; D 0.2 % non-ionic surfactant;
E 0.2 % amphoteric surfactant)

ionic and amphoteric surfactant all had hydroxyl groups.
While for the cationic and anionic surfactants, they also
had hydrophilic groups which could react with the hydro-
xyl groups of PVA, which could also increase the T, peak
maximums.

From the DSC curves of PVA nanofibers with different
surfactant contents shown in Fig. 8, it is clear that the PVA
nanofibers with different surfactant contents showed
approximately the same T, around 190 °C, while the heat
of fusion changed significantly. For the solution with cat-
ionic and anionic surfactants, with the increasing of sur-
factant content, the heat of fusions all increased
considerably. The results may be explained by the fact that
the surface tension decreased, electric conductivity
increased with the surfactant content increase. Both lower
surface tension and higher conductivity could lead to
higher electrostatic force. Then, in the electrospinning, the
polymer solution got more stretching, the molecule chains
of the polymer were more regular, the crystallinity of the
nanofibers increased. Hence, the heat of fusion increased.
While for the solution with non-ionic and amphoteric
surfactants, with the increasing of surfactant content, the
heat of fusions increased first and then decreased, reached
the maximum when the content of surfactant were 0.5 %.
The reason was that the polymer—surfactant interaction
saturated when adding 0.5 % non-ionic and amphoteric
surfactants. Then, adding more surfactant, the surface
tension would increase as well as the heat of fusions. On
the other hand, Figs. 5 and 6 show that with the content of
surfactant increasing, the diameter of nanofibers from PVA
solution with non-ionic surfactant and amphoteric surfac-
tant decreased first and then increased, the diameter of
PVA solution with 0.5 % non-ionic and amphoteric
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Table 2 The T, of PVA nanofibers with different kinds and contents
of surfactants

Surfactant  Cationic Anionic Non-ionic ~ Amphoteric

content/%  surfactant/  surfactant/  surfactant/  surfactant/°C
°C °C °C

0 94.38 94.38 94.38 94.38

0.2 93.75 99.42 107.89 95.84

0.5 101.83 101.15 108.81 100.97

1 107.51 108.79 109.24 104.25

surfactant was smallest. The results of heat of fusion were
in conformity with the results of surface tension and
nanofibers’ diameter.

X-ray diffraction of PVA nanofibers

Figure 9 shows X-ray diffraction patterns of PVA nanofi-
bers electrospun from 10 % PV A/water with no surfactant,
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]

s} T,=9375°C

] T, =192.64°C

° AH=354215]/g
ie] B

(=1

o T

% T, =191.65°C

£ AH =38.057J/g
g C

=]

= T,=107.51°C

g g T, =189.63°C

T AH =40.33601/g

V;,=20° C min”!
50 100 150 200 250 300
Temperature/°C

(©)

]

>

o T,=107.89°C

I T,=189.22°C

. AH =43.8954]/g
= B

H T .=108.81°C

3 g

= T,=190.22°C

E AH =45.05041/g
]

= g

B

s Y, =20° C i AH =42.5489]/g

50 100 150 200 250 300
Temperature/°C

0.2 % cationic surfactant, 0.2 % anionic surfactant, 0.2 %
non-ionic surfactant 0.2 % amphoteric surfactant. These
five kinds of samples all exhibited one equatorial peaks
with a diffuse meridian peak that indicated rather poor
orientation. The diffraction patterns of these five samples
were similar, but peak heights and peak sharpness were all
different. For the nanofibers from PVA solution with non-
ionic surfactants and anionic surfactants, the peak height
was higher than the pure PVA solution and the peak was
sharper, while for the nanofibers from PVA solution with
cationic and amphoteric surfactant, the peak height was
shorter than the pure PVA solution. The peak height and
peak sharpness were in relation to the crystallinity of
nanofibers; hence, the result of the X-ray was in conformity
with the results of heat of fusion.

Figure 10 shows X-ray diffraction patterns of PVA
nanofibers with different contents surfactants. The dif-
fraction patterns of these samples were all similar.
However, with the increasing of the surfactant content,
the height of the peaks increased. Because the
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Fig. 8 DSC curves of PVA nanofibers with different surfactants, a cationic surfactant; b anionic surfactant; ¢ non-ionic surfactant; d amphoteric

surfactant (A 0.2 % (m/m), B 0.5 % (m/m), C 1 % (m/m))
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Fig. 9 X-ray diffraction patterns of PVA nanofibers with or without
different surfactants

crystallinity of nanofibers was different, the software
MDI jade was used to calculate the samples’ crystallinity
(shown in Fig. 11).
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(b)

In the Fig. 11, we could see from the crystallinity of
nanofibers that the PVA solution with surfactants was
larger than the pure PVA nanofibers, except the amphoteric
surfactant. For the nanofibers from PVA solution with
cationic and anionic surfactants, with the increasing of
surfactant content, the crystallinity increased significantly;
the results were in accord with the DSC results. There were
two reasons for these results. On the one hand, the surface
tension of the PVA solution with surfactants decreased;
furthermore, the electric conductivity of polymer solutions
with surfactant increased significantly. Both lower surface
tension and higher conductivity could lead to higher elec-
trostatic force, the electrospinning jet, and the polymer
molecules suffered more stretching; hence, the crystallinity
increased. Qin [31, 32] electrospun PAN nanofibers and
found that the stretching of electrostatic force is propitious
to form a crystal of PAN nanofibers.

On the other hand, Cabane and Duplessix [33, 34] found
that adding ionic surfactant into polymer solution, the
polymer would form aggregates. The polymer—surfactant
aggregate could be described as a mixed micelle. The

h " 0.5 % anionic surfactant

_» 1 % anionic surfactant

Intensity

+ 0.2 % anionic surfactant

| PR (PR PN [P [P [ [P TSI T Tm—8——"m—.

5 10 15 20 25 30 35 40 45 50 55 60 65
2-6/°

(a)
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5 10 15 20 25 30 35 40 45 50 55 60 65
2-6/°

Fig. 10 X-ray diffraction patterns of PVA nanofibers with different content surfactants, a cationic surfactant; b anionic surfactant; ¢ non-ionic

surfactant; d amphoteric surfactant
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Fig. 11 Crystallinity of nanofibers from PVA with surfactant as a
function of surfactant content

polymer was wrapped around this micelle; some macro-
molecules of the polymer were directly adsorbed at the
hydrocarbon/water interface, but most of them formed
loops in the surrounding water. There were so many mixed
micelles, and in the electrospinning process, the micelle
acted as a crystal nucleus and led to the forming of a crystal
of PVA nanofibers. So, the increasing of surfactant content
and the mixed micelle increase could make the crystallinity
increase significantly.

While for the nanofibers produced from PVA solution
with non-ionic surfactant and amphoteric surfactant, the
crystallinity of nanofibers increased firstly and then
decreased with the increasing of surfactant content.
Although the two kinds of surfactant showed the similar
tendency to the crystallinity of nanofibers, the reason for
the two phenomena was different. For the nanofibers pro-
duced from the PVA solution with non-ionic surfactant,
adding a small quality of surfactant can reduce the nanof-
ibers’ diameter significantly; however, the polymer—sur-
factant interaction saturated when the content of surfactant
reached 0.5 %; then, adding more surfactant could influ-
ence the polymer—surfactant interaction, resulting in the
increasing of surface tension; the nanofibers’ diameter also
increased. The nanofibers from the PVA solution with
0.5 % non-ionic surfactant undertook more stretching in
the electrospinning process, so the crystallinity was the
maximum. For the nanofibers produced from the PVA
solution with amphoteric surfactant, the interaction
between PVA and amphoteric surfactant and the solution
properties was complicated due to the amphiphilic char-
acters of the surfactant, which resulted in the instability of
electrospinning process, the jet undertook unstable
stretching in the electrospinning process. Figure Se(1-3)
shows that there were more junctions and bundles of fibers,
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indicating that the nanofibers undertook less stretching.
Hence, the crystallinity of nanofibers produced from PVA
solution with amphoteric surfactant was less than the pure
PVA solution. On the other hand, adding amphoteric sur-
factant into the polymer solution, because both positive and
negative charges were present in the surface-active portion,
positive and negative charges both acted on the molecular
chains and lead to irregular alignment of the polymer
chain, which resulted in the decreasing of crystallinity.

Conclusions

In the present work, four different surfactants were added
into the PVA solution. The results showed that the sur-
factants had different influences on the solution properties,
the morphology, microstructure, and thermal performances
of the nanofibers.

(1) Surface tension of the polymer solution decreased
significantly when the surfactant content was less than
1 %. The viscosity of the solution increased with the
increasing of cationic and anionic surfactant content;
non-ionic and amphoteric surfactant had no influence
on the solution viscosity. In addition, the electric
conductivity of polymer solutions increased with
surfactant content increasing, except for the PVA
solvent with non-ionic surfactant.

(2) The nanofibrous non-woven mats were successfully
prepared from PV A-surfactant solutions via electros-
pinning. The fiber diameter of PVA mats remarkably
decreased from 405 to 100 nm as the non-ionic
surfactant content within the range of 1 % (v/v)
increased, while the average diameter of fibers
slightly decreased as the cationic and amphoteric
surfactant content increased.

(3) Differential scanning calorimetry indicated that the
surfactant content had a great effect on the heat of
fusion, and with the increasing of surfactant content,
the T, and heat of fusions all increased considerably.
The crystallinity of nanofibers prepared from PVA
solution with surfactants was larger than the pure
PVA nanofibers, except the amphoteric surfactant,
and with the increasing of surfactant content, the
crystallinity increased significantly.
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