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Electrospinning is used to produce polyvinylidene fluoride nanofibers under var-
ious ferric chloride contents. Effect of the ferric chloride concentration on fiber
diameter is investigated theoretically and experimentally. A critical value of the
concentration is found, below which fiber diameter decreases with its concentra-
tion, and an opposite prediction is observed when the concentration is larger than
the critical value.
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Introduction

Electrospinning is a micro/nano scale flow, which is widely used to fabricate fibrous
materials with diameters ranging from several micrometers to a few nanometers from a poly-
mer solution [1-4]. In this process, a jet is ejected and accelerated from a spinneret by a high
electrostatic force, and then deposited on a grounded-metal collector as a nanofiber, which can
be widely used in many high-tech areas where the fiber diameter is crucial to its applications.
The fiber diameter mainly depends on solution properties, e. g. the viscosity, conductivity,
surface tension, and others [5-8]. In the electrospinning process, additive (e. g. metal inorganic
salt) is a versatile method to change the solution property and to control fiber morphology.
Alpha-Fe,0; [9], Na,CO, [10], Cu nanoparticles [11], milk [12], and chitosan [13] were used
in practical applications. In this study FeCl; will be used as an additive, due to its inexpensive
price and ferromagnetic property.

The electrospinning has been developing very fast, and various new technologies
were appeared recently, for examples, the bubble electrospinning [14, 15] and bubbfil spinning
[3], which are the promising technologies for mass-production of nanofibers, and new applica-
tions of nanofibers have been appeared, for examples, oxygen-enrichment nanofiber membrane
[16] and nanofiber membrane for enhancing silver ion release [17].

This paper will prepare for polyvinylidene fluoride (PVDF) fibrous membrane with
different FeCl; contents via electrospinning. At the same time, the influence of FeCl; con-
centration on fiber diameter of electrospun PVDF fibrous material will be studied. Finally, a
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mathematical model of the relationship between the FeCl; concentration and fiber diameter is
proposed and experimentally verified.

Experiment

In this work, PVDF particles were dissolved in N,N-dimethylacetamide (DMF), and
acetone (ACE) mixtures (weight ratio 1:1) under constant and vigorous magnetic stirring. Sub-
sequently, FeCl, with different contents were added, respectively, into mentioned solution and
kept vigorous magnetic stirring at room temperature. The concentration of FeCl, (. e., 2 wt.%,
4 wt.%, 6 wt.%, 8 wt.%, and 10 wt.%) in the mixture was based on the weight of PVDF, DMF,
and ACE. In this experiment, all solutions were the concentration of PVDF 6 wt.% and chemi-
cals were used without further purification. In the spinning process, the applied electric voltage
is 25 kV and the collector distance is 15 cm. All the experiments were performed at similar
ambient temperature and relatively humidity.

Theoretical analysis and experimental verification

The SEM images of electrospun fibrous membrane with different FeCl; contents are
presented in figs. 1(a)-1(f). It is obvious that electrospun pure PVDF nanofiber membrane shows
beads on string morphology from fig. 1(a). Differently, there are no significant beads in the fibrous
membrane from the solutions with a small amount of FeCl,, figs. 1(b), 1(c), and 1(d). Interesting-
ly, when the FeCl, concentration was relatively high, lots of beads were appeared again. In addi-
tion, the surface becomes rough with the increase of FeCl,. Figures 1(e) and 1(f) clearly display
this phenomenon. It was concluded that increased FeCl; concentration leads to poor spin-ability.

The diameter distribution curves of as-spun fibrous membrane with different FeCl,
concentration have been demonstrated in fig. 1(g) and 1(I). It shows a narrow fiber diameter
distribution at low FeCl; concentration, while wide fiber diameter distribution at relatively
high-level. Meanwhile, it is obvious that the fibers diameter noticeably decreased in the rel-
atively low-level FeCl; concentration and dramatically increased in the relatively high-level
FeCl; concentration.

The fiber diameter is mainly influenced by conductivity, viscosity, and surface tension
of the electrospinning solution. The properties of electrospinning solutions are displayed in
tab. 1. It is clear that solution conductivity acutely increased while viscosity increased fiercely
then decreased slightly at the beginning with the increasing of FeCl; concentration. However,

Table 1. Characteristics of the electrospinning solutions
and the fiber diameters of the resultant fibrous
membrane with different FeCl; concentration

FeCl, Conductivity | Viscositya | Surface tensionb Diameterc

[wt.%] [us em™] [Pas] [Dyn cm™'] [nm]
0 0.388 0.11 29.197 £0.029 64.8 £13.7
2 200.6 0.07 30.528 +0.029 5524125
4 3523 0.06 30.564 +0.014 66.9 +16.4
6 564.5 0.09 30.528 £0.013 95.8+16.3
8 624.1 2.44 30.622 +£0.0.13 172.5+24.1
10 759.7 4.59 30.571 +0.029 219.7+37.6

3 shear rate is 0.34 s°!;

~1.b,¢c

values are expressed as means+SD
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Figure 1. FESEM images and diameter distribution of the PVDF fibrous with different FeCl; contents:
(a,2) 0, (b, h) 2, (¢, i) 4, (d, j) 6, (¢, k) 8, and (f, 1) 10 wt.%

the surface tension of solution has no significant variation with the increase of FeCl; concen-
tration.

Previous report [18, 19] indicated the diameter of electrospun fiber mainly depends
upon solution viscosity, and higher viscosity leads to thicker fibers:

docn® (1)

where d is the fiber diameter, 77 — the viscosity, and a — a constant varying for different solutions.
On the other hand, higher concentration results in higher viscosity, which means [8]:
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docc?, c<c¢, (2)

where ¢, is threshold value for ¢, S is a constant varying for different solutions.
We write:

d =k +kyc+ ke + ke +alc), c<c, (3)

where k; are constants to be further determined experimentally, a(c) is a matching term for
c>¢p.

However, when the concentration increases to a threshold value, the electrospinning’s
spin-ability reduces, and when the concentration is larger than the threshold value, the fiber
diameter increases greatly, which means:

d(xc—ls, CZCO (4)

where ¢ is a constant varying for different solutions.
We write:

1
b +bc+bic’ +b,c

+pB(c), c=2c¢, %)

where the constants b, are further determined experimentally, and £(c) is a matching term
for c<c¢.

Combining eq. (3) with eq. (5), we have the following relation between the fiber di-
ameter and the concentration:

d =k +kyc+ kyc® + by + ) +b2c+1133c2 o (6)
Using experimental data, we can approximately identify constants in eq. (6):
ky=65.73 k,=-12.68 k;=347 k,=-0.06
b =6573 b,=-12.68 b;=347 b, =-0.06
Equation (6) becomes:
d =65.73-12.68¢ +3.47¢* —0.06¢° + ! (7)

65.73 —12.68¢ +3.47¢ — 0.06¢°

It is easy to find that the threshold value of concentration is ¢, =2 and minimal fiber
diameter is 53.8 nm, which agree well with experimental data, see fig. 2.

Discussion and conclusion

In this paper, the effect of FeCl; concentration on fiber diameter of electrospun PVDF
membrane has been investigated. All additives will greatly affect morphology of nanofibers,
this is because the additive will greatly affect the solution’s density:

P=PpC, + PiCs + PuC, )

where subscribes p, s and a imply PVDF, solvent, and additive, ¢ is concentration.
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Fiber diameter depends mainly upon sol-
vent evaporation. In case p,c, >> p,c,, the sol-
vent evaporation will not affect morphology of
nanofibers, so additives are widely used to con-
trol morphology of nanofibers.

With 2 wt.% addition of FeCl;, the av-
erage fibers diameter decreases compared with
pure PDVF nanofibers. However, the average
diameter of the fibers dramatically increased
as the concentration of FeCly increased to
10 wt.%. Meanwhile, we have also proposed
a mathematical formulation of the relationship
between metal inorganic salt concentration and
fiber diameter based on the experimental result.
This result will benefit further research with re-
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Figure 2. A plot of the fiber diameter as a

gard to diameter control in electrospinning.

function of FeCl; concentration
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