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The dropping mechanism in the electrospinning process is elucidated. A moving
Jet becomes thinner at the initial stage due to the acceleration caused by the elec-
trostatic force. When the jet diameter reaches a threshold, beyond which the jet
breaks into drops and daughter jets, dropping occurs. The drops will finally form
microspheres. Effects of applied voltage, flow rate, polymer's concentration, and
receptor's distance on the dropping process are theoretically analyzed and exper-
imentally verified. This paper gives a general strategy for fabrication of smooth
fiber, microspheres, and their mixture.
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Introduction

Microspheres are widely used in controlled release drug delivery systems, tissue en-
gineering, wound dressing scaffolds, and their new applications appear every day, for exam-
ple, super-fine coating, cosmetics, catalytic reaction, energy, separation and others [1]. Porous
microsphere has even more applications in adsorption, stealth technology, and smart textile.
The general approach to fabrication of microsphere is the well-known electrostatic spraying
[2], its principle is almost same with that of electrospinning [3-13]. When we use an electro-
spinning set-up to fabricate fibers, we can often obtain microspheres at some special condi-
tions. Many reports were given in open literature that when the concentration of a polymer
solution decreased to a threshold, instead of fibers, microspheres were obtained, or sometimes
microsphere-nanofiber membrane could be fabricated. In electro-spraying process, when the
polymer concentration increases, continuous fibers can be obtained instead of microspheres.
Though both electrospinning and electro-spraying can be used for fabrication of microspheres,
its mechanism is not clear yet, conflicting explanations were appeared in literature. This paper
aims at giving a theoretical analysis for the mechanism.

* Corresponding author, e-mail: hejihuan@suda.edu.cn



Liu, L., et al.: Dropping in Electrospinning Process: A General Strategy ...
1296 THERMAL SCIENCE: Year 2021, Vol. 25, No. 2B pp. 1295-1303

Dropping mechanism in the electrospinning

Dropping phenomena can be observed in everyday life, for examples, water drops
falling from a tap, and drops from a honey filament. Honey is much more viscous than water,
so it has a long journey before dropping. A similar phenomenon appears in a moving jet in the
electrospinning.

Before dropping and solidification, the moving jet follows the mass conservation law.
For 1-D steady flow ignoring solvent evaporation, the mass equation can be written:

'’ pu=Q (1)

where u is the velocity of the jet, p — the density of the jet, » — the radius of the jet, and Q — the
flow rate which is a constant in our study.

The jet ejecting from the Taylor cone is accelerated due to the electrostatic force, so
the initial ejecting velocity is high, it can reach as high as 300 m/s in the bubble electrospinning
[14], according to eq. (1), a higher velocity implies a smaller radius of the moving jet. Due to
air drag and viscous resistance, the moving jet decelerates gradually.

As a qualitative analysis, we consider the jet as a Newtonian flow, the viscous resis-
tance acting on the jet section:

, du
T=mrpu % 2)
where u is viscous coefficient.

When the moving jet decelerates until du/dx = 0 or du/dx becomes extremely small,
viscous resistance disappears completely or extremely small. Under such a condition, due to
the inertia force, a drop will be ejected from the jet, and daughter jets might form during the
dropping process, see fig. 1.
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Figure 1. Dropping in a moving jet; (a) spinning-dropping processing, (b) when velocity
gradient becomes zero, dropping occurs

According to the aforementioned analysis, dropping can occur for following three
cases:
— viscous coefficient is small,

— the radius of the moving jet decreases fast, and
— velocity gradient is small du/dx — 0.
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Figure 1(b) shows a spinning-dropping system, before the dropping point, spinning
occurs; after the dropping point, dropping occurs. If the dropping point approaches to the nee-
dle point, spraying is predicted. Fibers can be obtained when the receptor is placed before the
dropping point, and particles are produced when the receptor is placed after the dropping point.

Experiment design

A binary solvent system using dimethyl formamide (DMF) and acetone as solvents
was prepared with a weight ratio: DMF/acetone = 7/3. Polyvinylidene fluoride (PVDF) (Min-
nesota Mining and Manufacturing Company, USA) and Polyether sulfones (PES) (Amer-
ican SOLVAY) were used without any purification. The PVDF powders were put into the
DMF/acetone bi-solvent system in a sealed beaker to prepare for a PVDF solution by stirring
the mixture magnetically (magnetic stirrer with the water temperature of 50 °C, DF-101S, Xin-
rui Instrument Co. Ltd.) for 2 hours. The PES particles were then put into the PVDF solution
prepare for PVDF/PES solution by stirring the mixture (magnetic stirrer, HI-6A, Gongyi Yuhua
Instrument Co. Ltd.) under ambient temperature for 2 hours. Concentrations of PVDF/PES
solution were listed in tab. 1.

This paper applies electrospinning to study the mechanism of dropping. The
PVDF/PES solution was put into a 10 mL syringe, other parameters were listed in tab. 2.

Table 1. The PVDF/PES solutions with different concentrations

PVDF [g] PES [g] DMF [g] Acetone [g] | Concentration [%]
0.2 0.2 13.72 5.88 2
0.3 0.3 13.58 5.82 3
1 1 12.6 54 10
1.5 1.5 11.9 5.1 15

Table 2. Spinning parameters and average diameter, receptor
distance, L, rate of solution supply, O, PVDF/PES concentration, c,
and average diameter, d

Samples | Voltage [kV] | L [cm] | Q[mLh] c [%] d [nm]
1 15 1 0.5 3% -
2 17 3 0.5 3% -
3 19 5 0.5 3% -
4 15 15 0.5 3% 739+55.44
5 15 17 0.5 3% 870+76.33
6 15 19 0.5 3% 1045+93.89
7 17 17 0.5 3% 507+26.56
8 19 17 0.5 3% 492+31.07
9 17 15 0.1 3% 525+34.81
10 17 15 0.3 3% 570+29.38
11 17 15 0.5 3% 856+43.38
12 17 17 0.5 10% 9144.88
13 17 17 0.5 15% 508+24.15
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Results and discussions

During the spinning process, we put a piece of sheet glass between the needle and
the receptor to identify the possible dropping process. When the glass was put 1 cm and 3 cm,
respectively, before the needle for Samples 1 and 2, only aggregated fibers were observed, figs.
2(a) and 2(b), respectively, when it was put 5 cm before the needle, we could observe micro
spheres, see fig. 2(c) dropping point was near 5 cm from the needle.
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Figure 2. The SEM illustrations using a glass receptor to identify the dropping point;
(a) 1 cm, (b) 3 cm, and (¢) 5 cm from the needle for Samples 1-3, respectively

When the receptor is put after the dropping point, particles can be obtained, and the
receptor distance will great affect the particle size. A longer distance implies a less electric field
strength, as a result, a smaller acceleration is obtained for the ejecting jet, which has a lower
velocity, and according to the mass conservation given in eq. (1), the radius of the moving jet
at the dropping point is larger, as a result, a larger particles can be predicted as illustrated in
fig. 3. The average diameters for Samples 4-6 are, respectively, 739 nm, 870 nm, and 1045 nm,
while their receptor distances are, respectively, 15 cm, 17 cm, and 19 cm.
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Figure 3. The SEM and TEM image of effect of receptor distance on particle size (a)-(c)
for Samples 4-6, respectively
The strength of the electric field, E, is inversely proportional to the receptor distance, L:

1
Exr 3)

The ejecting acceleration, a, is proportional to E:
acFk “4)
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A higher acceleration means a higher ejecting velocity:
uca (%)
According to eq. (1), the square of the diameter of jet at the dropping point is inverse-
ly proportional to the velocity:
1

d* o — (6)
u
The sphere diameter, D, scales with d:
Docd (7)
By previous simple qualitative analysis, we have:
D L (3)
or
D=\a +pL ©)
where o, and f, are constants which can be determined experimentally:
D =+/136000L —1521740 (10)

where D is in nanometer and L cm, fig. 8.
The rate of solution supply also affects greatly the dropping process, according to
eq. (1):
o (11)
By aforementioned similar analysis, the effect of flow rate on microsphere diameter
can be expressed:

D=\a,+ 5,0 (12)
where a, and f3, are constants which can be determined experimentally:
D =,/100000 +1142777Q (13)

where Q is in mL/h.

Figure 8 reveals that a higher flow rate, O, implies a larger diameter of microspheres.
During the dropping process, daughter jets might be ejected from the dropping point. A daugh-
ter jet might link to a drop, as a result, nanofiber-sphere structure can be observed as the cases
given in figs. 4(a) and 4(b), and figs. 5(b) and 5(c).

The voltage affects particle size greatly, a higher voltage means a higher velocity of
the moving jet, and smaller particles can be obtained as illustrated in fig. 9.

We assume that the jet velocity scales with the applied voltage:

Vocu (14)

Similar to the previous analysis, the square of diameter of the microspheres is inverse-
ly proportional to u:
I 1
D? oc —oc — 15
Nt~ (15)

_ g B
D= o+ (16)

where a; and f; are constants which can be determined experimentally.

or
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Figure 4. The SEM and TEM image of nanofiber-sphere structure in dropping process (a)-(c) for
Samples 7, 8, and 12, respectively
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Figure 5. The SEM image of dropping vs. spinning (a)-(c) for Samples 9-11, respectively
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Figure 6. The SEM and TEM image of unsmooth surface due to fast solvent evaporation for Sample 13
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Figure 7. Theoretical prediction of fiber Figure 8. Effect of flow rate on microsphere
diameter (dots are experiment results) size (dotes are experimental data, continuous

line is the theoretical prediction)

With increase of PVDF/PES concentra-

tion, viscous coefficient increases, according 9004
to eq. (2), dropping process is difficult to take ¢
place, as a result, fibers can be obtained as il- S 8001
lustrated in fig. 4(c). If concentration further
increases, solvent decreases, no dropping will 7001
happen, and a fast solvent evaporation will result
in unsmooth surface of the fiber as illustrated in 6001
figs. 4(c) and 6. \
Generally a higher polymer concentration 5001 —_—
results in a higher viscous coefficient: T T T v v
15 16 17 " w 19

b
oC
pHocce (17) Figure 9. Effect of applied voltage on

where b is a scaling parameter. According to eq. ~ Microsphere size
(2), a higher viscous coefficient leads to a lon-
ger delayed dropping process. When the receptor is fixed, dropping process will disappear for
higher polymer concentrations as for the Samples 12 and 13, see fig. 4(¢c), fig. 6.
In previous analysis we use Newtonian flow, non-Newtonian flow can also explain the

experimental phenomena. We write down a non-Newtonian model to replace eq. (2):

T:nrz{yj—u—i-/l(%J } (18)
X

where 4 is a non-Newtonian coefficient, we obtain similar theoretical formulae with different
values of ¢; and f; (i = 1~3). We can also update the scaling laws given in eqgs. (3) and (14) in a
more complex forms:

1
Eo— 19
- (19)
Vocu (20)

where m and n are positive numbers larger than 1. Similar theoretical formulae with different
values of ¢, and f; (i = 1~3) can be obtained.
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Conclusions

In this paper we give a theoretical analysis of the dropping process in the electrospin-

ning, when the moving jet meets the following condition:
, du O du 0od
T=nmnr ﬂdx 'upudx ,updx(lnu)<<l 1)

dropping occurs.

Low polymer concentration (small x), low flow rate (small Q), high density (large
p) are main factors for producing microspheres, and the receptor’s distance and the applied
voltage can be effectively used to control the microsphere size. The solvent system is the main
factor to produce porous microsphere, sudden solvent evaporation can result in porous mi-
crosphere. According to the mass equation, solvent evaporation [15, 16] will also affect the
microsphere size, we will discuss this in a forthcoming paper. By controlling the dropping
parameters, we can also produce microsphere-fiber blends with tenable porosity for biomimic
design of nanofiber membrane with maximal air permeability [17, 18] like that of silkworm
cocoons [19], and can revivify the lost technology of Fangzhu, which is to catch water from air
[20]. The present theory is also valid for other spinning methods like the bubble electrospinning
[1, 3,10, 11, 14, 16].
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