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Abstract
Various industrial methods of electrospinning are considered. Experimental data of the 
results of electrospinning from solutions of chlorinated polyvinyl chloride, polyamide-6/66 
and fluoroplastic F-42, obtained by various methods are presented.
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A significant part of the industrial appl 
ication of such materials is the filtration 
of gases [11, 13] and liquids [9], whose 
effectiveness is largely determined by 
the structure and properties of the fibrous 
web, which, in turn, depend on the meth-
od of electrospinning and its productivity 
[2, 4, 15, 20].

Since the 2000s, there has been an expo-
nential increase in the number of publi-
cations and patents on the technology of 
electrospinning, which reflect informa-
tion on various methods for implement-
ing this process and on the applications 
of fibres [1-5, 15]. Figure 1 shows the 
dynamics of link growth in the Web of 
Science scientific database for the search 
queries “electrospinning or electrospun” 
and “nanofibre or nanofibres”. It can be 
seen that the share of publications on the 
subject of electrospinning and the pro-
duction of nanofibres by this method is 
more than half of all publications on na-
nofibres in general.

However, an insufficient number of re-
view articles can be noted among the 
publications that provide a detailed anal-
ysis aimed at comparing the various elec-
trospinning methods used on an industri-
al scale.

There are several electrospinning meth-
ods implemented in industry that can be 
conditionally divided into those using 
metering capillaries (electrocapillary, 
blowing-assisted electrospinning) and 
those using centrifugal electrospinning 
or nanospider [2, 16-20].

In the electrocapillary method (Fig-
ure 2.a), the formation of a jet is carried 
out on the surface of the capillary, and 

	 Introduction
In recent years, there has been a grow-
ing trend of interest in the process of 
electrospinning, as evidenced by the in-
crease in the number of publications and 
patents on this subject [1]. This is due 
to the possibility of processing practi-
cally any polymer into fibre, including 
biopolymers [6-8, 12, 14], as well as of 
the production of fibres with a diameter 
of less than 300 nm by electrospinning, 
which are due to the developed surface 
and small pore size in the material [9] 
providing high functional properties. In 
addition, the flexibility of the electros-
pinning process, the possibility of using 
a wide range of polymers and additives 
[2], the simplicity of the hardware design 
scheme at the laboratory research stage – 
all these components make it possible to 
widely use it for practical testing of the 
properties of synthesised substances [8], 
compositions of polymer solutions and 
fillers [10], as well as low molecular ac-
tive substances and other modifiers [1-5, 
15-21]. 

the number of jets is determined by the 
number of such capillaries [2, 4, 22-24]. 
The exception is specific modes with 
increased flow, in which the primary jet 
is divided into subsidiaries [25]. In the 
Nanospider ™ method (Figure 2.b), the 
number of jets on the surface of the string 
or cylinder is determined solely by the 
electrostatic field. The solution is applied 
to the string by dipping or spreading 
[26-28]. The extraction of fibres in both 
methods occurs only due to electrostatic 
forces.

In blowing-assisted electrospinning  
[2, 29-31] (Figure 2.c) and centrifugal 
electrospinning [2, 32, 33] (Figure 2.d), 
the spinning is carried out with the ad-
ditional participation of high-speed flow 
air or centrifugal force acting on the 
solution. Due to this, the primary jet is 
crushed on the surface of the capillary or 
disk.

In Russia, for the production of microfi-
brous materials PF (Petryanov’s Fil-
ters®), the most famous is FPP-15-1.5, 
with the electrocapillary, electro- blow-
ing and centrifugal methods also being 
used, while only the electrocapillary 
method is used to produce submicron 
fibres (analytical materials of the LFS-2 
type) [2, 4].

As noted in many publications, where 
various methods of electrospinning are 
considered, the electro-blowing and cen-
trifugal methods stand out as the most 
productive ones [2, 16-20]. However, al-
most all the experiments described were 
carried out using various electrospinning 
methods, with the use of different poly-
mer-solvent systems at various concen-
trations [19, 20].
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Therefore, the urgent task and purpose of 
this review is to systematise the knowl-
edge about the possibilities of various 
electrospinning methods, compare the 
formulation and technological process 
parameters, carry out a multivariate as-
sessment of the influence of the charac-
teristics of the spinning solution (poly-
mer-solvent pairs) on the structure and 
properties of the finished fibre, as well 
as select a specific electrospinning tech-
nology to obtain materials with specified 
structural characteristics and a specified 
set of properties.

	 Experimental
Materials
Polymers widely used for the production 
of nanofibres were selected as objects 
of study: chlorinated polyvinyl chloride 
(CPVC), molecular weight 55 kDa, man-
ufactured by XiangSheng Plastic (Chi-
na); polymethylmethacrylate (PMMA), 
molecular weight 160 kDa, manufactured 
by Dzerzhinsk Plexiglas JSC (Russia); 
polyamide-6/66 (PA), molecular weight 
25 kDa, manufactured by Anid LLC 
(Russia); and fluoroplast (F-42), molec-
ular weight 490 kDa, manufactured by 
LLC Ninth Element (Russia).

We used forming solutions of the above 
polymers in various solvent systems: 
a 10% PA-6/66 solution in a mixture of 
ethyl alcohol/propionic acid/acetic acid/
water with an appropriate solvent ratio 
of 25: 20: 15: 40 mass; 6% solution of 
F-42 in dimethylformamide; 6% solu-
tion of F-42 in a mixture of dimethylfor-
mamide/toluene with a solvent ratio of 
80:20 mass, respectively; 6% solution of 
F-42 in a mixture of dimethylformamide/
ethyl acetate of 50:50 mass, respectively; 
and a mixture of 14% CPVC solution + 
30% PMMA additive in a mixture of di-
methylformamide/butyl acetate DMF/BA  
of 70:30 mass.

Methods
Three types of electrospinning were used 
in the work: capillary, centrifugal and 
electro-blowing. The capillary type ap-
paratus was a SK-500I syringe dispens-
er with a 29G gauge needle (ISO14971: 
2000 + A1: 2003, Shenzhen Shenke 
Medical Instrument Technical Develop-
ment Co., China), where the minimum 
volumetric flow rate was 0.1-0.2 ml/h; 
the centrifugal the element was a pol-
ished steel disk with concave edges 
with a diameter of 100 mm, thickness 
of 0.5 mm, and disk rotation speed of 
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3000 rpm; air flow in the aerodynam-
ic nozzle was about 30 l/min at a pres-
sure of 0.1 MPa. A nanospider of the  
NS-LAB-500 series was used with 
a forming bath with a 4-string collector 
15 cm long. A study of filtering aerosol 
particles at various linear flow rates was 
carried out on an Automated Filter Test 
Model 3160 TSI 3160 (USA).

Nanofibrous materials from the same 
polymer-solvent systems using various 
electrospinning methods were obtained 
in this work. A comparison was made for 
such parameters as fibre diameter, draw-
backs and process performance.

	 Results and discussion
A comparison of electrospinning results 
by different methods for various process 
parameters can be made according to the 
following characteristics: average fibre 
diameter, nature of fibre diameter distri-
bution, fibre porosity, average number 
of pores fibre and pore distribution in 
the fibre layer, as well as defectiveness. 
For fibrous materials used in filtration, 
a zero-defect quality is a very important 
characteristic, which is usually evaluated 
by visual analysis.

Defects during the electrospinning pro-
cess can be divided into fibre defects and 
those in the finished material. The most 
common fibre defects are thickenings 
(Figure 3.a) in various configurations 
(spindle, ball), which are fragmentarily 
located in the structure of the canvas. 
The aggravation of such defects takes 
place during the transition of the process 
of electrospinning to that of electrospray-
ing. This is accompanied by an increase 
in the size of thickenings, which can 
exceed the fibre diameter by more than 
20 times. The reasons for the transition 
to electrospraying are: forming from 
solutions with a concentration below the 
crossover point, low conductivity of the 
solution, and/or a very high feed rate. 
Subsequently, such thickenings turn into 
drops of various sizes and, when reaching 
the surface of the fibrous material, form 
defects of two types: webs (Figure 3.b) 
and holes (Figur 3.c). Webs are formed 
from droplets of solutions containing 
volatile solvents (for example, acetone, 
ethyl acetate, etc.). Holes in the fibre 
layer are caused by droplets that do not 
have time to harden sufficiently. Defects 
in the form of drops can also form due to 
the heterogeneity of the polymer solution 
and the presence of gels, particles, etc.

The correct method for comparing vari-
ous fibrous materials is to determine the 
average hydrodynamic diameter dг for 
them from the Fuchs-Stechkina hydro-
dynamic resistance formula [4] Equa-
tion (1).

Where, ΔР – resistance to air flow, Pa;  
μ is the viscosity of air; M is the surface 
density, g/m2; v is the air velocity, m/s; 
r is the hydrodynamic radius of the fibre, 
m; ρ is the density of polymer fibres,  
g/cm3; β is the packing density of fibres 
in the material; and Kn = λ/r is the Knud-
sen number, where λ is the free length of 
air molecules, m.

The hydrodynamic diameter is almost 
always larger than the average optical 
diameter measured using an optical or 
electron microscopy, which is caused by 
defects in the value of surface density. 
The values of the average optical and 
hydrodynamic diameters can coincide 
only for zero-defect fibrous materials. 
Therefore, an increase in the hydrody-
namic diameter reflects an increase in 
the number of defects well, for example, 
with an increase in the volumetric flow 

rate of the solution during electrospin-
ning. In parallel, it is necessary to eval-
uate the average optical diameter of the 
fibres. Thus, calculation of the hydro-
dynamic diameter of the fibres can be 
used as a second method for assessing 
defectiveness.

Since forming solutions with a concen-
tration above the crossover point and 
with optimal electrical conductivity were 
used in all experiments, the chosen meth-
od of electrospinning affected the defec-
tiveness through the flow rate of a single 
jet solution.

Table 1 shows the results of the influ-
ence of the electrospinning methods us-
ing solutions of chlorinated polyvinyl 
chloride (with the addition of polyme-
thylmethacrylate), polyamide-6/66 and 
fluoroplastic F-42 on the fibre diameter 
(dг), the presence of defects (visually 
determined) in the material and on the 
process productivity (Q). Using the F-42 
fluoroplastic solution as an example, the 
influence of the type and composition of 
the solvent on these parameters was addi-
tionally analysed.

8 

 

 
Fig. 3. Defects of nanofibre materials: a - thickening on  fibres in the form of 

spindles, b - web from a drop, c - through penetration 

The correct method for comparing various fibrous materials is to determine the 

average hydrodynamic diameter dг for them from the Fuchs-Stechkina  hydrodynamic 

resistance formula [4]: 

 

(1) 

Where, ΔР - resistance to air flow, Pa; μ is the viscosity of air; M is the surface 

density, g/m2; v is the air velocity, m/s; r is the hydrodynamic radius of the fibre, m; ρ 

is  the  density  of    polymer    fibres, g/cm3; β is the packing density of  fibres  in  the 

material; and Kn = λ/r is the Knudsen number, where λ is the free  length  of  air 

molecules, m. 

 

Equation (1).

(1)

8 

 

 
Fig. 3. Defects of nanofibre materials: a - thickening on  fibres in the form of 

spindles, b - web from a drop, c - through penetration 

The correct method for comparing various fibrous materials is to determine the 

average hydrodynamic diameter dг for them from the Fuchs-Stechkina  hydrodynamic 

resistance formula [4]: 

 

(1) 

Where, ΔР - resistance to air flow, Pa; μ is the viscosity of air; M is the surface 

density, g/m2; v is the air velocity, m/s; r is the hydrodynamic radius of the fibre, m; ρ 

is  the  density  of    polymer    fibres, g/cm3; β is the packing density of  fibres  in  the 

material; and Kn = λ/r is the Knudsen number, where λ is the free  length  of  air 

molecules, m. 
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It should be noted that the electrocapil-
lary method is the only one in which it is 
possible to supply the solution into the jet 
above the optimal values until it is split 
into several jets at the edge of the capil-
lary. It is also possible to lower the flow 
rate to a less than optimal value until the 
jet is broken off by field forces. It is nec-
essary to understand that the word ‘op-
timal’ means at such a value of the flow 
rate that an electrostatic field would pull 
from the electro-blowing (for example, 
from a nanospider string). This makes 
this method the most manageable of all 
known.

Despite the minimal costs, fibres ob-
tained by the electro-blowing method 
contain a significant number of defects in 
all cases. This, apparently, is associated 
with the wide distribution of values of 
the flow rate of single jets formed from 
the primary jet, which are fragmented by 
the air stream. In this case, for fibres with 
a diameter of less than 100 nmfibre and 
more than 300 nm, defects are formed. 
With a further increase in the flow rate 
through the nozzle, the hydrodynamic di-
ameter also increases due to an increase 
in the number of defects and their size. In 
this case, the average optical diameter of 
the fibres remains practically unchanged. 
An increase in flow rates above a certain 
level results in droplets. It can be noted 
that the high-speed accompanying air 
flow dries out defects in flight.

The results of the centrifugal method are 
similar i.e. there is also the occurrence 
of a significant number of defects, the 
number and nature of which are not af-
fected by a decrease in the flow rate of 

Table 1. Electrospinning results by various methods.

Composition of forming 
solution

Capillary Nanospider Electro-blowing Centrifugal
Q, ml/h dг, nm Q, ml/h dг, nm Q, ml/h dг, nm Q, ml/h dг, nm

10% solution of PA-6/66 in 
a mixture of ethyl alcohol/ 

propionic acid/ acetic acid/water 
25: 20: 15: 40 mass.

0.2 230

~ 12.0 160

3.0 360

– –0.5 250 5.0 500

1.0 370 7.0 470

6% solution of F-42 in a mixture 
of dimethylformamide/toluene 

80:20 mass.

0.7 120
~ 10.0 100

7.0 140
50.0 1601.2 150 10.0 170

1.5 210 15.0 210

6% solution of F-42 in 
dimethylformamide

0.1 90
~ 10.0 80 – – – –0.3 110

0.6 120

6% solution of F-42 in a mixture 
of dimethylformamide/ethyl 

acetate 50:50 mass.

0.3 230
~ 15.0 240 – – – –0.7 300

3.0 420
14% CPVC solution + 30% 

PMMA additive in a mixture of 
dimethylformamide/butyl acetate 

DMF/BA 70:30 mass.

0.2 150

~ 12.0 130

5.0 250

80.0 5100.5 180 7.0 300

1.0 240 10.0 450
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Figure 4. Filtration efficiency of nanofibre materials with various types of defects: a) defect-
free, b) defects in the form of spindles, c) defects in the form of splashes.

The absence of defects in the materials 
obtained by the electrocapillary meth-
od was observed at minimum flow rates 
from the capillary.

The smallest fibre diameters were pos-
sessed by materials obtained using the 
nanospider, the volumetric flow rate of 
the solution is not regulated, but depends 
on the applied voltage and other factors, 
and is usually measured indirectly from 
the weight of the fibres deposited on the 
substrate for a certain time. The density 
of the jets per unit length of the nanos-
pider electrode is approximately 5 to 
10 pcs./cm. Thus, the average consump-
tion of one jet is about 0.05-0.1 ml/h, 
which is lower than the minimum flow 
rate on the capillary. Therefore, the diam-

eter of fibres for the nanospider is lower 
than or approximately equal to that of fi-
bres at a minimum flow rate on the capil-
lary. With an increase in the flow rate on 
the capillary, the fibre diameter increas-
es 1.5-3 times from the minimum, after 
which an excess amount of the solution 
leads to the formation of defects on the 
fibre, as observed by micrographs and by 
the growth of the hydrodynamic diame-
ter.

For F-42 solutions, the general tendency 
remains: an increase in the diameter and 
number of defects with an increase in the 
flow rate, while minimum fibre diame-
ter values of 90 nm were obtained from 
a solution in the most volatile solvent – 
dimethylformamide.
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the solution. In addition, the solution be-
gins to dry at the edge due to incomplete 
washing.

To assess the effect of defects on the fil-
tering properties of materials, research of 
aerosol filtration particles DOP (dioctyl-
phthalate) with a diameter of 0.4 μm at 
various linear flow rates (Figure 4) was 
performed. All materials had equal re-
sistance to the air flow. Fibres obtained 
from chlorinated polyvinyl chloride 
were taken as test material: zero-defect, 
obtained on a nanospider (Figure 5.a); 
having spindle defects, obtained by the 
capillary method at a flow rate of 1 ml/h 
(Figure 5.b); and materials with defects 
in the form of splashes, obtained by 
the centrifugal method at a flow rate of 
80 ml/h (Figure 5.c).

The studies have shown that defects on 
spindle type fibres do not affect the fil-
tering properties of nanofibre materials, 
and their presence can be neglected to 
achieve greater process performance 
(Figure 4.b). Defects in the form of 
splashes can degrade filter performance 
(Figure 4.c). Most splashes form webs in 
the layer of nanofibres, which affect only 
the total resistance to air flow, block-
ing the working area. However, some 
of them, falling on a layer of nanofi-
bres, dissolve under themselves, making 
through holes, which are partially cov-
ered by subsequent layers of nanofibres. 
As a rule, the local surface density in 
such places is much lower, as a result of 
which there is a significant expansion of 
the filtration efficiency indicator and an 
increase in the particle breakthrough by 
2-3 times in comparison to a defect-free 
material.

	 Conclusions
According to the studies, all electros-
pinning methods can be used to produce 
nanofibres. However, high-performance 
electro-blowing and centrifugal meth-
ods give a significant number of defects 
in the form of drops or thickenings. Due 
to the absence of through holes formed 
by drops and sufficient drying during set-
tling, such defects can be neglected, for 
example, to create materials from mix-
tures of micro- and nanofibres for air fil-
tration. These methods have a significant 
advantage in the performance and densi-
ty of the jets in the forming space, while 
the forming elements are compact and 
can easily be set in motion for uniform 
fibre deposition.

The electrocapillary method, as the 
most controlled by the flow rate of the 
forming solution, allows the produc-
tion of the least defective nanofibres. 
However, minimising the flow rate per 
capillary to obtain smaller fibres leads 
to a significant complication in the de-
sign and an increase in the number of 
capillaries.

The nanospider method, due to field 
strengths, depending on the viscosity 
and conductivity of the solution, allows 
to achieve the lowest costs per unit jet 
while self-regulating the distance be-
tween the jets. Such materials can be 
successfully used as liquid filters, since 
they have a minimal pore and zero- de-
fect structure. However, the forming el-
ement in the form of a bath with a string 
collector or a string and a carriage is 
rather bulky and deprived of the pos-
sibility of movement. To increase uni-
formity, the sequential installation of 
a large number of such elements is re-
quired.

Thus, we can conclude that for each 
specific task for the further use of na-
nofibres, the productivity required and 
specific polymer-solvent system, the op-
timal method of electrospinning can be 
selected.
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