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Abstract: Particulate Matter (PM) is a general term to classify air pollutants consisting of airborne
particles. The particles vary in composition and size, and the sizes of particles range from 2.5 um
(PM35) to 10 um (PM1p). Anthropogenic activity (e.g., industrial processes or fuel /waste combustion)
stands as the main emission source of PM. Due to the fact that indoor PM penetrates from the outside
to indoor air, Heating, Ventilation, and Air-Conditioning (HVAC) filtration systems may play a
significant role in decreasing air pollution indoors. The section of the respiratory tract affected by
particulate matter depends on the particle size. The smaller the fraction, the more deeply it can enter
into lungs and bronchi, causing a series of health problems. Conventional electret air filters applied
in HVAC systems are not able to efficiently remove PM; 5 (e.g., huge gaps between thick fibers
and unintentional elimination of electrostatic effects). The electrospinning process allows for the
production of fibers of diverse diameters, including ultrathin yarns. The following work presents the
axial length scale x estimation method for the given conditions and experimental results. According
to this approach, it is possible to find out what parameters should be used to produce materials at
certain fiber diameters and to capture fine particulate matter fractions (PMj 5). This research refers to
poly(acrylonitrile) (PAN) fibers. The most important advantages, limitations, and challenges of the
presented methodology are detected and discussed in this work.

Keywords: fine particulate matter (PM; 5); electrospinning; air filtration; HVAC system; mathemati-
cal model; numerical optimization

1. Introduction

Nowadays, not everyone can breathe clean air [1]. The problem concerns mainly high
urbanized [2] and industrialized [3] areas, where contamination levels significantly exceed
the World Health Organization (WHO) guidelines and recommendations [4]. Studies
indicate that people spend most of their time (=90%) indoors [5]. In general, pollutants
can get into human settlements through the filters assembled in the Heating, Ventilation
and Air-Conditioning (HVAC) systems; the supply air can come entirely from the outside
(European countries) or can be the mixture of the outside and recirculated air (USA) [6].
Even small amounts of pollutants can be dangerous due to long-term exposure [7].

The origin and characteristics of air pollution is varied and complex [8]. Particulate
matter consists of both solid particles and liquid droplets, which are a mixture of organic
and inorganic substances [9]. Two main fractions of particulate matter can be distinguished:
(i) PM; 5, which consists of compounds up to 2.5 um in aerodynamic diameter, and (ii)
PM;, which consists of compounds up to 10 um in aerodynamic diameter. The division
due to fraction size is very important because, the smaller the dimensions of the PM, the
greater the threat to the respiratory system [10]. Therefore, HVAC filters able to capture
specified air contaminants are desirable for public health considerations [11].

The most popular solution refers to electret/charged filter media; several studies have
addressed the role of such materials in HVAC systems. Tang et al. [12] explained how the
applied approach can influence the particle separation efficiency. The study was subjected
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to typical commercial flat-sheet electret materials and particles of sizes of 3-500 nm. The
results revealed that, depending on the particle size, different electrostatic mechanisms
have different impacts on filtration enhancement; for particles of ~20 nm, polarization
force; for ~100 nm, image force; and for ~300 nm, Coulombic force. The filtration electret
media produced by Cai et al. [13] was characterized by 99.96% filtration efficiency and low
pressure drop (54 Pa). Li and coauthors [14] developed an electret membrane with 99.992%
filtration efficiency and pressure drop of 61 Pa. Both types of membranes were tested
against particles of 300 nm in size. Dust loading, particle size, or filter geometry can limit
the filtration efficiency of the electret media. Thus, it is worth considering the worst-case
scenario assuming a complete lack of charge. The common discharging standards are
based on the fiber treatment with isopropanol liquid immersion or isopropanol saturated
vapor [5,15]. Tang and coauthors [6] used a combination of electret and mechanical particle
capture processes in their work. The developed filter consisted of commercial electret
flat-sheet HVAC filter media and nanofibers layer. The results indicated that nanofiber
addition enhanced filtration efficiency against very small particles (10-30 nm).

The electrospinning method allows us to produce fibers of any size [9,16]. However,
the fabrication of ultrathin structures with diameters of ~100 nm, especially uniform and
beaded-free, is difficult [17]. The presence of beads is considered unfavorable and may
disturb the filter operation [18]. The bead structures are formed due to the rivalry between
electrical stress and capillary forces, which leads to electrohydrodynamic instabilities [17].
As the stretching of the electrospinning jet is dependent on the solution conductivity;, it is
possible to add some ionizable substances to enhance the stability of the polymer jet and to
fabricate thin fibers [17,19]. Moreover, the added substances are not always safe for human
health and may stay in the final products [18].

Some studies have shown that, among numerous polymers, poly(acrylonitrile) (PAN)
is often used as the solution component in the electrospinning process. In the work in [20],
PAN fibers were electrospun from dimethylformamide (DMF). By varying the parameters,
such as polymer concentration, feed rate, and applied voltage, fibers with different sizes
were produced. The authors received straight and beaded structures. The beads appeared
when the fiber diameter was <350 nm. Cao and coauthors [18] fabricated poly(acrylonitrile)
beaded-free nonwovens with fibers at a diameter of 77 nm. The parameters involved in
fiber production referred to process temperature, solution concentration, applied voltage,
collector rotation speed, tip-to-collector distance, and solution feed rate. The design of
experiment (DOE) was used to upgrade the electrospinning process. Obtained structures
was tested against cigarette smoke and particles released during 3D printing. Filtration
efficiency was 99.26% in the first case and 99.26% in the second one.

Through the control of ambient humidity as well as the spinning solution concen-
tration, the bead-on-string PAN structures were produced by Huang et al. [21]. The best
filtration efficiency was 99%, with a pressure drop of 27 Pa. The multilayered PAN structure
of fibers at ~850 nm and ~15,000 nm in diameter were fabricated by Liu et al. [16]; a2 99.99%
filtration efficiency at a pressure drop of 35 Pa was achieved. A 99.999% filtration efficiency
against particles of 300 nm was obtained when using polyethersulfone/polyamide 66
membrane (PES/PA66); the average fiber diameter of the considered yarn was 520 nm [22].

A large number of different factors, incomplete reporting of the electrospinning
process conditions, and limited knowledge about the role of these parameters make it
difficult to obtain nonwovens of the desired structure. Therefore, it appears necessary to
provide an appropriate, accurate mathematical model able to explain the system behavior
with various components’ influences. The nonlinear algebraic [23,24], differential, and
differential-algebraic [25] models have been commonly used in the literature; usually, the
(i) stable jet portion, (ii) whipping instability, or (iii) entire jet models are considered [19,26].

The axial length scale x stands as an example of criterion for which the systematical
calculation method has not been clearly investigated [23,24]. The main goal of this work
is (i) to estimate the axial length scale with respect to specified experiment conditions of
poly(acrylonitrile) electrospinning and (ii) to analyze how this parameter may leads to
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the nonwovens of fibers at certain sizes and functionalities (able to collect fine particulate
matter fractions (PM; 5)).

2. Methods
2.1. Mathematical Model

In this section, the performed methodology is described. The research was conducted

using model (1) of a charged polymer solution jet at the terminal whipping stage [23,24],
which is as follows:
Q2 2 1/3
2 m(2Iny — 3) )
where Fp—fiber diameter (m), C —polymer solution concentration (wt %), y —surface
tension (N/m), e —outside medium permittivity (A%s*/kgm?), Q —flow rate (m3/s), I —
electric current (A), and x—axial length scale. Moreover, according to the work of [17], it
was assumed that

Fp = C%(ye (1)

I~ EQO'5K0'4, (2)

where E—electric field (V/m) and K—solution conductivity (S/m).
Model (1) is a function of the material and processing parameters and allows us to
determine the final fiber size Fp of yarns produced via the electrospinning method.

2.2. Optimization Task

Based on model (1), the following nonlinear optimization task (3) was proposed:

2

05 Q.’ 2 ’
in [ Fpn —Cn™" = 3
min | Fon = G| Yo T 3 i = 3) ®G)
where n—experiment number; n = 1, ...,42 (Table 1); Fp,—PAN fiber diameter (m); C, —
PAN/DMEF solution concentration (wt %); y,—surface tension (N/m); ¢ —outside medium
permittivity (A%st/ kgm3) ; Q, —flow rate (m3/s); I, —electric current (A); and x,,—axial
length scale.

It was assumed that the spinning solution was a mixture of poly(acrylonitrile) (PAN)
and N,N-Dimethylformamide (DMF). The lower and upper bound inequality constraints
for the unknown decision variable were introduced to ensure failure free computations:

45 <x, <670 x 10°. (4)

The optimization task (3) was solved using the quasi-Newton’s method (fmincon
numerical optimization procedure, MATLAB computational environment). In general, the
Newton’s method is characterized by a fast (quadratic or superlinear) rate of convergence
to the optimum. Nevertheless, the particular experiment settings may have a negative
impact on the speed of the obtaining solution, e.g., a sharp slope effect can be observed. It
should be noted that the considered problem is one-dimensional. Therefore, the amount
of performed calculations depends directly on the number of test examples; MATLAB
provides an approximated solution of the considered task, but the calculations were
terminated according to the conditions related to the absolute values of the decision
variable, objective function, as well as its first derivative. The applied Broyden-Fletcher—
Goldfarb-Shanno (BFGS) method for calculating the second derivative guaranteed that
the obtained solution was the local minimum. It is worth noting that other calculation
procedures, such as metaheuristic or combined metaheuristic and stochastic algorithms,
can be applied to solve the presented optimization approach.
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Table 1. Fiber diameter (experiment and model).

Fiber Diameter (nm)

No Sample X APE (%)
Experiment Model

1 $-05.1-13 50 76 6.70 x 105 51
2 S-05.1-16 50 66 6.70 x 10° 32
3 $-05.1-22 50 53 6.70 x 105 7
4 $-05.1-25 60 60 2896 2
5 $-05.1-27 80 80 46.5 9
6 5-09.6-13 100 100 2374 6.60 x 1077
7 $-09.6-16 80 80 14579 3.80 x 1077
8 5-09.6-22 70 70 2658 3.20 x 1077
9 $-09.6-25 100 100 24.4 2.60 x 1076
10 $-09.6-27 100 100 19.2 3.60 x 1077
11 5-13.8-13 160 160 228 1.80 x 1077
12 5-13.8-16 120 120 57.3 3.80 x 108
13 5-13.8-22 150 150 8.9 3.80 x 1077
14 5-13.8-25 130 130 10.2 1.40 x 107
15 $-13.8-27 130 130 9 470 x 1077
16 5-16.1-13 190 190 11.6 1.00 x 107
17 5-16.1-16 230 230 6.4 1.70 x 1078
18 5-16.1-22 170 170 7.1 750 x 1077
19 5-16.1-25 240 240 5.1 1.40 x 1076
20 S-16.1-27 240 240 5 1.60 x 107
21 §-17.5-13 350 350 52 2.10 x 10~°
22 5-17.5-16 400 400 4.8 1.00 x 1075
23 $-17.5-22 370 370 47 1.60 x 1077
24 $-17.5-25 380 380 4.6 1.80 x 10~°
25 $-17.5-27 450 450 45 7.30 x 106
26 $-19.0-13 450 450 49 2.00 x 10~°
27 5-19.0-16 500 500 47 520 x 10°
28 $-19.0-22 590 590 45 1.80 x 105
29 5-19.0-25 400 400 4.6 6.30 x 106
30 $-19.0-27 600 600 45 2.80 x 107°
31 5-19.7-13 770 770 4.6 1.40 x 105
32 $-19.7-16 800 800 45 450 x 1070
33 $-19.7-22 660 660 45 1.70 x 105
34 $-19.7-25 760 760 45 8.30 x 106
35 $-19.7-27 800 800 45 2.10 x 107
36 $-20.3-13 900 900 45 230 x 107°
37 $-20.3-16 1200 1200 45 8.00 x 10~°
38 $-20.3-22 1100 1100 45 1.20 x 1074
39 $-20.3-25 1000 1000 45 1.10 x 1074
40 $-20.3-27 1200 1004 45 16

41 * S-08.0-16 82 105 6.70 x 10° 28.27

42 ** $-11.0-12 340 340 6.35 7.90 x 1077

Test no. 1-40: Q; 40 = 1mL/h, 7, 40 = 10 cm; * Test no. 41: Qg = 1.6 mL/h, z4; = 15 cm; ** Test no. 42:
Qg =08mL/h, zpp =15 cm.

2.3. Simulation Research

In the next step, some simulations were carried out to obtain the desired fiber diameter
of the PAN nonwovens. The analysis was performed for 10 different situations with respect
to the parameters presented in Tables 2 and 3.
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Table 2. Simulation parameters (case 1).

PAN solution concentration Cy =8 wt%
flow rate Qu =16 mL/h
tip-to-collector distance z41 =15 cm
applied voltage AVy =16 kv
and AVya_g1q4 = {12, 22, 25, 27} kv respectively;
Table 3. Simulation parameters (case 2).
PAN solution concentration Cp=11 wt%
flow rate Qup =038 mL/h
tip-to-collector distance 74 =15 cm
applied voltage AVy =12 kV
and AVya_spq = {16, 22, 25, 27} kv respectively;

The results of simulations were collected and shown in Figures 1-6.
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Figure 1. The fiber diameter and characteristic axial length scale dependence: (a) 8 wt% of the poly(acrylonitrile) (PAN)
solution and (b) 11 wt% of the PAN solution.
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Figure 2. The fiber diameter and characteristic axial length scale dependence: (a) 8 wt% of the poly(acrylonitrile) (PAN)
solution and (b) 11 wt% of the PAN solution.
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Figure 3. The fiber diameter and characteristic axial length scale dependence: (a) 8 wt% of the poly(acrylonitrile) (PAN)
solution and (b) 11 wt% of the PAN solution.
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Figure 4. The fiber diameter and characteristic axial length scale dependence: (a) 8 wt% of the poly(acrylonitrile) (PAN)
solution and (b) 11 wt% of the PAN solution.
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Figure 5. The fiber diameter and characteristic axial length scale dependence: (a) 8 wt% of the poly(acrylonitrile) (PAN)
solution and (b) 11 wt% of the PAN solution.
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Figure 6. The fiber diameter and characteristic axial length scale dependence: (a) 8 wt% of the poly(acrylonitrile) (PAN)
solution and (b) 11 wt% of the PAN solution.

3. Model Validation

The mathematical model (1) was validated against experimental data [20,21]. To per-
form the model validation, the presented nonlinear optimization task (3) was solved. The
absolute percentage error (APE) was used to measure model-experiment fitting accuracy:

APE — [Fone — Fonuil 100, ()
DnE

where Fpg—experimental PAN fiber diameter and Fpn\—modeled PAN fiber diameter.
The obtained results are presented in Table 1. The applied designations, e.g., S-05.1-13,
should be understood as a sample of 5.1 wt% and applied voltage of 13 kV. The appeared
discrepancies were very small, mainly in terms of the range 1.00 x 1078 — 1.00 x 10~%; the
mean value of APE was 3.46%. Larger disproportions were seen in the case of extreme
concentrations (low: 5.1 wt% or high 20.3 wt%). Therefore, it can be observed that the
model results showed a satisfactory agreement with the experimental data. Moreover, the

lower the polymer concentration, the higher the value of the x parameter.

4. Results and Discussion

The presented research investigated what range of fibers size can be expected for the
considered sets of parameters and the wide range of x. The results are shown in Figure 1a
(case 1) and Figure 1b (case 2). It can be seen that, in two instances, it was possible to
produce fibers of 1000 nm in diameter (and less). In the next step, it was checked how the
X changes may affect the fibers of 105 nm and 340 nm diameter (Figure 2a,b, dashed line).
As shown in Figure 2a, the slight changes in the x values still led to fibers of ~105 nm.
However, as the x values decreased, the fiber sizes became larger. The results shown in
Figure 2b indicated that small changes in the x values significantly influenced the size
of the fibers; x = 6.35 led to the fibers of 340 nm diameter, while x = 25 led to fibers of
~200 nm diameter. It can also be observed that, in both cases, the change in applied voltage
had a crucial influence on the fiber size. The results of the simulations confirmed the rule
that, the higher the voltage applied to the solution, the thinner the fibers obtained [19].

The individual ranges of x values that lead to fibers with diameters of 500 nm, 200 nm,
150 nm, and 100 nm are shown in Figures 3-6. According to the results, it was possible to
obtain fibers of Fp = 500 nm, when x € [4.7; 5.5] (Figure 3a) and x € [4.7; 5.0] (Figure 3b)
for all considered situations (AV = {12, 16, 22, 25, 27} kV). With regard to Figure 4,
it was possible to obtain fibers of 200 nm diameter, when x € [8; 100] (Figure 4a) and



Appl. Sci. 2021, 11, 1014

8of11

Hazardous air

Purified air

X € [6; 25] (Figure 4b) (also for all considered situations, where AV = {12, 16, 22, 25, 27}).
Further investigations are shown in Figure 5; it can be seen that, to obtain the fibers with
Fp = 150 nm, x € [19.6; 272] (Figure 5a) and x € [11; 267] (Figure 5b) had to be used. It is
also worth noting that it was not possible to obtain fibers of Fp = 150 nm when AV = 12 kV
(Figure 5a). To obtain fibers of Fp = 100 nm, x € [587; 1283] (Figure 6a) and x € [43; 239]
(Figure 6b) were applied. Nevertheless, the production of fibers with this diameter and
X range was possible only for higher applied voltages: AV = {25,27} (Figure 6a) and
AV = {22,25,27} (Figure 6b).

According to the studies carried out, it was possible to determine the poly(acrylonitrile)
fiber size with respect to the x values and applied sets of parameters. The presented
approach can be useful in terms of the filtration materials design. In general, the nonwovens
of ultrathin fibers at ~100 nm can be used to remove particles of aerodynamic diameter
about 2500 nm or less. The nonwovens consisting of thick (~1000 nm) fibers can be used
to remove bigger particles (aerodynamic diameter ~10,000 nm). It is also possible to use
hybrid solutions or constructions that can increase the packing density of the nonwovens
(bead-on-string structures); the schematic view of fiber fabrication via electrospinning as
well as the PMjy and PM; 5 removing operations can be seen in Figures 7 and 8.

High voltage
power supply

Collector
Py
plate

Tip — to — collector distance

Figure 7. The schematic view of the nonwoven fabrication process via electrospinning.

Hazardous air
PM,, PM

25

Purified air

(b)

Figure 8. Cont.
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Hazardous air

PM,; PM,5

Hazardous air

PM,, PM,5

Purified air Purified air

(© (d)

Figure 8. The schematic view of the PMjy and PM; 5 removing processes: (a) electrospun nonwoven with ultrathin fibers,

(b) electrospun nonwoven with thick fibers, (c) bead-on-string electrospun structure with ultrathin fibers, and (d) hybrid

electrospun structure of ultrathin and thick fibers.

5. Conclusions

This study presented an estimation approach of the axial length scale x; the investi-
gated methodology was based on an analytical model of the charged poly(acrylonitrile)
solution jet at the terminal whipping mode. It was established that the individual ranges
of x that lead to fibers with certain diameters took the following values with respect to the
parameter sets considered in this work:

-  Fp =500 nm, when

X € [4.7; 5.5] (case 1) and x € [4.7; 5.0] (case 2);
AV = {12, 16, 22, 25, 27} kV;

- Fp = 200 nm, when

X € [8; 100] (case 1) and x € [6; 25] (case 2);
AV = {12, 16, 22, 25, 27};

—  Fp =150 nm, when

X € [19.6; 272] and AV = {16, 22, 25, 27} (case 1);
X € [11; 267) and AV = {12, 16, 22, 25, 27} (case 2);

-  Fp =100 nm, when

X € [587; 1283] and AV = {25, 27} (case 1);
X € [43; 239] and AV = {22, 25, 27} (case 2).

As urgent development of progressive solutions and technologies for Heating, Ven-
tilation and Air-Conditioning filtration systems is needed, this research may be useful
with regard to certain material designs for PM, 5 removal (nonwovens consisting of ultra-
thin fibers, bead-on-string structures, or thin-thick fibers arrangements). The presented
approach may be limited by the polymer-solution system properties and processing condi-
tions. Thus, in a future work, it is also worth examining the role of the viscous force and
determining in which situations it cannot be neglected.
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