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Abstract: Air filters are crucial components of a building ventilation system that contribute to
improving indoor air quality, but they are typically associated with relatively high pressure drops.
The purpose of the study is to evaluate the effect of additives on ultrathin electrospun filters, the
pressure drop, and the particle removal efficiency of uniformly charged particles. The fibres were
electrospun under optimised conditions that resulted in a fast-fabricating process due to the properties
of the cellulose acetate solution. Different ultrathin electrospun fibre filters based on cellulose acetate
(CA) were fabricated: a pure CA electrospun fibre filter, two filters based on CA fibres separately
doped with activated charcoal (AC) and titanium dioxide (TiO2), respectively, and a composite
filter where the two additives, AC and TiO2, were embedded between two CA fibres layers. The
ultrathin filters exhibited a low pressure drop of between 63.0 and 63.8 Pa at a face velocity of
0.8 m s−1. The filtration performance of uniformly charged particles showed a removal efficiency
above 70% for particle sizes between 0.3 and 0.5 µm for all filters, rising above 90% for larger
particles between 1 and 10 µm, which translates to the average sizes of pollens and other allergenic
contaminant particles. Due to the positive impact on the fibre morphology caused by the additives,
the composite filter showed the highest filtration performance among the produced filters, reaching
82.3% removal efficiency towards smaller particles and a removal of up to 100% for particle sizes
between 5 and 10 µm. Furthermore, cellulose acetate itself is not a source of microparticles and is fully
biodegradable compared to other polymers commonly used for filters. These ultrathin electrospun
filters are expected to be practical in applications for better building environments.

Keywords: cellulose acetate; electrospinning; particle pollution; air filters; titanium dioxide; activated
charcoal

1. Introduction

Exposure to particle pollution has been linked to negative health effects such as
cardiovascular and respiratory disorders and lung cancer, and it can lead to increased mor-
tality [1–4]. Although the World Health Organization (WHO) has defined clear guidelines
for annual average outdoor concentration as 5 µg m−3 for PM2.5 (particulate matter with an
aerodynamic diameter less than 2.5 µm) and 15 µg m−3 for PM10 (particulate matter with
an aerodynamic diameter less than 10 µm) [5], 91% of the world population lives in areas
where these guidelines are not met. Particles originating outdoors can enter residential and
non-residential buildings and negatively affect indoor air quality [6,7].

As a significant portion of indoor particles originates outdoors, supply air filters
can prevent the outdoor-to-indoor transport of particle pollution and improve indoor air
quality. Several air filter technologies can be used to remove particles [8–10]. Commercial
fibrous filters, such as HEPA filters, can remove up to 99.97% of particles with diameters
larger than 0.3 µm [11] at the expense of a relatively large pressure drop that can negatively
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affect the total HVAC energy use [12]. Typically, electrostatic filters achieve lower particle
filtration efficiency compared to mechanical filters with the advantage of a much lower air
resistance [13]. Most conventional filters require the use of a fan to overcome the pressure
drop they impose on the air stream, and therefore, they contribute to an increased energy
use from the ventilation system [14]. Air filter contribution can account for between 20 and
50% of the total pressure drop of a ventilation system depending on the loading conditions,
filter efficiency, and system configuration [15]. This has a direct impact on the energy use of
the ventilation fans, which can account for up to 34% of the total energy use of the HVAC
system [14]. The main challenge that air filtration technologies have to overcome today is to
optimise the ratio between filtration efficiency and energy use during operation, therefore
achieving the highest dust-loading capacity with the lowest air resistance possible. Recent
studies have focused on fibre filters produced with electrospinning as a potential solution
to overcoming this challenge.

Electrospinning is a versatile and effective method of producing fibres with diameters
within the nano- or submicron dimension, which are characterised by various morphologies
and properties [16]. When the fibre diameter is reduced to nanoscale, which is comparable
to or smaller than the mean free path of air molecules (65 nm), lower air resistance of the
filters will occur by introducing a slip effect [17,18]. Thus, electrospun fibre filters aiming
at a decreased pressure drop have been fabricated in numerous research studies in recent
years [19,20]. A polyacrylonitrile (PAN)-based electrospun nanofibre membrane with a
fibre diameter in the range of 50–170 nm was fabricated [17]. The electrospinning process
was optimised, and a particle filtration efficiency of 99.09% was obtained, while the pressure
drop reached 29 Pa with a face velocity of 0.053 m s−1 [17]. A silk fibroin/polyvinyl alcohol
(SF/PVA) nanofibre air filter was developed aiming at efficient particle capture [21]. The
filter reached 99.11% removal efficiency and a pressure drop of 50 Pa at 0.5 m s−1 air
velocity [21]. Moreover, a method to fabricate an electrospun nanofibre filter to minimise
the pressure drop when removing particles below 2.5 µm was developed [22]. An optimised
approach based on a semi-empirical model was applied on 125 samples, which obtained a
decreased pressure drop for 110 cases. The optimal nylon-based filter has achieved 90%
filtration efficiency at the cost of 27.18 Pa at a face velocity of 0.05 m s−1 [22]. Composite
electrospun fibre mats have been recently fabricated [23,24]. A polyimide-based electrospun
membrane with metal–organic frameworks (MOFs) successfully removed VOCs such as
polar formaldehyde (sorption capacity 124 mg g−1) and non-polar toluene (142 mg g−1),
xylene (214 mg g−1), and mesitylene (201 mg g−1) from air [23]. A polymeric composite
electrospun nanofibre mat was produced to remove air particles and to investigate the
antibacterial activity enhanced by the sulfobetaine zwitterionic groups. The materials
achieved 99.9% removal of Klebsiella pneumoniae and Staphylococcus aureus bacteria and
exhibited high filtration efficiency (>99.9%) with a pressure drop of 177 Pa at 5.3 cm s−1

face velocity [24].
The fibre morphology has to be tuned properly in order to achieve an optimal ratio

between particle removal and pressure drop. The typical face velocities used in an HVAC
system can reach up to 2 m s−1, but nanofibre filters are generally tested at much lower face
velocities (0.05 m s−1) [25]. The effect of additives on the morphological filter parameters
such as porosity, fibre diameter, and fibre surface roughness has also been a subject of
focus [16]. The addition of titanium dioxide was shown to improve the particle filtration
efficiency of polymer-based electrospun nanofibre filters [26]. The PSU/TiO2 membrane
has an enhanced filtration efficiency of 99.997% for 0.3–0.5 µm particles and a pressure
drop of 43.5 Pa at a face velocity of 0.05 m s−1 compared to the pristine PSU filter due to the
enhanced porous structure and surface fractal features with irregular rough structures [26].
The combined use of titanium dioxide and activated charcoal when fabricating nanofibres
could contribute to the formation of macroporous structures that can decrease the pressure
drop [27]. Activated charcoal and titanium dioxide are often used as additives on fibre
filters for their properties as an adsorbent and photocatalyst to enhance the removal
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capacity of the filters towards gaseous pollutants [28,29], although their influence on
particle filtration efficiency has not been widely investigated.

Other researchers have used continuous electrostatic effects on traditional air filters
to apply a uniform charge to particles and evaluate the filtration efficiency [30–32]. The
particle filtration efficiencies for two commercial HVAC filters have been improved from
5–15% to 40–90% by utilising continuous emission of unipolar ions without affecting the
pressure drop [32]. A compact electrostatically assisted air (EAA) filter, which combines
corona charging and filter polarising, was developed [33]. The single-pass efficiency
for 0.3–0.5 µm charged particles of a polyethylene terephthalate (PET) coarse filter was
improved from 0.4% to 99%. The air resistance of the filter led to a pressure drop of
21 Pa at 1.2 m s−1 face velocity [33]. Furthermore, the efficiency for the PET coarse filter
could be significantly improved by a thin coating of polydopamine (PDA) via in situ
dopamine polymerisation. Using a two-stage EAA filtration device, the PDA@PET filter
has a high filtration efficiency of 99.48% for 0.3 µm particles, low air resistance of 9.5 Pa
at a filtration velocity of 0.4 m s−1, and steady performance for up to 30 days [34]. An
electrostatically assisted metal foam and PVDF electrospun nanofibres were combined to
enhance filtration efficiency by 15% for charged particles with an aerodynamic diameter
between 0.3 and 0.5 µm [35]. Moreover, an electrically responsive polyurethane filter
with dielectric surface coatings could even achieve 90.50% removal efficiency for ultrafine
particles and an ultralow pressure drop at 13.0 Pa at 1 m s−1 face velocity, providing a
promising prospect when applied in building ventilation systems [36].

The present study introduces four different ultrathin electrospun fibre filters. These
filters exhibit a thickness between 0.1 and 0.2 mm, whereas conventional and commercial
filters usually present a thickness ranging from a few to tens of centimetres. The selected
polymer was cellulose acetate (CA), which is an abundant and biodegradable organic
compound commonly used for application in filters, artificial skin, and protective cloth-
ing [37,38]. Employing CA instead of commonly used polymers is beneficial because CA is
not a source of microplastic, and it does not increase the plastic load when disposed of, as
it is biodegradable. Electrospinning of this polymer has been systematically investigated,
reaching fast and stable results [39].

The purpose of this study was to evaluate experimentally the influence of additives
such as titanium dioxide and activated charcoal on the filtration performance of uniformly
charged particles for CA-based ultrathin electrospun fibre filters. Furthermore, the impact
on the performance as measured by filtration efficiency and pressure drop of the different
ultrathin filter matrices was also assessed. Compared to the reported electrospun filters
in the literature, the novelty of the filters presented here is related to their high porosity
and low pressure drop but still maintaining a good filtration efficiency, which is evident
from the quality factor. This paper presents the fabrication process via electrospinning
of the different fibre filters, which differs in terms of materials and filter configuration.
The results from the experimental study of the filtration performance are described and
discussed, including the achieved pressure drop and the particle filtration efficiency. The
filters were also evaluated and compared in terms of filter quality factors.

2. Materials and Methods
2.1. Materials

Cellulose acetate (CA, 39.8 wt % acetyl content, MN 30000 GPC) and activated charcoal
(AC, MW 12.01 g mol−1) in a powder form were purchased from Sigma-Aldrich. Aeroxide
TiO2 P25 in a nanopowder form was a gift from Evonik Industries. Pure acetone, ethanol
absolute, and 2-propanol were acquired by Avantor and were used as is. The materials
were used without further purification.
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2.2. Fabrication of Electrospun Fibre Filters
2.2.1. Preparation of CA Solution

The polymer solution was prepared by adding 31.25 g of CA to 250 mL of acetone
under vigorous stirring for 12 h to obtain a homogeneous solution. The stirring was carried
out at room temperature (20 ◦C).

2.2.2. Preparation of TiO2 and AC Dispersions

First, 1.5 g of TiO2 was dispersed in a solution of 80 mL 2-propanol and 20 mL ethanol.
The mixture was vigorously stirred for an hour, and then, it was ultrasonicated in a bath
for 30 min to ensure uniformity. Similarly, 2 g of AC were dispersed in a solution of
80 mL 2-propanol and 20 mL ethanol. The solution was continuously stirred to ensure a
homogenous AC distribution.

2.2.3. Electrospinning Process

The electrospinning was carried out using an electrospinner from Yflow (2.2.D-500),
which is equipped with a flat collector and a remote-controlled arm where the needle is
located. A schematic representation of the setup is shown in Figure 1. The electrospinning
was performed in a vertical downwards configuration. For the preparation of CA electro-
spun fibre, the CA solution was loaded in a 20 mL glass syringe (Poulten & Graf GmbH).
The solution was fed at a constant rate of 1 mL min−1 through a needle with an inner di-
ameter of 1.5 mm. The electrospinning was continuous until 10 mL of the CA solution had
been electrospun onto the collector. The voltage applied was 14.8 kV. The tip of the needle
was kept at 9 cm distance from the collector. Inside the electrospinner box, the temperature
ranged between 19.8 and 20.8 ◦C, and the relative humidity was kept between 27% and
32%. The needle was remotely controlled at a velocity of 50 mm s−1 on the collector (20 cm
× 20 cm), as shown in Figure 1, to ensure the uniformity of fibre distribution across the
filter surface. After electrospinning, the filter was kept in a ventilated oven at 70 ◦C for 1 h
to ensure complete evaporation of the solvent.
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2.2.4. Preparation of the Doped Filters

The CA/AC and CA/TiO2 fibre filters were prepared by spraying the additive dis-
persion onto the electrospun fibre filter surface using an airbrush. Such a doping method
implies that the additives are deposited on the filter, modifying the first layers of the filter
surface. The previously electrospun CA membrane was placed in a fume hood onto a metal
grid at a distance of 20 cm from the air brush. The filter was sprayed with the respective
suspension for 2 min. Then, the filter was dried in the oven at 70 ◦C for an hour. The
airbrush process was repeated twice for each filter.

For the composite filter, the two additive dispersions were separately sprayed between
two layers of CA electrospun fibre. The first layer of polymer fibre was made by electro-
spinning 6 mL of CA solution onto the collector. After drying the membrane for 1 h at 70 ◦C
in the oven, two 2-min rounds of airbrushing of AC dispersion at 10 L min−1 were applied,
which was interspersed with 1 h drying at 70 ◦C between each application. The third layer
of the composite filter consisted of electrospinning 4 mL of CA solution. The fourth and
final layer comprised two rounds of airbrushing of the TiO2 dispersion using the previously
described conditions, including 1 h of drying at 70 ◦C between airbrushing applications.

2.3. Fibre Characterisation

The fibre surface morphology was investigated using scanning electron microscopy
(SEM; Zeiss XB1540) operating at 5 kV. The samples were coated with a thin layer of gold
before scanning. The average fibre diameter and surface porosity were measured using the
DiameterJ plugin for ImageJ (1.51w, NIH, Bethesda, MD, USA) on the SEM images.

The thickness of the filters has been measured with a traditional External Micrometer
(Model 965M, Moore & Wright Ltd., Sheffield, UK) with an accuracy of ±0.005 mm. The
filters were folded in two and kept between two metal plates during the measurement to
avoid compression of the materials.

2.4. Investigation of Filtration Performance

The filtration performance tests were conducted in an acrylic air duct with an inner
diameter of 50 mm, as shown in Figure 2. The filtration module is divided into the charging
section and collecting section, where the membrane is kept, as shown in Figure 3. The
air with ambient airborne particles was driven through the module in the sequence of a
diffusion plate, a pin-to-plate charging module for the ionisation of particles, the filter to be
tested, and an axial flow fan. The length of the charging pin is 20 mm, and the pin-to-plate
distance is 10 mm. The charging pin was connected to an adjustable High-Voltage Direct
Current (HVDC) power supply (from 0 to +30 kV, accuracy: 0.1 kV, P30, GENVOLT Co.
Ltd., Beijing, China). The back metal ring of the charging module was connected to the
ground. The face filtration velocity could be altered by adjusting the frequency of the fan.

The face velocity was measured by a thermo-anemometer (435-1, Testo SE & Co.
KGaA, Titisee-Neustadt, Germany) located upstream of the air duct, and it was controlled
at 0.8 m s−1 during the particle removal efficiency test. The number concentration of
0.3–10 µm particles was measured by a particle counter (Aerotrak 9306, TSI Inc., Shoreview,
MN, USA) located upstream and downstream of the filters. A sensor (WSZY-1, Tianjian-
huayi Tech. Co. Ltd., Beijing, China) was used to monitor the air temperature and relative
humidity during testing in the air duct. The pressure drop across the filter was measured
using a differential gauge (accuracy: ±1%, DP-CALC 5825, TSI Inc., Shoreview, MN, USA).
The pressure drop was measured at several face velocities in the range between 0.035 and
1 m s−1.
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Each filter was exposed to the polluted air stream for 30 min, and in this period of
time, the particle concentration was monitored upstream and downstream the filter. The
filtration efficiency η for charged particles based on particle size was calculated using the
following equation:

η
(
dp
)
=

(
Cup

(
dp
)
− Cdown

(
dp
)

Cup
(
dp
) )

× 100 %, (1)

where Cup and Cdown are the particles number concentration upstream and downstream
the filter respectively, and dp is the particle diameter.

The filters were also evaluated in terms of quality factor QF (Pa−1), which was calcu-
lated using the equation below.

QF =
− ln

(
1 − η(0.3−0.5 µm)

)
∆P

, (2)

where η(0.3–0.5 µm) represents the single-pass filtration efficiency for particles sized between
0.3 and 0.5 µm at 0.8 m s−1 face velocity, and ∆P is the pressure drop at the same face
velocity. The quality factor gives a clear understanding of which filter best optimises the
ratio between pressure drop and filtration efficiency, and therefore, the ratio between the
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energy use related to filter operation and the filter’s contribution to an improved indoor air
quality. The quality factor was calculated based on the filtration efficiency of particles with
diameters between 0.3 and 0.5 µm, as this is commonly considered the most penetrating
particle size.

3. Results and Discussion
3.1. Preparation of Electrospun Fibre Filters

The characteristic parameters that define the electrospinning process of the cellulose
acetate solution were adjusted from the optimal conditions mentioned in the study from
Christoforou and Doumanidis [39], and these are presented in Table 1. The conditions
that stabilised the electrospinning process were based on a high feed rate of 1 mL min−1.
Compared to other studies, where the feed rates for the polymer solution are in the range
of mL h−1 [40–42], the CA/acetone solution allowed for the fast fabrication of a free-
from-beading and uniform fibre filter, owing also to the remotely controlled arm of the
electrospinner. The final filter material is visible in Figure 4a. The air spraying of the
solutions containing either AC or TiO2 resulted in the final materials visible in Figure 4b,c,
respectively, while the composite material is shown in Figure 4d.

Table 1. Solution, process, and environmental parameters that were used during the electrospinning of CA solution.

Solution Parameters Process Parameters Environmental Parameters

CA
Concentration Solvent Tip-to-Collector

Distance Voltage Feed Rate Needle
Inner Ø Temperature Relative

Humidity

12.5 w/v% Acetone 9 cm 14.8 kV 1 mL min−1 1.5 mm 21 ◦C ± 0.5 ◦C 37% ± 3%
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3.2. Fibre Characterisation

SEM images of different CA fibre filter samples are shown in Figure 5. The pure CA
fibre presents a uniform flat-ribbon morphology, which is randomly oriented (Figure 5a).
Compared to the smooth fibres of the pure CA membrane, the doped filters show a different
fibre surface due to the use of additives. The CA fibre surface is visibly covered by AC
(Figure 5b) and TiO2 (Figure 5c). The dense deposition of TiO2 highly affects the fibres’
morphology and the pore dimension, as the TiO2 nanoparticles are forming agglomerates
which tend to increase the fibre diameter and clog the pores. The presence of activated
charcoal has a milder influence on the fibre morphology. The additive is still clearly visible
on the fibre surface, but it does not fully coat it, as does TiO2.
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The composite filter is a combination of the previous two CA/TiO2 and CA/AC filters.
SEM images of the four steps to fabricate each layer of the filters are shown in Figure 6.
The presence of additives is clearly visible on the fibre surface on the second and fourth
layers in the form of agglomerates.



Buildings 2021, 11, 557 9 of 15
Buildings 2021, 11, 557 9 of 15 
 

Figure 6. SEM images of the composite filter divided into the four layers of fabrication: (a) 1st layer, 
CA fibres; (b) 2nd layer, AC spray; (c) 3rd layer, CA fibres; (d) 4th layer, TiO2 spray. 

The SEM images of the pure CA fibres have been analysed to investigate the average 
fibre diameter. The average diameter distribution is presented in Figure 7. The mean fibre 
diameter is 4.2 μm. The fibres are not falling into the nano-dimension. This is the result of 
the electrospinning process, which was stable at a rather fast feed rate of 1 mL min−1 and 
a short tip to collector distance of 9 cm. The polymer solution jet did not stretch enough 
to form nanofibres. 

 
Figure 7. Mean fibre diameter distribution. 

  

(a) (b) 

  
(c) (d) 

Figure 6. SEM images of the composite filter divided into the four layers of fabrication: (a) 1st layer,
CA fibres; (b) 2nd layer, AC spray; (c) 3rd layer, CA fibres; (d) 4th layer, TiO2 spray.

The SEM images of the pure CA fibres have been analysed to investigate the average
fibre diameter. The average diameter distribution is presented in Figure 7. The mean fibre
diameter is 4.2 µm. The fibres are not falling into the nano-dimension. This is the result of
the electrospinning process, which was stable at a rather fast feed rate of 1 mL min−1 and a
short tip to collector distance of 9 cm. The polymer solution jet did not stretch enough to
form nanofibres.
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Furthermore, the surface porosity of the filters has also been determined for each filter
material using ImageJ. Such a parameter is used as a comparative term for the use of the
additives on the filter surface. The results are shown in Table 2. As previously mentioned,
the use of additives reduces the surface porosity of the materials. The pure CA reached
the highest surface porosity of 42%, while the surface porosity of CA/TiO2 dropped to the
lowest value of 32.5%.

Table 2. Results from the analysis of the filter porosity and thickness.

CA CA/AC CA/TiO2 Composite

Surface porosity (%) 42.0 ± 5.4 38.5 ± 2.6 32.5 ± 5.1 34.4 ± 4.5
Thickness (mm) 0.11 ± 0.016 0.14 ± 0.012 0.15 ± 0.005 0.18 ± 0.007

The results of the thickness analysis are also presented in Table 2. The filter thickness
ranges between 0.11 and 0.18 mm, and the results are consistent with the use of additives.
The pure CA filter is the thinnest filter, whereas the composite filter, which incorporates
two layers of additives, is the thickest material among the four samples.

3.3. Filtration Performance

The filter materials previously presented were cut into filters to install them into the set
up (inner diameter: 50 mm) designed to evaluate the pressure drop and filtration efficiency.

3.3.1. Pressure Drop

The filters’ pressure drop was investigated in two different ranges of face velocity. Elec-
trospun fibre filters are mostly tested at face velocity in the range from 10−2 to 10−1 m s−1;
many of those are between 0.2 and 0.053 m s−1 [25]. The filters developed were also
evaluated in the low range of face velocity starting from 0.035 m s−1 up to 0.087 m s−1,
which would reproduce the case of a filter installed under natural ventilation conditions.
However, such filters could be used in buildings as part of a mechanically ventilated
system, where face velocities are as high as 1 m s−1. Therefore, the filters were also tested
at 0.8 m s−1 and 1 m s−1. The results are shown in Table 3.

Table 3. Pressure drop results for the different filters at different face velocities. Filtration efficiency to particle size between
0.3 and 0.5 µm and related quality factor calculated with pressure drop at 0.8 m s−1 face velocity.

Filter 0.035 m s−1 0.053 m s−1 0.069 m s−1 0.087 m s−1 0.8 m s−1 1 m s−1 η QF

CA 3 Pa 3.5 Pa 4.7 Pa 6.6 Pa 63.0 Pa 74.1 Pa 73.3% ± 3.1% 0.020 Pa−1

CA/AC 3.2 Pa 3.7 Pa 4.9 Pa 6.8 Pa 63.3 Pa 74.7 Pa 80% ± 3.2% 0.023 Pa−1

CA/TiO2 3.2 Pa 3.7 Pa 4.9 Pa 7.0 Pa 63.4 Pa 74.8 Pa 76.8% ± 3.1% 0.022 Pa−1

Composite 3.3 Pa 3.8 Pa 5.1 Pa 7.0 Pa 63.8 Pa 75.3 Pa 85.3% ± 5.9% 0.027 Pa−1

The pure CA fibre filter showed a starting pressure drop of 3.5 Pa at a face velocity of
0.053 m s−1. The use of additives increased the pressure drop. The CA/AC and CA/TiO2
filters show very similar results, with an increase in pressure drop of between 6 and 10%
compared to pure CA on the low range of face velocities. When moving towards higher
face velocity, the increase is always below 1%. The composite filter produced the highest
pressure drop among the fabricated materials. Again, on the low range of face velocity, the
impact of the additives seems to be more significant, and the composite filter reached a
10% higher pressure drop than the pure CA membrane. At 1 m s−1, the difference between
the composite and CA filter pressure drop is around 1.6%.

The difference in pressure drop between filters seems to be strictly connected to the use
of additives and their influence on the fibre morphology and filter thickness. The CA fibres
were produced using the same electrospinning conditions. Therefore, any morphological
change that can affect the filter performance is due to the doping process of the fibre surface.
As it was visible from the SEM pictures, the fibre surfaces of the CA/AC and CA/TiO2



Buildings 2021, 11, 557 11 of 15

filters presented rougher characteristics, and the filters presented an increased thickness.
Consequently, lower surface porosity was measured for the doped filters compared to pure
CA, which resulted in a higher pressure drop. Even though the CA/TiO2 filter showed
lower surface porosity, the composite filter presented a higher pressure drop. The increased
thickness from 0.15 to 0.18 mm compared to CA/TiO2 might be responsible for the higher
pressure drop result.

3.3.2. Particle Filtration Efficiency

The results of the filtration efficiency of the four different filters are presented in
Figure 8. The face velocity was set at 0.8 m s−1. The air temperature and relative humidity
were measured at 22.4 ◦C and 36.2%.
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The charging module was investigated in terms of particle removal without the use
of any filter. It recorded a peak removal capacity towards 3.0–5.0 µm particle size (above
90%), while smaller particles (0.3–0.5 µm) easily penetrated it, and the removal capacity
fell below 47%. Medium-sized particles between 0.5 and 3 µm and large particles between
5 and 10 µm have been removed with an efficiency of 71% and 77.3%, respectively.

The use of the filters had an impact on filtration of all particle sizes, with the most
significant improvements registered for the smaller and most harmful particles. As visible
from the graph in Figure 8, all ultrathin filters have recorded particle filtration efficiency
above 70%. In accordance with the concept of most penetrating particle size (MPPS),
the smaller particles penetrate the filters more, resulting in a decreased mean filtration
efficiency for 0.3 to 0.5 µm particles compared to larger particle sizes. For particles between
1 and 10 µm diameter, the filters have recorded filtration efficiencies above 90%.

Comparing the performance across the different ultrathin filters, the use of additives
affected the filtration capacity. The major and most important impact is again on the
filtration of small charged particles between 0.3 and 0.5 µm diameter. The CA/AC and
CA/TiO2 filters recorded an increased filtration efficiency of 9.2% and 4.8 %, respectively,
compared to the pure CA filter. The composite filter registered the best performance with
an improvement of 16.4%. Moving towards the larger particles, the pure CA filter also
performed well in comparison with the CA/AC and CA/TiO2 filters. The composite filter
again achieved the best performance, with 95% removal of particles around 1 µm size and
achieving 100% removal of the largest particles between 5 and 10 µm.

Figure 9 shows the relationship between single-pass filtration efficiency for 0.3–0.5 µm
particle size, surface porosity, and pressure drop. As supposed, the general tendency
demonstrates that the higher the surface porosity, the lower the filtration efficiency and
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the pressure drop. The CA/TiO2 filter does not completely follow the trend because it
has shown a lower efficiency compared to CA/AC filter, despite a lower porosity. The
difference in the effect seen between AC and TiO2 surface-modified filters, apart from their
differences in surface porosity, is in the inherent nature of the modifying material. AC
renders the filter material more hydrophobic, whereas TiO2 adds negative charges to the
filter surface. As it can be seen in Figure 9, the hydrophobic effect surpasses the effect of
the negative charge of TiO2 and thereby renders the CA/AC filter better suited than the
CA/TiO2 filter.
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Table 3 also shows the calculated quality factor for each of the filters. These parameters
give a clear understanding of which filter best optimised the ratio between filtration
efficiency and pressure drop. The result revealed that the composite filter best optimises
this ratio when comparing it with the other filters developed in this work. The combination
of activated charcoal and titanium dioxide in a composite filter reached a considerably
higher filtration efficiency at the cost of a slightly increased pressure drop.

Data have been collected from other studies in order to compare the filtration perfor-
mance of different filters at a face velocity of 0.8 m s−1, as reported in Table 4. The filtration
efficiency is related to particle sizes between 0.3 and 0.5 µm, and this criterion has been
used to select the studies in the literature. In their study, Xia et al. have also highlighted
that most of the electrospun fibre filters were evaluated at very low face velocities [25]. In
order to compare the studies in the literature with the filter fabricated in this study, pressure
drops have been recalculated, assuming a proportional relationship with face velocities [25].
The composite filter developed for this work shows a high-quality factor compared to the
others. Only one sample from the study of Zhang et al. has achieved a higher quality
factor [43]. The filtration efficiency of the ultrathin composite material is lower compared
to the samples from other studies, which instead reached significantly higher pressure
drops. The main difference lies in the average fibre diameter of the fabricated composite
material and the use of the charging module in order to ensure a uniform charge on the
particles. The micro-dimension of the fibres and the use of additives have contributed
to forming a surface porosity able to maintain the balance between pressure drop and
filtration capacity while using a single ultrathin layer of filter material. The final result is
that the composite filter kept a low pressure drop and achieved a relatively high filtration
efficiency, optimising the quality factor compared to other electrospun fibre materials.
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Table 4. Comparison of filtration efficiency for particle size between 0.3 and 0.5 µm, pressure drop and quality factor at
0.8 m s−1 with studies in the literature.

Case Particle Filtration Efficiency
(0.3–0.5 µm) (%)

Pressure
Drop (Pa) QF (Pa−1) Material Ref

1 99.98 243 0.0351 Polyimide nanofibres [43]

2 98 1997 0.0019 Poly(vinyl alcohol)/Poly(acrylic acid) + silica
and silver nanoparticles [44]

3 99.992 1781 0.0053 Polysulfone/Polyacrylonitrile/Polyamide 6 [45]
4 99.997 725 0.0143 Polysulfone/TiO2 fibrous membrane [26]
5 99.99 4315 0.0021 Nylon 6 nanofibre [46]
6 99.989 659 0.0138 Polyacrylonitrile/silica nanoparticles [47]
7 82.3 63.8 0.0271 Composite filter CA/AC/CA/TiO2 This work

4. Conclusions

In summary, four ultrathin CA-based electrospun fibre filters were fabricated, achiev-
ing various configurations with the addition of AC and TiO2, separately and combined.
The filters presented an average fibre diameter of 4.2 µm and a surface porosity between
32.5 and 42%. The use of additives has led to an overall rougher fibre morphology and
lower surface porosity compared to the undoped CA filter, reaching an increased particle
filtration and a slightly higher pressure drop. The filters presented ultralow pressure
drops between 3 and 3.3 Pa at 5.3 cm s−1 face velocity. The pure CA filter had a thickness
of 0.14 mm and achieved a filtration efficiency of 73.3% for charged particles between
0.3 and 0.5 µm. The filtration efficiencies improved with the use of the additives. The
composite filter, in which both AC and TiO2 nanoparticles were embedded, demonstrated
a thickness of 0.18 mm and presented a filtration efficiency of 82% for charged particles
sized between 0.3 and 0.5 µm, reaching 100% removal of 10 µm particles, at the cost of a
pressure drop of 63.8 Pa at 0.8 m s−1 face velocity. This study showed the positive impact
of additives on the particle filtration performance of ultrathin electrospun fibre filters. The
ultrathin CA based-composite filter presented filtration performances and quality factors
that are significantly improved compared to other electrospun fibre filters found in the
literature today.
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