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The presence of ultraﬁne particle matter (PM) in air is one of the most hazardous environmental issues because
of their severe threat to human health. Design and development of cost-eﬀective and energy-eﬃcient air ﬁlters to
remove the PM by facile methods are highly demanded. Electrospun nanoﬁbrous membranes have been explored
for PM ﬁltrations as they can achieve high removal eﬃciencies due to their ultraﬁne nanoﬁbers. However, their
enhanced particle removal eﬃciencies are at the cost of high pressure drops. In this work, porous bead-on-string
ﬁlters with nanobeads along the nanoﬁber axis have been successfully fabricated by optimizing the polyacrylonitrile (PAN) concentration of electrospun dopes and ambient humidity condition during the electrospinning process. The combined eﬀects of polymer concentration and humidity condition could achieve an
unbalanced status between the repulsive and constrictive forces along the jets from the spinneret in the electrospinning process, which generated a ﬁlter with a desirable bead-on-string morphology. The nanobeads are
able to reduce the packing density and alleviate the pressure drop through the ﬁlter while the ultraﬁne nanoﬁbers guarantee the PM removal eﬃciency. Besides, the eﬀects of nanoﬁber diameter, airﬂow rate and nanobead
density on the ﬁltration eﬃciency and pressure drop of NaCl solid and Paraﬃn oil aerosols with an average
diameter of 300 nm have been investigated systematically. With the assistance of bead-on-string construction,
the pristine PAN ﬁlter can easily achieve an excellent eﬃciency above 99% with a low pressure drop of 27 Pa at
an airﬂow rate of 4.2 cm/s. This work suggests that transformation of electrospun ﬁlters from a nanoﬁbrous
structure to a bead-on-string morphology via the adjustments of polymer concentration and ambient humidity is
suﬃcient to generate ﬁlter mediums with excellent eﬃciency and low airﬂow resistance for air ﬁltration applications, which is also facile to be scaled up as no special equipment and costly chemicals are required.

1. Introduction
Severe air pollution due to rapid developments of industrialization
and urbanization is one of the top environmental concerns in both
developing and developed countries [1]. Many epidemiological and
toxicological studies have demonstrated that the deteriorative air
quality has negative impacts on human health, which may result in
mental disorder, morbidity and disability [2]. Ultraﬁne particulate
matter (PM) is one of the most hazardous environmental issues and
main component of fog and haze [3]. These ﬁne particles show longer
residence time and larger surface area carrying other pollutants, which
can easily lodge into respiratory system via inhalation and result in

⁎

cardiovascular and respiratory diseases by dissolving in the blood [2].
The increasing awareness of human health threats due to the ultraﬁne
PM demands eﬀective technologies to mitigate it. The conventional PM
removal methods include baghouse ﬁltration, gravity settling, centrifugation, electrostatic separation and ﬁbrous ﬁlter ﬁltration [4–6].
Among these technologies, the ﬁbrous ﬁlters have attracted increasing
attention in removing ultraﬁne PM and been applied in a great number
of air ﬁltration application, attributed to their high eﬃciency and
economic beneﬁts [7–9]. In contrast to the microsized ﬁbers with an
average diameter from several to ten micrometers, the nanoﬁbrous air
ﬁlters with an average diameter below 1.0 μm exhibit a higher removal
eﬃciency towards ultraﬁne PM, especially for those particles with an
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aerodynamic diameter less than 1.0 μm [10,11].
The properties of nanoﬁbrous ﬁlters are usually evaluated by the
PM removal eﬃciency and pressure drop, which are calculated according to the particle concentrations and pressure diﬀerences of the
upstream and downstream through the ﬁlter [12]. An excellent air ﬁlter
should exhibit a high PM removal eﬃciency and a low pressure drop. It
is usually anticipated that the improvement of removal eﬃciency is at
the cost of reduced air permeability due to tightened ﬁlter structure and
PM deposition on the ﬁlter. As a result, plentiful eﬀorts have been devoted to enhance the removal eﬃciency of a ﬁlter without sacriﬁcing
air permeability [13–16]. As the removal eﬃciency of a ﬁlter is determined by both intrinsic chemical property and morphology of the
nanoﬁber, it is critical to select an appropriate material as well as establish a suitable structure. Numerous polymers, including polyacrylonitrile (PAN), polyvinyl pyrrolidone (PVP), polyvinyl acetate
(PVA), polystyrene (PS), polypropylene (PP) and etc, have been electrospun as air ﬁlters [17–20]. Among these polymers, the PAN nanoﬁbrous membranes are often used as the ﬁltration mediums due to the
excellent chemical and thermal stabilities. Besides, the dipole-dipole
and induced-dipole forces of PAN are able to promote the interaction
between PMs and nanoﬁbers and achieve the highest PM capture eﬃciency [17].
In order to further enhance the ultraﬁne PM removal capacity,
various nanoﬁllers such as graphene oxide (GO), reduced graphene
oxide (rGO) and metal organic frameworks (MOFs), have been embedded into the electrospun PAN nanoﬁbers [21–23]. The excellent
adsorption property of GO could signiﬁcantly enhance the PM2.5 (particle size < 2.5 μm) capture capacity [21]. The rGO nanosheet-embedded PAN nanoﬁbers showed an excellent PM2.5 removal eﬃciency
above 99.9% and a pressure drop as low as 70 Pa, which should be due
to more PM2.5 capture sites from rGO [22]. Besides, four types of MOFs
were incorporated into nanoﬁbrous ﬁlters with a loading amount up to
60 wt% [24]. The outstanding capture ability of MOFs and strong
binding aﬃnity between MOFs and ultraﬁne PM signiﬁcantly enhanced
their PM removal eﬃciencies. However, although the hybrid nanoﬁbers
have demonstrated their competitive performance, the leakage of these
nanoﬁllers as well as high costs of speciﬁc nanoﬁllers impede their
practical applications.
In addition to the optimization of their intrinsic chemical properties,
electrospun composite nanoﬁbrous ﬁlters with multilevel structures
have been developed to enhance their air ﬁltration properties [25–27].
An anti-deformed poly(ethylene oxide) (PEO)@ PAN/polysulfone
(PSU) ﬁbrous ﬁlter with a binary structure was fabricated by multi-jet
electrospinning and physical bonding [11]. Beneﬁting from smooth
PAN nanoﬁbers, porous PSU microﬁbers and PEO bonding, the composite membrane possessed a high ﬁltration eﬃciency above 99%, a
low pressure drop of 95 Pa as well as a robust mechanical property.
Moreover, a highly integrated PSU/PAN/polyamide-6 (PA-6) ﬁlter
composing of PSU microﬁbers with an average diameter of 1 μm, PAN
nanoﬁbers with an average diameter of 200 nm and PA-6 nanonets with
an average diameter of 20 nm, was capable to impede the penetration
of 300 nm aerosols with a high removal eﬃciency above 99% and a low
pressure drop pf 118 Pa [10]. The strategy of constructing a three-dimensional (3D) functional structure with various materials is promising
in fabricating eﬃcient air ﬁlters. Nonetheless, these multilevel air ﬁlters
need various materials and complicated fabrication procedures.
In this work, it is the ﬁrst time that the porous bead-on-string PAN
ﬁlters were designed and fabricated for ultraﬁne PM removal by optimizing the PAN concentration of electrospun dopes and ambient humidity. This structure has the potential to achieve a high PM removal
eﬃciency as well as a low pressure drop without usage of highly costed
nano-additives, various kinds of materials and tedious fabrication steps.
To investigate the eﬀects of nanoﬁbrous and bead-on-string structures
on ﬁne PM removal eﬃciency, a series of nanoﬁbrous and bead-onstring membranes were prepared in this work. The eﬀects of the ﬁlter
morphologies, nanoﬁber diameters and airﬂow rates on removing NaCl

solid and Paraﬃn oil aerosols with an average diameter of 300 nm were
examined systematically in this work. The practical application, mechanical robustness and long-term air ﬁltration eﬃciency of as-developed ﬁlter were also evaluated. It is expected that this work can propose a facile method to produce highly eﬀective and low cost air ﬁlters
for indoor air puriﬁcation and respiratory protection.
2. Experimental section
2.1. Materials
The polyacrylonitrile (PAN, Mw = 150,000 g mol−1) was supplied
by Sigma-Aldrich (USA) as the main polymer. N, N-dimethylformamide
(DMF, 99.5%) was purchased from Damao Chemical Co. LTD. (Tianjin,
China) as the solvent to prepare electrospun dope solutions. Sodium
chloride (NaCl, 99.5%) and Paraﬃn liquid (99.5%) used in air ﬁltration
test were bought from Wuxi Jingke Chemical Co. LTD, Jiangsu, China.
The non-woven substrate (thickness 0.1 mm, basic weight 20 g m−2)
was purchased from Dongwan Jialianda nonwovens Co. LTD.
Guangdong, China.
2.2. Preparation of electrospun PAN air ﬁlters
In this work, three PAN dope solutions with diﬀerent concentrations
including 11 wt%, 8 wt% and 5 wt% were prepared to fabricate air
ﬁlters with various morphologies by electrospinning. The designed
amount of PAN was dissolved in DMF by stirring mechanically at 100 ℃
for at least 12 h. The homogeneous and transparent solutions were then
degassed and cooled down to room temperature before electrospinning.
Prior to electrospinning, a non-woven support without any PM removal
eﬃciency and air ﬂow resistance was pasted on a grounded stainless
steel drum collector. It is worth pointing out that the non-woven used in
this work has no PM removal eﬃciency and air ﬂow resistance. Thus,
the non-woven support layer should not possess any signiﬁcant inﬂuence on the removal eﬃciency and air ﬂow resistance of as-developed
PAN air ﬁlters. The polymer solutions were then loaded into plastic
syringes and ejected by a syringe pump. A positive voltage was applied
on the metal spinnerets connected with the syringes while a negative
voltage was applied on the grounded collector. The distance between
the spinnerets and collector was set as 15 cm. The entire electrospinning equipment was placed in a chamber at a constant temperature
(20 ± 2 ℃) and variable relative humidity (RH), including 30%, 40%,
50% and 60%. The PAN air ﬁlters fabricated by electrospinning the
11 wt% PAN solution at the RH of 30%, 40%, 50% and 60% are nominated as #P11-3, #P11-4, #P11-5 and #P11-6, respectively.
Analogously, the ﬁlters developed by electrospinning the 8 wt% PAN
solution at the RH of 30%, 40%, 50% and 60% are named as #P8-3,
#P8-4, #P8-5 and #P8-6, respectively. The ﬁlters developed by electrospinning 8 wt% and 5 wt% PAN solutions using two spinnerets simultaneously at the RH of 30%, 40%, 50% and 60% are named as #P8/
5-3, #P8/5-4, #P8/5-5 and #P8/5-6, respectively. The detailed electrospun parameters are summarized in Table 1. The basis weights of all
the ﬁlters are kept as 1.77 g m−2.
2.3. Characterization of electrospun PAN ﬁlters
The surface morphologies of PAN membranes were examined by a
ﬁeld emission scanning electroscope (FE-SEM, JSM-7200F, JEOL Asia
Pte Ltd., Japan) at an acceleration voltage of 5 kV. The diameter and
diameter distribution of nanoﬁbers and nanobeads were measured by
Nano Measurer. Each simple was measured at more than 150 positions.
The density of beads (DB, mm−2) are calculated by the following
equation [28],

DB = N/S

(1)

where N is the number of nanobeads, S is the area of the membrane
2
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Table 1
Electrospun conditions of the PAN air ﬁlters developed in this work.

#P11-3
#P11-4
#P11-5
#P11-6
#P8-3
#P8-4
#P8-5
#P8-6
#P8/5-3
#P8/5-4
#P8/5-5
#P8/5-6

Dope Composition (wt
%)

Dope Flow
Rate (mL
h−1)

Relative
Humidity (%)

Temperature (°C)

Time
(min)

Travel Speed
(mm min−1)

Travel
Distance
(cm)

Working
Distance (cm)

Voltage (kV)

Receiving Speed
(m min−1)

PAN/DMF = 11/89

0.80

20 ± 2

11

500

14

15

+12/-4

60

PAN/DMF = 8/92

1.60

20 ± 2

15

500

14

15

+16/-4

60

PAN/DMF = 8/92
PAN/DMF = 5/95

1.60

30
40
50
60
30
40
50
60
30
40
50
60

20 ± 2

9/9

500

14

15

+16/-4

60

±
±
±
±
±
±
±
±
±
±
±
±

2
2
2
2
2
2
2
2
2
2
2
2

sample (mm2). The mechanical properties of the membranes were
tested through a tensile tester (UTM2202, Shenzhen Suns Technology
Stock Co. Ltd., Guangdong, China).

η=1−

Cdownstream
C upstream

(2)

where Cdownstream and Cupstream are the particle concentrations of the
downstream and upstream, respectively.
The pressure drop (ΔP, Pa) of a ﬁlter can be obtained from the
diﬀerence between the upstream and downstream pressures according
to the following equation [33],

2.4. Evaluation of PM removal eﬃciencies of the ﬁlters
Fig. 1 shows the scheme of automatic PM ﬁltration tester (G506,
Shanghai Fanbiao Textile Testing Technology Co. Ltd., Shanghai,
China), which was used to evaluate the PM removal performances of
the ﬁlters developed in this work. The neutralized solid and oil aerosol
particles with a mass mean diameter of 300 nm were generated by the
aerosol generator using pre-prepared NaCl or Paraﬃn solutions. The
particle counters and pressure transmitters accurately measured the
particle concentrations and pressures of the upstream before ﬁlter and
the downstream after ﬁlter at a controllable airﬂow rate, respectively.
The eﬀective area of testing membrane was 100 cm2. In order to analyze the performances of air ﬁlters under diﬀerent air speeds and
compare with the air ﬁlters reported in previous literatures, as-developed air ﬁlter were tested under the airﬂow rates of 4.2, 8.5, 12.7 and
17 cm s−1 [29,30].
The ﬁltration eﬃciency (ƞ, %) can be obtained according to the
particle concentrations of the upstream and downstream by the following equation [12,16,31,32],

Δ P= Pupstream − Pdownstream

(3)

where Pdownstream (Pa) and Pupstream (Pa) are the downstream and upstream pressures, respectively.
The quality factor (QF, Pa−1) can be considered as a beneﬁt-to-cost
ratio between ﬁltration eﬃciency (beneﬁt) and pressure drop (cost).
The QF can be obtained based on ﬁltration eﬃciency (ƞ) and pressure
drop (ΔP) as described in Eq. (4) [18,33,34],

QF = 1 −

−ln(1 − η)
ΔP

Fig. 1. Scheme of the automatic ﬁltration tester.
3
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Fig. 2. Surface morphologies of electrospun PAN nanoﬁbrous ﬁlters using the 11 wt% PAN solution at diﬀerent humidity and their respective nanoﬁber diameter
distributions: (A) #P11-3 at RH of 30%; (B) #P11-4 at RH of 40%; (C) #P11-5 at RH of 50%; (D) #P11-6 at RH of 60%.

exhibits a bead-on-string structure while the other ﬁlters developed at
RH of 40% (#P8-4), 50% (#P8-5) and 60% (#P8-6) display uniform
nanoﬁbrous structures as shown in Fig. 3B–D. The mechanism of the
bead-on-string structure generation will be discussed in the next section. The average nanoﬁber diameter of #P8-3 is 82 ± 5 nm while the
average nanobead diameter is 337 ± 13 nm (Table 2). Besides, the
average nanoﬁber diameters of #P8-4, #P8-5 and #P8-6 are
232 ± 16, 289 ± 25 and 371 ± 9 nm, respectively.
Although the ultraﬁne PAN nanoﬁbrous ﬁlters obtained by electrospinning the 8 wt% solution may possess superior capture eﬃciency
of ultraﬁne PM, they tend to show high airﬂow resistance due to the
high nanoﬁber packing density. Thus, hierarchically bead-on-string
ﬁlters are proposed and developed in this work to achieve an excellent
ultraﬁne PM removal eﬃciency as well as a low airﬂow resistance.
Fig. 4 shows the surface morphologies of the ﬁlters fabricated by
electrospinning the 8 wt% and 5 wt% PAN dopes simultaneously and
their diameter distributions of nanoﬁbers and nanobeads. The nanoﬁbers fabricated by electrospinning the 8 wt% PAN are supposed to afford suﬃcient mechanical properties while the bead-on-string

3. Results and discussion
3.1. Development of bead-free and bead-on-string nanoﬁbrous ﬁlters
3.1.1. Morphologies of the nanoﬁbrous ﬁlters
The surface morphologies of the air ﬁlters prepared by electrospinning PAN solutions with diﬀerent concentrations at various humidity were observed by FESEM as shown in Figs. 2–4. As shown in
Fig. 2, the ﬁlters developed by electrospinning the 11 wt% PAN solution
are all composed of uniform bead-free nanoﬁbers, which should be
attributed to the suﬃcient concentration/viscosity of dope solution.
The average nanoﬁber diameters of #P11-3 fabricated at RH of 30%,
#P11-4 at RH of 40%, #P11-5 at RH of 50% and #P11-6 at RH of 60%,
are 340 ± 3 nm, 523 ± 23 nm, 614 ± 10 nm and 750 ± 12 nm as
summarized in Table 2. With the elevation of RH, the average diameters
of nanoﬁbers are increased.
In order to acquire thinner nanoﬁbers, the PAN concentration of
electrospun dope solution was reduced to 8 wt%. As shown in Fig. 3A,
the ﬁlter #P8-3 electrospun using the 8 wt% PAN dope at RH of 30%

Fig. 3. Surface morphologies of electrospun PAN ﬁlters developed by electrospinning the 8 wt% PAN solution at diﬀerent humidity and their respective diameter
distributions: (A) #P8-3 at RH of 30%; (B) #P8-4 at RH of 40%; (C) #P8-5 at RH of 50%; (D) #P8-6 at RH of 60%.
4
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Fig. 4. Surface morphologies of electrospun PAN ﬁlters using 8 wt% and 5 wt% PAN solutions at diﬀerent humidity and their respective diameter distributions: (A)
#P8/5-3 at RH of 30%; (B) #P8/5-4 at RH of 40%; (C) #P8/5-5 at RH of 50%; (D) #P8/5-6 at RH of 60%.

optimization of humidity condition is crucial to control the morphologies of the ﬁlters. The charges carried on the nanoﬁbers tend to be
discharged at a higher RH as they can be captured by the water vapor in
the surrounding ambient, which lead to a weaker repulsive force on the
jets and thicker nanoﬁbers in consequence [43,44]. In contrast, more
charges are able to stay on the nanoﬁbers at a lower RH, which force
the jets undergo a stronger drawdown force and thus thinner nanoﬁbers. As the polymer concentration is decreased (5 wt% in this work),
the unbalanced status between repulsive and constrictive forces produce bead-on-string morphologies as shown in Fig. 4A-C. Meanwhile,
more water vapor in the ambient condition at a higher RH could promote the precipitation of PAN due to a nonsolvent-induced phase inversion phenomenon, which prohibits the elongation of jets and locks in
the nanoﬁber diameter [42,44,45]. Thus, nanoﬁbers with larger diameters tend to be produced at a higher RH.

nanoﬁbers developed by electrospinning the 5 wt% PAN are designed
to guarantee the PM removal eﬃciencies. As shown in Fig. 4A-C, the
ﬁlters #P8/5-3, #P8/5-4 and #P8/5-5 show remarkable bead-on-string
morphologies. Along with the increase in RH, the nanobead densities of
the ﬁlter are decreased from 4.5 × 105 (RH = 30%) to 1.6 × 105
(RH = 40%), and further down to 0.42 × 105 as the RH was increased
to 50% (Fig. 5). Besides, according to the images shown in Fig. 4D, the
ﬁlter #P8/5-6 exhibits a uniform bead-free nanoﬁbrous structure with a
nanoﬁber diameter of 283 ± 9 nm.
3.1.2. Generation mechanisms of the bead-on-string structure
During the electrospinning process, the nanoﬁbers and nanobeads
are generated after onset of ejection and rectilinear jet development,
elongation and bending deformation of jet, and nanoﬁber solidiﬁcation
with solvent evaporation under an electrical ﬁeld [35]. The crucial
parameters including intrinsic properties of polymeric dopes, operational parameters and surrounding ambient conditions have been optimized to investigate their eﬀects on resultant nanoﬁbers [36]. The
morphologies of nanoﬁbers are primarily decided by the dope compositions [37]. For a given pair of polymer and solvent, a minimum
polymer concentration is required to fabricate successful nanoﬁbers
[38–40]. In this work, all the dope solutions exhibit suﬃcient concentrations to form bead-free nanoﬁbers. Under the RH of 30%, the
ﬁlter structure tended to transform from spherical bead-on-string
structure (Fig. 4A) to spindle-like bead-on-string morphology (Fig. 3A)
and eventually bead-free uniform nanoﬁbers (Fig. 2A) with the elevation of PAN concentrations. At other RH conditions, the average diameter of nanoﬁbers is enhanced with increasing of polymer concentration. The mechanism is that the increase of polymer
concentration is able to strengthen the polymer chain entanglement in
the jets which are ejected from the Taylor cone on the spinnerets under
an electrical ﬁeld [41]. When the retractive force of jets due to macromolecular entanglement achieves a good balance with the Coulombic
stretching force, the stable jets can produce continuous nanoﬁbers [40].
In contrast, if there is not suﬃcient intermolecular force to stabilize the
jets due to a low polymer concentration, the destabilized jets are prone
to generate a bead-on-string structure and even break-up into spherical
ﬁber-free beads [40].
Compared to the intrinsic properties of dope solutions, much less
eﬀorts have been devoted in investigating the eﬀects of surrounding
ambient conditions such as humidity on the electrospun ﬁlters
[35,40,42]. However, the results in this work demonstrate that the

3.2. Filtration eﬃciency and air drop of as-developed ﬁlters
The removal of aerosol PMs by ﬁbrous membranes comply with
several mechanisms including gravity settling, electrostatic attraction,
inertial impaction, physical interception and Brownian diﬀusion [46].
The diﬀusion and interception mechanisms play primary functions in
intercepting ultraﬁne PMs with a diameter below 300 nm while the
particles with a diameter between 300 and 1000 nm respond to gravity
setting and inertial impaction mechanisms [47]. Among all aerosol
PMs, ultraﬁne particles with diameter of 300 nm have the lowest removal eﬃciency. Thus, the PM removal eﬃciency of ﬁbrous ﬁlters
could form a distinctive lognormal curve, the lowest point at 300 nm of
which is the minimal capture eﬃciency of the most penetrating particle
size (MPPS) [48]. Therefore, all ﬁlters prepared in this work were
evaluated by NaCl solid and Paraﬃn oil aerosols with an average diameter of 300 nm [49].
3.2.1. Bead-free nanoﬁbrous ﬁlters
As shown in Fig. 6, when the airﬂow rate was 4.2 cm s−1, the ﬁlters
fabricated by the 11 wt% PAN solution exhibited removal eﬃciencies of
84.7 ± 1.2% (#P11-3), 71.3 ± 1.1% (#P11-4), 53.3 ± 3.6% (#P115) and 51.7 ± 2.9% (#P11-6) towards 300 nm NaCl aerosols while
their corresponding pressure drops were 10.3 ± 0.6, 4.7 ± 0.5,
2.7 ± 0.6 and 3.3 ± 0.6 Pa. As the nanoﬁber diameters were further
reduced to 289 ± 25 nm (#P8-5) and 232 ± 16 nm (#P8-4), the air
ﬁlters were able to achieve higher solid aerosol removal eﬃciencies of
5
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Fig. 5. The nanobead densities of the PAN air ﬁlters fabricated by electrospinning the 8 wt% and 5 wt% PAN solutions.
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86.3 ± 1.2% and 93.6 ± 1.2% while the air pressure drops were
13.0 ± 0.1 and 18.0 ± 0.1 Pa, respectively (Fig. 7). It indicates that
the air ﬁlter with a thinner nanoﬁber diameter exhibits higher removal
eﬃciency as well as higher airﬂow resistance.
The same trend could be observed when the ﬁlters were utilized to
capture Paraﬃn oil aerosols. As shown in Fig. 6, the oil aerosol removal
eﬃciencies of the ﬁlters developed from 11 wt% PAN solution could be
enhanced from 25.4 ± 6.7% (#P11-6 with an average diameter of
750 ± 12 nm) to 75.3 ± 1.1% (#P11-3 with an average diameter of
340 ± 3 nm) while the pressure drops were increased from 3.0 ± 0.1
to 10.0 ± 0.1 Pa. The ﬁlters developed using the 8 wt% PAN dope
could obtain higher oil aerosol removal eﬃciencies of 89.8 ± 1.1%
(#P8-4 with an average diameter of 232 ± 16 nm) and 82.7 ± 0.5%
(#P8-5 with an average diameter of 289 ± 25 nm) due to their thinner
nanoﬁbers (Fig. 7). Noted that the removal eﬃciencies of all ﬁlters for
oil aerosols were lower than those for solid aerosols, especially for the
ﬁlters composed of nanoﬁbers with larger diameters. This phenomenon
should be due to the fact that the oil particles require more contact time
to be captured by nanoﬁbers, which thus result in a lower eﬃciency at
the same airﬂow rate [50].
The ﬁltration eﬃciency (η) of a ﬁbrous ﬁlter can be anticipated by
following equation [51]:

±
±
±
±
±
±
±
±
±
±
±
±
75.3
50.0
33.0
25.4
90.6
89.8
82.7
74.3
91.9
91.3
87.3
83.7
10.3 ± 0.6
4.7 ± 0.5
2.7 ± 0.6
3.3 ± 0.6
17.3 ± 0.6
18.0 ± 0.1
13.0 ± 0.1
10.0 ± 0.1
14.3 ± 0.6
16.3 ± 0.6
16.0 ± 0.1
15.6 ± 0.6
±
±
±
±
±
±
±
±
±
±
±
±

1.2
1.1
3.6
2.9
0.1
1.2
1.2
1.5
0.9
1.0
0.6
0.1

ΔP (Pa)
NaCl

η = 1 − exp[−

84.7
71.3
53.3
51.7
95.0
93.6
86.3
81.7
96.5
95.6
92.7
90.0
1.77

1.77
± 7
± 4
± 9

4αηf Z
π (1 − α ) df

]

(5)

where α is the ﬁber packing density, ηf is the single ﬁber eﬃciency, Z is
the ﬁlter thickness and df is the mean ﬁber diameter. According to the
above equation, the ﬁltration eﬃciency of ﬁlters exhibits a positive
correlation with ﬁber packing density and single ﬁber eﬃciency, a
negative correlation with ﬁlter thickness and mean ﬁber diameter. In
addition, the nanoﬁbers with smaller diameters enhance the single ﬁber
eﬃciency ηf by improving both diﬀusion and interception capture
abilities [8]. Thus, for the ﬁlters with the same thickness and packing
density, the reduction of nanoﬁber diameter could enhance the ﬁltration eﬃciency signiﬁcantly. Moreover, with the increasing of airﬂow
rate, the ﬁltration eﬃciencies were reduced for both solid and oil
aerosols as shown in Figs. 6 and 7. A higher airﬂow rate prohibits the
suﬃcient retention time of aerosols in the nanoﬁbrous ﬁlter, which
reduces the opportunities of aerosols to interact with nanoﬁbers via
Brownian diﬀusion [8]. Thus, all the removal eﬃciencies decreased
with increasing of airﬂow rates.
Nonetheless, the thinner nanoﬁbers not only lead to a higher PM
removal eﬃciency but also give rise to a higher airﬂow resistance
rendering a larger pressure drop. At the same airﬂow rate of 4.2 cm s−1,
with the reduction of nanoﬁber diameter from 750 ± 12 nm (#P11-6)
to 232 ± 12 nm (#P8-4), the pressure drop increased from
3.3 ± 0.6 Pa (#P11-6) to 18.0 ± 0.1 Pa (#P8-4) when ﬁltrating solid

#P11-3
#P11-4
#P11-5
#P11-6
#P8-3
#P8-4
#P8-5
#P8-6
#P8/5-3
#P8/5-4
#P8/5-5
#P8/5-6

340 ± 3
523 ± 23
614 ± 10
750 ± 12
82 ± 5
232 ± 16
289 ± 25
371 ± 9
70 ± 9
118 ± 10
152 ± 4
283 ± 9

± 13

1.77

–
–
–
–
337
–
–
–
249
220
236
–

E (%)
NaCl
Weight Basis
(g m−2)
Average Nanobead
Diameter (nm)
Average Nanoﬁber
Diameter (nm)

Intrinsic Membrane Properties
Membrane
Name

Table 2
Properties of the PAN air ﬁlters developed in this work.

Air Filter Test Properties

E (%)
Paraﬃn

1.1
1.1
8.8
6.7
1.3
1.1
0.5
4.3
2.3
1.7
1.0
3.2

ΔP (Pa)
Paraﬃn

V (cm
s−1)

Qf (Pa−1)
NaCl

Qf (Pa−1)
Paraﬃn

Mechanical Properties

Elongation at
Break (%)
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Fig. 6. The removal eﬃciencies and pressure drops of the air ﬁlters developed by electrospinning the 11 wt% PAN solution when the upstream air contained NaCl
solid or Paraﬃn oil aerosols with an average diameter of 300 nm at diﬀerent airﬂow rates: (A) #P11-3; (B) #P11-4; (C) #P11-5; (D) #P11-6.

Fig. 7. The removal eﬃciencies and pressure drops of the air ﬁlters developed by electrospinning the 8 wt% PAN solution when the upstream air contained NaCl solid
or Paraﬃn oil aerosols with an average diameter of 300 nm at diﬀerent airﬂow rates: (A) #P8-3; (B) #P8-4; (C) #P8-5; (D) #P8-6.

with the airﬂow rate and an inverse relation with the square of nanoﬁber diameter, which is in good consistence with the experimental results.

aerosols. The pressure drop raised from 3.0 ± 0.1 Pa (#P11-6) to
17.0 ± 0.1 Pa (#P8-4) when removing oil aerosols. Moreover, the
pressure drops of all ﬁlters exhibit a nearly linear positive correlation
with the airﬂow rate, which is consistent with Darcy’s law for viscous
resistance [8]. The pressure drop ΔP across a nanoﬁbrous ﬁlter can be
estimated by a revised Davies’ empirical formula as following [52,53]:

ΔP =

3.2.2. Bead-on-string nanoﬁbrous ﬁlters
In order to achieve air ﬁlters possessing both higher removal eﬃciencies and low pressure drops, the bead-on-string ﬁlters #P8/5-3,
#P8/5-4 and #P8/5-5 were developed in this work. The ﬁltration efﬁciencies and pressure drop properties of these ﬁlters were examined as
shown in Fig. 8. The bead-on-string ﬁlters exhibit the same trends as
nanoﬁbrous ﬁlters: with the increasing of airﬂow rates, the PM removal
eﬃciencies were reduced while the pressure drops were increased. In
contrast to nanoﬁbrous ﬁlters (such as #P8-4 with solid and oil aerosols

64μU0 Wα 0.5 (1 + 56α3)
df2 ρf

where μ is the air dynamic viscosity, U0 is the airﬂow rate, W is the
basis weight of ﬁlter, ρf is the ﬁlter material density. According to the
above equation, the pressure drop ΔP shows a proportional relation
7
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Fig. 8. The removal eﬃciencies and pressure drops of the air ﬁlters developed by electrospinning 5 wt% and 8 wt% PAN solutions simultaneously at diﬀerent airﬂow
rates: (A) #P8/5-3; (B) #P8/5-4; (C) #P8/5-5; (D) #P8/5-6.

Fig. 9. The schematic diagrams of air ﬁltration through (A) nanoﬁbrous and (B) bead-on-string ﬁlters; (C) the interception mechanisms of in-air PMs via a single
nanoﬁber, the inserted FESEM images show the surface morphologies of nanoﬁbers after capturing NaCl solid PM (top) and Paraﬃn oil PM (bottom).

and 236 ± 9 nm, the solid and oil aerosols removal eﬃciencies at the
airﬂow rate of 4.2 cm s−1 were reduced while the pressure drops were
increased as shown in Fig. 8B-C and summarized in Table 2. When the
ﬁlter was transformed from a bead-on-string structure to a bead-free
nanoﬁbrous morphology (#P8/5-6), the solid and oil aerosols removal
eﬃciencies were further decreased to 90.0 ± 0.1% and 83.7 ± 3.2%
as shown in Fig. 8D, demonstrating the importance of the bead-onstring structure in fabrication of highly eﬃcient ﬁlters for air ﬁltration
applications.

removal eﬃciencies of 93.6 ± 1.2% and 89.8 ± 1.1%), the bead-onstring ﬁlters #P8/5-3 (Fig. 8A) possess higher removal eﬃciencies of
96.5 ± 0.9% and 91.9 ± 2.3% towards solid and oil aerosols, respectively. Meanwhile, compared to the nanoﬁbrous ﬁlters (such as
#P8-4 with pressure drops of 18.0 ± 0.1 and 17.0 ± 0.1 Pa towards
solid and oil aerosols), it shows lower pressure drops of 14.3 ± 0.6 and
14.0 ± 0.1 Pa towards solid and oil aerosols, respectively. In addition,
as the nanoﬁber diameters of #P8/5-4 and #P8/5-5 increased to
118 ± 10 and 152 ± 4 nm, nanobead diameters reduced to 220 ± 4
8
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Fig. 10. QFs of PAN ﬁlters developed by electrospinning diﬀerent PAN solutions at various airﬂow rates: ﬁlters developed by electrospinning the 11 wt% PAN
solution (A: treating NaCl solid aerosols, B: treating Paraﬃn oil aerosols), 8 wt% PAN solution (C: treating NaCl solid aerosols, D: treating Paraﬃn oil aerosols), 5 wt
% and 8 wt% PAN solutions (E: treating NaCl solid aerosols, F: treating Paraﬃn oil aerosols).

eﬃciencies even though they showed higher pressure drops. Although
the bead-on-string ﬁlters show lower QF values (Fig. 10E-F) that the QF
values of nanoﬁbrous ﬁlters, they still possess competitive QF values
between 0.15 and 0.25 Pa−1 when ﬁltrating 300 nm NaCl solid aerosols
and from 0.13 to 0.20 Pa−1 when ﬁltrating 300 nm Paraﬃn oil aerosols
at an airﬂow rate of 4.2 cm s−1. In particular, the QF values of #P8/5-3
towards solid and oil aerosols are 0.19 ± 0.01 and 0.14 ± 0.01 Pa−1
at an airﬂow rate of 4.2 cm s−1, which is higher that the QF values of
the ﬁlters reported in most literatures (usually < 0.15 Pa−1)
[33,34,54–56].

3.2.3. Mechanisms of the eﬀective PM capture by bead-on-string
nanoﬁbrous ﬁlters
Compared to the ﬁlters with compacted nanoﬁbrous structures
shown in Fig. 9A, the excellent removal eﬃciencies and ultralow
pressure drops of the bead-on-string ﬁlters should be contributed to the
mechanism that ultrathin nanoﬁbers are capable to intercept PM effectively while the nano-sized beads reduce packing density and alleviate the ﬁlter resistance (Fig. 9B). As shown in Fig. 9C, the ultraﬁne
nanoﬁbers eﬀectively remove the PM in air following the mechanisms
of Brown diﬀusion, electrostatic attraction, physical interception, inertial impaction and gravity settling. The solid aerosol particles were
eﬀectively captured on the single nanoﬁber surface as shown in the
inserted images in Fig. 9C (top). In contrast, as oil PM can coalesce and
ﬂow, their loading behaviors include deposition on nanoﬁber, surrounding nanoﬁber and accumulation on nanoﬁbrous surface. As
shown in the inserted image at the bottom of Fig. 9C, a liquid ﬁlm at
nanoﬁber intersections appear with the accumulation of oil aerosols.

3.4. Robustness of the air ﬁlter
On the basis of the excellent ﬁltration performance of the bead-onstring ﬁlter #P8/5-3, a bead-on-string ﬁlter with a higher mass weight
of 3.10 g m−2 was developed by extending electrospinning time for
practical examinations. As shown in Fig. 11A, the ﬁlter can easily
achieve a removal ﬁltration above 99% by increasing the mass weight
of the ﬁlter. It shows a stable removal eﬃciency of 99.3 ± 0.2% and a
pressure drop of 27.0 ± 0.1 Pa for 30 testing cycles, which attests the
robustness of the ﬁlter in long-term usage. To compare with commercial
ﬁlters and air ﬁlters reported in literatures, the ﬁltration eﬃciencies
versus their pressure drops at an airﬂow rate around 4.2 cm s−1 are
plotted in Fig. 11B [15,27,54,57–63]. The bead-on-string ﬁlter developed in this work shows a highly competitive performance with an
outstanding removal eﬃciency and a low pressure drop. Moreover, in

3.3. Quality factors (QF) of as-developed ﬁlters
To evaluate the beneﬁt-to-cost ratios of all ﬁlters, the QF values are
calculated and shown in Fig. 10. Albeit that the nanoﬁbrous ﬁlters
fabricated by electrospinning 11 wt% PAN solution exhibit low removal
eﬃciencies, they possess high QF values due to their low pressure drops
as shown in Fig. 10A-B. All the ﬁlters developed at lower RH possess
higher QFs (Fig. 10A-F). It should be attributed to their higher removal
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Fig. 11. (A) Filtration eﬃciencies of an bead-on-string ﬁlter in 30 cycles; (B) Comparison ﬁgure of the bead-on-string ﬁlter with other ﬁlters reported in literatures
and commercial ﬁlters; (C) Demonstration of the ﬁlter to shut oﬀ smoke PM from outdoor (right bottle) from entering the indoor environment (left bottle); (D) images
of a twisted, stretching and large-scale ﬁlter developed in this work.

order to testify the ﬁlter in practical applications, it was ﬁxed between
smoke generated by cigarette (right bottle) and clean air (left bottle) as
shown in Fig. 11C. It provides an obvious demonstration that the ﬁlter
has blocked the PM particles in the right bottle from entering the indoor
clean environment in the left bottle. After 24 h, the left bottle is still
transparent, indicating the as-prepared ﬁlter is capable to provide longterm protection and be used as window screens. The images shown in
Fig. 11C illustrate that the ﬁlter turned brown after 24 h as it has effectively captured the PM particles. Meanwhile, the ﬁlters developed in
this work can endure twisting without obvious weight loss and withstand the stretching by autoclave (Fig. 11D). As summarized in Table 2,
all ﬁlters exhibited tensile modules about 0.2 Mpa and tensile strengths
around 3.0 Mpa, which are suﬃcient for air ﬁltration applications.
Meanwhile, these ﬁlters are facile to be scaled up for large-scale applications.
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In summary, the bead-on-string PAN ﬁlters developed by electrospinning are demonstrated to be excellent air ﬁlters to capture the ultraﬁne solid and oil PM in the air. Attributed to the optimizations of
concentration/viscosity of PAN dope and RH conditions, the imbalance
between the repulsive force from applied electric ﬁeld and restrictive
force from jet surface tension generate the desirable bead-on-string
morphologies. The outstanding removal eﬃciencies should be beneﬁted
from the ultraﬁne nanoﬁbers between the beads while the low airﬂow
resistance should be due to the open interconnected airﬂow channels
constructed by the nanobeads. By optimizing the mass weight, the
bead-on-sting ﬁlter could easily attain an outstanding removal eﬃciency over 99% and a low pressure drop of 27 Pa, which is more
competitive than commercial ﬁlters and ﬁlters reported in the literatures. Besides, the resultant ﬁlter achieved excellent performance,
reusability and suﬃcient mechanical robustness for practical applications. Moreover, the ﬁlters can be easy to be scaled up without utilization of special post-treatment/modiﬁcations and costly materials. In
consequence, the ﬁlters designed and developed in this work can be
promising candidates in various air ﬁltration applications including
respiration, window screen, and medical equipment.
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