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a b s t r a c t
Nanoﬁber membranes are widely employed to prepare composite ﬁlter media. The traditional composite method
of hot pressing may damage the structure of nanoﬁber membrane, and thus increase the pressure drop through
the composite ﬁlter. In this study, three-dimensional PET/TPU (polyethylene terephthalate/thermoplastic polyurethane) composite nanoﬁber ﬁlters (PET/TPU-CNF) with beads-on-string structure were fabricated by onestep co-electrospinning. Besides a stronger adhesion strength of 1.385 N/cm between the nanoﬁber membrane
and substrate, the PET/TPU-CNF presented a low pressure drop of 28.96 Pa and a ﬁltration efﬁciency of 83.64%
for ambient particles at a face velocity of 5.3 cm/s. A high tensile strength of 4.33 MPa was measured for the
PET/TPU nanoﬁber membrane. Thanks to the beads-on-string structure, both the mechanical properties and ﬁltration performances of PET/TPU-CNF were enhanced compared with the pure PET nanoﬁber composite ﬁlter.
The present study provides a new route to improve the membrane adhesion strength of nanoﬁber membrane
coated ﬁlters.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
PM2.5, which is deﬁned as the particulate matter with a size less than
2.5 μm, has caused serious concerns in recent years because of its threat
to public health [1]. Owing to the small particle size, PM2.5 is hard to be
captured by the nasal hair [2] and can penetrate human bronchi and deposit in the lung [3], which causes an increased risk of respiratory diseases. Fibrous ﬁlters are widely used to control particle pollution.
Nowadays, nanoﬁber media have emerged as a class of promising
media which can provide a greater ﬁltration efﬁciency for the ﬁne particles than conventional microﬁbers [4]. Electrospinning is a general
method used to fabricate nanoﬁber membrane [5]. Many nanoﬁber
membranes, such as polyacrylonitrile (PAN) [6], poly(vinylidene ﬂuoride) (PVDF) [7], polyvinyl chloride [8], polyimide [9], and polyamide66 (PA-66) [10], have been successfully prepared by electrospinning.
However, these nanoﬁber membranes could not be used independently
because of the soft and fragile structure [11]. In the air ﬁltration ﬁeld, the
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coarse ﬁlter substrate (abbreviate as substrate) with certain rigidity is
usually employed as the supporting layer for nanoﬁber membrane
coated ﬁlter media [12]. However, the weak interfacial adhesion between the nanoﬁber membrane and substrate reduces the reliability
of the composite ﬁlter media during long term use [13]. The detachment
of nanoﬁber membrane from the substrate due to the deﬁcient interfacial adhesion may degrade the ﬁltration performance of ﬁlter media and
further cause the ineffectiveness of the overall ﬁltration system [14,15].
Thus, it is necessary to investigate the membrane composite method to
enhance the interfacial adhesion between the nanoﬁber membrane and
the substrate.
Hot pressing, which relies on various adhesives, is a common
method for producing membrane coated air ﬁlters [16,17]. Among the
adhesives of different phases, the liquid and pasty adhesives signiﬁcantly increase the pressure drop by clogging the pores of both the
nanoﬁber membrane and the substrate. In comparison, the solid adhesives have fewer effects on the pressure drop. Polyvinyl acetate (PVA),
polyamides, and thermoplastic polyurethane (TPU) are three typical
solid thermoplastic adhesives used in the composite fabrication of
paper, board, textile, ceramics, and foils [18–20]. The mechanical performance of PVA is poor in wet or high temperature conditions [21], and
the hot press temperature (215–260 °C) of polyamides is higher than
the melting temperatures of most supporting coarse ﬁlter substrate,
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2.2.2. Fabrication of PET/TPU nanoﬁber membrane and PET/TPU-CNF
The DXES-1 electrospinning system (Shanghai Oriental Flying Nanotechnology Co., Ltd., China) was used for the fabrication of PET/TPU
nanoﬁber membrane and PET/TPU-CNF. The schematic of coelectrospinning was shown in Fig. 1a. Brieﬂy, the PET and TPU homogeneous solutions were separately loaded into two 5 ml glass syringes
with metal needles, and the feed rate of both solutions was set as 1
ml/h. The rotating drum collector, which was used to promote the uniform blending of nanoﬁbers during the electrospinning process, was
covered with the substrate. A tip-to-collector distance of 24 cm, a rotating speed of the drum collector of 150 r/min, and a high voltage of 15 kV
were applied for the electrospinning procedure. The ambient temperature was 25 ± 3 °C, and the humidity was kept at 45 ± 5%.
In particular, the glass syringe ﬁlled with TPU solution was wrapped
with a heating tape with a temperature controller which was used to
control the temperature in real-time. Before the electrospinning started,
the temperature of the TPU solution was preheated to 105 °C and this
temperature was maintained throughout the electrospinning process,
which kept the TPU at a desired viscosity before it was in contact with
the substrate. For the fabrication of pure PET nanoﬁber membrane and
pure TPU nanoﬁber membrane, two 5 ml syringes ﬁlled with the corresponding polymer solutions were employed, and other electrospinning
parameters were the same as those mentioned earlier.

e.g. polypropylene (PP) nonwoven (160 °C) and polyethylene terephthalate (PET) (250–255 °C). Therefore, PVA and polyamides are
rarely used as adhesives in the membranes coated air ﬁlter media.
TPU has a lower melting point and better chemical resistance compared
with PVA and polyamides. Thus, it has been used as an adhesive in various ﬁelds [22]. To avoid the damage of ﬁlter substrate, TPU ﬁlm was
used as the adhesive in hot pressing to prepare membrane coated ﬁlter
media [23]. However, the breakage of nanoﬁber membrane structure
induced by the pressure and high temperature is inevitable, which results in the nanoﬁber membrane with a lower porosity [24,25]. It is
well known that the porosity reduction of ﬁlter media will cause an increase in pressure drop and induce a worse ﬁltration performance.
Therefore, a proper fabrication method of composite ﬁlters should not
only provide enough interfacial adhesion, but also maintain the mechanical structure of the nanoﬁber membrane and supporting substrate.
So far, few studies of nanoﬁber membrane coated ﬁlter media have been
conducted on the interfacial adhesion strength between the nanoﬁber
membrane and the substrate in the open literature.
In the present study, three-dimensional PET/TPU composite nanoﬁber ﬁlters (PET/TPU-CNF) were fabricated by embedding TPU ﬁbers
with beads into nanoﬁber membrane via one-step co-electrospinning.
A commercial ﬁlter paper was used as the supporting substrate. The
PET nanoﬁbers and the TPU ﬁbers with beads were co-electrospun by
setting the temperature of PET and TPU solutions to room temperature
and 105 °C, respectively. The morphology, mechanical property, adhesion strength, and ﬁltration performance of the PET/TPU-CNF were
tested to evaluate the coating method based on one-step coelectrospinning. The results demonstrated that the PET/TPU-CNF
showed high ﬁltration efﬁciencies for ambient particles and nanoscale
particles. Compared with the composite ﬁlter consisting of pure PET
nanoﬁber and substrate (PET-CNF), the tensile strength of the PET/
TPU nanoﬁber membrane and the adhesion strength between the
PET/TPU nanoﬁber membrane and substrate were signiﬁcantly enhanced. Compared with the hot pressing process, no damage to the
nanoﬁber membrane occurred during the composite procedure in the
present study. In the PET/TPU-CNF, the melting TPU ﬁbers with beads
contributed to the enhancement of the interfacial adhesion between
the PET/TPU nanoﬁber membrane and the substrate, as well as the interlayer adhesion of the PET/TPU nanoﬁber membrane. This work provides a new route to improve the membrane adhesion strength of
nanoﬁber membrane coated ﬁlter media.

2.3. Characterization of morphology, adhesion strength and mechanical
property
2.3.1. Morphology and structure of the nanoﬁber membrane
The morphology of the nanoﬁber membrane was characterized by
ﬁeld-emission scanning electron microscopy (SEM, MERLIN VP Compact). For each type of membrane, three SEM samples with an area of
5 mm2 were randomly cut from the whole nanoﬁber membrane (900
cm2), and three images were taken for each SEM sample. Image J software was employed to analyze the nanoﬁber diameter. The statistics
of the average nanoﬁber diameters were derived from 9 SEM images
which included more than 100 nanoﬁbers. The membrane was immersed in epoxy resin, cured and sliced, and the thickness of the membrane was measured via an optical microscope (Fig. S2). The porosity of
the nanoﬁber membrane was deﬁned as:

2. Materials and methods

Porosityð%Þ ¼ 1−

ρ
ρ0

ð1Þ

2.1. Materials
where ρ and ρ0 are the bulk density of the porous structures and the
density of the solid parts, respectively. The value of ρ was obtained by
measuring the mass and volume of the nanoﬁber membrane sample,
and ρ0 was obtained using a Gas Displacement Pycnometry System
(Micromeritics, AccuPyc II 1340). The values of ρ0 for PET nanoﬁber
membrane and PET/TPU nanoﬁber membrane were 1.37 and 1.3
mg/cm3, respectively.

Polyethylene terephthalate (PET) used in this study was purchased
from Shanghai Yuanfang company. Thermoplastic polyurethanes
(TPU) was purchased from Dongguan Youxin Plastic Co., Ltd., China.
The solvents, triﬂuoroacetic acid (TFA, C·P) and dichloromethane
(DCM, A.R), were of analytical grade and supplied by Jinan Xinshidai
Chemical Co., Ltd. and Tianjin Fuyu Chemical Co., Ltd., respectively. N,
N-dimethylformamide (DMF, A.R) and Tetrahydrofuran (THF, A.R)
were purchased from Shanghai Chemical Reagents Co., Ltd., China. The
substrate was PET ﬁlter paper consisting of PET microﬁbers (Fig. S1a),
which was supplied by Nanjing Meiai Co., Ltd., China.

2.3.2. Evaluation of the adhesion strength between nanoﬁber membrane
and substrate
As shown in Fig. 1b, 90° peeling test was used to evaluate the adhesion strength between the PET/TPU nanoﬁber membrane and substrate.
The PET/TPU-CNF sample was cut into strips of 2 × 6 cm2. The substrate
and PET/TPU nanoﬁber membrane were ﬁxed on the stationary platform and the movable clamp of the force gauge (DS2-5 N), respectively.
The PET/TPU nanoﬁber membrane was peeled away from the substrate
at a 90° angle with a constant speed of 50 mm/min. The force value was
recorded to calculate the adhesion strength of the entire sample. To
make the data comparable to previous studies, the force was normalized
to the width of the sample.

2.2. Fabrication of PET/TPU composite nanoﬁber ﬁlter (PET/TPU-CNF)
2.2.1. Preparation of PET and TPU solutions
The PET solution and TPU solution were prepared for PET/TPU nanoﬁber membrane fabrication. The PET solution at a concentration of 16
wt% was prepared by dissolving PET in a mixture of TFA/DCM (4/1, w/
w) and stirring for 6 h. TPU solution at a concentration of 20 wt% was
prepared by dissolving TPU in a mixture of DMF/THF (4/1, w/w) and
stirring for 6 h.
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Fig. 1. (a) Schematic of the fabrication procedure of three-dimensional PET/TPU-CNF with beads and ﬁbers structures via co-electrospinning; (b) Schematic of the adhesion strength test
for PET/TPU-CNF.

Inc., MN, USA) was used to measure the particle concentrations upand down- stream. The distribution/concentration of ambient aerosols
in the laboratory were monitored during the test. The results showed
that the ambient aerosols in the laboratory were stable with a total concentration of 3000–4000/cm3 in the size range of 0.5–10 μm (Fig. 2c).
The quality factor (Qf), which reveals the relationship between ﬁltration
efﬁciency and pressure drop, was calculated to determine the PET/TPUCNF with the optimal fabrication parameters. Qf was deﬁned as:

2.3.3. Mechanical property test of the nanoﬁber membrane
Tensile strength and elongation, which represent the ability of a material to withstand the maximum amount of tensile stress and the ratio
between the increased length and initial length at break, respectively,
were measured using a tensile tester (XQ-1C, Shanghai New Fiber Instrument Co. Ltd. China) with an extension rate of 10 mm/min and a
gauge length of 10 mm. The test membranes were cut into
rectangular-shaped samples (5 × 25 mm2). Each type of nanoﬁber
membrane was tested with at least 5 samples to calculate the average
value.

Qf ¼ −

ln ð1−ηÞ
ΔP

ð2Þ

2.4. Tests of ﬁltration performances
where η is the ﬁltration efﬁciency; ΔP is the pressure drop through the
ﬁlter media.

2.4.1. Quality factor test
The pressure drop was measured by a pressure gauge, and the number based ﬁltration efﬁciency of the nanoﬁber composite ﬁlters for ambient particles in the laboratory was evaluated via the test bench shown
in Fig. 2a. The ambient aerosols were neutralized by a Kr85 neutralizer
and then introduced into the ﬁlter holder to challenge the nanoﬁber
composite ﬁlters. An aerodynamic particle sizer (APS, Model 3321, TSI

2.4.2. Evaluation of the ﬁltration efﬁciency of the optimal PET/TPU-CNF for
nanoscale particles
As shown in Fig. 2b, NaCl solution was aerosolized to generate polydisperse particles by an atomizer (TSI 3079A), and then the particles
were dried by a diffusion dryer. A differential mobility analyzer (DMA,

Fig. 2. (a) Experimental setup of ﬁltration test using ambient aerosols in the laboratory; (b) Experimental setup of nanoscale particles ﬁltration test; (c) The size distribution of ambient
aerosols in the laboratory during the particle ﬁltration test; (d) The size distribution of nanoscale particles during the particle ﬁltration test.
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635 ± 186 nm, and no bead was observed (Fig. 3a and d). As shown
in Fig. 3c, the PET/TPU nanoﬁber membrane presented a threedimensional structure with beads-on-string. In the PET/TPU nanoﬁber
membrane, the average diameter of beads was 2050 ± 900 nm which
was almost the same as the bead size in the pure TPU nanoﬁber membrane; the average diameter of nanoﬁbers was 395 ± 240 nm (Fig. 3c
and f). The smooth and continuous PET nanoﬁbers formed a stable
frame, in which the TPU beads were inserted and distributed uniformly
in the whole nanoﬁber membrane. Statistics from the SEM images
(Fig. S3) indicated that there were 3748 ± 221 beads per square millimeter. The diameter distributions of the nanoﬁbers and beads in the
pure PET nanoﬁber membrane, pure TPU nanoﬁber membrane, and
PET/TPU nanoﬁber membrane were shown in Fig. S4.
The electrospun ﬁbers with beads were related to the instability of
the polymer solution jet, which was affected by many parameters,
such as the applied voltage, ambient humidity, and the conductivity of
solution [27–30]. By controlling the mixing amount of ionic liquids,
Xing et al. produced the electrospun TPU membrane with beads-onstring morphologies [31]. Herein, all the electrospinning parameters
were kept constant while the temperature of TPU solution was set at
room temperature and 105 °C. No beads were observed in the TPU
nanoﬁber membrane produced at room temperature (Fig. S1b and c).
Thus, it was concluded that the beads-on-string structure of the TPU
nanoﬁber membrane in the present study was caused by the high temperature of the TPU solution. The increased temperature reduced the
viscosity of the solution, which led to the entanglement between macromolecular chains to be too weak to resist electrostatic repulsion and
further caused the solution jet to break into droplets [32,33]. The rotating collector and traversing spinneret ensured the uniform blending of
nanoﬁbers and beads during the electrospinning process.

TSI 3081, USA) was used to select the particles with mobility diameters
of 50, 75, 100, 150, 200, 250, 300, 350, 400, 450, and 500 nm from the
polydisperse particles. After being neutralized by a neutralizer (Kr-85
source, TSI 3077A, USA), the particles entered the ﬁlter chamber. The
particle concentrations of upstream (Cup) and downstream (Cdown)
were detected by two condensation particle counters (CPC, TSI 3775,
USA). The concentration and size distribution of NaCl particles were
shown in Fig. 2d. The test velocity was 5.3 cm/s, and the particle ﬁltration efﬁciency (E) was calculated as follows:
E¼



C up
1−
 100%
C down

ð3Þ

2.4.3. Measurement of the electrostatic potential of PET/TPU nanoﬁbers in
nanoscale
The ﬁltration performance of air ﬁlters highly depends on the electrostatic property of the ﬁbers. Herein, the electrostatic potentials of
PET/TPU nanoﬁbers and pure PET nanoﬁbers were measured by Scanning Kelvin Probe Microscopy (SKPM). The classical Kelvin probe technique and atomic force microscopy (AFM) are combined in this
technique, which can increase spatial resolution because of small tip
size and precise position control [26]. PET/TPU nanoﬁbers were
electrospun on silicon wafers directly, and then the electrostatic potential of a single nanoﬁber was measured by AFM (Solver Nano, NT-MDT
Spectrum Instruments Group, Russia) in SKPM mode.
3. Results and discussions
3.1. Morphology and structure of nanoﬁber membrane
As shown in Fig. 3b, the ﬁbers and beads co-existed in the pure TPU
nanoﬁber membrane. Some TPU ﬁbers connected the beads and some
ﬁbers wrapped the beads on their surfaces; the average diameter of
nanoﬁbers and beads were 126 ± 46 and 2028 ± 1021 nm, respectively
(Fig. 3b and e). By contrast, the pure PET nanoﬁber membrane consisted
of uniform and randomly oriented ﬁbers with an average diameter of

3.2. Adhesion strength between PET/TPU nanoﬁber membrane and
substrate
With different electrospinning durations, the adhesion strength between the PET/TPU nanoﬁber membrane and substrate was in the
range of 1.01–1.55 N/cm. In comparison, the range of adhesion strength

Fig. 3. SEM images of (a) PET nanoﬁber membrane, (b) TPU nanoﬁber membrane, (c) PET/TPU nanoﬁber membrane; the average diameters of ﬁbers and beads in (d) PET nanoﬁber
membrane, (e) TPU nanoﬁber membrane, (f) PET/TPU nanoﬁber membrane.
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Fig. 4. (a) The adhesion strength between nanoﬁber membrane and substrate in PET/TPU-CNF and PET-CNF, with different electrospinning durations; SEM images of (b) the surface of PET/
TPU-CNF before adhesion strength test, (c) the surface of PET/TPU-CNF with 0.5 h electrospinning duration after adhesion strength test, (d) the surface of PET/TPU-CNF with 1 h
electrospinning duration after adhesion strength test.

electrospinning duration of 1 and 1.5 h, the adhesion strengths were
1.38 and 1.01 N/cm, respectively. It was found that the breaking interface was within the nanoﬁber membrane itself rather than at the interface between the nanoﬁber membrane and substrate (Fig. 4d). It can be
concluded that the adhesion strength between internal layers of the
PET/TPU nanoﬁber membrane was weaker than that between the PET/
TPU nanoﬁber membrane and substrate. Similarly, the pure PET nanoﬁber membrane could be completely removed from the substrate when
the electrospinning duration was 0.5 h. When the electrospinning duration was prolonged to 1 and 1.5 h, the breaking interface was within the
pure PET nanoﬁber membrane rather than at the interface between the
nanoﬁber membrane and substrate. The adhesion strengths between
the pure PET nanoﬁber membrane and the substrate at electrospinning
duration of 0.5, 1, 1.5 h were 0.08, 0.063, and 0.057 N/cm, respectively.
For the nanoﬁber membranes with electrospinning durations of 1 and
1.5 h, the measured adhesion strengths were considered as that
among the interlayers of nanoﬁber membrane. Overall, compared to
the PET-CNF, signiﬁcant improvement of adhesion strength was
achieved not only at the interface of the PET/TPU nanoﬁber membrane
and substrate, but also among the interlayers of the PET/TPU nanoﬁber
membrane.
As shown in Table 1, the adhesion strengths between the nanoﬁber
membrane and substrate were in the range of 0.045–2.1 N/cm in previous studies [34,36–40]. In particular, the adhesion strengths of membrane coated ﬁlter media were in the range of 0.045–0.22 N/cm. For
the PET/TPU-CNF fabricated in the present study, the adhesion strength
between the nanoﬁber membrane and substrate was increased up to
1.55 N/cm. The morphology of PET/TPU nanoﬁber membrane in PET/

between the pure PET nanoﬁber membrane and substrate was
0.057–0.08 N/cm (Fig. 4a). Such a drastic change by more than one
order of magnitude indicated that TPU adhesive was the primary reason
for the improvement of adhesion strength. In addition to the material
adhesive property, TPU nanoﬁbers with smaller ﬁber diameters had
larger contact area with the substrate, which also contributed to the better adhesion of the PET/TPU nanoﬁber membrane to the substrate [34].
Furthermore, the TPU beads formed numerous bonding points at the interface of the nanoﬁber membrane and substrate, while the TPU nanoﬁbers cross-linked with PET nanoﬁbers. The adhesion strength
between the interfaces of nanoﬁber layers increased with the decrease
of polymer solidiﬁcation rate [35]. In the present study, the high temperature slowed the solidiﬁcation rate of TPU polymer, which further
enhanced the adhesion strength between the PET/TPU nanoﬁber membrane and substrate.
The adhesion strength between the PET/TPU nanoﬁber membrane
and substrate decreased with the increase of electrospinning duration
(Fig. 4a). The electrospinning duration determined the thickness of
the nanoﬁber membrane, which indicated that increasing the membrane thickness did not further improve the adhesion strength. The
PET/TPU nanoﬁber membrane was spun layer by layer. Only the ﬁrst
several layers linked with the substrate and contributed to the adhesive
function. A comparison of Fig. 4b and c indicated that the PET/TPU nanoﬁber membrane was almost completely removed from the substrate
after the adhesion strength test when the electrospinning duration
was 0.5 h; the measured adhesion strength was 1.55 N/cm. A breaking
interface could be observed between the PET/TPU nanoﬁber membrane
and the substrate. For the PET/TPU nanoﬁber membranes with the
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Table 1
Comparison of membrane adhesion strengths of the PET/TPU-CNF and other nanoﬁber composite materials (the force was normalized to the width of the sample).
Ref.

Adhesion
strength
(N/cm)

Nanoﬁber
membrane

Substrate

Assisting adhesive
or reagent

Composite method

Application ﬁeld

[36]

0.045

Nylon 66/PVAa

PETb fabric

None

Hot press

Uncured
PDMS/TEGO21002e
None
None
None

Hot drying

Air ﬁltration, protective
clothing
Medical devices, textiles

Glutaraldehyde
None

c

[37]

1.7

PVDFhfp

[38]
[34]
[39]

0.1
~2.1
0.51

PVA
PVDF-co-CTFEg
Silk ﬁbroin

Cured
PDMSd/TEGO21002
ESf nonwoven
PPh membrane
Cotton gauze

[40]
Present study

0.22
1.55

PEOi
PET/TPUm

PEGj-grafted SEBSk ﬁlm
PET nonwoven

Hot press
Hot press
Post-treatment by helium
plasma
Cross-linking reaction
Co-electrospun with hot TPU

Air ﬁltration
Battery separators
Wound dressings
Filtration, textile
Air ﬁltration

a

PVA – Polyvinylalcohol.
PET – Polyester.
c
PVDFhfp - Poly (vinylidene ﬂuoride-co-hexaﬂuoropropylene).
d
PDMS – Polydimethylsiloxane.
e
TEGO21002 - epoxy siloxane TEGOMER® XP 21002.
f
ES - Ethylene-propylene side-by-side.
g
PVDF-co-CTFE - Polyvinylidene ﬂuoride-co-chlorotriﬂuoroethylene.
h
PP – polypropylene.
i
PEO - Poly (ethylene oxide).
j
PEG - Poly(ethylene glycol).
k
SEBS - styrene-b-(ethylene-co-butylene)-b-styrene elastomer.
m
TPU - Thermoplastic polyurethane.
b

TPU-CNF was maintained in the present study, and almost no extra
pressure drop was added during the composite process compared
with PET-CNF (Fig. 6b). By contrast, hot pressing, the commonly used
technique to improve the adhesion strength of membrane coated air ﬁlter, would damage the morphology of nanoﬁbers (Fig. S5), which decreased the porosity and increased the pressure drop of nanoﬁber
membranes [41].

3.3. Mechanical properties
The tensile strength and elongation are related to the abilities of materials to resist tearing and shape changes [41,42], and thus these two
parameters of nanoﬁbrous membranes are crucial for the practical applications. Many researchers focus on the improvement of mechanical
properties of PET nanoﬁber membranes by electrospinning with

Fig. 5. (a) The tensile strength and tensile strain (elongation) of the pure PET and PET/TPU nanoﬁber membrane; (b) comparison of the tensile strength with those in other studies.

Fig. 6. (a) The ﬁltration efﬁciency, Qf, and the pressure drop of PET/TPU-CNF with different electrospinning durations in the ambient particle ﬁltration test; (b) ﬁltration efﬁciency and
pressure drop of the substrate, PET-CNF, and PET/TPU-CNF (with the electrospinning duration of 1 h) for the ambient particles in the laboratory.
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an elongation of 71.28%, while the tensile strength and elongation of
the pure PET nanoﬁber membrane with the same electrospinning
duration were 2.33 MPa and 45.94%, respectively (Fig. 5a). Compared
with the PET-based nanoﬁber membranes of previous studies, the tensile strength of the PET/TPU nanoﬁber membrane in the present study
was among the better ones (Fig. 5b).
The higher tensile strength and elongation of the PET/TPU nanoﬁber membrane were attributed to the presence of TPU and the beadson-string structure of the PET/TPU nanoﬁber membrane. First, TPU
possesses the characteristics of superior ductility, high elongation,
and great toughness [50]. Thereby, it can enhance the tensile strength
and elongation of the entire composite material when it is added to
ﬁbrous products [51]. Moreover, an effective approach to increase
the tensile strength of the nanoﬁber membrane is to enhance the
binding strength between the ﬁbers at their junction points throughout theﬁber membrane [52,53]. Herein, the TPU nanoﬁbers and beads
were distributed throughout the entire volume of the PET/TPU nanoﬁber membrane, which signiﬁcantly increased the binding strength
between nanoﬁbers.

Table 2
Properties (average diameter, porosity and thickness) of nanoﬁber membranes.
Type of nanoﬁber membrane

PET
PET/TPU

Average diameter
(nm)

Thickness

Porosity

Fibers

Beads

(μm)

(%)

635
395

–
2050

27
35

88.29
94.3

mixed polymer solutions, such as chitosan, poly(vinyl alcohol) (PVA),
dimethyl 5‑sodium sulfoisophthalate (SSI), poly(vinyl pyrrolidon)
(PVP), and polyethylene glycol (PEG). The tensile strength and elongation of these PET nanoﬁber-based membranes were in the range of
1.91–4.7 MPa and 12–243%, respectively [43–47]. It has also been reported that the tensile strength of the PET nanoﬁber membrane could
be improved by heat treatment or adjusting the polymer concentration
[48,49]. In this study, the PET/TPU nanoﬁber membrane with an
electrospinning duration of 1 h had a tensile strength of 4.33 MPa and

Fig. 7. (a, c) AFM topographies of the PET/TPU nanoﬁbers with beads; (b, d) corresponding SKPM potential images.
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Fig. 8. (a) Filtration efﬁciency of the substrate, PET-CNF, and PET/TPU-CNF for nanoscale particles; (b) the ﬁltration efﬁciency comparison of the untreated PET/TPU-CNF and the discharged
PET/TPU-CNF; (c) the ﬁltration efﬁciency comparison of the untreated PET-CNF and the discharged PET-CNF.

and pure PET nanoﬁber membrane were 94.30% and 88.29%, respectively. The higher porosity indicated more ﬁbers were exposed to the incoming airﬂow, thus resulting in a higher ﬁltration efﬁciency. On the
other hand, it is well known that the MPPS of a fabric ﬁlter decreases
with the decreasing of ﬁber diameter [57,58]. In the present study, the
average ﬁber diameter of the PET/TPU nanoﬁber membrane was 395
± 240 nm, which was much smaller than that of the pure PET nanoﬁber
membrane (635 ± 186 nm).
In the aspect of electrostatic property, the stronger electrostatic efﬁcacy could contribute to higher ﬁltration efﬁciency and smaller MPPS
[59]. As shown in Fig. 7b and d, the measured electrostatic potential
around TPU beads in PET/TPU nanoﬁbers was 120–165 mv, which was
much higher than other areas (30–80 mv). More measurement results
of surface potential were shown in Fig. S6. The higher electrostatic potential of TPU may be caused by its higher charge storage ability. The
ability of a material to store charges increases as the dielectric constant
increases, and the dielectric constants of PET and TPU are 2.8–5 and 7,
respectively [60,61].
In order to identify the contribution of the electrostatic effects, the
PET/TPU-CNF and PET-CNF were discharged by isopropanol (IPA) saturated vapor for 24 h in a chamber and then dried in ambient environment for at least 30 min. This IPA discharging method was based on
ISO 16890-4:2016 [62]. The ﬁltration efﬁciency comparison between
the untreated media (PET/TPU-CNF and PET-CNF) and the discharged
media (discharged PET/TPU-CNF and discharged PET-CNF) was shown
in Fig. 8b and c. The ﬁltration efﬁciency degradation was observed in
the discharged PET/TPU-CNF and the discharged PET-CNF, which indicated that the electrostatic effects existed not only in the PET/TPU-CNF
but also in the PET-CNF. Actually, in our previous study, it was revealed
that both surface charges and volume charges were formed during
electrospinning [26]. The results of the present study further conﬁrmed
our previous conclusion. In addition, the average ﬁltration efﬁciencies of
the PET/TPU-CNF and the PET-CNF decreased by 6.5 ± 0.58% and 2.5 ±
0.60% after discharging treatment, respectively. The results demonstrated that the electrostatic ﬁltration mechanism played a stronger
role for the PET/TPU ﬁbers than for the pure PET ﬁbers. The stronger
electrostatic contribution on the PET/TPU ﬁbers might be induced by
inserting TPU beads and ﬁbers, which were consistent with the results
of electrostatic potential test.

3.4. Filtration performance
3.4.1. Assessment of ﬁltration efﬁciency and Qf for the ambient particles in
the laboratory
Compared with the substrate, the ﬁltration efﬁciency of PET/TPUCNF for the ambient particles in the laboratory increased from 5.0% to
61.8%, when the electrospinning duration of PET/TPU nanoﬁber membrane was 0.5 h. It is well known that nanoﬁbers are characterized by
a very large surface area to volume ratio, which signiﬁcantly increased
the probability of the deposition of aerosol particles on the ﬁber surface and thereby improves the ﬁlter efﬁciency [54,55]. With the
electrospinning duration increasing from 0.5 to 1.5 h, the ﬁltration efﬁciency of PET/TPU-CNF for ambient particles increased from 61.8% to
95.6% while the pressure drop increased from 20.5 to 69.7 Pa. As
shown in Fig. 6a, the Qf values of PET/TPU-CNF with the electrospinning
duration of 0, 0.5, 1, and 1.5 h were 0.020, 0.046, 0.064, and 0.045 Pa−1,
respectively. The optimal Qf value of PET/TPU-CNF was observed at the
electrospinning duration of 1 h. The pressure drop and ﬁltration efﬁciency data of the substrate, PET-CNF, and PET/TPU-CNF (with
electrospinning duration of 1 h) for the ambient particles in the laboratory were shown in Fig. 6b.

3.4.2. Evaluation of the ﬁltration efﬁciency for nanoscale particles
The PET/TPU-CNF with the maximum Qf value (0.064 Pa−1) was
used for the ﬁltration test of monodisperse particles in the range of
50–500 nm, and the results were compared to PET-CNF. Similar to the
trend observed in previous studies [56], the composite ﬁlters with
nanoﬁbers showed enhanced ﬁltration efﬁciency and reduced MPPS
(most penetrating particle size) compared to conventional microﬁber
ﬁlters (Fig. 8a). The MPPS of PET/TPU-CNF and PET-CNF were 350 and
400 nm, respectively. For the substrate, the MPPS was not observed in
the size range of the test particles.
Compared with PET-CNF, the PET/TPU-CNF with the same
electrospinning duration of 1 h showed higher ﬁltration efﬁciency and
smaller MPPS, which was caused by the differences between PET/TPU
nanoﬁbers and pure PET nanoﬁbers in the structure and electrostatic
property.
In terms of the membrane structure, the porosity and ﬁber diameter
might be the main inﬂuencing factors. On one hand, the incorporation of
TPU beads into PET nanoﬁbers increased the spacing between nanoﬁbers, which indicated that the PET/TPU nanoﬁber membrane was
thicker than the pure PET nanoﬁber membrane. As measured, the thicknesses of PET/TPU and pure PET nanoﬁber membranes with the same
electrospinning duration were 35 and 27 μm, respectively. For the samples of PET/TPU and pure PET nanoﬁber membrane with a same area of
8 × 8 cm, the thicker thickness indicated a bigger volume and a smaller
bulk density (ρ). According to Eq. (1), the porosity increased with the
decreasing of bulk density. As shown in Table 2, the porosity of PET/TPU

4. Conclusions
In summary, three-dimensional PET/TPU composite nanoﬁber ﬁlters
(PET/TPU-CNF) with beads-on-string structure have been successfully
fabricated by one step co-electrospinning. Thanks to the temperature
control of the TPU solution, the TPU beads and thin nanoﬁbers were
stuck on the substrate and intertwined with PET nanoﬁbers, which contributed to a strong adhesion strength between the PET/TPU nanoﬁber
143

Y. Guo, Y. Guo, W. He et al.

Powder Technology 387 (2021) 136–145

membrane and substrate. The PET/TPU-CNF showed high ﬁltration efﬁciency for ambient particles and nanoscale particles. Compared with the
pure PET nanoﬁber composite ﬁlter (PET-CNF), the PET/TPU-CNF had
greater surface potential, which contributed to the higher ﬁltration efﬁciency and smaller most penetrating particle size. Furthermore, the embedded TPU beads and nanoﬁbers also signiﬁcantly improved the
tensile strength of the PET/TPU nanoﬁber membrane. Overall, the onestep co-electrospinning has been successfully performed to prepare
the nanoﬁber-based air ﬁlter that has enhanced membrane adhesion
strength, improved membrane tensile strength, unbroken nanoﬁber
structure, and satisfactory ﬁltration efﬁciency. This work provided a potential strategy for the further advancement of the functional composite
nanoﬁber media for various applications, including air/water ﬁltration,
wound dressings, and battery separators.
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