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Particulate air pollution is a global environmental problem, with PM, 5 being the primary pollutant. One of

the most effective ways to remove particles from the air is through filtration. Therefore, high-performance

air filters are urgently needed to combat the harm caused by PM, 5. This study uses an electrospinning

technique to prepare high-efficiency polyvinylidene fluoride/graphene oxide/polyimide nanofiber
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membranes. These composite nanofiber membranes demonstrate high filtration efficiency (99.6%), low

pressure drop (123 Pa), remarkable thermal stability (450 °C), and excellent mechanical strength (7 MPa).
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1. Introduction

Particulate air pollution is a global environmental issue, with
continuous exposure leading to irreparable risks." Major air
pollutants include micro-scale airborne particulate matter
(PM, 5 as well as PM,,) and hazardous gases in the form of
aerosols (such as SO,, CO, NO,, and Oj3). These pollutants are
mainly produced by steel mills, power plants, the cement
industry, and vehicles' combustion of fossil fuels.** Atmo-
spheric moisture is directly involved in the aerosol formation.*
Furthermore, humid climates increase the likelihood of viruses
adhering to airborne particles and correspondingly increase the
mortality rate from infectious diseases.® Therefore, there is an
urgent need to advance filtration technologies to mitigate the
hazards of fine particles.

One of the most effective ways to remove particles from air is
through filtration.®” Many traditional fiber materials (such as
cotton, nylon, polyester, conventional cellulose, and others) are
used to fabricate air filters.®* However, due to the large pore sizes
(12-60 pm) of these conventional filter materials, many sub-
micron fine particles can easily penetrate through the fibers,
resulting in clogging and reduced filtration efficiency.”*
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in industrial and civil infrastructures.

Considering the advantages, these highly efficient nanofiber membranes can find advanced applications

Additionally, as the fine particles build up on the filter, the
pressure loss in the airflow also increases.™

Compared to conventional filters, nanofiber membranes
prepared through electrospinning technology have the advan-
tages of high porosity, micro and nano-channel interconnec-
tions, high specific surface area, and good mechanical
properties.”>™® Not only do they have a strong adsorption effect
on PM, but the electrospun nanofibers also have a strong
interaction with the substrate. Consequently, the nanofiber
layer does not fall off when dust is removed from the surface of
the filter material.">' Thus, depositing a layer of ultrathin
nanofibers on conventional filter materials using electro-
spinning technology is a viable option to obtain high-
performance PM, ;s filters.””> Li et al ** reported a PM, ;s
capture efficiency of 99.95% for a composite filter paper
prepared by electrospinning poly(vinyl alcohol) (PVA) nano-
fibers onto a nonwoven polypropylene (PP) substrate using
a needle-free electrostatic spinning technique. Patanaik et al.>*
electrospun polyethylene oxide (PEO) nanofibers onto
nonwoven fabrics and evaluated their long-term stability.
However, these composite filters (e.g., PVA and PEO) are
hydrophilic and susceptible to water damage, making it chal-
lenging to maintain stable long-term particulate filtration effi-
ciency under high humidity conditions.?

Electrospun hydrophobic materials such as polyvinylidene
fluoride (PVDF) and thermoplastic polyurethane (TPU) can be
readily integrated to improve the hydrophobicity of composite
filters and extend their useful life.”**” Among these, PVDF is
highly attractive for its low cost and excellent chemical
stability.”® In addition, the polarity in PVDF promotes the
interaction between PM and the nanofibers, resulting in higher
PM capture efficiency.” However, on the downside, PVDF-based
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membranes face specific challenges, such as weak mechanical
properties and poor thermal stability, limiting their use.* To fix
these problems, composite nanofibers can be prepared by
incorporating PVDF with other materials. For instance, Chen
et al** proposed high-performance air filtration membranes
consisting of one-dimensional (1D) PVDF nanofibers and two-
dimensional (2D) graphene oxide (GO) nanosheets, having
good filtration efficiency (99.31%). Additionally, the tensile
strength of the GO/PVDF NFMs (nanofiber membranes) was
74.1% higher than that of the pure PVDF NFMs. Zhang et al.**
reported a PM, 5 capture was fabricated by introducing an ultra-
thin polyvinylidene fluoride (PVDF) nanofibrous layer on the
filter materials via electrospinning technology, and its long-
term filtration and ventilation rate experiments show that the
composite filter has stable high filtration efficiency (98.137-
96.36%) and ventilation rate. These efforts demonstrated
promising mechanical performance; however, the filtration
performance and thermal stability of the electrospun nano-
fibers need further attention. Dai et al.>* showed that incorpo-
rating polyimide (PI) into electrospun nanofibers can improve
thermal stability along with the mechanical properties of air
filtration membranes.

The present study prepares air filtration membranes by
incorporating polyimide and graphene oxide into PVDF nano-
fibers. These PVDF/GO/PI composite NFMs have the advantages
of being lightweight and having good permeability, while their
adsorption performance and thermal stability are also signifi-
cantly improved. Compared to the 88.3% PM, 5 filtration effi-
ciency and 478 Pa pressure drop of the commercial filter, the
filtration efficiency of the PVDF/GO/PI NFM filter is improved to
99.6% while the pressure drop is reduced to 123 Pa. In addition,
after heat treatment at 450°Cfor 1 h, the PVDF/GO/PI NFM
membrane still retains an excellent removal efficiency of 99.1%.
Moreover, the composite membrane possesses superior
mechanical properties and cyclic performance, with the filtra-
tion efficiency maintained at 99.1% in repeated filtration
experiments. In conclusion, PVDF/GO/PI NFM has excellent
comprehensive performance and is a new material with great
application prospects.

2. Experimental

2.1. Materials

Graphene oxide powder (GO; models: D (GO-P3-FM); layer < 3;
sheet size < 10 um) was purchased from DC(Suzhou) New
Materials Science and Technology Co., Ltd., China. Poly-
vinylidene fluoride (PVDF; M,, = 80 000; CAS No. 24937-79-9) and
polyimide powder (PI; M,, = 50 000-80 000; CAS No. 62929-02- 6)
was obtained from Shanghai McLean Biochemical Co. Ltd.,
China. N,N-Dimethylformamide (DMF; 99.5%; CAS No. 68-12-2)
was provided by Aladdin Chemical Reagent Co., China. All the
chemicals were used as received without further purification.

2.2. Preparation of the PVDF/GO/PI nanofiber membranes

Initially, 0.0514 g of GO powder was added into 20 mL of DMF
and sonicated for 30 min. The dispersion was then added with
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10 mL of acetone (keeping the mass ratio of DMF to acetone at
7:3) and further sonicated for 30 min. Subsequently, 5.14 g of
PVDF powder was slowly added into the mixture with contin-
uous magnetic stirring for 4 h at 45 °C to obtain a homogenous
liquid phase. Finally, an appropriate amount of PI powder
(0.1028 g, 0.2056 g, 0.3084 g, 0.4112 g) was mixed with the
solution and stirred for 12 h at 80 °C for homogenous disper-
sion. In this way, four different solutions with the mass ratio of
PI to PVDF powder being 2%, 4%, 6%, and 8% were obtained.
Finally, the solutions were electrospun into PVDF/GO/PI nano-
fibers under a controlled voltage of 20 kV, the solution injection
rate of 2 mL h™ ", and the distance between the capillary port
and the collector maintained at 16 cm. To obtain nanofiber
membranes of the same thickness, the back-and-forth motion
of the spinning needle was controlled at 1 m min~ ' while
maintaining the roller speed at 80 rpm. We control the thick-
ness of nanofiber membrane by setting the electrospinning
time. For each type of PVDF, PVDF/GO, PVDF/GO/PI membrane,
we set five different electrospinning time: 30 min, 60 min,
90 min, 120 min, 150 min. The filtration efficiencies were
tested, and the better results were found at about 60 minutes of
electrospinning time for these membranes. For comparison,
the membranes prepared with 60 min electrospinning time
were subsequently used for characterization and performance
studies. The electrospun nanofiber films with controlled
thickness were finally collected on aluminum foil wrapped
around the roller after an optimum electrospinning time. The
resulting nanofiber membranes were denoted as PVDF/GO/PI-x,
where x is 2, 4, 6, and 8, corresponding to the composition of
the precursor solution.

2.3. Characterization

Field emission scanning electron microscopy (FESEM, Gemini
SEM7426, ZEISS) was employed to observe the morphology of
the materials. Fourier transform infrared (FTIR) spectra were
obtained using a Fourier transform infrared spectrometer
(FTIR, Nicolet 6700, Thermo Fisher). The mechanical perfor-
mance of the materials was evaluated by Dynamic Mechanical
Analyzer (DMA, Q850, PerkinElmer). A thermogravimetric
analyzer (TGA, Pyris1, PerkinElmer) was used to determine the
thermal stability of the materials. The water contact angle of the
materials was measured by a droplet shape analyzer (DSA100,
Kruss). To evaluate the performance of the material as
a membrane, the filtration efficiency was measured using
a homemade adsorption device, as shown in Fig. 4a, was used to
perform retention tests for PM, 5. The contaminant PM, 5 was
generated by burning incense to simulate actual pollution, and
the electrospun nanofibers were utilized as air filtration
membranes in the device. A an SDC2501 PM, 5 detector was
employed to measure the PM, 5 concentration difference across
the two sides of the membrane, while the pressure drop was
determined using a differential pressure meter (AS510).The
burning incense was extinguished when the PM, 5 concentra-
tion difference reached 460 ug m > and the vacuum filtration
pump was then turned on to filter the contaminated air.For
testing the adsorption capacity, an airflow rate of 0.2 m s~ ' was
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maintained through a test area of 78.5 cm” of the NFMs by
adjusting the power of a vacuum pump.

3. Results and discussion

3.1. Material characterization of the PVDF/GO/PI
membranes

Fig. 1a depicts the electrospinning process of the nanofibers
with the composition of the electrospinning solution shown in
Fig. 1b. Three types of solutions were utilized, namely trans-
parent solution 1 containing PVDF and DMF, transparent black
solution 2 containing GO, PVDF, and DMF, and transparent
gray solution 3 containing GO, PI, PVDF, and DMF.

Fig. 2 shows the diameter distribution and SEM images of
the different nanofibers. The statistical analysis (Fig. 2a—c)
indicated that the diameters of the PVDF, PVDF/GO, and PVDF/
GO/PI-6 nanofibers were all normally distributed. From the
highest point of the curves, it can be observed that the fitted
values of the diameters of the PVDF, PVDF/GO, and PVDF/GO/
PI-6 nanofibers were 359 nm, 448 nm, and 447 nm, respec-
tively. Fiber diameter is solely influenced by electrospinning
factors, such as spinning voltage, receiving distance, and the
properties of the solution, including viscosity and conductivity.
In this study, we controlled the introduction of PI. The differ-
ence between the components was not significant. Due to the
smaller proportion of PI added, it had less effect on the viscosity
and conductivity of the solution, resulting in a smaller influence
on the nanofiber diameter during spinning.

Fig. 2d-i shows that the three types of nanofibers exhibited
different adsorption characteristics for the same adsorption
time. For the PVDF nanofibers, it was found that PM, 5 aggre-
gated in a spindle shape, mainly on the nodes, with a few
aggregates along the fibers. In the case of PVDF/GO nanofibers,
PM, s was adsorbed in a bead-like shape on the nodes and along
the length of the fibers. On the contrary, the PVDF/GO/PI
nanofibers adsorbed PM, s more uniformly in the form of
bead chains and an approximate ellipsoidal rather than spindle
shape. Moreover, the volume of PM, 5 adsorbed on PVDF/GO/PI
nanofibers was more significant than that of the PVDF and
PVDF/GO nanofibers. The ability of PM, 5 particles to aggregate
on the nanofibers may be related to dipole moment interactions
between the polar surface functional groups on the PVDF
nanofibers and the polar surface functional groups of the PM, 5
particles. However, localized aggregation at the nodes may be

@ . ®)
4 }

Fig.1 (a) Fabrication process of electrospinning nanofibers and (b) the
compositions of electrospinning solutions.
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Fig.2 Diameter statistics of (a) PVDF, (b) PVDF/GO, and (c) PVDF/GO/
PI-6 nanofibers. SEM images of the as-prepared (d) PVDF, (e) PVDF/
GO, and (f) PVDF/GO/PI-6. SEM images of (g) PVDF, (h) PVDF/GO, and
(i) PVDF/GO/PI-6 nanofibers after PM, 5 adsorption.

due to the interaction between the adsorbed PM, 5 particles.
Furthermore, the high concentration of nanofibers at the nodes
may contribute to the aggregation of PM, 5 particles in those
areas. In the case of PVDF/GO/PI nanofibers, PM, s was
uniformly adsorbed on each nanofiber (Fig. 2i). The addition of
GO powder introduces more hydrophilic functional groups to
the novel electrostatically spun nanofibers, which facilitates the
uniform binding of PM, 5 particles to the nanofibers. In addi-
tion to polyvinylidene fluoride groups, the oxygen-containing
groups in graphene oxide exhibit excellent hydrophilicity. This
property promotes the uniform adsorption of PM, 5 by nano-
fibers. Since PM, 5 is typically a solid or liquid aerosol, the
hydrophilicity of the oxygen-containing groups facilitates the
adsorption of more water in the gas stream, making adsorption
easier to achieve. The large dipole moments of the PI molecules
also contribute significantly to the adsorption of PM.

The adsorption of PM onto PVDF nanofibers depends on the
polarity of the nanofibers. However, the adsorption capacity
may be limited, resulting in spindle-like adsorption. The addi-
tion of GO supplements more hydrophilic functional groups,
which allows for better adsorption onto PM containing water. As
a result, the adsorption effect is in the form of a bead. After the
addition of PI with a large dipole moment, the adsorption
capacity is further promoted, resulting in the formation of more
sufficient and uniform beads and ellipsoids. Therefore, the
adsorption effect is in the form of beads and ellipsoids. The
removal efficiency of the polyacrylonitrile/graphene oxide/
polyimide nanofibers was further improved compared to that
of the pure polyvinylidene fluoride nanofibers and poly-
vinylidene fluoride/graphene oxide nanofibers.

The functional groups on GO, PI, PVDF, and PVDF/GO/PI
were analyzed by FTIR spectroscopy, as shown in Fig. 3a.The
infrared spectral spectrum of GO shows absorption peaks at
1672 cm ™%, 1384 cm ™! and 1066 cm ™', which can be attributed
to vibrational stretching of aromatic (C=C) bonds, bending
vibration of hydroxyl groups (-OH), and vibrational and
stretching of alkoxy (C-O) groups, respectively.*® Typical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) FTIR spectra of PI, GO, PVDF, and PVDF/GO/PI-6. (b) Stress—
strain curves of the various nanofibers. Contact angles of nanofibers
membranes composed of (c) PVDF, (d) PVDF/GO, (e) PVDF/GO/PI-2,
(f) PVDF/GO/PI-4, (g) PVDF/GO/PI-6, (h) PVDF/GO/PI-8.

absorption peaks in the PVDF spectrum at 1401 cm *,

1280 ecm ', 1066 cm ', and 723 cm ' correspond to -OH
stretching vibration, C-N stretching vibration, C-O stretching
vibration, and C=0 bending vibration, respectively.** In the PI
spectrum, the peaks at 1720 cm ™%, 1581 cm ™%, 1066 cm *, and
723 cm ' belong to asymmetric C=0 stretching, symmetric
C=C stretching, -OH stretching, and C=0 bending vibrations
in the imide structure, respectively.*® The FTIR spectrum of
PVDF/GO/PI nanofibers is a combination of the GO, PI, and
PVDF spectra, indicating the co-existence of all the functional
groups in the composite material. Thus, the abundant func-
tional groups on the PVDF/GO/PI nanofibers tended to signifi-
cantly affect the adsorption of PM, 5 due to strong interactions.

Mechanical properties are among the main indices of
nanofiber membranes. Experimentally determined stress—
strain curves of the PVDF/GO/PI membranes are shown in
Fig. 3b. It can be seen that the incorporation of PI has improved
the mechanical properties of the PVDF nanofibers (initial
tensile strength is nearly 1.5 MPa and elongation is 40%) may be
due to the rigid chemical structure of the former polymer.
Therefore, with the increase in PI amount, the tensile strength
of the PVDF/GO/PI membranes showed an upward trend.
Comparing the stress-strain curves, it can be observed that the
PVDF/GO/PI-6 had the highest tensile strength (approaching 7
MPa), while the PVDF/GO/PI-4 showed the highest elongation
(approaching 90%). Moreover, with the addition of PI, the
stiffness of the nanofiber membrane increased significantly,
suggesting enhanced resistance of the PVDF/GO/PI nanofiber
membranes to mechanical deformation. However, at the same
time, the PVDF/GO/PI nanofiber membrane maintained suffi-
cient flexibility. Changes in the hydrophilicity of the
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membranes were examined in terms of water contact angle, as
shown in Fig. 3c-h. These angles were measured to be 131.1°,
127.3°, 126.4°, 125.7°, 125.0°, and 124.4° for pure PVDF, PVDF/
GO, PVDF/GO/PI-2, PVDF/GO/PI-4, PVDF/GO/PI-6, and PVDF/
GO/PI-8 nanofiber membranes, respectively. The addition of
graphene oxide and polyimide thus slightly decreased the water
contact angle while the membranes remained hydrophobic.

3.2. Filtration performance of the PVDF/GO/PI membranes

Filtration efficiency is an important performance index to eval-
uate the suitability of a membrane to retain PM, 5. The results, as
shown in Fig. 4b, indicate superior performance of the PVDF/GO/
PI-6 nanofibers compared to that of PVDF. Fig. 4c shows that the
equilibrium filtration efficiency of the commercial membranes
(nonwoven fabric), PVDF, PVDF/GO, PVDF/GO/PI-2, PVDF/GO/PI-
4, PVDF/GO/PI-6, and PVDF/GO/PI-8 nanofiber membranes were
88.3%, 93.6%, 98.2%, 98.7%, 99.1%, 99.6%, and 98.8%, respec-
tively. There are different types of PM, s movement, including
inertial impact, gravitational settling, and Brownian motion.*”*
When unpurified air passes through the PVDF nanofibers, larger
particles are physically intercepted and adsorbed on the fiber
nodes through impact and inertial collision of the fibers. The
smaller particles aggregate on the nanofibers due to dipole
moment interactions between the polar surface functional
groups on the PVDF nanofibers and the PM, 5 particles. As stated
in Section 3.1, the inclusion of GO and PI increased the number
of functional group sites on the nanofibers, allowing for greater
adsorption of particulate matter. Additionally, the polarity of the
nanofibers was enhanced, resulting in improved adsorption of
smaller particulate matter by the PVDF/GO/PI nanofibers.
Consequently, the filtration efficiency of the composite nano-
fibers was improved.

To gain further insight into the filtration efficiency of the
membranes, Fig. 4d showcases the filtration efficiency of the
different membranes for the first 1000 s. The adsorption rates of
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Fig. 4 (a) Schematic illustration of the apparatus used for the purifi-
cation process and photographs of the front and back sides of the
PVDF/GO/PI-6 filter. (b) Concentration difference curves of PVDF and
PVDF/GO/PI-6 nanofiber membranes. (c) The filtration efficiency of
various nanofibers after reaching the absorption equilibrium. (d) The
filtration efficiency curve of the three types of nanofibers for the first
1000 s.
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all four fibers increased rapidly over a period of 100-500 s. After
600 s, the adsorption process of the noncommercial membranes
gradually reached equilibrium, and the filtration efficiencies
converged to a stable value. At any moment from the initial to the
equilibrium condition, the filtration efficiency of the PVDF/GO/PI
nanofiber membranes remained higher than that of the PVDF but
close to the PVDF/GO. Thus, introducing GO and PI significantly
improves the filtration efficiency of PVDF nanofiber membranes.

In addition to the filtration efficiency, the pressure drop
across the membrane must also be considered for compre-
hensive performance. The combined parameter of filtration
efficiency and pressure drop was evaluated in terms of quality
factor (QF). Table 1 summarizes the performance parameters of
different nanofiber membranes. The pressure drop of the PVDF/
GO/PI nanofiber membranes was significantly lower than that
of commercial and pure PVDF nanofiber membranes. The
specific surface area and porosity of nanofibers are determined
by their diameter distribution. Generally, smaller diameter
nanofibers have larger specific surface area and porosity,
resulting in lower pressure drop through airflow. Conversely,
larger diameter nanofibers have smaller specific surface area
and porosity, leading to higher pressure drop.

It is important to note that other factors may also affect
pressure drop. The fiber properties and pressure drop presented
in Table 1 of this experiment require further analysis. The
relationship between pressure drop and fiber diameter
observed in the experiment does not align with the theoretical
framework outlined above. This inconsistency may be attrib-
uted to the following factors: Due to the addition of subsequent
materials, the viscosity of the electrospinning solution
increased slightly, resulting in an increase in the diameter of
the produced nanofibers. However, the addition of new mate-
rials may affect the mechanical properties of the nanofibers,
which in turn may affect the structural arrangement and
distribution of the fiber-forming film. This can lead to an
increase in the diameter and distribution of the nanofibers.
Thus, the fiber gap was increased, resulting in larger airflow
channels and a subsequent reduction in pressure drop.
Consequently, the PVDF/GO/PI-6 nanofiber membrane
possessed the highest QF (0.0449 Pa~') among all the tested
membranes. The results thus indicated that the PVDF/GO/PI
nanofiber membranes had superior comprehensive perfor-
mance with higher filtration efficiency and lower pressure drop.

Table 1 Filter performance parameters of various nanofibers®

Sample E/% Ap/Pa QF/pPa!
Commercial 88.3 478 0.0046
PVDF 93.6 177 0.0155
PVDF/GO 98.2 143 0.0281
PVDF/GO/PI-2 98.7 137 0.0317
PVDF/GO/PI-4 99.1 129 0.0365
PVDF/GO/PI-6 99.6 123 0.0449
PVDF/GO/PI-8 98.8 132 0.0335

“ QF = —In(1 — E/100)/Ap,* where QF = quality factor, E = filtration
efficiency, and Ap = pressure drop.
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Fig. 5 (a) TGA curves of Pl, PVDF, PVDF/GO, PVDF/GO/PI-6 and
PVDF/GO/PI-8 nanofibrous membranes. (b) PM, s filtration efficiency
of the PVDF/GO/PI-6 nanofibrous membrane after heat treatment at
different temperatures for 1 h. (c) Photographs of PVDF nanofiber
membrane and P/G/P-6 nanofiber membrane treated at different
temperatures.

3.3. Thermal stability of the PVDF/GO/PI nanofiber
membranes

To explore the thermal stability of the membranes at high
temperatures, thermogravimetric spectroscopy is usually per-
formed. Fig. 5a shows the thermograms of PI, PVDF, and PVDF/
GO/PI nanofibers from room temperature to 900 °C obtained
under air atmosphere. Thermal degradation of the polyimide
was observed at 600 °C, while that of PVDF occurred between
300-440 °C. On the contrary, the PVDF/GO/PI composite expe-
rienced significant thermal degradation at around 450 °C.

To qualify the thermal stability, the PVDF/GO/PI nanofiber
membranes were heat-treated at different temperatures (100 °C,
200 °C, 300 °C, 400 °C, 450 °C) for 1 h, and their filtration
efficiency was determined. Fig. 5b shows appreciably high
filtration efficiency of the PVDF/GO/PI-6 nanofiber membrane
after heat treatment at different temperatures, confirming its
thermal stability of up to 450 °C. The photographs of pure PVDF
air filtration material and PVDF/GO/PI-6 treated at different
temperatures for 1 hour are shown in Fig. 5c. The pure PVDF air
filtration material exhibited melting after treatment at 300 °C,
whereas PVDF/GO/PI-6 did not show significant shrinkage after
treatment at 450 °C, indicating superior thermal stability. This
study thus demonstrated that the PVDF/GO/PI nanofiber
membranes have high filtration efficiency and remarkable
thermal stability compared to the previous literature.**-**

4. Conclusions

In this study, PVDF/GO/PI nanofiber membranes for air filtra-
tion were prepared using the electrospinning method.
Compared with pure PVDF and PVDF/GO nanofiber
membranes, the air filters composed of PVDF/GO/PI nanofibers

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02064b

Open Access Article. Published on 23 May 2024. Downloaded on 12/8/2025 10:27:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

were more effective in trapping PM, 5 pollutants. The PVDF/GO/
PI nanofiber membranes not only possessed a high filtration
efficiency (99.6%) and a low pressure drop (123 Pa) but also had
excellent thermal stability (450 °C) and superior mechanical
properties (7 MPa). It is anticipated that the PVDF/GO/PI
nanofiber membranes interacted with PM, s and effectively
adsorbed the particles, leading to high filtration efficiency.
Moreover, the high thermal stability of the PVDF/GO/PI nano-
fiber membranes comes from the unique molecular structure of
the polyimide component. Thus, considering these advantages,
the prepared PVDF/GO/PI composite nanofibrous membranes
can find a wide range of applications in various industrial and
civil fields.
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