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Abstract
Hard-to-dissolve polymers provide next-generation alternatives for high-performance filter materials owing to their intrin-
sically high chemical stability, superior mechanical performance, and excellent high-temperature resistance. However, the 
mass production of hard-to-dissolve nanofibers still remains a critical challenge. A simple, scalable, and low-cost ionic solu-
tion blow-spinning method has herein been provided for the large-scale preparation of hard-to-dissolve Nomex polymeric 
nanofibers with an average diameter of nearly 100 nm. After rapidly dissolving Nomex microfibers in the lithium chloride/
dimethylacetamide (LiCl/DMAc) solution system, the conductive solution can be stably and conductivity-independently 
processed into nanofibers. The method optimizes electrospinning and avoids spinnability degradation and potential safety 
hazards caused by high electrical conductivity. Owing to nanofibrous structure and high dipole moment, Nomex nanofibrous 
filters show a stable high filtration efficiency of 99.92% for  PM0.3 with a low areal density of 4.6 g  m−2, as well as a low-
pressure drop of 189.47 Pa. Moreover, the flame-retardant filter can work at 250 °C and 280 °C for a long and short time 
without shrinking or burning, respectively, exhibiting a high filtration efficiency of 99.50% for  PM0.3−10.0. The outstanding 
properties and low cost enable the efficient capture of PM from various high-temperature exhausts, making Nomex nanofi-
brous membrane an even more ideal industrial-grade air filter than polypropylene, polytetrafluoroethylene, polyimide, and 
ceramic nanofibrous filters.
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Introduction

Most hard-to-dissolve polymetric nanofibers enjoy the lux-
ury of being attractive nanomaterials with inherent high-
temperature resistance, corrosion resistance, excellent flame 
retardancy, and superior mechanical properties due to their 
rigid and stable molecule structures [1–4]. Although the pro-
duction of hard-to-dissolve polymers is booming, the prepa-
ration of hard-to-dissolve nanofibers has been a stumbling 
block due to their limited solubility in common solvents, 
mainly restricted by numerous intermolecular and intramo-
lecular hydrogen bonds. For example, poly(m-phenylene 
isophthalamide) (PMIA), commonly known as Nomex 
or meta-aramid, comprises a benzene ring and an amide 
group. The amide group is connected to the amide group 
meta-position on the benzene ring, where the amide groups 
on different backbones are connected by hydrogen bonds 
[5]. Although the intractable structure limits dissolution in 
common solvents, it endows Nomex with a high melting 
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point and glass transition temperature, low combustion heat 
release rate, excellent flame retardancy, stable chemical 
properties, and agreeable mechanical properties [6]. There-
fore, hard-to-dissolve nanofibers have a broad potential for a 
wide range of areas, such as high-temperature thermal insu-
lation, modern textile, electronic material, and others [7–9].

High-temperature exhausts, mainly related to industrial 
fuel gas, coal furnace combustion, and automobile exhausts, 
seriously affect environmental governance and public health. 
The temperature of industrial exhausts is usually between 70 
and 250 °C. For instance, the temperature of the exhausts 
from gas boilers, coal furnaces, glass factories, coke ovens, 
and fuel vehicles is typically 150–200  °C, 70–180  °C, 
140–200 °C, 190 °C, and 70 °C, respectively [10, 11]. On 
the other hand, most high-temperature exhausts contain sev-
eral acid-corrosive gases, such as  H2S, HCl, and  Cl2 [12]; 
and more than 70% of dust is combustible, which is easily 
ignited by fire or electrostatic discharge, causing dangerous 
explosions [13]. Particulate matter (PM) with a diameter 
less than 0.3 μm  (PM0.3) is considered the most hazardous 
contaminant [14]. As is well known,  PM0.3 can penetrate 
the bronchi and lungs and enter the extrapulmonary organs 
and central nervous system through the blood, thus posing a 
severe threat to human health [15, 16]. Globally, up to 91% 
of the population lives in an environment where air pollu-
tion exceeds World Health Organization (WHO) guidelines, 
and 6.7 million people die yearly from air pollution [17]. 
Air pollution can even contribute to the spread of global 
epidemics, as PMs can be transmission carriers for viruses 
such as COVID-19 [18, 19]. Improving filtration technology 
is crucial to alleviating air pollution [20]. Many strategies 
have been adopted to deal with the  PM0.3 emitted by high-
temperature exhausts, such as sedimentation tanks, cyclone 
separators, electrostatic precipitators, and filtration technolo-
gies [21].

Filtration technologies are considered to be the most eco-
nomical technical route as they do not require the introduc-
tion of additional energy or a complex post-treatment [22]. 
However, traditional commercial fibrous filters have an aver-
age fiber diameter of 1–10 μm and an average pore size of 
3–20 μm, making it extremely difficult to capture  PM0.3 effi-
ciently while maintaining a low air resistance [10]. In recent 
years, many studies have shown that reducing the fiber diam-
eter effectively improves filtration performance [23]. When 
the fiber diameter is lowered to the range between a few 
tens and hundreds of nanometers, the PM capture capacity 
of fibrous filters is considerably improved without signifi-
cantly increasing the air resistance [24, 25]. Many methods 
have reported excellent filtration performances of nanofi-
brous membranes for  PM0.3, such as the preparation of hier-
archical dual-nanonet fibrous membranes based on solution 
blow-spinning (SBS) and self-assembly strategies [26], the 
preparation of high-performance nanofibrous network filters 

inspired by biological hybridization based on the combina-
tion of novel blend electrospinning/netting method and self-
polymerization method [27], the preparation of polysulfona-
mide/polyacrylonitrile (PSA/PAN) composite nanofibrous 
filters based on electrospinning method [28], the prepara-
tion of ZnO nanowires@poly(vinylidene fluoride) (PVDF) 
nanofibrous membrane inspired by the grass growth based 
on hydrothermal method and chemical vapor deposition 
(CVD) [29]. Thus, nanofibrous filters are promising can-
didates for superior filtration materials [30, 31]. For filters 
of different materials, metallic filter materials can be easily 
oxidized and corroded in high-temperature and corrosive gas 
environments [32], which limits their practical applications. 
Ceramic fibrous filters have attracted considerable attention 
for high-temperature filters due to their chemical stability 
and high-temperature resistance [33]. However, expensive, 
fragile ceramic fibrous filters often cause additional debris. 
As for polymers, the vast majority of polymer nanofibrous 
filters have a working temperature lower than 200 °C [10], 
not meeting the requirement of high-temperature filtration. 
Coupled with excellent chemical and physics stabilization, 
hard-to-dissolve polymetric nanofibers are up-and-coming 
candidates for use in high-temperature industrial filters, 
working in harsh environments of high temperature, com-
bustible dust, acid, and corrosiveness with low cost [34].

Finding a universal method for dissolving hard-to-dis-
solve polymers is essential for preparing high-performance 
nanofibrous membranes. Using “naked anions” as nucleo-
philic bases to disrupt intermolecular and intramolecu-
lar hydrogen bonds is considered an effective strategy for 
dissolving hard-to-dissolve polymers [35]. Many studies 
have shown that the LiCl/DMAc system can generate large 
amounts of “naked anions,” which break down intramo-
lecular and intermolecular hydrogen bonds [35–37], and 
is successfully used to prepare polybenzimidazole (PBI), 
polyimide (PI), silk, cellulose, and chitin solution [38–41]. 
However, for the LiCl/DMAc system, the commonly used 
electrospinning method is not the preferred technology 
because high electrical conductivity will deteriorate the 
spinnability and bring safety concerns. Ionic SBS is a fac-
ile, safe and straightforward preparation method, owing to 
the airflow driving force [42, 43]. In our study, the low-cost 
Nomex nanofibrous filter from the ionic SBS method with 
an areal density of only 4.618 g  m−2 exhibits a high filtration 
efficiency (99.92%) and a low-pressure drop (189.47 Pa) for 
 PM0.3 at an airflow velocity of 5.33 cm  s−1. Moreover, at 
250 °C, the Nomex nanofibrous filter with an areal density of 
4.631 g  m−2 retains a high filtration efficiency (> 99.5%) for 
 PM0.3−10.0. Furthermore, the other hard-to-dissolve fibrous 
precursor solution including PI, PBI, silk, cellulose, and chi-
tin has been successfully prepared. It provides great potential 
in preparing nanofibers on a large scale via the ionic SBS 
method.
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Experimental Section

Materials and Chemicals

Commercial Nomex microfibers were purchased from Yan-
tai Tayho Advanced materials Co., Ltd (China). Silkworm 
cocoons were picked from mulberry trees beside Gong-
shanjian in Hangzhou, Zhejiang province (China). Chitin 
(1398–61–4, Industrial pure grade) was purchased from 
Tianjin Xiensi Biochemical Technology Co., Ltd. PI (Ther-
moplastic 5218, 99.9% purity) was purchased from BASF 
SE (Germany). PBI (99.95% purity, Mw ≈ 51,000) was pur-
chased from Danish Power Systems (Danmark). Cotton pulp 
(M30, DP = 500) was purchased from Beijing North Century 
Cellulose Technology Development Co., Ltd. (China). LiCl 
(99% purity) was purchased from Meryer Chemical Technol-
ogy Co., Ltd. (China). DMAc (99.9% purity) was purchased 
from Rhawn Chemical Reagent Co., Ltd. Polyethylene oxide 
(PEO, Mv ≈ 1,000,000) was purchased from Xi Ya Rea-
gent Co., Ltd. (China). The commercial polypropylene (PP) 
fibrous filters and glass fibrous filters used for comparison 
were purchased from Hollingsworth & Vose (USA). In addi-
tion, the commercial PTFE fibrous filters were purchased 
from Jiangsu Xiankai (China). Commercial ceramic nanofi-
brous filters were purchased from Xianning Youwei Tech-
nology Co., Ltd. (China).

Preparation of Nomex Nanofibrous Membranes

The Nomex solution was prepared by dissolving commer-
cial Nomex microfibers (1.5 g) and a small amount of LiCl 
(0.6 g) in DMAc (18.5 g) while magnetically stirring the 
mixture at 90 °C for 2.3 h. Subsequently, a small amount 
of PEO (0.035 g) was added to the Nomex solution. The 
mixed solution was stirred at 90 °C for about 0.2 h to obtain 
a well-mixed precursor solution. The solution was prepared 
in a glove box to prevent absorption of moisture. The con-
figuration process of other precursor solution such as silk, 
PI, chitin, and cotton was shown in Supplementary Infor-
mation. The Nomex nanofibrous membranes were prepared 
using a custom-built SBS system. In a typical procedure, the 
precursor solution was drawn into a 20–mL plastic syringe 
and extruded into a needle tip with a 0.2–mm inner diam-
eter using a syringe pump at a fluid rate of 1.5 mL  h−1. The 
pressure of the compressed air was set to 80 kPa, and the 
distance between the tip and the roller collector was fixed at 
30 cm. The roller collector was continuously reciprocated 
left and right to obtain a uniform Nomex nanofibrous mem-
brane. The drum collector rotated at 200 rpm at a recip-
rocating speed of 1 cm   s−1. The blow-spinning process 
was assisted in a heated environment. A heating platform 
(20 cm × 20 cm in size) was kept 5 cm away from the needle 

tip, and an infrared heating lamp with a power of 150 W was 
located 20 cm away from the needle tip. Finally, the prepared 
uniform Nomex nanofibrous membrane was removed from 
the roller collector and heated in an oven at a temperature 
of 60 °C for 1 h.

Characterization

A field-emission scanning electron microscope (Zeiss, 
Germany) was used to observe the morphology of the sam-
ples, and an energy-dispersive spectrometer (EDS) detec-
tor (Zeiss, Germany) was used to determine the elemental 
composition. The distribution of the fiber diameters was 
obtained by measuring the diameter of more than 100 fibers 
in the scanning electron microscope (SEM) images using the 
Image-Pro Plus software (Media Cybernetics, USA). The 
pore diameter and porosity of a typical Nomex nanofibrous 
membrane with an areal density of 4.251 g  m−2 at room 
temperature (25 °C) and high temperature (200 °C) were 
measured using an automatic mercury porosimeter (Micro-
Active AutoPore V 9600 2.03.00, Micromeritics Inst Inc., 
USA). The conductivity of the Nomex precursor solution 
was measured by conductivity benchtop meters (VSTAR20 
series, ThermoFisher Scientific, USA). An X-ray diffrac-
tometer (XRD, D/max-2500/PC, Rigaku, Japan) with a Cu 
Kα radiation source was used to obtain the XRD patterns of 
the samples in the 2θ range of 10°–60° at a scanning rate of 
10°min−1. The blow-spinning process was observed using a 
high-speed camera (Os7, IDT Vision, USA) equipped with 
an F-mount lens (atx-i 100 mm F2.8 FF MACRO, Tokina, 
Japan). All high-speed images were captured at a frame rate 
of 8,000 fps with an exposure time of 60 μs and eventually 
played back at a frame rate of 24 fps. Other characterization 
can be seen in Tests S1 and S2.

Dipole Moment Calculation

Density functional theory (DFT) calculations were per-
formed using the Gaussian 09 software package [44]. 
The repeating units of the Nomex, polytetrafluoroethyl-
ene (PTFE), PAN, and PP filters were fully optimized at 
the B3LYP/6–311+G (d, p) level without an imaginary 
frequency.

Room Temperature Filtration Test

The filtration efficiency and pressure drop at room tem-
perature were measured using an automatic filtration 
tester (8130A, TSI, USA). A 2% sodium chloride (NaCl) 
solution was used to generate a NaCl aerosol with a mass 
median diameter of 0.26 μm and a median count diameter 
of 0.075 μm. Unless otherwise specified, the filtration effi-
ciency and pressure drop in this work were measured at a 
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continuous airflow rate of 32 L  min−1 (5.33 m  s−1). All filter 
performance test results were obtained by averaging three 
sets of data. The quality factor (QF) was derived according 
to the following equation:

where ΔP is the pressure drop before and after the airflow 
through the membrane, � is the efficiency of capturing PMs.

High‑Temperature Filtration Test

A high-temperature filtration test device has been cus-
tomized. Firstly, two quartz glass tubes 500 mm in length 
and 42 mm in inner diameter have been designed and 
Nomex nanofibrous membrane between the two quartz 
glass tubes has been placed. Subsequently, the quartz 
glass tubes were placed in a temperature-adjustable tube 
furnace (OTF-1200X, HF-Kejing, China). Two ends of 
the quartz glass tubes were connected with the air inlet 
pipe, the air outlet airflow was generated by an air com-
pressor (1500X4, OTS, China), and PM was produced by 
burning incense. The inflow of the compressed air flow 
along the intake pipe was controlled by a flow meter, 
causing PM to enter the quartz glass pipe. Two PM parti-
cle counters (DT-9880 M, CEM, China) were connected 
to the inlet and outlet of the quartz glass tube to measure 
the number of PM particles of different sizes. The PM 
particle counters comprised six channels, which could 
detect the number of PM particles with diameters of 0.3, 
0.5, 1.0, 2.5, 5.0, and 10.0 μm. The accumulation mode 
of the particle counters has been used in measuring the 
 PM0.3–10 value with an acquisition time of 30 s. Finally, 
the high-temperature filtration efficiency of the Nomex 
nanofibrous membrane was calculated by taking the dif-
ference between the number of PM particles with a given 
size before and after filtration. The cumulative mode of 
the PM particle counters has been used in measuring 
the  PM0.3−10 value at the exhaust port when the vehicle 
engine speed was 3,000 rpm. The test duration was 30 s. 
By denoting the particle number of each channel obtained 
before and after installing the Nomex nanofibrous mem-
brane filter as C1 and C2, respectively, η can be calculated 
as follows:

In the high-temperature filtration stability test, the Nomex 
nanofibrous membrane was continuously heated in a muffle 
furnace at 250 °C for 15 consecutive days and tested their 
filtration performance daily using a TSI 8130A filtration 

(1)QF = [−ln(1 − �)]∕ΔP,

(2)� = 1 −
C1

C2

.

tester. All filter performance test results were obtained by 
averaging three sets of data.

Results and Discussion

Preparation of Nomex Nanofibrous Membranes

A DMAc solution system containing anhydrous LiCl was 
used to dissolve Nomex microfibers (Fig. 1a). After electro-
magnetic stirring in LiCl/DMAc solution system at 90 °C 
for 2.5 h, Nomex microfibers were completely dissolved 
and a translucent precursor solution was successfully pre-
pared (Fig. 1b). The anhydrous LiCl in DMAc can break 
the hydrogen bonds between the Nomex molecular chains 
through complexation, which resulted in the dissolution 
of the commercial Nomex microfibers into the solvent. In 
this system,  Li+ and DMAc form an ion–dipole complex: 
[DMAc +  Li]+. Due to the polar aprotic property of DMAc 
and the inability of hydrogen atoms in DMAc to form hydro-
gen bonds,  Cl− cannot be solvated [45]. Therefore,  Cl− will 
have greater freedom to break the intermolecular and intra-
molecular hydrogen bonds in hard-to-dissolve polymers 
(Fig. 1c) [37]. In addition, a small amount of PEO was added 
to increase the spinnability of the precursor solution. Based 
on the same mechanism, PBI, silk, cellulose, chitin, and 
PI polymer have been dissolved successfully by the LiCl/
DMAc system, all of which are expected to be converted 
into nanofibers (Fig. 1d).

Through the ionic SBS method, hard-to-dissolve nanofib-
ers can be prepared stably to uniform nanofibers driven by 
the high-speed airflow on a large scale in the whole dissolv-
able range in LiCl/DMAc system (Fig. S1). However, the 
key to electrospinning is the accumulation of free charges 
at the solution interface and liquid stretching induced by 
the tangential electric field. Thus, the Nomex nanofibrous 
membrane cannot be easily prepared by electrospinning 
when the solution conductivity is relatively high. Moreo-
ver, the generation of electric sparks during electrospin-
ning introduces potential safety hazards. Specifically, when 
the mass fraction of LiCl is 2% (Fig. 1e: Region 1), the 
solution has relatively high conductivity (4.35 mS  cm−1) 
with an excessively long dissolution time. When the mass 
fraction of LiCl is 3–5% (Fig. 1e: Region 2), the solution 
conductivity is 5.62–5.72 mS  cm−1 with a higher dissolu-
tion rate. However, the relatively high conductivity makes 
the solution difficult to form stable Taylor cones, and thus 
Nomex nanofibrous membrane cannot be prepared readily. 
When the mass fraction of LiCl is 5–10%, the conductivity 
of the solution decreases. Although Nomex fibers can be 
prepared in this region, many fibers are bundled together to 
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form micron-sized fibrous bundles due to the limited traction 
caused by the conductivity of the solution (Fig. 1e: Region 
3 and Fig. S2) [46, 47].

In the ionic SBS process, the polymer precursor solution 
is drawn by the airflow, and a jet is first formed when the 
drawing force is greater than the surface tension (Figs. 2a and 
S3). Then, benefiting from heating and the strong gas–liquid 
interface disturbance, the solvent volatilizes rapidly to form 
ultra-fine nanofibers, enabling a safe, scalable, simple, and 
cost-effective process. Here, we readily refined Nomex micro-
fibers (diameter ≈ 19 μm) into Nomex nanofibers (diameter 
≈ 100 nm), which implies that a commercial Nomex micro-
fiber has been successfully processed into more than 30,000 
Nomex nanofibers (Fig. 2b). These Nomex filters composed 
of nanofibers are expected to achieve a highly efficient filtra-
tion of PM in exhausts (Fig. 2c). Moreover, solution jetting 
and fiber whipping were visualized through high-speed vid-
eography (Fig. 2d–f, Video S1). Under the action of high-
speed airflow in the ionic solution blow-spinning process, 
the sheer force induced by the airflow refines the solution 
extruded from the needle tip, and first forming a Taylor cone, 
then forming a liquid jet along the flow direction, and finally 
whipping violently. Strong gas–liquid interface disturbance 
and temperature gradient field promote the volatilization of 
DMAc, ultimately leaving high-quality nanofibers.

A typical Nomex nanofibrous membrane with different 
thicknesses is presented in Fig. S4; these membranes can be 
widely used in automotive exhaust filters, industrial exhaust 
filters, masks, and other scenarios (Fig. S5). Alternatively, 
a breathable cage-like collector can be placed behind the 
drum collector, where excess nanofibers can form a porous 
three-dimensional nanofiber sponge. Based on multi-nee-
dle integrated spinning devices and roll-to-roll collection 
devices, the large-scale production of Nomex nanofibrous 
membranes can be easily achieved [48]. Moreover, Nomex 
nanofibrous sponges prepared by vacuum freeze-drying 
technology can be used for thermal insulation, photocata-
lytic, energy storage, and wound healing (Fig. S6) [49–52].

Structure and Properties of Nomex Nanofibrous 
Membranes

The microscopic size of the Nomex nanofibrous membrane 
was observed via SEM. The SEM images show that these 
Nomex nanofibers have uniform morphologies, smooth 
surface, and high aspect ratio (Fig. 3a). Through adjusting 
parameters, including precursor solution injection rate, poly-
mer solution concentration, and airflow velocity, the aver-
age diameter of the Nomex fibers is consistent in the range 
of 100–200 nm, highlighting the reliability of the spinning 
process (Fig. S7). It is proved that under the action of strong 
gas–liquid interface disturbance and temperature gradient 
field, the solvent volatilizes rapidly, and the nanofibers are 

well formed. It is also fully demonstrated that the solution 
and the ionic SBS method have excellent stability, laying a 
good foundation for large-scale production. The fiber struc-
ture of a single Nomex nanofiber was also observed via 
transmission electron microscopy (TEM), and its electron 
diffraction pattern consists of an amorphous diffraction ring 
(Fig. 3b). An amorphous peak appears in the XRD pattern of 
a typical Nomex nanofibrous membrane, indicating that the 
prepared Nomex nanofibers are amorphous (Fig. S8). The 
Fourier-transform infrared spectroscopy (FTIR) spectrum of 
the precursor solution and Nomex nanofibers demonstrate 
their successful preparation. (Fig. S9, Fig. 3c, see Test S3 
for details).

Many studies have shown that the finer the nanofiber 
diameter, the better the filtration performance of the nanofi-
brous filters [53]. To achieve an excellent filtration perfor-
mance, a typical Nomex nanofibrous membrane with an 
average fiber diameter of 111 nm (Fig. 3d) was prepared, 
and the porosity of this nanofibrous membrane was around 
92.36% at room temperature (Fig. 3e, Table S1). The rela-
tively high porosity of the Nomex nanofibrous membrane 
can provide channels for airflow [54], thereby reducing air 
resistance during filtration. After heat treatment at 200 °C 
for 25 h, the Nomex nanofibrous membrane maintained a 
high porosity (86.78%) (Fig. 3e, Table S1). In addition to 
the potential excellent filtration performance and thermal 
stability, the consumption and cost are also relatively low. 
The raw material cost of Nomex nanofibers is 63.36 $  kg−1, 
which is lower than other potential high-temperature filter 
materials, including PI, poly(1,4-phenylene sulfide) (PPS), 
and PTFE powders (Fig. S10). In addition, the Nomex 
nanofibrous membranes have minimal consumables, cap-
turing more than 99.9% of  PM0.3 with an areal density of 
only 4.618 g  m−2. The consumables are quantified in terms 
of the areal density. At the same filtration efficiency of over 
99.5% for  PM0.3, the areal density of the Nomex nanofibrous 
membranes is considerably lower than that of PI nanofibrous 
membranes (6.61 g  m−2), polyvinyl chloride/polyurethane 
(PVC/PU) fibrous membranes (21 g  m−2), commercial PP 
filters (40.88 g  m−2), and commercial glass fibrous filters 
(80.54 g  m−2) (Fig. S11). In other words, to achieve the same 
level of filtration efficiency, Nomex nanofibrous membranes 
consume 88.7% and 94.3% less material compared to current 
commercial PP and glass fibrous filters, respectively.

A Nomex nanofibrous membrane with an areal density 
of 1.890 g  m−2 can capture 95.42% of  PM0.3, and that of 
3.780 g  m−2 can capture 99.6% of  PM0.3. To demonstrate 
the advantages of Nomex nanofibrous membranes in terms 
of low areal density, the filtration performance and areal 
density of Nomex nanofiber membranes were compared 
with other fibrous air filters, as shown in Fig. 3f. The per-
formance of the Nomex nanofibrous membrane is better 
than most of the polymer-based fibrous filter materials, 
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such as PVDF/graft (83.00%, 8 g  m−2) [55], PP (99.36%, 
60 g  m−2) [56], PVC/PU (99.50%, 21 g  m−2) [57], PAN 
(98.89%, 7.49 g  m−2) [58], PI (99.73%, 6.61 g  m−2) [53], 
fluorinated polyurethane/PAN/PU (FPU/PAN/PU, 95.91%, 
12.02 g  m−2) [58], polyamide6/soy protein isolate (PA6/SPI, 
99.53%, 11.4 g  m−2) [59]. Additionally, the performance of 
the Nomex nanofibrous membranes is better than most of 
the ceramic-based fibrous filter materials, such as γ-alumina 
(99.85%, 9.28 g  m−2) [60] and  TiO2 (96.05%, 7.1 g  m−2) 
[61], and is apparently superior to that of commercial glass 
fibrous filters (99.89%, 80.542 g  m−2). After calculation, 

the raw material cost for preparing Nomex nanofibrous 
membrane is 1561.74 RMB  kg−1. The filtration efficiency 
for  PM0.3 is 99.92%, 99.60%, 98.51%, and 95.40%, and the 
corresponding areal densities are 4.618 g  m−2, 3.780 g  m−2, 
2.865, and 1.890 g  m−2, respectively. Converting to area 
production cost, the area production cost of a Nomex nanofi-
brous membrane with a filtration efficiency of 99.92%, 
99.60%, and 98.51% is 7.21 RMB  m−2, 4.47 RMB  m−2, and 
2.95 RMB  m−2, respectively, which is close to the area pro-
duction cost of bulk industrial commodity PP melt-blown 

Fig. 1  Preparation of Nomex and other hard-to-dissolve nanofibrous 
precursor solution. a Schematic diagram of the preparation process of 
Nomex precursor solution. b A 20-mL bottle of successfully prepared 
clear Nomex precursor solution. c Dissolution mechanism of Nomex 
in LiCl/DMAc solution. d Different hard-to-dissolve fibrous precur-
sor solution was successfully prepared in LiCl/DMAc system. e The 

relationship between conductivity, dissolution time, and LiCl concen-
tration of LiCl/DMAc solution system: the electrospinning process of 
solution system is accompanied by a large number of electric sparks, 
and relatively high conductivity represents high spark risk, relatively 
low conductivity represents low dissolution efficiency
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cloth and lower than that of high-temperature resistant PTFE 
filter.

We conducted a simple flame-burning test to evaluate 
the excellent flame retardancy of Nomex nanofibrous mem-
branes. Figure 3g and Video S2 show that no delayed com-
bustion or melting occurs when the membrane encounters 
the flame. Furthermore, Fig. 3g and Video S2 also dem-
onstrate the excellent self-extinguishing properties of the 
Nomex nanofibrous membranes. After igniting a Nomex 
nanofibrous membrane with a small fire extinguisher for 5 s, 

the flame went out immediately when the fire extinguisher 
was turned off. Further, thermal gravimetric analysis (TGA) 
and differential thermal analysis (DTA) were conducted 
to investigate the thermal stability and high-temperature 
resistance of Nomex nanofibrous membranes (Fig. 3h). The 
DTA result shows that in the argon atmosphere, the Nomex 
nanofibrous membranes exhibit a gentle exotherm without 
any clear melting endothermic peaks below 700 °C during 
the heating process. The TGA results show that in the air 
atmosphere, the Nomex nanofibrous membranes only lose 

Fig. 2  Preparation of hard-to-dissolve nanofibrous membranes via 
ionic SBS. a Schematic diagram of the preparation process of blow-
spinning Nomex nanofibrous membranes. b Commercial Nomex 
microfibers with an average fiber diameter of 19  µm were success-
fully fabricated into Nomex nanofibers with an average fiber diameter 
of 98  nm by ionic SBS. c Schematic diagram of the fire-retardant, 

high-temperature resistant Nomex nanofibrous filter used for high-
efficiency filtration. d Image of spinneret nozzle part during spinning. 
e Enlarged image of spinneret nozzle part during spinning. f High-
speed camera image of spinneret nozzle part during preparation, it 
could be seen that the solution forms a jet and then starts to whip
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5% of mass at 376 °C, which is higher than that of most 
polymer nanofiber membranes, such as PTFE (368 °C), PAN 
(295 °C), and PP (221 °C) membranes (Fig. S12). Accord-
ing to the differential scanning calorimeter (DSC) results, 
the glass transition temperature (Tg) of the Nomex nanofi-
brous membranes is around 245 °C (Fig. S13). The above 
tests demonstrate the high-temperature resistance of Nomex 
nanofibrous membranes. The absence of molten droplets at 
high temperature indicates the high-temperature safety of 
the Nomex nanofibrous membranes.

It is essential to analyze their flame retardancy further 
to investigate the safety of the Nomex nanofibrous filters 
when used at high temperature. Generally, materials with a 
limiting oxygen index (LOI) greater than 27% are consid-
ered flame-retardant. The oxygen index test reveals that the 
LOI value of the Nomex nanofibrous membranes is 28.39% 
(Tables S2–S3), which proves that it is a flame-retardant 
material (Fig. S14). The heat release rate (HRR) is one of 
the most critical thermal parameters for evaluating the flame 
retardancy and fire safety of polymers [62]. The peak value 

Fig. 3  Characterization of the Nomex nanofibrous membranes. a 
SEM image of a Nomex nanofibrous membrane. b TEM and dif-
fraction ring images of a Nomex nanofiber. c FTIR spectrum of 
blow-spinning Nomex nanofibers. d Histogram showing the Nomex 
nanofibers' diameter distribution based on measurements of more 
than 100 fibers. e Area pore size distribution of a typical Nomex 
nanofiber membrane measured by an automated mercury porosimeter 
before and after being heated at 200 °C for 25 h. f Comparison of the 

areal density and filtration efficiency for  PM0.3 of the Nomex nanofi-
brous membranes with other air filter materials. g Image showing the 
flame retardancy and fire safety of the Nomex nanofibrous membrane 
after burning for 5 s. h TGA and DTA curves of the Nomex nanofi-
brous membrane. i Demonstration that a Nomex nanofibrous mem-
brane with dimensions of 70 mm (length) × 20 mm (width) × 0.05 mm 
(thickness) can stably lift a 0.5-kg bottle
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of the heat release rate (pHRR) of the Nomex nanofibrous 
membranes (27.608 W  g−1) was obtained by conducting 
a micro-scale combustion calorimetry (MCC) measure-
ment; the obtained value is lower than that of most polymer 
nanofibrous membranes, such as PTFE (401.280 W  g−1), 
PAN (121.533 and 27.608 W  g−1), and PP (447.361 W  g−1) 
membranes. The total heat release (total HR) value of 
the Nomex nanofibrous membranes was calculated to be 
4.9 kJ  g−1, which is lower than those of PTFE (19.1 kJ  g−1), 
PAN (11.6 kJ  g−1), and PP (341.0 kJ  g−1) membranes (Fig. 
S15). Low pHRR and total heat release (total HR) values 
indicate that the filter is less likely to present a fire hazard. 
In addition, the HRR curves of Nomex nanofibrous mem-
branes are flatter, which suggests that Nomex nanofibrous 
membranes burn more slowly.

Mechanical tensile tests were performed using a univer-
sal testing machine. The test results show that the average 
tensile strength of the Nomex nanofibrous membranes at 
room temperature is 4.36 MPa, corresponding to an aver-
age elongation of 68.05% (Fig. S16). Fig. S17 shows the 
stress–strain curve of a typical Nomex nanofibrous mem-
brane at room temperature. Figure S16 shows the average 
tensile strength and elongation of Nomex nanofibrous mem-
branes heated at 200 °C for a different time. The test shows 
that the tensile strength of the membranes remains close 
to 80% after heating at 200 °C for 50 h. In addition, the 
dynamic thermodynamic analyzer (DMA) test results reveal 
that the Nomex nanofibrous membranes can maintain a ten-
sile strength of more than 4 MPa while operating at a high 
temperature of 250 °C for 10 min (Fig. S18). The mechani-
cal properties of the Nomex nanofibrous membrane are also 
displayed in Fig. 3i, indicating a typical Nomex nanofibrous 
of 70 mm (length) × 20 mm (width) × 0.05 mm (thickness) 
can stably lift a 0.5-kg bottle of water (Video S3). In addi-
tion, considering the acidity of industrial flue gas [63, 64], 
a Nomex nanofibrous membrane was soaked in a 3 mol  L−1 
hydrochloric acid solution for 24 h to test its acid corrosion 
resistance. Its surface morphology and structure via SEM 
and FTIR were investigated to demonstrate the stability of 
the membrane after being corroded in an acidic solution. 
The SEM image shows that the membrane retains a smooth 
surface morphology. All characteristic peaks in the FTIR 
spectrum are consistent with those shown in Fig. 3c, dem-
onstrating the well acidic-corrosion resistance (Fig. S19).

To demonstrate the excellent filtration performance of the 
Nomex nanofibrous membranes, their filtration performance 
for different areal densities at different airflow velocities was 
tested. The relationship between the spinning time, areal 
density, filtration efficiency (η), pressure drop (∆P), and QF 
is shown in Fig. S20. A higher QF value means a better 
filtration performance of a filter. Figure 4a shows that as 
the areal density of the membrane increases, the filtration 
efficiency gradually increases, while the rate of increase 

gradually decreases. For instance, at an airflow velocity 
of 5.33 cm  s−1, Nomex nanofibrous membranes with areal 
densities of 1.553, 1.890, 2.865, 3.780, and 4.618 g  m−2, 
exhibit η = 92.24%, 95.42%, 98.51%, 99.60%, and 99.92%. 
Further, the airflow velocity has little influence on the filtra-
tion efficiency of the Nomex nanofibrous membranes, espe-
cially when the areal density is greater than 1.890 g  m−2 
(Fig. 4b). For example, the Nomex nanofibrous membrane 
with an areal density of 4.618 g  m−2 still has η = 99.76% at 
a high-speed airflow of 15.83 cm  s−1. The test results indi-
cate that Nomex nanofibrous membranes are able to capture 
 PM0.3 with high efficiency regardless of the airflow speed. It 
reflects the strong capture ability of the Nomex nanofibrous 
membrane and that Nomex nanofibrous membrane can still 
maintain an excellent physical structure under high shear 
stress brought by high-speed airflow.

The pressure drop of the Nomex nanofibrous membranes 
increases approximately linearly with the increase of area 
density and airflow velocity (Fig. 4c, d). For example, the 
pressure drop of the Nomex nanofibrous membrane with 
an areal density of 4.618 g  m−2 increases significantly from 
152.88 to 638.63 Pa as the airflow velocity increases from 
4.17 to 15.83 cm  s−1. The results show that the directly 
proportional relationship between the airflow velocity 
and the pressure drop satisfies Darcy's law [65]. It means 
that the airflow is in the form of laminar flow through the 
porous Nomex nanofibrous membrane. Moreover, the 
QF is not significantly affected by the areal density at a 
constant airflow velocity (Fig. 4e), meaning that Nomex 
nanofibrous membranes with different areal densities all 
have excellent filtration quality. For example, the QF of 
the Nomex nanofibrous membrane decreases from 0.043 
to 0.038  Pa−1 as the areal density increases from 1.553 to 
4.618 g  m−2 at an airflow rate of 5.33 cm  s−1. However, the 
QF values of the Nomex nanofibrous membranes decrease 
significantly with the airflow rate (Fig. 4f). Compared 
with a commercial glass fibrous filter commonly used for 
high-temperature filtration (areal density of 80.542 g  m−2, 
η = 99.89%, ΔP = 264.60 Pa, and QF = 0.026  Pa−1), the 
Nomex nanofibrous membrane with an ultra-low areal 
density of 4.618 g   m−2 exhibits a higher filtration effi-
ciency for  PM0.3 (η = 99.92%) with a lower pressure drop 
(ΔP = 189.47 Pa) and a higher QF value (QF = 0.038  Pa−1) 
at an airflow rate of 5.33 cm  s−1 (Table S4). The above 
advantages can be attributed to the two following points: 
(1) the outstanding physical structure and strong polarity 
improve the PM capturing efficiency; (2) the strong slip 
effect reduces air resistance.

Efficient Filtering Mechanism

In the actual filtration process, the PM capture mechanisms 
through nanofibers can be classified into the following five 
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categories: direct interception, Brownian diffusion, inertia 
impact, gravity settling, and electrostatic deposition [66]. 
The filtration efficiency contributed by the first four capture 
mechanisms depends on fiber diameter, particle size, and 
airflow velocity. The first four mechanisms could be col-
lectively referred to as intrinsic mechanisms [13, 24, 43]. 
Regarding the electrostatic deposition mechanism, many 
studies have shown that several polar functional groups 
are enriched on the PM surface, such as C–O, C=O, and 
C–N groups [24, 53]. When the polymer repeating unit has 
a stronger dipole moment, the polymer fiber behaves with 
stronger dipole–dipole and dipole-induced intermolecular 
forces, improving capture efficiency and capture stability for 
PM [67, 68]. The dipole–dipole and dipole-induced inter-
molecular forces between polar molecules are actually an 
electrostatic attraction between intrinsic dipole moments, we 
refer to this mechanism of electrostatic attraction to PMs as 
an intrinsic electrostatic deposition mechanism. The dipole 
moments of repeating units of Nomex, PTFE, PAN, and PP 
membranes were calculated through DFT. The calculation 
results show that the dipole moment of the repeating unit of 
Nomex reaches 4.87 D, which is greater than those of PTFE 
(0 D), PAN (4.05 D), and PP (0.43 D) (Fig. 4g). Therefore, 
the Nomex nanofibrous membranes are characterized by a 
more significant contribution of the intrinsic electrostatic 
deposition mechanism to capturing PM. Secondly, when the 
fibers are sufficiently thin, the occurrence of the slip effect 
will reduce the air resistance [69]. According to the air fil-
tration theory, the dimensionless Knudsen number (Kn) is 
often used to characterize the flow state of the gas around 
the fiber, which is affected by the mean free path of air mole-
cules (λ) and the average fiber diameter (d). Kn is written as:

When 0.25 < Kn < 10, the airflow state belongs to the 
transition flow regime between the slip and free molecular 
flow [25]. The average diameter of the Nomex nanofibers 
is 111 nm, and the corresponding Kn value is 1.19; thus, 
the airflow state on the fiber surface belongs to the transi-
tion flow regime. In this case, the airflow is dominated by 
the large slip, and the mass transfer is dominated by the 
strong molecular diffusion [70], which means that gas mol-
ecules will be subjected to a strong slip flow effect as they 
move with the airflow over the fiber surface [71]. The slip 
flow effect reduces the resistance caused by the interaction 
between gas molecules and the fiber surface. Therefore, 
even if the average diameter of the Nomex nanofibers is 
greater than the mean free path of air molecules, it will not 
increase the airflow resistance. Due to the slip flow, Nomex 
nanofibrous membranes with a high Kn value can achieve 
a high-efficiency filtration with a low-pressure drop, thus 
possessing a high QF value. To demonstrate the filtration 

(3)Kn = 2�∕d.

performance of the Nomex nanofibrous membrane for  PM0.3, 
the membrane with QF = 0.043  Pa−1 was continuously tested 
for 10 min with a tested airflow rate of 5.33 cm  s−1. The 
SEM images demonstrate that the Nomex nanofibers can 
capture a large quantity of the  PM0.3 NaCl aerosol (Fig. 4h, 
i), and the capturing mechanism is illustrated via the ele-
mental mapping images obtained through SEM–EDS (Fig. 
S21a–d). The results demonstrate that the Nomex nanofi-
brous membrane with an average fiber diameter of 94 nm 
and an areal density of 4.618 g  m−2 successfully captures 
a large amount of  PM0.3 (Fig. S21e–f). In addition, Nomex 
nanofibrous membrane has an excellent dust-holding capac-
ity. The membrane with an areal density of 1.720 g  m−2 can 
capture  6.046 g  PM0.3 per square meter, which is more than 
three times its own weight per unit area (Fig. S21g–h). A 
more intuitive demonstration is that the Nomex nanofibrous 
membrane can completely block smoke diffusion to the adja-
cent bottles (Fig. S22).

To explore the stability of the capturing efficiency of the 
membranes contributed by the intrinsic electrostatic deposi-
tion mechanism, the Nomex nanofibrous membranes were 
fumigated in isopropanol (IPA) for 24 h according to the 
ISO 16890 standard to remove static electricity [72]. The 
test result shows that the filtration efficiency of the Nomex 
nanofibrous membrane did not decrease significantly after 
IPA fumigation for 24 h (Fig. 4j). The filtration efficiency of 
the Nomex nanofibrous membrane with an areal density of 
4.312 g  m−2 for  PM0.3 only decreased from 99.79 to 99.60% 
after fumigation, which means that the filtration efficiency of 
the membrane for  PM0.3 is highly stable. A Nomex nanofi-
brous membrane with an areal density of 3.022 g  m−2 was 
also soaked in deionized water for 24 h. After washing, its 
filtration efficiency for  PM0.3 remained at around 99% (Fig. 
S23). Therefore, it can be expected that the Nomex nanofi-
brous membranes have a high filtration efficiency even in 
humid environments or after being washed with water. The 
above experiments demonstrate that Nomex nanofibers have 
intrinsic high molecular dipole moments. In other words, 
Nomex nanofibers can have high filtration efficiency even 
when external charges are eliminated. To corroborate the 
long-term efficiency stability of the Nomex nanofibrous 
membranes for  PM0.3, the filtration efficiency of two mem-
branes with areal densities of 1.929 and 4.618 g  m−2 was 
tested for 15 consecutive days. The test results show that 
the filtration efficiency of the Nomex nanofibrous membrane 
with an areal density of 1.929 g  m−2 fluctuates between 96 
and 98% over the 15 days, while the filtration efficiency of 
the Nomex nanofibrous membrane with an areal density of 
4.618 g  m−2 decreases only from 99.92 to 99.87% (Fig. 4k).
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Fig. 4  Filtration performance of the Nomex nanofibrous membranes 
at room temperature. a, b Dependence of the filtration efficiency of 
the Nomex nanofibrous membranes with different areal densities 
on the airflow velocity. c, d Dependence of the pressure drop of the 
Nomex nanofibrous membranes with different areal densities on the 
airflow velocity. e, f Dependence of the QF values of the Nomex 
nanofibrous membranes with different areal densities on the airflow 

velocity. g Molecular model of the Nomex, PTFE, PAN, and PP fil-
ters and corresponding calculated dipole moments. h, i SEM images 
of the NaCl aerosols with  PM0.3 size captured by the Nomex nanofib-
ers. j Comparison of the filtration efficiency before and after isopro-
pyl alcohol fumigation for 24 h. k Results of the long-term filtration 
efficiency stability test of the Nomex nanofibrous membranes
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Practical High‑Temperature Filtration

To test the high-temperature filtration performance of the 
Nomex nanofibrous membranes, we built a high-temperature 
filtration device to simulate practical high-temperature fil-
tration scenarios. The schematic diagram of the device is 
shown in Fig. 5a, and the details of its working mechanism 
can be found in the Experimental Section. We generated 
a large amount of PM by burning incense, which releases 
various air pollutants, including CO,  SO2,  NO2, and vol-
atile organic compounds (VOCs). This approach is com-
monly used to simulate actual PM generation sources [53, 
73]. Next, we tested the filtration efficiency of the Nomex 
nanofibrous membranes for  PM0.3–10 at a high temperature 
of 250 °C and airflow velocity of 5.33 cm  s−1 using the 
high-temperature filtration device. The test results show that 
the Nomex nanofibrous membrane with an areal density of 
4.631 g  m−2 has a relatively high filtration efficiency (greater 
than 99.50%) for  PM0.3–10, meeting the required standard of 
high-efficiency filters (Fig. 5b). Figures 5c and S24 show 
the SEM images of the windward and leeward sides of the 
Nomex nanofibrous membrane after filtration at 250 °C for 
10 min, respectively. The results show that the membrane 
successfully captured almost all PM at high temperature.

To investigate the dimensional stability of the Nomex 
nanofibrous membranes, in high temperatures, Nomex 
nanofibers, were observed by SEM, in a specific position, 
after heating at 150 °C, 200 °C, 250 °C, and 300 °C for 12 h 
(Fig. 5d). The SEM images show that the Nomex nanofib-
ers retain their original microscopic morphology and posi-
tion after long-term heating at 250 °C. We also placed the 
Nomex nanofibrous membranes in a muffle furnace for 
long-term heating. Commercial PTFE membranes, PAN, 
and PP nanofibrous membranes were also placed in the muf-
fle furnace for comparison (Fig. 5e). After being heated at 
150 °C, 200 °C, and 250 °C for 12 h, the Nomex nanofibrous 
membranes did not substantially shrink in size. However, 
the commercial PTFE membranes were severely deformed 
after being treated at 250 °C. As the heating temperature 
increased to 250 °C, the PAN nanofibrous filter shrank sig-
nificantly and turned black. The PP nanofibrous membranes 
were severely deformed after treatment at only 150 °C and 
even melted at 200 °C (Fig. S25). These phenomena demon-
strate the advantages of the Nomex nanofibrous membranes 
in terms of high-temperature dimensional stability.

To investigate the advantages of the Nomex nanofibrous 
membranes in high-temperature filtration, we compared their 
high-temperature filtration performance with that of other 
ordinary filters, such as PAN nanofibrous membranes and 
commercial filters (PP and PTFE) (Fig. 5f). To obtain these 
results, the following procedure was carried out: we placed 
these filters (size 25 cm (length) × 20 cm (width)) in a muffle 
furnace and heated them at a temperature ranging from 40 to 

300 °C for 12 h, and then tested their filtration performance 
for  PM0.3. At an airflow velocity of 5.33 cm  s−1, as the tem-
perature increased from 40 to 260 °C, the filtration efficiency 
of the Nomex nanofibrous membrane with an areal density 
of 4.618 g  m−2 for  PM0.3 remained stable between 99.93 
and 99.95%, which indicates the better filtration stability 
of this membrane compared with those of the commercial 
filters. Figure 5g shows the filtration efficiency of the Nomex 
nanofibrous membranes for  PM0.3 after being heated in a 
temperature range of 180–280 °C for 12 h. Even after being 
heated for 12 h at 280 °C, the Nomex nanofibrous mem-
branes retain a filtration efficiency for  PM0.3 of 99.363%. 
We also used a Nomex nanofibrous membrane with an areal 
density of 4.212 g  m−2 to filter vehicle exhausts (~ 70 °C) 
[13, 51]. The exhaust gas disappeared upon installing the 
Nomex nanofibrous filter, and the vehicle could normally 
run (Fig. 5h, Video S4). When the operating speed of the 
vehicle engine is 3000 rpm, the Nomex nanofibrous mem-
brane could capture more than 97% of  PM0.3–10 emitted from 
the vehicle exhausts (Fig. S26).

To confirm that the filtration efficiency of the Nomex 
nanofibrous membranes for  PM0.3 remains stable for a long 
time at high temperature, we heated two Nomex nanofibrous 
membranes with areal densities of 2.525 and 4.631 g  m−2 
in the muffle furnace at 250 °C for 15 days. The filtration 
efficiency of these Nomex nanofibrous membranes for  PM0.3 
over the 15–day period was tested using the TSI 8130A tester. 
Because of its ultra-fine diameter of ~ 100 nm and high intrin-
sic dipole moment of 4.87 D, the Nomex nanofibrous mem-
brane has sustained high filtration efficiency and low air resist-
ance after high-temperature treatment (Fig. 5i). For example, 
when a Nomex nanofibrous membrane with an areal density 
of 4.631 g  m−2 was heated at 250 °C for 15 days, the  PM0.3 
filtration efficiency was consistent between 99.92 and 99.94%. 
Overall, the Nomex nanofibrous membrane exhibits an array 
of excellent behaviors that are highly desirable for practical air 
filtration but generally difficult to achieve. Figure 5j compares 
the filtration efficiency, air resistance, cost, areal density, and 
working temperature of the Nomex nanofiber membrane with 
those of commercial PTFE filters, commercial ceramic nanofi-
brous filters, commercial PP filters, and reported PI fibrous 
membranes. Although the working temperature and air resist-
ance perform slightly worse than PI nanofibrous membranes 
[51], other indexes are much superior to commercial PTFE, 
ceramic, and PP filters and PI fibrous membranes (Fig. 5j). It 
is worth noting that the Nomex nanofibrous membrane used 
at high temperature and room temperature can be washed with 
water or alcohol and reused for filtration applications, and 
can also be redissolved by the LiCl/DMAc solution system, 
reflecting the recyclability and renewability of the membrane 
(Fig. S27). The Nomex nanofibrous membrane exhibits the 
unprecedented integration of high filtration efficiency, high 
working temperature, low areal density, low air resistance, and 



509Advanced Fiber Materials (2023) 5:497–513 

1 3

Fig. 5  Filtration performance of the Nomex nanofibrous membranes 
at high temperature. a Schematic diagram of the high-temperature fil-
tration test device. b Filtration efficiency of the Nomex nanofibrous 
membranes for  PM0.3–10 at 250  °C via high-temperature filtration 
test device. c SEM image of the windward side of a Nomex nanofi-
brous membrane after polluted air filtration for 10 min at 250 °C. d 
SEM images of the Nomex nanofibrous membranes after heating at 
150 °C, 200 °C, 250 °C, and 300 °C for 12 h. e Thermal shrinkage 
test images of the Nomex, PTFE, PAN, and PP membranes after heat-
ing at 250 °C for 12 h. f  PM0.3 removal efficiency of air filters made 
of different materials in the temperature range of 40–300 °C, “Com.” 

stands for commercial. g Filtration efficiency of the Nomex nanofi-
brous membrane with an areal density of 4.618  g   m−2 for  PM0.3 at 
180–280 °C. h Images of the field filtration test for vehicle exhausts. 
i The filtration stability test results after long-term heating of the 
Nomex nanofibrous filter at 250  °C. j Radar chart of fibrous mem-
brane comparing areal density, filtration efficiency, pressure drop, 
working temperature, and cost of Nomex nanofibrous membranes, 
commercial PTFE membranes, commercial ceramic nanofibrous 
membranes, commercial PP membranes, and PI nanofibrous mem-
branes
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low cost, combing with inherently excellent flame retardancy, 
chemical inertness, and mechanical properties, making them 
highly attractive for next generation advanced air filters.

Conclusions

In summary, we successfully developed hard-to-dissolve 
Nomex nanofibrous filters using a cost-effective and scal-
able ionic SBS method. The hard-to-dissolve Nomex 
microfibers were successfully dissolved into the pre-
cursor solution of the LiCl/DMAc system, and Nomex 
nanofibers with a diameter of about 100 nm were readily 
and stably prepared. The Nomex nanofibrous membrane 
with an areal density of only 4.618 g  m−2 can filter up to 
99.92% of NaCl aerosols with a diameter of 0.3 μm and 
with ΔP = 189.47 Pa. The membrane can retain η = 99.36% 
for  PM0.3 after being heated at 280 °C for 12 h. Owing to 
their ultra-low weight, low cost, excellent high-tempera-
ture resistance, flame retardancy, acid corrosion resistance, 
stable filtration efficiency, and outstanding mechanical 
properties, Nomex nanofibrous membranes can be used in 
various fields that require PM-free air, such as precision 
electronics manufacturing, hospitals, and the aerospace 
industry. Most importantly, Nomex nanofibrous material 
is promising for high-temperature gas filtration in several 
industrial-grade fields, such as gas boilers, coal furnaces, 
glass factories, vehicle exhausts, and the chemical industry.
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