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� PVDF nanofiber membrane modified
by haloamine salt has 99%
antibacterial properties against E. coli
and S. aureus.

� The multi-scale PVDF-PAA-TMP-Cl
nanofiber films were successfully
prepared by depositing ultra-fine
(20–35 nm) nanofiber layers on the
surface of antibacterial scaffold fiber
films.

� After optimizing performance
parameters, the multi-scale nanofiber
member has excellent filtration
efficiency (99.93 %) and low filtration
resistance (79pa) for PM0.3 and the
antibacterial properties of E. coli and
S. aureuswere still above 90 % after 10
cycles of chlorination.

� The preparation of multi-scale
nanofiber membrane with high
efficiency filtration and lasting
antibacterial activity provides a new
idea for the research of air and water
filtration and protective materials.
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peculiar odors if worn for extended periods owing to bacterial growth. Therefore, new protective mate-
rials with good filtration and antibacterial capabilities are required.
Experiments: In this study, we prepared multi-scale polyvinylidene fluoride (PVDF) nanofibrous mem-
branes for efficient filtration and durable antibacterial properties via N-halamine modification.
Findings: The N-halamine-modified nanofibrous membrane (PVDF-PAA-TMP-Cl) had sufficient active
chlorine content (800 ppm), and the tensile stress and strain were improved compared with the original
membrane, from 6.282 to 9.435 MPa and from 51.3 % to 56.4 %, respectively. To further improve the inter-
ception efficiency, ultrafine nanofibers (20–35 nm) were spun on PVDF-PAA-TMP-Cl nanofibrous mem-
branes, and multi-scale PVDF-PAA-TMP-Cl nanofibrous membranes were prepared. These membranes
exhibited good PM0.3 interception (99.93 %), low air resistance (79 Pa), promising long-term PM2.5 purifi-
cation ability, and high bactericidal efficiency (>98 %). After ten chlorination cycles, the antibacterial effi-
ciency against Escherichia coli and Staphylococcus aureus exceeded 90 %; hence, the material demonstrated
highly efficient filtration and repeatable antibacterial properties. The results of this study have implica-
tions for the development of air and water filtration systems and multi-functional protective materials.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction electrospinning nanofibrous membranes with antibacterial proper-
Statistics published by the World Health Organization (WHO)
show that more than four million premature human deaths are
caused annually by the inhalation of fine particles [1–4]. In addi-
tion, more than six million people have died owing to the ongoing
coronavirus (COVID-19) pandemic [5–8]. Personal protective
masks offer the most direct and effective protection in daily life
[9–10]. However, most masks produce an odor after extended peri-
ods of use and cause physical discomfort as a result of bacterial
growth [11–13]. Therefore, it is necessary to develop high-
performance mask-filter elements with antibacterial capabilities
[14–15].

Melt-blown nonwoven materials are used as core filter layers in
masks, and their filtration effect depends on electrostatic adsorp-
tion [16]. However, the electrostatic effect is significantly attenu-
ated by environmental factors, such as temperature and
humidity, which significantly reduces the filtration efficiency
[17]. Nanofibrous materials prepared using electrospinning tech-
nology have characteristics such as fine fibers, large specific sur-
face areas, high porosity, and good pore connectivity, which are
desirable for air-filtration applications [18–19].

Electrospinning has been used successfully to fabricate nanofi-
brous membranes from various polymers, such as polyacrylonitrile
(PAN) [20], polyamide (PA) [21], polyethylene terephthalate (PET)
[22], polyurethane (PU) [23], and polyvinylidene fluoride (PVDF)
[24–25], which have been applied to air filtration. In particular,
PVDF has been used to construct high-performance particulate
matter (PM) filters owing to its excellent chemical inertness, good
mechanical properties, thermal stability, and inherent polar struc-
ture [26–27].

In previous studies, we constructed multi-scale PVDF nanofi-
brous membranes comprising scaffold (200 ± 5 nm) and ultrafine
nanofibers (20–35 nm) using electrospinning technology, which
had a PM0.3 capture efficiency of up to 99.92 % and an airflow resis-
tance of 69 Pa [28]. Similarly, Zhang et al. prepared interconnected
ultrafine nano-networks (20 nm) via electrospinning/netting, and
their results showed a PM2.5 capture efficiency of 99.984 % and an
airflow resistance of 68 Pa [29]. Furthermore, Liu et al. prepared
PVDF nanofiber/net membranes with two-dimensional networks
via an innovative in-situ electret electrospinning/netting technique,
which exhibited a high PM0.3 capture efficiency of 99.998 % and an
airflow resistance of 101.325 Pa [30]. However, nanofibrous mem-
brane materials do not have antibacterial properties and cannot kill
bacteria rapidly and efficiently; hence, they cannot prevent biolog-
ical pollution caused by bacterial adhesion [31].

Several studies have shown that metal ions [32–33], quaternary
ammonium salts [34], and N-halamines [35] can be used to prepare
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ties [36]. Among them, N-halamines are commonly used as
antibacterial agents owing to their excellent stability, bactericidal
effect, reusability, and relatively low cost [37]. Moreover, N-
halamines can be immobilized on the membrane surface via
copolymerization, grafting, blending, and coating to achieve
antibacterial functionalization [38]. Liang et al. prepared polyvinyl
alcohol nanofibers via electrospinning and then soaked the fibers
in an N-halamine compound (dimethylol-5,5-dimethylhydantoin)
to achieve covalent grafting [39]. The modified nanofibrous mem-
branes were rechargeable, demonstrated long-lasting antibacterial
properties, and had high bacterial-inactivation efficiency (>99 %).
Wang et al. prepared a PVDF/SiO2 ultrafiltration membrane based
on N-halamine-functionalized SiO2 nanospheres and embedded
SiO2 microspheres via non-solvent immersion phase separation,
which has the highest sterilization efficiency against Escherichia
coli (E. coli) and Staphylococcus aureus (S. aureus) (up to 97.1 %
and 97.0 %, respectively) [40]. Capakova et al. successfully prepared
an antibacterial PVDF/dodecyltrimethylammonium bromide
(DTAB) membrane for air filtration using a one-step electrospin-
ning method, where an antibacterial agent was added to a spinning
solution, which completely inhibited the growth of gold S. aureus
[41].

This study presents a method of fabricating multi-scale nanofi-
brous membranes with antibacterial functions and high filtration
efficiency. Scaffold PVDF nanofibers (200 ± 10 nm) are used as
the substrate. Thereafter, the N-halamine precursor PVDF-
polyacrylic acid (PAA)-2,2,6,6-tetramethyl-4-piperidinol (TMP)
containing a N-X bond is obtained via chemical reaction. Next, scaf-
fold PVDF-PAA-TMP-Cl nanofibers with repeatable antibacterial
function are obtained via chlorination. Finally, ultrafine PVDF
nanofibers (20–35 nm) are spun using PVDF-PAA-TMP-Cl scaffold
nanofibers as a substrate to obtain nanofibrous materials with high
air-filtration efficiency and antibacterial function. The PM0.3 filtra-
tion performance, antibacterial function, and repeatable antibacte-
rial effect on E. coli and S. aureus of the multi-scale nanofibrous
membrane are discussed. Therefore, a new strategy for fabricating
nanofibrous materials based on modified PVDF with repeatable
antibacterial activity and high-precision filtration is proposed.

2. Materials and methods

2.1. Materials and reagents

PVDF (Mw = 300,000 and Mw = 600,000) were purchased from
Bayer, Germany. N,N-dimethylformamide (DMF), tetrabutylammo-
nium chloride (TBAC), sodium hydroxide (NaOH), potassium per-
manganate (KMnO4), sodium bisulfite (NaHSO3), sulfuric acid
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(H2SO4), p-toluenesulfonic acid (C7H8O3S), potassium hydrogen
sulfate (KHSO4), sodium hypochlorite (NaClO), and sodium thiosul-
fate (Na2S2O3), and potassium iodide (KI) were purchased from
China Xi long Science Co., ltd. TMP and PAA (Mw = 10,000) were
purchased from Macklin Co., ltd. E. coli ATCC29522 and S. aureus
ATCC29523 were purchased from Henan Huibo Medical Co., ltd.
All chemicals were analytically pure and used without further
purification.

2.2. Preparation of PVDF-PAA-TMP-Cl nanofibrous membrane

Nanofibers prepared by electrospinning is shown in Fig. 1a and
the PVDF scaffold nanofibers were prepared in a spinning solution
of 20 wt% TBAC and 0.7 wt% PVDF (Mw = 300,000). The prepared
PVDF scaffold nanofibrous membrane was immersed in a 3 % NaOH
solution with 5 wt% KMnO4 and reacted at 58 �C for 30 min for
defluorination. Subsequently, it was washed with deionized water
and immersed in 5 wt% H2SO4 solution with 3 % NaHSO3 for 30 min
at room temperature (�25 �C) to obtain a hydroxylated PVDF
nanofibrous membrane (Fig. 2a). Thereafter, the nanofibrous mem-
brane was immersed in 15 wt% PAA solution, reacted at 50 �C for
2 h, washed with deionized water, and dried at 40 �C for 2 h to
obtain a PVDF-PAA nanofibrous membrane (Fig. 2b). To prepare
the 2 wt% TMP solution, C7H8O3S and potassium bisulfate were
added to the solution, and the dried PVDF-PAA nanofibrous mem-
brane was immersed in the solution and reacted at 120 �C for 2 h to
obtain the N-halamine precursor PVDF-PAA-TMP nanofibrous
membrane. Finally, the PVDF-PAA-TMP nanofibrous membrane
was immersed in NaClO solution with 3000 ppm active chlorine
content to achieve chlorination and reacted at room temperature
for 45 min to obtain a PVDF-PAA-TMP-Cl nanofibrous membrane
with antibacterial function (Fig. 2c).

2.3. Preparation of multi-scale PVDF-PAA-TMP-Cl nanofibrous
membranes

PVDF-PAA-TMP-Cl nanofibers were used as the receiving sub-
strate to generate ultrafine PVDF nanofibers using electrospinning
equipment. The ultrafine nanofibers were prepared in a spinning
solution of 5 wt% TBAC and 3 wt% PVDF (Mw = 600,000), and a
PVDF-PAA-TMP-Cl nanofibrous membrane with a multi-scale
structure was obtained.

2.4. Filtration performance test

The filtration performance of nanofibrous membranes at differ-
ent airflow rates was evaluated using a TSI 8130A automatic filter-
Fig. 1. (a) Schematic showing the electrospinning. (b) Design and renewable ant
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material tester. Each sample was cut into a circle with a diameter
of approximately 15 cm; the tests were repeated five times for
each sample, and the average value was calculated. The filtration
efficiency and pressure reduction were calculated using the equa-
tions [42]:

g ¼ Cin � Cout

Cin
� 100% ð1Þ

and

DP ¼ Pin � Pout ð2Þ
where g is the filtration efficiency; Cin and Cout represent the

particle concentrations upstream and downstream from the filter,
respectively; DP is the filter pressure decrease; Pin and Pout repre-
sent the pressure upstream and downstream from the filter,
respectively.

The equation used to calculate the quality factor, expressed by
Qf, was [43]:

Qf ¼
�Inð1� gÞ

DP
ð3Þ
2.5. Chlorination and reactive chlorine content testing

Different weights of PVDF-PAA-TMP-Cl nanofibrous membranes
were placed in a beaker and submerged in 40 mL of deionized
water. Subsequently, 0.4 g of KI was added, dissolved in 10 mL of
aqueous starch solution (1 wt%), and stirred with a glass rod for
10 min to obtain a purple solution. Finally, Na2S2O3 solution was
added quantitatively with a pipette for reduction. When the solu-
tion became colorless, the content was recorded. Each experiment
was repeated five times under the same conditions, and the aver-
age value was calculated. The equation used to calculate the chlo-
rine content was [44]:

Clþ% ¼ N � V � 35:45
2M

� 100 ð4Þ

where N represents the concentration of Na2S2O3 solution
(equiv/L); V represents the volume (L) of Na2S2O3 solution added,
and M represents the weight (g) of the PVDF-PAA-TMP-Cl nanofi-
brous membrane.

2.6. Antibacterial performance test

The antibacterial efficiency of the nanofibrous membrane was
measured using a plate colony count method. First, solutions of
E. coli and S. aureus were shaken evenly and diluted sequentially
ibacterial function of multi-scale PVDF-PAA-TMP-Cl nanofibrous membrane.



Fig. 2. N-halamine modification process and corresponding FE-SEM images. (a) Hydroxylation modification, (b) hydroxyl esterification, and (c) chlorination reaction.
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in the corresponding buffer until the colonies were diluted to 106

CFU/mL. The blank control group and groups with different
weights (0.5, 1, and 1.5 g m�2) of PVDF-PAA-TMP-Cl nanofibrous
membranes (measuring 2 � 2 cm2) were placed on a 24-well plate
and labeled B-1, P-1, P-2, and P-3, respectively. Thereafter, 200 lL
of 106 CFU/mL bacterial solution was added to the wells using a
pipette. The plate was sealed and placed in an incubator at a con-
stant temperature (37 �C) for 3 h. The bacterial liquid was removed
from the samples and diluted 1000 times with buffer solution.
Finally, 100 lL of each bacterial liquid was coated on a solid med-
ium plate and sealed. The plates were placed in an incubator at a
constant temperature (37 �C) for 12 h. Afterward, the number of
colonies on each plate was counted. Each experiment was repeated
five times under the same conditions, and the average value was
calculated. The antibacterial rate was calculated using the equation
[45]:

Antibacterial rate ð%Þ ¼ Mb�Ms
Mb

� 100% ð5Þ

where Ms and Mb are the numbers of bacteria after incubating a
specimen and blank sample, respectively.

2.7. Characterization

The morphology of the nanofibrous membrane was observed
using scanning electron microscopy (SEM Phenom Pure, Nether-
lands Electronics Company, Netherlands) and field-emission scan-
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ning electron microscopy (FE-SEM FEI SIRION-100, Shanghai Funa
Scientific Instrument Co., ltd., China). The strength of the films
was evaluated using a tensile strength tester (XLW (EC)-a, Lan-
guang Electromechanical Technology Co., China). The pore size
was analyzed using a high-performance automatic mercury
porosimeter (Autopore IV 9500, Micromeritics, USA). The chemical
elements were detected using Fourier-transform infrared (FT-IR)
spectroscopy with a scan range of 400–4000 cm�1 (Nicolet 6700,
Thermo-Fisher Co., ltd., USA). The elements and chemical bonds
were analyzed using X-ray photoelectron spectroscopy (XPS; K-
Alpha, Thermal VG Company, UK.).
3. Results and discussion

3.1. Design of the multi-scale PVDF-PAA-TMP-Cl nanofibrous
membrane and repeatable antibacterial function

Multi-scale PVDF nanofibrous membranes with long-lasting
antibacterial function were prepared in three stages: (1) a PVDF
scaffold nanofibrous membrane with good fiber morphology was
prepared via electrospinning; (2) N-halamine was grafted onto
the scaffold nanofibrous membranes to obtain PVDF-PAA-TMP-Cl
nanofibrous membranes with antibacterial function; (3) high-
efficiency and low-resistance filtration nanofibrous materials with
renewable antibacterial functions were fabricated by electrospin-
ning PVDF ultrafine nanofibers on reproducibly chlorinated
PVDF-PAA-TMP-Cl nanofibrous membranes.
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The preparation of the multi-scale PVDF-PAA-TMP-Cl renew-
able antibacterial nanofibrous membranes is shown in Fig. 1. The
nanofibrous membranes were prepared via electrospinning, and
the structure of the nanofibers, including the diameter of the fibers
and pore size distribution, was controlled by changing the electro-
spinning parameters. A cyclic chlorination experiment was
designed to confirm the regenerative function of active chlorine.
After chlorination, the NAH group in the modified PVDF was con-
verted to a bactericidal N-Cl group, and the N-Cl group was
regained after re-chlorination to provide repeated antibacterial
function.

3.2. Structural characterization of PVDF-PAA-TMP-Cl nanofibrous
membrane

Fig. 2 shows the process used to modify the PVDF scaffold
nanofibrous membrane and corresponding nanofibrous electron
microscope images. The FE-SEM results shown in Fig. 2 (a–c) reveal
that morphology of the PVDF nanofibers was unaffected when the
material was soaked in strong acid, alkali, or strong oxidizing solu-
tions, which was attributed to the good chemical stability of PVDF
[45]. However, the PVDF nanofibers changed from the initial single
fibers to the subsequent multiple cross-linked fibers, particularly
after chlorination, and the average fiber diameter increased from
207 to 257 nm. This phenomenon may increase the pore size and
widen the pore-size distribution of the nanofibrous membrane,
which are not conducive to the interception of particles. Therefore,
in subsequent studies, we will spin ultrafine PVDF nanofibers
based on PVDF-PAA-TMP-Cl to try and mitigate the pore size issue
and rely on ultrafine PVDF nanofibrous membranes to intercept
particles, improve filtration efficiency, and achieve the purpose of
antibacterial and efficient filtration.

3.3. Surface morphology and elemental composition of modified PVDF
fiber

To observe the overall morphology of the chlorinated PVDF
nanofibrous membrane in more detail, the nanofibers were
observed at various resolutions, as shown in Fig. 3a–c. The low-
magnification (�2000) image of the nanofibrous membrane
revealed good overall morphology. The partially enlarged
(�50,000) and (�150,000) images showed that the fiber exhibited
a regular and smooth morphology. Therefore, the modified PVDF
nanofibrous membrane was not damaged and could be re-used.

To verify the successful chlorination of PVDF nanofibers, the
surface elements of the fibers were analyzed by Mapping and
EDS of FE-SEM. The distributions of C, F, N, and Cl are shown in
Fig. 3d. The preliminary assessment was that the modified PVDF
nanofibers contained N-halamine groups (N-Cl). As shown in
Fig. 3e–f, before modification, the EDS analysis showed character-
istic peaks corresponding to C and F, representing 52.82 % and
46.79 % of the total content, respectively. However, after modifica-
tion characteristic peaks corresponding to O, N, and Cl were also
present, representing 2.03 %, 1.35 %, and 1.21 % of the total content,
respectively. These results demonstrate that PVDF nanofibers were
successfully grafted using TMP and a chlorination reaction.

The N-halamine group (N-Cl) in the modified PVDF nanofiber
affected the antibacterial effect. We analyzed the PVDF before
and after chlorination using FT-IR spectroscopy and XPS. As shown
in Fig. 3g, compared with the original membrane, the PVDF-PAA-
TMP nanofibrous membrane had more distinct characteristic
absorption peaks at 3300, 2846, 1740, and 1667 cm�1. The peak
at 3300 cm�1 was the stretching vibration peak of –OH, which
was mostly formed by the ‘‘dehydrofluorination” of PAA and PVDF
[46]. The peak at 2846 cm�1 was a characteristic absorption peak
corresponding to the –CH2 in TMP [47]. The most important con-
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sideration for the chlorinated PVDF nanofibrous membrane was
whether the N-X bond transformed to the N-Cl bond. As shown
in Fig. 3h, the characteristic peaks of the PVDF-PAA-TMP-Cl nanofi-
brous membranes at 2846 and 1740 cm�1 were shifted. The peak at
2846 cm�1 shifted to 2855 cm�1, which was mostly attributed to
the shift in the adjacent –CH3 bond owing to the electrophilic
induction effect of chlorinated N-Cl [47]. The peak at 1740 cm�1

shifted to 1745 cm�1 and broadened. In general, the N-halamine
compounds containing carbon groups will shift to higher
wavenumbers after chlorination [48–49]. These phenomena prove
that the N-H in TMP was successfully transformed into N-Cl.

The XPS results (Fig. 3i–j) show that the PVDF-PAA-TMP-Cl
nanofibrous film had additional Cl 2p peaks at 200.80 eV. Accord-
ing to the peak fitting of high-resolution Cl 2p fine spectrum, Cl 2p
existed in four states: N-Cl 2p1/2, N-Cl 2p3/2, Cl 2p1/2, and Cl
2p3/2 at 201.5, 200.2, 199.6, and 198.8 eV, respectively [50–51].
These results demonstrate that the grafting reaction and chlorina-
tion were successful.

The mechanical properties of the modified scaffold PVDF
nanofibrous membranes were related to the subsequent formation
of multi-scale structures and the stability of the filtration
efficiency. Fig. 3k shows that the tensile stress of the PVDF-PAA-
TMP-Cl nanofibrous membrane was better than that of the
unmodified membranes, with a stress of 9.435 MPa and strain of
56.4 %. This may be because the mutual crosslinking between the
fibers increases the cohesive force between the nanofibers; there-
fore, tensile stress is evenly dispersed, which effectively improves
the tensile breaking strength of the membrane [52].

3.4. Analysis of the antibacterial properties of PVDF-PAA-TMP-Cl
nanofibrous membranes

Considering the balance between the antibacterial performance
and subsequent filtration performance, PVDF-PAA-TMP-Cl nanofi-
brous membranes with different weights (P-1, P-2, and P-3) were
prepared, and their active chlorine content and antibacterial per-
formance were explored. Fig. 4a shows the change in the active
chlorine content of the PVDF-PAA-TMP-Cl nanofibrous membrane
with chlorination time. Two distinct characteristic regions were
observed. In the first hour, rapid linear chlorination was observed,
which was followed by a saturation region, wherein the chlorine
content increased slowly. After 1 h of chlorination, the active chlo-
rine contents of the P-1, P-2, and P-3 samples were 550, 725, and
800 ppm, respectively; after 6 h of chlorination, the saturated con-
tents were 570, 766, and 832 ppm (P-3), respectively. These results
show that the chlorine content of PVDF-PAA-TMP-Cl increased as
the weight of the PVDF increased. During the reaction, the quantity
of PVDF nanofiber participating in the reaction increased, and more
active sites were generated. Therefore, the resulting PVDF-PAA-
TMP had more N-X bonds to participate in chlorination and obtain
N-Cl bonds; hence, the active chlorine content was higher.

To gain insight into the chlorination process, we investigated
the relationship between the chlorination pH and chlorine content
for pH values between 2 and 12. As shown in Fig. 4b, chlorination
was highly dependent on pH, and the efficiency was highest when
the pH was approximately 6 [53]. The PVDF membranes only
reached a low chlorine content of < 400 ppm under acidic or alka-
line conditions.

As shown in Fig. 4c–d, samples P-1, P-2, and P-3 killed 2 log, 4
log, and 5 log CFU of E. coli and S. aureus, respectively, within
30 min. The results in Fig. 4e–f show that the low-weight sample
P-1 had a low active chlorine content, and the antibacterial effi-
ciency against E. coli and S. aureus was higher than 80 %, whereas
the higher-weight samples P-2 and P-3 had higher active chlorine
contents, and their antibacterial efficiency was higher than 98 %,
indicating excellent antibacterial performance. Consistent with



Fig. 3. FE-SEM image of chlorinated PVDF nanofibrous membranes at (a) � 2000, (b) � 50,000, and (c) � 150,000 magnifications. (d) FE-SEM images and elemental mapping
of PVDF-PAA-TMP-Cl at different scales. EDS images of (e) PVDF and (f) PVDF-PAA-TMP-Cl. (g) FT-IR images of PVDF and PVDF-PAA-TMP before and after chlorination. (h)
Shift of two infrared absorption peaks of PVDF-PAA-TMP before and after chlorination. (i) XPS spectra. (g) XPS fitting curves of N-Cl and Cl 2p. (k) Mechanical properties.
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the previous chlorination experiments, the antibacterial perfor-
mance was directly dependent on the weight of the nanofibrous
membrane.

3.5. Analysis of the filtration performance of the multi-scale PVDF-
PAA-TMP-Cl nanofibrous membrane

To determine the relative balance between filtration perfor-
mance and antibacterial efficiency, the ultrafine PVDF nanofibers
were spun on the surface of PVDF-PAA-TMP-Cl nanofibers (P-1,
P-2, and P-3) with different weights to improve their filtration per-
formance. Based on a previous study, the PVDF ultrafine fiber layer
632
was re-spun to 0.5 ± 0.12 g m�2 [28]. As shown in Fig. 5a, the pore
size distributions of the P-1, P-2, and P-3 samples were concen-
trated as the weight increased, and the average pore sizes were
3.86, 2.35, and 1.98 lm for P-1, P-2, and P-3, respectively. This is
because the nanofibers were more densely packed as the weight
of the membrane increased. Accordingly, after spinning the micro-
fiber layer, the pore structure was further improved owing to the
contribution of the microfiber layer, and the average pore sizes
were reduced to 1.15, 0.69, and 0.66 lm for P-S1, P-S2, and P-S3,
respectively. Although the size of the pores between the fibers
decreased, the porosity of the corresponding fiber membrane did
not change significantly (Fig. 5b). The results show that ultrafine



Fig. 4. (a) Active chlorine content of P-1, P-2, and P-3; (b) change in the active chlorine content of P-2 versus pH of chlorination solutions. Bactericidal activity of different
membranes against (c) E. coli and (d) S. aureus. (e) Antibacterial efficiency and (f) photographs of E. coli and S. aureus culture plates with different samples.

Fig. 5. Pore structures of P-1–P-S3: (a) pore-size distribution and (b) average pore size and porosity. PM0.3 NaCl filtration performance of P-1–P-S3 with airflow rates of (c)
32 L/min and (d) 85 L/min. (e) Quality factor for different samples. Analysis of P-S2: (f) long-term recycling performance for removing PM2.5; (g) SEM images; (h) fiber-
diameter distribution.
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Fig. 6. (a) Ten cyclic chlorination tests; (b) ten cycle rechargeable biocidal test of P-S2 against E. coli and S. aureus; (c) colony growth of E. coli and S. aureus over ten cycles.
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PVDF nanofibers alleviated the issue of large average pore sizes in
PVDF-PAA-TMP-Cl nanofibrous membranes, but they did not
increase the bulk density. Therefore, the ability of the membrane
to intercept airborne particles was improved without a significant
increase in air resistance.

The PM0.3 filtration efficiency was tested at different flow rates,
and the results are shown in Fig. 5c–e. The quality factors gradually
decreased from P-1 to P-3 (Fig. 5e), owing to the increase in the
weight of the membrane and the packing density of the nanofibers.
Although the pore size decreased, a significant reduction in poros-
ity was observed. However, spinning ultrafine PVDF nanofibers in
the PVDF-PAA-TMP-Cl nanofibrous membranes significantly
improved the filtration efficiency. At an airflow rate of 32 L/min
(Fig. 5c), the filtration efficiencies increased from 76.65 %,
88.68 %, and 95.68 % for P-1, P-2, and P-3, respectively, to
98.89 %, 99.93 %, and 99.995 % for P-S1, P-S2, and P-S3, respec-
tively. Moreover, the pressure drops increased slightly, from 28,
35, and 39 Pa for P-1, P-2, and P-3, respectively, to 53, 79, and
126 Pa for P-S1, P-S2, and P-S3, respectively. Owing to the support
of the microfiber layer, the quality factor was significantly
improved. Notably, the filtration efficiency of P-S2 remained above
99.8 % at an airflow rate of 85 L/min (Fig. 5d), and the quality factor
was highest at airflow rates of 32 and 85 L/min and were 0.092 and
0.0338 Pa�1, respectively (Fig. 5e). This is because the filtration
performance of the fiber membrane was closely related to the pore
structure, and increasing the membrane weight resulted in tighter
packing between fibers, which increased the filtration resistance.
Significantly, P-S2 simultaneously possessed a small pore size
(0.69 lm), high porosity (87.10 %), interconnected pore structure,
and good fiber morphology (Fig. 5g–h), indicating that it is well
suited for air filtration.

The long-term cycling air-purification efficiency is an important
aspect of filtration performance. Therefore, we investigated the
cycle purification performance of P-S2. As shown in Fig. 5f, after
ten purification cycles, the fiber membrane was able to reduce
the PM2.5 concentration in a 1 m2 confined space from 555 lg/
m3 (severe pollution) to 38 lg/m3 (mild pollution) within
10 min. This is consistent with the initial purification capacity
and indicates the long-term stability of the filtration performance.

3.6. Analysis of repeatable antibacterial properties of the multi-scale
PVDF-PAA-TMP-Cl nanofibrous membrane

To verify that the prepared multi-scale PVDF-PAA-TMP-Cl
nanofibrous membrane had the renewable antibacterial properties
of N-halamine compounds, we tested its antibacterial effects using
E. coli and S. aureus after multiple chlorination steps using P-S2 as a
representative sample. The samples were labeled P-D1. . .P-D10
according to the number of chlorination steps. The results are
shown in Fig. 6a. The active chlorine content was reasonably stable
over ten chlorination cycles, which was attributed to the good
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nanofibrous structure and the stability of the grafted N-halamine.
As shown in Fig. 6b and c, after two chlorination cycles, the
antibacterial effect of the multi-scale PVDF-PAA-TMP-Cl nanofi-
brous membrane was above 97 % (down from 98 %); after four
cycles, it was above 95 %, and after ten cycles, it was above 90 %.
This indicates that the multi-scale PVDF-PAA-TMP-Cl nanofibrous
membrane possessed reproducible antibacterial properties.
4. Conclusions

A multi-scale nanofibrous membrane with efficient PM removal
performance and durable antibacterial properties was prepared.
The halamine-modified PVDF scaffold nanofibrous membrane con-
tained sufficient active chlorine (800 ppm) and had an antibacterial
efficiency of 99.9 % against E. coli and S. aureus. To further improve
the filtration efficiency, an ultra-fine (20–35 nm) fiber layer was
electrospun on the surface of the PVDF-PAA-TMP-Cl nanofibrous
membrane. Testing at an airflow rate of 32 L/min revealed that
the PM0.3 removal efficiency was 99.93 %, and the filtration resis-
tance was 79 Pa. Although many methods of imparting antibacte-
rial properties to polymers, such as PVA [54], PAN [55], and PU [56]
have been reported, relatively few reports have considered the
antibacterial modification of PVDF halamine regeneration. In this
study, a PVDF-PAA-TMP-Cl nanofibrous membrane possessing
the reproducible antibacterial function of halamine was success-
fully prepared via surface chemical modification and surface chem-
ical grafting. The nanofibrous membrane exhibited>90 %
antibacterial efficiency against E. coli and S. aureus after ten chlori-
nation cycles. Therefore, multi-scale PVDF-PAA-TMP-Cl nanofi-
brous membranes can realize the synergistic effect of high-
efficiency filtration and stable and long-lasting antibacterial action,
which are of significant significance to the development of air and
water filtration systems and multi-functional protective materials.
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