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ARTICLE INFO ABSTRACT

Keywords: Current global emergencies, such as the COVID-19 pandemic and particulate matter (PM) pollution, require
COVID-19 urgent protective measures. Nanofibrous air filter membranes that can capture PMy 3 and simultaneously help in
Air ﬁlter, . preventing the spread of COVID-19 are essential. Therefore, a highly efficient nanofibrous air filter membrane
iljrf:)rf?;z:smmg based on amphiphilic poly(vinylidene fluoride)-graft-poly(oxyethylene methacrylate) (PVDF-g-POEM) double

comb copolymer was fabricated using atomic transfer radical polymerization (ATRP) and electrospinning.
Fourier transform infrared spectroscopy, X-ray diffraction, proton nuclear magnetic resonance, transmission
electron microscopy, differential scanning calorimetry, and thermogravimetric analysis were employed to suc-
cessfully characterize the molecular structure of the fabricated amphiphilic PVDF-g-POEM double comb copol-
ymer. The nanofibrous air filter membrane based on amphiphilic PVDF-g-POEM double comb copolymer
achieved a low air resistance of 4.69 mm H»0O and a high filtration efficiency of 93.56 % due to enhanced

Atomic transfer radical polymerization (ATRP)
Double comb copolymer

chemical and physical adsorption properties.

1. Introduction

The COVID-19 pandemic has become an extremely urgent global
concern owing to the serious threat of an exponential increase in the
number of infected patients and confirmed deaths, which are already at
more than 173 million and 3.7 million, respectively, according to the
WHO as of June 8, 2021. Even though COVID-19 vaccines are being
successfully distributed in several countries, critical issues such as long-
term vaccine preservation for worldwide distribution and the possibility
of short supply remain. Therefore, temporary prevention methods, such
as handwashing and social distancing are important.

Among these methods, wearing face masks is a fundamental and
extremely safe option that can enhance the effectivity against virus
transmission up to 79 %.[1,2] In general, face mask and air filtration
industries have been developed to deal with air pollution, especially
with respect to particulate matter (PMy 5, PM; o, PMj 3); PM is known to
have a considerable impact on the human respiratory system, and can
result in congestive heart failure or lung cancer. [3-6] Among these fine

* Corresponding authors.

dusts, PM 3 is referred to as the most penetrating particle size, implying
its inability to be effectively filtered out by conventional mechanical
filter membranes. [7,8] Therefore, devices that can effectively filter such
PM are rare. Long-lived hazardous microdusts and the on-going COVID-
19 pandemic both threaten the human environment and inhibit the
improvement of public health. Disposable face masks with physical
filtering mechanisms have been frequently used over the last year.
[9,10] Numerous studies have investigated the development of a suit-
able air filtration system that can impede the absorption of airborne PM
through inhalation and preclude the spread of COVID-19-containing
droplets. [11,12] Currently, fibrous-filter-based N95 masks are the
state-of-the-art owing to their physical sieving ability; these are mostly
fabricated using the melt-blown (MB) process. [7,13] However, these
melt-blown mask filters are known to suffer from issues, such as poor
reliability for long term usage and filtration performance degradation
due to charge loss under exposure in organic solvent, such as ethanol,
isopropanol. [14,15]

Electrospun nanofibers have been considered as the most feasible
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alternative owing to the simplicity of processing and compatibility with
several polymers; fibers with a wide range diameter can be produced,
which contributes to the diversity of fabrication systems. [16-18]
Electrospinning is a novel method that facilitates the construction of
ultrathin nanofibrous-web membranes with a significantly high air
permeability and relatively low pressure drop, owing to the well-known
slip effect that occurs when the fiber diameters are similar to the size of
air molecules. [19-22] However, the simple nanofiber-based filters still
exhibit a poorer initial air filtration performance to the performance of
electret based MB filter. Further improvement in air filtration perfor-
mance of NF membrane is urgent to replace the commercial MB filter.

Known as one of the living radical polymerizations, atomic transfer
radical polymerization (ATRP) is a widely used method to prepare block
copolymers from polymeric initiators, polymer chains with ordered
space, and pendant chemical groups with radically transferable halogen
atoms. [23] Poly(vinylidene fluoride) (PVDF) based copolymer via ATRP
is typically used as a binder, separator, electrolyte and membrane in
green technology devices, due to its decent chemical and thermal sta-
bility and piezoelectric response. [24-27] Also, nanofibrous air filter
membrane based on highly polar § phase of PVDF is expected to improve
polarizability and net dipole moment, which eventually would lead to
increase filtration efficiency. [28] Nevertheless, the conventional elec-
trospun PVDF nanofibers were found to show inhomogeneously beaded
structure at low concentration with insufficient viscosity and instability
of polymer jet. [29] Further modifications were implemented to
improve the filtration efficiency, such as adding surfactant to remove
beads on fibers and simultaneously decrease nanofiber diameter [30] or
fabricating tree-like structure to enhance the particles capturing ability.
[31] Meanwhile, the use of amphiphilic double comb copolymer PVDF-
g-POEM in green technology devices is advantageous due to the low cost,
the easiness to synthesize and etc., compared to that of block or graft
typed copolymer such as PVDF-TrFE. Recently, we have successfully
prepared a double comb copolymer (PVDC-g-POEM), directly grafted
with a hydrophilic POEM by introducing ATRP from secondary chlo-
rines on the main chain backbone via ATRP. [32-34] Furthermore,
amphiphilic co-polymers can take advantage of both physical and
chemical aspects. As a chemical aspect, because it has both a hydro-
phobic and a hydrophilic nature can filter the dust with the respective
characteristic. In addition to the physical advantage due to the thin filter
diameter caused influence with the slip effect region. However, PVDF-
based double comb copolymer are not economically feasible for low-
cost air filtration therefore, alternative novel materials have been
developed.

In this study, ATRP was employed to synthesize an amphiphilic
PVDF-g-POEM double comb copolymer with enhanced chemical and
physical adsorption properties. The fluorine atom in hydrophobic PVDF
and oxygen atoms in the hydrophilic POEM would allow for improved
electronegativity and enhanced electrostatic attraction, respectively.
The small diameter of the nanofibrous air filter membrane based on
amphiphilic PVDF-g-POEM double comb copolymer, which is similar to
the mean free path of air molecules (65.3 nm), enables high air-filtration
efficiency and quality factor because of the slip-flow effect. In addition,
reducing the drag forces on the surface of the air filter membrane based
on amphiphilic PVDF-g-POEM double comb copolymer in the transition
regime of airflow could allow lowing the air resistance.

2. Experimental
2.1. Materials

Commercial PVDF (Solef® 6010) was sourced from Solvay Specialty
Polymers (Bollate, Italy). POEM (M,, = 500), copper(I) chloride (CuCl),
dimethylacetamide (DMAc) and methyl ethyl ketone (MEK) were pur-
chased from Sigma-Aldrich. N-methyl-2-pyrrolidone (NMP greater than
99.5) was obtained from Duksan and 4,40-dimethyl-2,20-dipyridyl
(DMDP) was purchased from Thermo Fisher Scientific.
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2.2. Synthesis of amphiphilic PVDF-g-POEM double comb copolymer

PVDF (5 g) was dissolved in 50 mL of NMP and stirred overnight.
Subsequently, 50 mL of POEM, 0.04 g of CuCl, and 0.23 g of DMDP were
consecutively added to the solution, which was purged with N gas for 1
h 40 min. After bubbling with N, the polymerization reaction was
conducted at 90 °C for 24 h. The obtained copolymer was washed with
methanol several times to remove impurities such as CuCl catalyst. The
double comb copolymer solution was completely solidified via drying in
a vacuum oven at 50 °C for 12 h.

2.3. Preparation of doublc comb copolymer solution for nanofibrous air
filter membrane

The synthesized amphiphilic PVDF-g-POEM double comb co-
polymers were separately dissolved in a mixed solvent (DMAc:MEK =
5:5) to prepare solutions consisting of 10 wt% of PVDF-g-POEM. Then,
the double comb copolymer solutions were stirred overnight at 58 °C for
12 h. For comparison, polymer solution based on hydrophobic PVDF as a
control group were also tested in parallel.

2.4. Fabrication of nanofibrous air filter membrane

The nanofibrous air filter membrane based on amphiphilic PVDF-g-
POEM double comb copolymer were fabricated using an electrospinning
machine installed with an indoor-box high electric field generator and a
grounded collector (NanoNC Co. Ltd., South Korea). The double comb
copolymer solutions were first drawn into a syringe directly connected
to multi-nozzle setup with one or five metallic spinneret tip (25G) for
desired polymer mass area loading. The electrospinning experiment was
carefully conducted at feed rate of 1 mL/h and charged at a high DC
voltage of 28 kV, which allowed the double comb copolymer jets to
emerge from the tip and gather on a collector that was 16-cm away. The
nanofibers were directly electrospun on a PET membrane substrate for
the air-filtration-efficiency experiments. The entire electrospinning
process was implemented at 25 °C with humidity level of around 20 %. A
detailed description of the experimental procedure is presented in
Scheme 1.

2.5. Characterization

Fourier transform infrared spectroscopy (FT-IR) was employed to
analyze the functional groups of amphiphilic PVDF-g-POEM double
comb copolymer using the Spectrum Two (PerkinElmer) instrument.
Differential scanning calorimetry (DSC) measurements were recorded
on DSC 200 F3 Maia (Netzsch). Y nuclear magnetic resonance (NMR)
analysis in deuterated DMF was conducted to probe the molecular
structure and calculate the composition of POEM using AVANCE 600
(Bruker). The thermal stability of the polymers was examined using a
Discovery thermogravimetric analyzer (TA Instruments). The experi-
ment was carried out under an Ny atmosphere with the temperature
ranging from room temperature to 700 °C at a rate of 10 °C/min. The
degree of crystallinity of the polymers was investigated by X-ray
diffraction (XRD) using a Smartlab (Rigaku) instrument with Cu K, ra-
diation, a wavelength of 0.154 nm, a scan range of 20 = 10-40°, and a
scan step of A20 = 0.5°/s. Nanofibrous air filter membrane prepared
using the amphiphilic PVDF-g-POEM double comb copolymer and dis-
solved in DMF were examined by transmission electron microscopy
(TEM, JEM-2100). The hydrophilicity of the membrane surface was
measured using contact angles using a DSA100 system (Kruss). Field-
emission scanning electron microscopy (FE-SEM, JSM-6700F) was
employed to observe the morphology of the electrospun nanofibrous air
filter membrane based on amphiphilic PVDF-g-POEM double comb
copolymer charged by Au conductive coating. The image J software was
utilized to measure the diameter of nanofibers, with the average diam-
eter being precisely determined within 50 counts. The air filtration
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Scheme 1. The illustration of electrospinning for nanofibrous air filter membrane based on hydrophobic PVDF and amphiphilic PVDF-g-POEM double

comb copolymer.

efficiency was investigated using the TSI-8130 system with an air flow of
5.3 cm/s and NaCl aerogel particles (<0.3 um) as simulated PM for
determining the filtration efficiency (%) and relative pressure drop
(mmH30). The overall performance of the filter membranes was esti-
mated using a quality factor parameter defined as follows:

QF = —In(1—n)/AP (€9)

where 7 and AP represent the air filtration efficiency and pressure drop,
respectively. The filter test data were averaged for 3 samples.

3. Results and discussion

3.1. Characterization of amphiphilic PVDF-g-POEM double comb
copolymer

Scheme 2 illustrates the synthesis reaction of amphiphilic PVDF-g-
POEM double comb copolymer via ATRP. Initiated by the pendant
fluorine atoms, hydrophilic POEM side chains were grafted from the
hydrophobic PVDF backbone through ATRP. Amphiphilic double comb
copolymer (PVDF-g-POEM) has interweaved into the hydrophilic re-
gions of PVDF main chains by molecularly self-assembling to the
nanophase domains of POEM side chains, which have led to effective
control of the chemical and physical adsorption properties.

The FT-IR spectra of hydrophobic PVDF and amphiphilic PVDF-g-
POEM double comb copolymer are shown in Fig. 1a. Upon the poly-
merization from hydrophobic PVDF, three absorption bands at 2872.2,

1727 and 1100.2 cm ™! appeared, attributed to the CHs (methyl), C = O
(carbonyl), and C-O-C (ester) stretches from POEM, respectively. [32]
These FT-IR spectroscopic results demonstrate the successful polymeri-
zation of hydrophilic POEM via ATRP from the fluorine atoms on the
PVDF. The structural changes of hydrophobic PVDF upon polymeriza-
tion were investigated using XRD analysis, as shown in Fig. 1b. Value of
d-spacing was calculated from the peak maximum using Bragg’s law of

n = 2dsin6 2

where n is the positive integer, 4 is the wavelength (1.5406 10\), d is the
inter-planar distance, and 6 is the angle from the crystal plane. [35] It
should be noted that there was no high crystalline diffraction peak
corresponding to the CuCl in the amphiphilic double comb copolymer
PVDF-g-POEM sample. This indicates that the CuCl catalyst has been
removed sufficiently via the washing step. The maximum peak position
shifted to a higher 2 0 value (from 20° to 20.2°) with the introduction of
the POEM side chain, which has followingly resulted to a decrease of the
d-spacing (from 5.2 A to 5.0 A) of the amphiphilic PVDF-g-POEM double
comb copolymer. These results indicated that the POEM side chain in
amphiphilic PVDF-g-POEM double comb copolymer has led to the chain
contraction in the synthesized polymer matrix and to further control
chemical and physical properties. Fig. 1¢ shows the result of the phase
composition of amphiphilic PVDF-g-POEM double comb copolymer
confirmed by FT-IR spectra analysis. And, the corresponding ratio of g
phase which is related to polarizability and net dipole moment of
amphiphilic PVDF-g-POEM double comb copolymer is presented in

90°C,24h

P N Y

9

PVDF POEM

CuCl/HMTETA
DMDP

PVDF-g-POEM

Scheme 2. Atomic transfer radical polymerization of the amphiphilic PVDF-g-POEM double comb copolymer.
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Fig. 1. (a) FT-IR spectra in the range of 4000 to 400 cm’l, (b) XRD, (c) FT-IR spectra in the range of 860 to 700 cm ™! and (d) DSC of hydrophobic PVDF and

amphiphilic PVDF-g-POEM double comb copolymer.

Table 1
S phase content, T,,, T. and yc of the hydrophobic PVDF and amphiphilic PVDF-
g-POEM double comb copolymer.™®"*

Polymer /3 Phase (%) T (°C) T. (°C) Xc (%)
PVDF 23.7 172.0 131.3 42.1
PVDF-g-POEM 30.3 170.2 138.0 39.2

2 T, is melting temperature.
b T, is crystalline temperature.
€ xc is crystallinity.

Table 1. The $ phase composition of amphiphilic PVDF-g-POEM double
comb copolymer was calculated using the following equation

F(B) = X/ (Xa + Xp) = Ap/[(3/ka)Au + Ag] &)

where F(p) is the ratio of § phase, A, and Ay are the absorbances at 766
and 840 cm™!, corresponding to the a and § phases in the materi-
al, k, and ks represent the absorption coefficients at the respective
wavenumbers, and X, and X; represent the degree of crystallinity of
each phase. The values of k, and kj are 6.1 x 10*and 7.7 x 10* cm?/
mol, respectively. [36] The ratio of § phase of amphiphilic PVDF-g-
POEM double comb copolymer was determined to be 30.3 %, which is
approximately 1.3-fold higher than that of the hydrophobic PVDF. These
results indicated that the hydrophilic POEM side chain played a signif-
icant role as a molecular directing agent to control the phase of
amphiphilic PVDF-g-POEM double comb copolymer. DSC analyses of the
amphiphilic PVDF-g-POEM double comb copolymer was performed to
determine the melting temperature (T,), crystalline temperature (T,)
and crystallinity (y.), as shown in Fig. 1d and Table 1. The crystallinity

(yc) of amphiphilic PVDF-g-POEM double comb copolymer were quan-
tified using the following equation

Xepvor—g-poen (%) = AH, pypr—g-poem | AH,, pypr-100% 4

Kepvor(%) = AHy pvor | AH,, pypr100% 5)
where AHp, pyprgpoey is the melting enthalpy per gram of PVDF-g-
POEM obtained from the integrated area under the melting peak in the
DSC, AHp, pypr is the melting enthalpy per gram of PVDF present in the
PVDF-g-POEM, AHp’ pypr is the heat of melting per gram of 100%
crystalline PVDF, which is taken to be 104.6 J/g. [37] Upon the poly-
merization of POEM on PVDF, the T;, of PVDF (172.0 °C) shifted to a
lower temperature (170.2 °C) while the T, of PVDF has increased by
6.7 °C to reach 138.0 °C. These observations indicated that the chain
mobility in the amphiphilic PVDF-g-POEM double comb copolymer
being increased through the transient interaction of segmental chains. It
should be noted that the bimodal endothermic peak of hydrophobic
PVDF is presumably due to the different head-head and tail-tail isom-
erism. [38] Furthermore, the ., pvprg.poem (39.2 %) value was lower
than those of y., pypr (42.1 %). These results can be explained by the fact
that the crosslinked structure within the PVDF-g-POEM matrix, which
could effectively suppress the crystallization process.

To characterize the morphology of amphiphilic PVDF-g-POEM dou-
ble comb copolymer, TEM analysis was carried out (Fig. 2). As shown in
Fig. 2a, randomly separated nanosized high aspect ratio morphology
with black color was shown in the hydrophobic PVDF. Meanwhile, in
Fig. 2b a clear contrast between the two domains of PVDF and POEM of
amphiphilic PVDF-g-POEM double comb copolymer was found with the
large difference of electron densities. The difference in electron densities
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Fig. 2. TEM images of (a) hydrophobic PVDC and

between PVDF and POEM of amphiphilic PVDF-g-POEM double comb
copolymer was large enough to allow distinguishable image contrast
between the two regions. Dark regions indicate the hydrophobic PVDF
main chains while gray regions indicate the hydrophilic POEM side
chains. Also, these observations indicate that the amphiphilic PVDF-g-
POEM double comb copolymer have molecularly self-assembled into
continuous nanophase domains of POEM side chains that is interweaved
with hydrophobic domains of PVDF main chains.

The molecular structures of amphiphilic PVDF-g-POEM double comb
copolymer were elucidated using 'H NMR, as shown in Fig. 3a; the
solvent peaks are labelled as S,,. The signature peaks of PVDF and POEM
are assigned insert molecular structure. The NMR peaks of head-to-head
and head-to-tail isomerism of PVDF are denoted by a and a’, respec-
tively. The ratio of PVDF and POEM was calculated using the following
equations:

(@)

54 °
PVDF

Fig. 3. (a) 'H NMR spectra, (b) TGA of hydrophobic PVDF and amphiphilic

(b) amphiphilic PVDF-g-POEM double comb copolymer.

Dmpory == [1/370, + 1. +1.)]/ [1/37@, L) )] ©

Pw(PoEM) = [‘Pm(POEM) -M (POEM)]/ [¢m(P0£M) “Mpoem) + {1 - (ﬂm(POEM)}'M(PVDF)]
(7)

where ¢m poem) and ¢y poemy represent the molar and weight ratios of
POEM, respectively, I is the integral area of the corresponding peak,
and My represents the molecular weight of each molecule. [39] The two
peaks at 3.0 and 2.4 ppm are attributed to the head-to-tail and head-to-
head bonding arrangements of PVDF units, respectively. The peaks at
4.1, 3.6, 3.3 and 1.0 ppm are attributed to the H atoms connected to
POEM groups in amphiphilic PVDF-g-POEM double comb copolymer. As
a result, it was found that the amphiphilic PVDF-g-POEM double comb
copolymer has a composition of 80:20 wt%, respectively. The thermal

(b) 100 4

80 -+
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PVDF-g-POEM double comb copolymer. Images of the water contact angle on the

conducting side of the FTO substrate with (c) hydrophobic PVDF and (d) amphiphilic PVDF-g-POEM double comb copolymer coating, respectively.
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stabilities of the amphiphilic PVDF-g-POEM double comb copolymer
were also investigated by TGA as shown in Fig. 3b. The hydrophobic
PVDF showed excellent thermal stability up to 450 °C, above which it
started to decompose to around 40 wt%. Meanwhile, the significant
weight losses for amphiphilic PVDF-g-POEM double comb copolymer
were observed around 300-425 °C, attributable to the thermal degra-
dation of POEM part of amphiphilic PVDF-g-POEM double comb
copolymer. The TGA data represent that the amphiphilic PVDF-g-POEM
double comb copolymer is thermally stable up to around 300 °C. The
relative wettability of the hydrophobic PVDF, amphiphilic PVDF-g-
POEM double comb copolymer were obtained using water contact angle
measurements as shown in Fig. 3¢,d. The contact angle measurements
were conducted using the polymer solution spin-coated onto the
conductive side of fluorine-doped tin oxide substrate. A water droplet
placed on a hydrophobic PVDF showed a high contact angle (54°),
which changes very little over time until the drop finally evaporates.
PVDF exhibited a high contact angle (54°) that hardly changed over time
until the droplets finally evaporated. It should be noted that our sug-
gested membrane based on PVDF or PVDF-g-POEM is a highly porous
state resulted in shown low contact angle value compare to the dense
polymer-based membrane. However, a water droplet placed on an
amphiphilic PVDF-g-POEM double comb copolymer showed a contact
angle that decreases to under 1° over time. These results suggesting that
the existence of hydrophilic POEM of amphiphilic PVDF-g-POEM double
comb copolymer further increased wettability.

3.2. Morphology and filtration efficiency of the nanofibrous air filter
membrane

To demonstrate the improved chemical and physical adsorption
properties of nanofibrous air filter membrane based on amphiphilic
PVDF-g-POEM double comb copolymer compared to those of hydro-
phobic PVDF, the two types of polymer solutions were electrospun to

(a) Diameter~556.8 nm

Distribution (%)

400

500 600
Diameter (nm)

700
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nanofibers under a high electric field and characterized, respectively.
The FT-IR spectra of nanofibrous air filter membrane based on hydro-
phobic PVDF and amphiphilic PVDF-g-POEM double comb copolymer
are shown in Figure S1. In the spectrum obtained after the POEM was
introduced to PVDF, new absorption bands appear at 840 cm ™!, which
correspond to the g phases of amphiphilic PVDF-g-POEM double comb
copolymers. These results again confirmed that the hydrophilic POEM
side chain played a significant role as a molecular directing agent to
control the phase of nanofibrous air filter membrane based on amphi-
philic PVDF-g-POEM double comb copolymer. The FE-SEM images and
diameter distribution in Fig. 4 show the morphologies of the two elec-
trospun nanofibrous air filter membranes, which clearly points out the
effective impact of the amphiphilic PVDF-g-POEM double comb copol-
ymer in terms of the ultrathin diameter of the resultant nanofibers
(77.53 nm) compared to that of the hydrophobic PVDF (556.8 nm). This
possibly occurs owing to the enhanced electronegativity of the addi-
tional oxygen atoms in the POEM chains and improved electrostatic
attraction of the fluorine atom in hydrophobic PVDF, which effectively
promotes the generation of the § phase and simultaneously triggers
strong coulombic interactions; these effects mitigate the surface tension
of the amphiphilic PVDF-g-POEM double comb copolymer solution
compared to that of hydrophobic PVDF. [40] It is noteworthy that the
addition of hydrophilic components is known to enable a reduction in
surface energy, resulting in an improvement in the stretchability of the
copolymer jet and the production of thin nanofibers. [41]

The filtration performance of nanofibrous air filter membrane based
on hydrophobic PVDF and amphiphilic PVDF-g-POEM double comb
copolymer is shown in Fig. 5. Fig. 5a shows a clear improvement in the
filtration performance of nanofibrous air filter membrane based on
amphiphilic PVDF-g-POEM double comb copolymer compared to that of
hydrophobic PVDF, particularly at the low pressure drop region (less
than5mmH>0). Specifically, in Fig. 5b, the nanofibrous air filter mem-
branes based on hydrophobic PVDF show low filtration efficiency of less

Diam'étef~77 .53 nm

(b)

20

-

3}
a

.

-
o

Distribution (%)

Diameter (nm)

Fig. 4. FE-SEM images and diameter distribution of nanofibrous air filter membrane based on (a,c) hydrophobic PVDF and (b,d) amphiphilic PVDF-g-POEM double

comb copolymer.
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Fig. 5. (a) Filtration efficiency of nanofibrous air filter membrane based on hydrophobic PVDF and amphiphilic PVDF-g-POEM double comb copolymer as a function
of pressure drop, (b) Filtration efficiency and pressure drop of hydrophobic PVDF based nanofibrous air filter membrane as a function of basis weights, (c)
amphiphilic PVDF-g-POEM double comb copolymer based nanofibrous air filter membrane as a function of basis weights and (d) quality factor of nanofibrous air
filter membrane based on hydrophobic PVDF and amphiphilic PVDF-g-POEM double comb copolymer as a function of mass area.

than 50% even though the mass area is increased up to 4 g/m?. It reaches
filtration efficiency of 83% at loaded mass area around 8 g/m? with the
significant escalation of pressure drop to more than 10 mmH50.
Meanwhile, as shown in Fig. 5¢, the nanofibrous air filter membrane
based on amphiphilic PVDF-g-POEM double comb copolymer exhibits
the high filtration efficiency of 75.6% and a relatively low pressure drop
of 1.46 mmH,O at significantly low mass area of 0.15 g/m? which result
the highest quality factor of 0.967 mmH,0™}. The nanofibrous air filter
membrane based on amphiphilic PVDF-g-POEM double comb copolymer
shows the filtration efficiency higher than 93% with a sufficient quality
factor of 0.59 mmH,0"}, as shown in Figure S2. The superior air
filtration performance of the amphiphilic PVDF-g-POEM nanofibrous
membranes against the pristine PVDF nanofibrous membranes are
clearly depicted in Fig. 5d via the quality factor as a function of mass
area. However, as a rule of thumb, the higher deposited mass area filter
will result in a huge value of area resistance or pressure drop and
thereby degrading the quality factor of the entire filter. For a more
reasonable comparison, the nanofibrous air filter membrane based on
amphiphilic PVDF-g-POEM double comb copolymer was made at an
ultra-low mass area of 0.05 g/m? with single-nozzle electrospinning to
intentionally degrade the filtration efficiency of the modified polymer.
Figure S2 apparently shows the quality factor difference between
nanofibrous air filter membrane based on amphiphilic PVDF-g-POEM
double comb copolymer and the nanofibrous air filter membrane based
on hydrophobic PVDF at low filtration efficiency level, specifically the
nanofibrous air filter membrane based on amphiphilic PVDF-g-POEM
double comb copolymer exhibited the filtration efficiency of 37.56 %
relevant to the quality factor of 0.942 mmH,0! which is much higher
than that of the poor quality factor of the nanofibrous air filter mem-
brane based on hydrophobic PVDF (0.266 mmHgo'l) shown in the same

figure due to large observed pressure drop. For better comprehension on
the reliability of long-term usage, the nanofibrous air filter membranes
based on amphiphilic PVDF-g-POEM double comb copolymer and hy-
drophobic PVDF were completely immersed in isopropanol (IPA) sol-
vent for various periods of time, and the obtained results are shown in
Figure S3. Figure S3a displays the superior filtration performance
durability of the amphiphilic PVDF-g-POEM nanofibrous membrane
against polypropylene MB filter membrane. The filtration efficiency of
polypropylene MB filter membrane dramatically degrades after 1 h
immersed in IPA bath. Meanwhile, the amphiphilic PVDF-g-POEM
nanofibrous membrane shows the filtration efficiency retention of 91.92
% after 10 h exposure in IPA. Moreover, compared to hydrophobic PVDF
nanofibrous membrane, the amphiphilic PVDF-g-POEM filter also pos-
sesses a greater filtration performance retention shown in Figure S3b.
Although there could be some residual electrostatic charge for PVDF and
PVDF-g-POEM, the significantly enhanced filtration performance
retention of PVDF-g-POEM after IPA exposure supports the existence of
chemical functionality in addition to slip effect with thinner filter
diameter, which can contribute to improving the shortcoming on par-
ticles loading of nanofiber-based filter due to two dimensional nature. In
general, the enhancement in air filtration performance of the nano-
fibrous air filter membrane based on amphiphilic PVDF-g-POEM double
comb copolymer can be possibly attributed to the dual effects of the
synthesized copolymer. The facile interactions among the ultrathin
amphiphilic PVDF-g-POEM double comb copolymer-based nanofibers,
which are closer in size (77.53 nm) to the mean free path of air mole-
cules (65.3 nm), generate a slip effect region for air molecules to bypass
the nanofibers; this leads to a pressure drop reduction and a simulta-
neous improvement in air filtration efficiency, as shown in Scheme 3. In
addition, although the nanofibrous air filter membrane based on
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double comb copolymer.

amphiphilic PVDF-g-POEM double comb copolymer exhibited a slightly
higher pressure drop, the higher electronegativity of PVDF-g-POEM
enables an enhancement in the quality factor and filtration efficiency.
Notably, the amphiphilic PVDF-g-POEM double comb copolymer with
buffer interactions between the hydrophobic main chain of PVDF and
the hydrophilic side chain of POEM enables the capture of both negative
and positive charges of particles with high chemical affinity.

4. Conclusions

The nanofibrous air filter membrane based on amphiphilic PVDF-g-
POEM double comb copolymer were successfully fabricated in this study
via ATRP and electrospinning, which effectively reduced the diameter of
the fibers to the slip flow region with lower air resistance. Fine dust was
readily captured by enhanced chemical and physical adsorption prop-
erties of nanofibrous air filter membrane due to the amphiphilic char-
acteristics of PVDF-g-POEM double comb copolymer, which resulted in
enhanced air filtration efficiency and lower air resistance compared to
those of the hydrophobic PVDF. This synthesis strategy for nanofibrous
air filter membrane based on amphiphilic PVDF-g-POEM double comb
copolymer may be applied to the development of efficient air filters to
sieve PMj 3 pollutants.
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