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ABSTRACT: Particulate matter (PM) from ever-increasing industrialization poses a great public health risk. Although ﬁber-based ﬁlters are used
eﬀectively to block PM, ﬁlters with high packing densities suﬀer from
excessive pressure drops. Electret ﬁlters bypass intermediate- or large-sized
particles and thus capture only small particles, the motion of which can be
inﬂuenced by weak electrostatic ﬁelds. In this study, we demonstrate the
fabrication of metallized ﬁbers that produce intense electric ﬁelds, thereby
enabling capture of PMs of a variety of sizes produced by burning incense.
The ﬁlter consisting of these metallized ﬁbers eﬀectively removes moving
particles from air. An electricity-driven ﬁlter is relatively thin and has a low
packing density, making it light, portable, transparent, and inexpensive.
The sizes of the pores between the metallized ﬁbers are readily controlled
by manipulating the electrospinning and electroplating times. Suﬃciently
large pores permit eﬃcient airﬂow and thus increase permeability without
risking an excessive pressure drop. The metallized ﬁber ﬁlter is washable and thus reusable. In this study, a PM removal rate of
>97% was recorded using a ﬁlter designed under optimal conditions.
KEYWORDS: metallized microﬁbers, air ﬁltration, electrostatic attraction, particulate matter, reusable ﬁlter

1. INTRODUCTION
Global industrialization and population growth have given rise
to airborne pollutants and particulate matter (PM) that pose
serious health risks, especially to elders and children whose
respiratory functions are vulnerable to pollution.1−7 Heating and
power generation systems produce nitrogen dioxide and sulfur
dioxide. Gas cooking, cigarette smoke, and commuting by car all
produce carbon monoxide. Volatile organic compound
emissions are produced from indoor materials such as paint,
furniture, and petrochemical products.8 PM2.5 refers to particles
that are <2.5 μm in size, which are particularly harmful because
of their eﬃciency in penetrating human bronchi, lungs, trachea,
bronchioles, and alveoli.9,10 In addition, microorganisms such as
bacteria, viruses, and fungi can become easily attached to PM2.5,
which function as carcinogens. These complicate countertreatments.10−14
Today, ﬁbrous ﬁlters account for >70% of the air ﬁlter
market.15 Fiber ﬁlters can capture submicrometer particles
through multiple layers of ﬁbers. The physical properties of
these ﬁbers, such as the diameter, packing density, thickness, and
alignment, are critical in determining the ﬁlter eﬃciency.16 In
particular, reducing the ﬁber size favorably aﬀects ﬁltration
because it decreases the basis weight and pore size while
increasing the speciﬁc surface area and pore interconnectivity,
thereby increasing the contact probability. For these reasons,
nanoscale ﬁbers fabricated by electrospinning, solution blowing,
© XXXX American Chemical Society

and supersonic solution blowing have received considerable
attention from air ﬁlter industries17−24 and research community.25−27
Filters using high-packing-density nanoscale ﬁbers can
experience low air permeability, increased air resistance, high
pressure drops, and high operating pressures that result in high
energy consumption, ﬁlter clogging, and reduced ﬁlter service
lifetimes.19 Therefore, designing ﬁlters with low packing
densities and high permeability that retain the ability to capture
submicrometer particles is imperative. This goal can be achieved
by electrical charging of ﬁlters, which induces the electrically
driven motion of particles of diﬀerent sizes, as described in
Figure 1. Many particles carry an electric charge. Moreover,
natural or accidental radioactivity can induce charge accumulation on radioactive particles.28
Polymer electret ﬁlters capture particles by both nonelectrical
ﬁltration mechanisms and electrostatic attraction, as shown in
Figure 1a,b. Physical ﬁltration occurs by impaction, interception,
and diﬀusion, whereas electrical ﬁltration utilizes an electric ﬁeld
imposed by charged airborne particles and/or the ﬁlter itself.
These polymeric dielectric materials include polyethylene,
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applied electric ﬁeld. The metallized ﬁber ﬁlter has a very low
packing density and thus allows high permeability, a low
pressure drop, and no clogging until all pores are ﬁlled with
ﬁltered particles. Because the ﬁlter is relatively thin with a low
packing density, it is readily washable and reusable. Metallized
ﬁbers of several micrometers in diameter are used in a ﬁlter,
generating very strong electric repulsion and attraction depending on the polarity. Parametric studies reported herein include
the metallized ﬁber fabrication process, optimization of packing
density, and optimization of ﬁber location inside a cylindrical
ﬁlter. It should be emphasized that no particle precharging was
conducted in this study, and particle reaction to the electric ﬁeld
associated with the proposed metallized ﬁlter showed that the
particles were originally charged.

2. EXPERIMENTAL METHODS
Figure 1. (a) Comparison of air ﬁltration performance by electret vs
metallized ﬁbers. (b) Air ﬁltration using a weak electrostatic ﬁeld from
electret ﬁbers vs a strong electrostatic ﬁeld associated with metallized
ﬁbers.

2.1. Cu Microﬁbers. Cu-plated microﬁbers were fabricated by
employing the subsequent processes of electrospinning and electroplating, as previously studied by the present group.39,40,42−47 The
electrospinning solution was prepared by dissolving 8 wt % of
polyacrylonitrile [PAN, (C3H3N)n; Mw = 150 kDa; Sigma-Aldrich]
pellets in N,N-dimethylformamide (DMF, 99.8%; Sigma-Aldrich) and
then stirring the mixed solution for 24 h at room temperature of 24 °C.
The 8 wt % PAN solution was electrospun with a ﬁxed ﬂow rate (Legato
100, KDS) and a ﬁxed applied DC voltage (EL20P2, Glassman High
Voltage Inc.). Details of the electrospinning conditions are listed in
Table 1.

polypropylene, and poly(tetraﬂuoroethylene) and have quasipermanent electrical charges that facilitate particle attraction.29
Electret is a material that generates a permanent electric ﬁeld
without an externally applied voltage. Electret ﬁlters produce a
strong electrostatic ﬁeld close to the surface of the ﬁber, enabling
ﬁne particles to be removed with higher eﬃciency than when
employing conventional mechanical ﬁltering.30−33 The advantage of electret ﬁlters is that they can achieve better trapping as
compared to mechanical ﬁltering because of electrostatic
attraction. Electret ﬁlters usually have a low density, and
therefore, the pressure drop of 1−200 Pa for an air face velocity
of 0.05 m/s is typical. By contrast, the disadvantage of the
electret ﬁlter is that the attraction is reduced when the ﬁbers are
covered with particles.30,34 Recently, various studies have been
performed on ﬁlters that utilize electrical charges. The ﬁlters can
purify polluted air environments by the mechanism shown in
Figure 1a.
However, electret ﬁltration with polymer nanoﬁbers has some
drawbacks, namely, low-level charge and rapid charge decay due
to the low weight of the ﬁbers.21 Enhancing the dielectric
properties of ﬁbers has been attempted by modifying their
physical structures and adding inorganic electrets to
them.20,21,35−38 These studies have also investigated the eﬀects
of polymer dielectric properties on the ﬁltration performance.
Although these attempts to improve the electrical properties of
ﬁbers have gradually advanced the ﬁltration technology, the
intrinsic shortcomings of electret ﬁlters remain as challenges to
overcome.
Figure 1a,b compares the particle ﬁltration mechanisms based
on dielectric ﬁbers to those for metallized ﬁbers. The
comparison shows that metallized nanoﬁbers can in principle
be more eﬀective at particle removal than electret ﬁlters
consisting of dielectric materials simply because metallized
ﬁbers can provide stronger electric ﬁelds that attract more
particles.
For these reasons, we propose the use of metallized
microﬁbers39−41 to provide suﬃciently strong electric ﬁelds
between charged particles and ﬁlter ﬁbers. We demonstrate that
particles of all sizes are practically instantaneously attracted to
metallized ﬁbers under applied electric ﬁelds. Carbon monoxide
or/and dioxide gaseous products from burning incense are used
as sample particles captured by the metallized ﬁbers under the

Table 1. Operating Conditions for the Electrospinning and
Electroplating
process
electrospinning

electroplating

parameters
applied DC voltage (kV)
ﬂow rate (μL/h)
nozzle-to-collector distance (cm)
electrospinning time (s)
applied voltage (kV)
nanoﬁber mat-to-Cu electrode distance
(cm)
electroplating time (s)

values
6
280
13
60
3
3
0, 10, 30, 60

For the Cu electroplating of the electrospun PAN nanoﬁbers, a Cu
electroplating solution was ﬁrst prepared by mixing 80 g of copper
sulfate (Sigma-Aldrich), 25 g of sulfuric acid (Matsunoen Chemicals),
2.5 g of hydrochloric acid (Sigma-Aldrich), 50 g of formaldehyde
(Sigma-Aldrich), and 500 mL of distilled water. The solution was
stirred for 1 h at room temperature to make it homogeneous.
Before PAN nanoﬁbers were electroplated, they were metal-seeded
by sputtering with Pt at a thickness of a few nanometers, which induced
minimal conductivity in the polymer electrospun nanoﬁbers. A DC
power supply (E3664A, Agilent Technologies) and homemade
electroplating setup were used for the Cu electroplating. Details of
the electroplating conditions are listed in Table 1. The as-Cu-plated
nanoﬁbers were rinsed with distilled water and dried by a N2 gas gun.
2.2. Characterization. The morphology and elemental mapping of
Cu microﬁbers were explored by high-resolution scanning electron
microscopy and energy-dispersive X-ray spectroscopy (XL30 SFEG,
Phillips Co., Holland) at 15 kV. The transmittance (T) of the Cu
microﬁber was measured using a UV−vis spectrophotometer (Optizen
POP, Mecasys, Daejeon, Korea). The transmittance was measured in
the wavelength range of 350−1100 nm, which includes the visible light
region. Note that the basic condition (T = 100%) was based on two
slide glasses. The transmittance of the Cu microﬁber ﬁlter was
measured by inserting the Cu microﬁber ﬁlter between two slide glasses.
The ﬁber diameters and porosities of the Cu microﬁbers were measured
from SEM images using the I-Measure 3 software. The carbon
monoxide (CO) concentration of the generated smoke was measured
B
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by a gas detector (QRAE 3 of RAE systems). Two PMs from an incense
stick and charcoal were used for the ﬁltration tests in this study: one was
from the smoke of a burning incense stick and the other was prepared
by crushing charcoal and sieving it. Speciﬁcally, a mortar was used to
crush a bulk charcoal to obtain small charcoal powders with diameters
of less than 500 μm. Then, the crushed charcoal powders were sifted
using a 50 μm sieve.
2.3. Smoke Filtration Test. To demonstrate the ﬁltering
performance of the Cu microﬁbers, a cylindrical setup was built, as
shown in Figure 2a. A Cu microﬁber ﬁlter and 30 s electrospun PAN

Figure 3. (a) Schematic of the Cu microﬁber fabrication process
(electrospinning and electroplating). (b) Diameters of Cu microﬁbers
vs Cu electroplating times. (c) SEM images.

4.77 ± 0.178 μm at 0, 10, 30, and 60 s electroplating times,
respectively. The ﬁrst row of SEM images in Figure 3c shows the
Cu microﬁbers obtained with diﬀerent electroplating times (tep).
The average diameter of the nonplated PAN nanoﬁbers (at tep =
0 s) was 500 ± 0.027 nm. Figure 3c shows that the ﬁber diameter
increased with increasing Cu plating times at tep = 10, 30, and 60
s.
3.2. Electrostatic Smoke Filtration by Cu Microﬁber
Filter. The Cu microﬁber ﬁlter was located under the bottom
position (B), and the PAN nanoﬁber mat could be installed at
one of the three locations of either top (T), middle (M), or near
the bottom (B) of the setup, as shown in Figure 4. Figure 4

Figure 2. (a) Schematic and photographs of the smoke ﬁltration setup.
(b) Operating principle of the smoke ﬁltration setup.
nanoﬁber mat were installed inside the cylindrical setup and ﬁxed by an
acryl supporting agent. The Cu microﬁber ﬁlter here was employed as a
powered electrode that could capture the charged PM, and the 30 s
electrospun PAN nanoﬁber mat was used as a grounded electrode. An
incense stick was placed at the bottom of the setup to induce buoyancydriven smoke ﬂow from the bottom to the top of the setup.
Figure 2b shows the operating principle of the proposed electrostatic
ﬁlter without and with applied voltage. At the top of the cylindrical
setup, a fan and gas detector were installed to induce laminar ﬂow in the
cylinder and to measure the CO concentration in the passing smoke.
The air ﬂow rate was determined by the power input to the fan. Thus,
the air ﬂow rate was ﬁxed and stabilized both the incense burning
process and oxygen concentration at the bottom inlet. In addition, the
amount of CO gas produced from the burning incense was proportional
to the amount of PM produced from the same incense burning.48 It
should be emphasized that the measured concentration of CO was not
used here as a measure of the amount of PM resulting from incense
burning. To characterize the ﬁltration of PM, a separate experiment
with charcoal particles was performed, which is described as follows.
It should also be emphasized that in free carbon monoxide, a net
negative charge remains at the carbon end, and the molecule possesses a
small dipole moment.49 In our study, this caused deposition of CO
molecules from the incense smoke on the Cu microﬁber ﬁlter when
positive voltage was applied. Deposition of water vapor was also caused
by the polarization of water molecules. In addition, burning resulted in
the formation of multiple charged radicals.50 Their coagulation in the
Cu microﬁber ﬁlter in turn generates PMs.

Figure 4. Smoke ﬁltration before and after applying voltage of 20 kV. T,
M, and B denote the top, middle, and bottom positions, respectively, of
the PAN nanoﬁber mat in the cylindrical setup. Here, the PAN
nanoﬁber mat is installed at the bottom position.

3. RESULTS AND DISCUSSION
3.1. Cu Microﬁber Filter. Figure 3a shows a schematic of
electrospinning and electroplating for Cu microﬁber fabrication.
The microﬁbers were fabricated by electrospinning followed by
ﬁber electroplating (cf. Experimental Methods Section).
Previous studies by the present group demonstrated that Cu
microﬁbers fabricated by this combined approach consisted of
pure Cu and possessed diameters dependent on the ﬁber
diameter of electroplating times.40,42−45 The comparison of the
ﬁber diameters versus electroplating times is shown in Figure 3b.
The average ﬁber diameter was determined in each case by
measuring 100 microﬁbers in the SEM images. The average
diameters were 0.53 ± 0.027, 2.24 ± 0.096, 3.83 ± 0.178, and

shows that smoke generated by burning incense rose through
the setup. At this time, smoke particles passing through the Cu
microﬁber ﬁlter were negatively charged by the electrostatic
induction eﬀect (cf. Section 2.3).51−53 The negatively charged
smoke particles were accumulated at the positively charged Cu
microﬁber ﬁlter as the voltage supply was turned on.
The smoke ﬁlter performance was conﬁrmed by measuring
the CO concentration every 30 s based on the assumption that
the particle concentration was proportional to that of CO.
Figure 4 shows the time-dependent ﬂow of smoke in the
presence or absence of voltage. For the uncharged Cu microﬁber
ﬁlter, smoke penetrated both the Cu microﬁber ﬁlter and PAN
nanoﬁber mat en route to the setup exit. By contrast, the high
C
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Figure 5. (a) Photographs and (b) transmittance spectra of the Cu microﬁber ﬁlter formed with diﬀerent electroplating times of tep = 0, 10, 30, and 60 s.
Changes in CO concentration as a function of (c) tep, (d) position of the PAN nanoﬁber mat in the setup (cf. Figure 4b), and (e) number of Cu
microﬁber ﬁlters installed in the setup. In the cases of (d) and (e), the electroplating time is tep = 30 s.

voltage applied between the Cu microﬁber ﬁlter and PAN
nanoﬁber mat facilitated the capture of charged PMs by the ﬁlter
(see the fourth photograph in Figure 4 and the Supplementary
Video 1).
Figure 5a shows photographs of Cu microﬁber ﬁlters formed
with diﬀerent electroplating times, demonstrating that all Cu
microﬁber ﬁlters had high transparencies. This implies that the
ﬁlters were very thin and could not cause a signiﬁcant additional
pressure drop, which is beneﬁcial for applications requiring high
permeability and lightness (where the pressure drop on a ﬁlter
decreases with its thickness). Note also that the electrical
conductivity of these metallized nanoﬁbers was not lost up to
strains of 600%.43 Figure 5b shows the light transmittance (T)
versus wavelength of Cu microﬁbers formed with diﬀerent
electroplating times. When t = 0 (no metallization), T at 550 nm
(in the visible range) was approximately 80%. As the
electroplating time increased to tep = 10, 30, and 60 s, T
decreased to 64, 56, and 42%, respectively.
Figure 5c−e shows the smoke ﬁltration performance of
diﬀerent setups with Cu microﬁbes. The mean results from ﬁve
repeated experiments in each case were compared. The changes
in CO concentration were measured for 360 s; in every case, the
voltage of 20 kV was applied only during the last 180 s. In Figure
5c, the CO concentration without the Cu microﬁber ﬁlter (see
the without-ﬁber case in Figure 5c) yielded constant values of
425−440 ppm for 360 s, whereas the CO concentration did not
decrease even after the voltage was applied as no Cu microﬁber
ﬁlter and no electric ﬁeld were accordingly formed in the setup.
When tep = 0 s, as shown in Figure 5c which corresponds to the
bare PAN nanoﬁber mat, a similar CO concentration was
observed in comparison with the without-ﬁber case before the

voltage was applied, whereas the concentration slightly
decreased to 307−349 ppm after a voltage of 20 kV was
applied. This suggests that the charged bare ﬁbers operated as
electret materials. For the Cu microﬁber ﬁlter electroplated for
tep = 10 s, a slightly lower CO concentration compared to that of
the previous cases was exhibited before the voltage was applied,
where the corresponding concentration was in the range of
358−377 ppm. In contrast to the previous cases, as the voltage of
20 kV was applied to the Cu microﬁber ﬁlter, the corresponding
CO concentration signiﬁcantly decreased to 191−217 ppm.
A dramatic drop in CO concentration after the voltage was
applied was also observed in both cases of tep = 30 and 60 s,
where nearly identical CO concentrations in the range of 105−
124 ppm were measured (see the 30 and 60 s cases in Figure 5c)
after a voltage of 20 kV was applied. However, it should
be emphasized that a noticeable diﬀerence in CO concentration
between the tep = 30 and 60 s samples was observed before the
voltage was applied. At t = 0, the CO concentration with the tep =
30 s sample was reduced by 234 ppm from the time before to the
time after the voltage was applied, whereas that of the tep = 60 s
sample was reduced by 169 ppm (cf. Table 2).
Because the porosity of specimens varies with the electroplating time, diﬀerent ﬁltration performances associated with
CO concentration before the voltage was applied were observed
in diﬀerent cases. To characterize the porosity values of
the specimens, we analyzed SEM images of each case (cf.
Experimental Methods Section). A porosity value was obtained
by dividing the area without ﬁbers in the SEM image by the total
area of the corresponding SEM image. The calculated porosity
values of the 0, 10, 30, and 60 s cases shown in Figure 5c were
82.2, 71.5, 63.9, and 48.9%, respectively.
D
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diminished as the distance between the Cu microﬁber ﬁlter and
grounded PAN nanoﬁber mat increased due to the reduced
strength of the electric ﬁeld.
Figure 5e shows the CO concentration proﬁles with diﬀerent
numbers of Cu microﬁber ﬁlters, where Nlayer = 1, 2, and 3. In
each case, the PAN nanoﬁber mat was placed at the B-marked
position of the setup shown in Figure 4b, and diﬀerent numbers
of superimposed Cu microﬁber ﬁlters were placed below the Bmarked position (cf. Figure 4b). For two Cu microﬁber ﬁlters,
the CO concentrations of 287 ppm (before the voltage was
applied) and 82 ppm (after the voltage was applied) were
recorded. For the three ﬁlters, 199 ppm (before the voltage was
applied) and 42 ppm (after the voltage was applied) were
recorded. Before the voltage was applied, the CO concentration
was reduced by increasing the number of Cu microﬁber ﬁlters as
the permeability decreased when increasing the number of
layers.
The ﬁltration eﬃciency η was deﬁned using the ratio of the
CO concentration C with applied voltage to that without applied
voltage. C0 and C denote the average values in CO concentration
before and after the voltage was applied. Thus,

Table 2. Filtration Eﬃciency
CO
concentration
(ppm)
condition

case

before

after

eﬃciency
(%)

(a) plating time

without nanoﬁbers
0 s (PAN ﬁbers without
plating)
10 s
30 s
60 s
B
M
T
1
2
3

430
425

430
327

22.9

368
346
278
346
342
385
346
287
199

206
112
109
112
218
249
112
82
42

44.0
67.6
60.8
67.6
36.3
35.4
67.6
71.5
78.8

(b) location (single
layer)
(c) N of Cu
microﬁber layers

To better characterize the performances of the Cu microﬁber
ﬁlters, the results of additional experiments (at tep = 30 s) are
shown in Figure 5d−e. Figure 5d shows the results of CO
concentration with diﬀerent locations of the grounded PAN
nanoﬁber mat in the pipe near the bottom (B), in the middle
(M), and at the top (T) of the setup (see Figure 4b). When the
PAN nanoﬁber mat was installed at T, the average CO
concentration before the voltage was applied was 385 ppm. As
the PAN nanoﬁber mat was lowered to B, the CO concentration
before the voltage was applied slightly decreased to 362 and 346
ppm for the M (red circles) and B (blue triangles) locations,
respectively. The CO concentrations after the voltage of 20 kV
was applied were 249, 218, and 112 ppm at the T, M, and B
locations, respectively. In other words, the ﬁltering performance

ij
C yzz
η = jjj1 −
z × 100
j
C0 zz{
k

(1)

Table 2 shows the smoke ﬁltration eﬃciencies for all the cases
studied, including those shown in Figure 5 (i.e., the cases
without ﬁlter (the without-ﬁber case), with the PAN nanoﬁber
ﬁlter without copper plating, and with copper plating for t = 10,
30, and 60 s). In Table 2, condition (a), the non-plated PAN
nanoﬁbers (tep = 0 s) reveals η = 22.9%; η increased to 44.0 and
68.6% in the 10 and 30 s plating cases, respectively, whereas it
slightly decreased to 60.8% in the tep = 60 s plating case. Table 2,

Figure 6. (a) Result for the CO concentration after the PAN nanoﬁber ﬁlter in the cycling test. (b) Photos of Cu microﬁber ﬁlter before (Ncyc = 0) and
after ﬁltering (Ncyc = 40). SEM images of the PAN nanoﬁber ﬁlter at (c) Ncyc = 0 and (d) Ncyc = 40.
E
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Figure 7. SEM images and the corresponding elemental mapping images of Cu microﬁbers (a) before and (b) after smoke ﬁltration tests (Ncyc = 20).

Figure 8. (a) SEM images of the Cu microﬁber ﬁlter with increasing numbers of tests. (b) Schematic of the mechanism of PM deposition.

result.19,54 The elemental mapping images shown in Figure
7b clearly indicate that the ﬁlm-like deposit contained mainly C
and O, which was attributed to the PM from the incense smoke
captured by the electrically charged Cu microﬁbers during the
test (cf. Figure 4a). The observed C on the Cu microﬁbers
before the test was attributed to the presence of the background
carbon tape applied to ﬁx the ﬁbers.
Figure 8a shows the change in the surface morphology of the
Cu microﬁbers as the number of smoke ﬁltration tests Ncyc
increased from 0 to 40. The case of Ncyc = 0 in Figure
8a corresponds to the as-prepared untested Cu microﬁbers. At
Ncyc = 10, PMs from the smoke appeared uniformly captured
along the surfaces of the Cu microﬁbers, forming thin ﬁlms while
seemingly undergoing capillary instability that was expressed as
a bead-like shape on two of the ﬁbers. This suggests a liquid-like
behavior of some part of the deposit; this could possibly be water
vapor, which is one of the products of burning. As the number of
tests increased, the PM coverage spanned multiple Cu
microﬁbers at Ncyc = 20 and then ﬁnally covered nearly all Cu
microﬁbers at Ncyc = 40 also in a liquid-like manner. The
formation mechanism of PM ﬁlms on the Cu microﬁbers is
illustrated in Figure 8b. The schematic sequentially depicts the
formation of ﬁlm-like PM deposits at the beginning until its
complete coverage of Cu microﬁbers. The ﬁgure shows that PMs
began to make contact with each other along the surfaces of the
Cu microﬁbers. Most PMs initially accumulated at junctions of
the Cu microﬁbers, and newly captured PMs gradually
agglomerated onto the existing PM clusters and Cu microﬁbers.
With respect to PM coagulation, PMs increased in size and ﬁlled
the void spaces between the ﬁbers, resulting in ﬁlm-like PM
deposits.54
Dimethylformamide (DMF) soaking and sonication were
performed to remove captured PMs from Cu microﬁber ﬁlters,
as demonstrated in Figure 9, as DMF is considered to dissolve

condition (b) shows the eﬃciencies based on the positions of
the grounded PAN nanoﬁber mat. Compared to the bottom case
(B in Table 2b), the values of η for the M and T locations (at the
middle and near the top, respectively) decreased to approximately 36.3 and 35.4%, respectively. Table 2c lists the
eﬃciencies with varying numbers of Cu microﬁber ﬁlters. As
expected, the eﬃciency η improved as the number of Cu
microﬁber ﬁlters increased, where the three-layer case
corresponded to the highest value of η = 78.8% (Table 2,
condition (c)).
3.3. Fouling of Cu Microﬁber Filter. Figure 6 shows the
results of the cycling test of the PAN nanoﬁber ﬁlter with 60 s of
electrospinning, where Figure 6a presents the change in CO
concentration during 40 cycles (Ncyc = 40). Note that Ncyc = 1
cycle (6 min) consisted of 3 min without and 3 min with applied
voltage of 20 kV. Although similar trends in CO concentration
are shown for the initial three cycles (Ncyc = 1−3), the
subsequent concentration steadily decreased thereafter. The
concentration without applied voltage decreased to less than 100
ppm at Ncyc = 12, and the CO concentration was less than the
sensitivity of the device from Ncyc = 30. As shown in Figure 6b,
the white PAN nanoﬁber ﬁlter (at Ncyc = 0) changed to brown
following the cycling test (at Ncyc = 40) because of the captured
PM on the PAN nanoﬁber ﬁlter. SEM images in Figure 6c,d
clearly indicate that the PM was captured between the PAN
nanoﬁbers, thus blocking the pores of the nanoﬁber mat and
resulting in a signiﬁcant decrease in CO concentration.
Figure 7a,b shows the SEM and corresponding elemental
mapping images of Cu microﬁbers before and after smoke
ﬁltration testing (Ncyc = 20), respectively. The SEM image in
Figure 7b reveals that a ﬁlm wrapped the Cu microﬁbers when
the smoke ﬁltration test was completed. It should be emphasized
that in the case of inorganic soot-like PMs, the PMs formed a
coating layer around the microﬁbers, and a thin ﬁlm grew as a
F

DOI: 10.1021/acsami.9b05686
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

Research Article

ACS Applied Materials & Interfaces

Figure 9. SEM images of Cu microﬁbers (a) before and (b) after smoke ﬁltration tests, (c) after only DMF soaking, and (d) after sonication subsequent
to DMF soaking. Recycle test (e) without DMF soaking and sonication and (f) with DMF soaking and sonication.

carbon eﬀectively.55 Figure 9a,b presents SEM images of Cu
microﬁbers before and after smoke ﬁltration tests, respectively;
Figure 9c,b shows Cu microﬁbers after only DMF soaking and
after sonication subsequent to DMF soaking, respectively. To
remove the captured PMs from Cu microﬁbers, the tested Cu
microﬁber ﬁlter was soaked in DMF solution for 24 h and
sonicated for 1 min, thus removing the ﬁlm-like PM (although
some PMs remained on the Cu microﬁbers). With sonication
subsequent to DMF soaking, the PMs were completely
removed, as revealed in Figure 9d, indicating the reusability of
Cu microﬁber ﬁlters. The insets in Figure 9a−d are photographs
for each case.
Figure 9e,f shows the results of the cycling and recycling tests
of Cu microﬁber ﬁlters, respectively. The tests were conducted
using one layer of Cu microﬁbers formed with tep = 30 s
electroplating and installed near the bottom location of the
setup. Figure 9e presents the results of the cycling test without
DMF soaking and sonication. The CO concentration was
measured for 180 s with the voltage applied and for 210 s
without. This cycle was repeated 40 times. In the cycling test
(Figure 9e), the maximum CO concentration was ∼300−350

ppm before the voltage was applied, and it decreased to <150
ppm after the voltage was applied.
As shown in Figure 9e, after Ncyc = 18, the CO concentration
became unstable, which was attributed to an increase in the
number of accumulated PMs on Cu microﬁbers as the cycle
progressed. In other words, the smoke gradually ceased reaching
the gas detector as the permeability of the ﬁlter decreased.
Figure 9f shows the recycling test with DMF soaking after the
ﬁltration test and the subsequent sonication. In this case, the Cu
microﬁber ﬁlter was cleaned by DMF soaking and sonication
every Ncyc = 10 before repeating a new Ncyc = 10 process. The
vertical red dotted lines in Figure 9f indicate the DMF soaking
and sonication moments. Unlike the previous cycling test, the
CO concentrations before and after the cleaning process
remained nearly constant for Ncyc = 50 because PMs were
completely removed from Cu microﬁbers by the cleaning
process, yielding a ﬁlter with sustainable porosity.
To demonstrate the feasibility of the Cu microﬁber ﬁlters for
practical industrial applications, ﬁltration tests with charcoal
particles were performed as shown in Figure 10. The size of the
charcoal particles ranged from tens of nanometers to a few
G
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Figure 11. Snapshots comparing the ﬁber mass before and after
ﬁltration and after air blowing.

the fabricated air ﬁlter were placed at various locations inside a
smoke-conﬁning cylindrical pipe. The thickest metallized ﬁber,
multiple layers, and the shortest distance between a Cu
microﬁber ﬁlter and grounded PAN nanoﬁber electrode yielded
the highest removal rate. In all cases, we conﬁrmed the excellent
air ﬁltration performance of the metallized ﬁber ﬁlters. A
transparent air ﬁlter consisting of metallized ﬁbers can be
installed in portable air puriﬁcation devices to achieve a high PM
removal eﬃciency. In addition, we conﬁrmed that the Cu
microﬁber ﬁlter could capture micrometer-scale charcoal
particles, which means it holds a great promise for use as an
electriﬁed Cu microﬁber ﬁlter in various industrial applications.

■

Figure 10. SEM images of (a−c) pulverized charcoal particles. SEM
images of Cu microﬁber ﬁlters after ﬁltration tests of charcoal particles
with (d−i) diﬀerent voltages given in the panels and (j−o) diﬀerent
ﬁltration times given in the panels.
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PM capturing of the Cu microﬁber ﬁlter (MP4)

micrometers, as shown in Figure 10a−c. Note that the ﬁltration
setup was the same as that used for the smoke ﬁltration test (cf.
Figures 2 and 4) except that charcoal particles on the bottom of
the setup were driven upward by a fan. Charcoal particles were
negatively charged by means of the triboelectric eﬀect. Figure
10d−i shows SEM images of Cu microﬁber ﬁlters after ﬁltration
tests when diﬀerent voltages from 0 to 20 kV for a ﬁxed ﬁltration
time of 180 s. Although the 0 and 10 kV cases slightly diﬀered in
terms of ﬁltration eﬃciency, the 20 kV case clearly revealed the
electrical enhancement of ﬁltration. In addition, the number of
captured charcoal particles clearly increased as the ﬁltration time
increased from 60 to 360 s at the ﬁxed applied voltage of 20 kV,
as observed in Figure 10j−o. The ﬁltration mass was estimated
under the operating conditions of 10 and 20 kV at the collection
time of 180 s. The mass of the metallized ﬁbers before usage was
6.5 mg. After the ﬁltration experiment, the ﬁber masses with the
collected PMs were 19, 25, and 80.9 mg when the charging
voltages were 0, 10, and 20 kV, respectively. Thus, the
electriﬁcation dramatically increased the collection eﬃciency
as compared to the nonelectriﬁcation case. Furthermore, the
charcoal PMs were not chemically bonded to the metal ﬁbers
and were thus easily removed from the ﬁbers by simple air
blowing. The snapshots in Figure 11 compare the ﬁber mass
before and after ﬁltration and after air blowing. These results
show that approximately 90% of charcoal PMs were removed by
air blowing.
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