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Traditionally preferred air ﬁltration systems have a large pressure drop, and consequently use energy in building
ventilation systems. This study developed an electrostatically assisted metal foam (EAMF) coarse ﬁlter.
Comparing with electrostatic precipitator (ESP), in an EAMF coarse ﬁlter, charged particles go through rather
than in parallel to the collecting electrodes and therefore are more likely to be removed from air ﬂow as they are
drawn closer to the collecting electrodes. We investigated the inﬂuences of material and pore density of metal
foam on fraction ﬁltration eﬃciency of 0.3–10 μm particles, net ozone production, pressure drop and power
dissipation of the EAMF coarse ﬁlter. We used ambient aerosol in a ventilation duct to perform our experiments.
Using 75 ppi nickel foam, the EAMF coarse ﬁlter can remove 0.3–0.5 μm particles from ambient air with 78.9%
ﬁltration eﬃciency and 10.8 Pa pressure drop at 0.5 m/s face air velocity. We deﬁned a structural coeﬃcient
Ns,E = α1/3/df2/3 to evaluate the theoretical ﬁltration eﬃciency of the EAMF coarse ﬁlter. We proposed that
metal foams whose oxide layers have smaller (ho/εr,o) are more eﬃcient in EAMF coarse ﬁlters. We also presented a comprehensive quality factor (CQF) to evaluate the performance of electrostatic particle removal
technologies including our EAMF coarse ﬁlter.

1. Introduction
Recently, particulate matter (PM) has emerged as one of the most
serious environmental problems, raising great concern [1–3]. To reduce
the amount of outdoor PM which enters indoor environments via
ventilation, high eﬃcient particulate air (HEPA) ﬁlters are usually used
in public buildings. However, HEPA ﬁlters have a large pressure drop
and associated large power consumption [4,5]. Reducing the pressure
drop of PM ﬁltration is important for conserving energy of HVAC systems [6,7]. For instance, MERV 7 ﬁlters were expected to decrease fan
power by nearly 10% comparing with MERV 14 ﬁlters in a ﬁeld study at
a data center [8]. Electrostatic precipitation (ESP) is a widely used PM
removal technology and has a small pressure drop [9]. However, ESP is
limited by the length and superﬁcial area of collecting electrodes, and
therefore has low ﬁltration eﬃciency for ﬁne particles [9], as well as a
small dust holding capacity [10,11].
The transformation of collecting electrodes from plates to conductive ﬁlters has been proposed as a promising method to improve the
ﬁltration eﬃciency of ESP for ﬁne particles and to enlarge the dust
holding capacity of ESP due to ﬁltration itself [12–16]. Moreover, in a
ﬁlter design, charged particles go through rather than in parallel to the
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collecting electrodes and therefore are more likely to be removed from
air ﬂow as they are drawn closer to the collecting electrodes [12]. Kim
et al. [12] used a stainless steel ﬁlter as the collecting electrode of a
point-to-plate ESP to remove particles from air ﬂow. Particle ﬁltration
eﬃciency for ultraﬁne particles (diameter less than 0.1 μm) increased
approximately from 20% to 65% with the onset of a +14 kV charging
electrode at a ﬁlter face air velocity of 1.25 m/s. Mermelstein et al. [13]
investigated the eﬀect of ﬁlter structure and pore size on particle removal using Kim's [12] electrostatically enhanced stainless steel ﬁlters.
With electrostatic enhancement, single pass ﬁltration eﬃciency of the
best performance ﬁlter for 0.05–1 μm polystyrene particles rose from
32% (uncharged) to 92% while the pressure drop was around 299 Pa at
a face air velocity of 0.75 m/s. Choi et al. [14] developed an Al-coated
conductive ﬁbrous ﬁlter with small pressure drops for electrostatic
capture of ultraﬁne KCl particles. The ﬁltration eﬃciency of such ﬁlter
was as high as 99.99% for 0.03–0.4 μm particles at a face air velocity of
0.1 m/s.
All the above studies used ﬁlter media either with large pressure
drops or under low face air velocities, which made their inventions
energy intensive and impractical [12–16]. Furthermore, few of these
studies reported the related energy consumption [12–16], which is
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Fig. 1. Schematic of EAMF ﬁlter module.

power supply (P10, GENVOLT, China), respectively. Screens are all
connected to the ground.

important and necessary to rationally evaluate the performance of a
ﬁltration technology in real applications. Moreover, to the best of our
knowledge, there is a lack of principle on how to select a suitable ﬁlter
medium for high eﬃciency and low energy consumption.
In this study, we developed an electrostatically assisted metal foam
(EAMF) ﬁlter with a small pressure drop to eﬃciently remove ﬁne
particles. We tested the particle fraction ﬁltration eﬃciency, net ozone
production, pressure drop, and power dissipation of the EAMF ﬁlter,
using ambient aerosols as loading particles. We investigated how and
how much the metal material and pore diameter aﬀect the performance
of the EAMF ﬁlter in theory and by laboratorial experiment, respectively. A comprehensive quality factor (CQF) was deﬁned to evaluate
the performance of electrostatic particle removal technologies including our EAMF ﬁlter.

2.2. Feasibility analysis
In an uncharged ﬁlter, particles are captured for the synthesized
reasons of inertial eﬀect, diﬀusion eﬀect and interception eﬀect [3,19].
In the above EAMF ﬁlter, both particles and ﬁlter medium are charged,
so particles are captured for the synthesized reasons of inertial eﬀect,
diﬀusion eﬀect, interception eﬀect and electrostatic eﬀect [3,20], such
that charged ﬁlters should be more eﬃcient than uncharged ﬁlters.
Fig. 2 is a schematic of collecting electrode models of a commercial
ESP and an EAMF coarse ﬁlter. Taking parts of commercial ESP's and
EAMF coarse ﬁlter's collecting electrodes with the same volumes of
L × H × W (length × height × width), we could estimate the particle
passage distances (D) and collecting surface areas (S) of the collecting
electrodes. In a commercial ESP, D1 ≈ 0.8 H, S1 = L × W, while in an
EAMF coarse ﬁlter (installed with 40 ppi (pores per linear inch) nickel
foam as shown in Table 1), D2 ≈ 0.08 H, S2 = 2.6 H × L × W (the detailed calculation process is shown in Supplementary Equation
(A1) ∼ A2). Compared with the commercial ESP, the collecting electrode of EAMF coarse ﬁlter has a smaller particle passage distance
(D2 < D1) and a larger surface area (S2 > S1). Therefore, the EAMF
coarse ﬁlter should have a higher ﬁltration eﬃciency and a larger dust
holding capacity than ESP.

2. Methodology
2.1. EAMF ﬁlter module
The conﬁguration of an EAMF ﬁlter module used in the study is
shown in Fig. 1. The module envelope is made of acrylic with a
284 mm × 200 mm cross section. The air ﬂow is driven through the
module in the sequence of charging zone and collecting zone. The
charging zone consists of the grounded front screen and negative highvoltage charging pin arrays. The strong electric ﬁeld intensity around
the pin points causes coronal discharge, produces large quantities of
ions, and charges the ﬂowing through particles [9,17]. The collecting
zone consists of the metal foam and the back screen. The metal foam is
connected to a positive voltage supply, acting as the collecting electrode. Thus, the negatively charged particles are captured by positively
charged metal foam by Columbic force [18]. The back screen is connected to the ground acting as shield. This device diﬀers from Kim's
[12] electrostatically enhanced stainless steel ﬁlter in that the discharging ﬁeld and the collecting ﬁeld are separated so they can be
adjusted and optimized independently. In addition to diﬀerences in
discharging and collecting ﬁeld structure, this device also diﬀers from
Choi's [14] Al-coated conductive ﬁbrous ﬁlter in that conductive ﬁlters
are porous metal foams, which are commercially available, washable
and have much smaller pressure drop.
The length of the charging zone in Fig. 1 is 50 mm. The distance
between the charging pin arrays and the upstream face of metal foam
(dp-m) is 16 mm, and the distance between the downstream face of metal
foam and back screen (collecting ﬁeld distance, dc) is 16 mm. Sixteen
(4 × 4) pins are evenly distributed over the duct cross section with
spacing of 50 mm. The screens and charging pins are all stainless steel.
The charging pin array and metal foam are connected to a 0 ∼ −30 kV
and a 0 ∼ +30 kV adjustable high voltage direct current (HVDC)

2.3. Characterization methods for metal foams
The morphology of the metal foam was characterized by optical
microscope images (SK2009HS2, SAIKEDIGITAL Tech., China).
Scanning electron microscopy (SEM) and elemental mapping images
were obtained using an electron microscope (VEGA3, TESCAN, Czech)
operated at 10 kV and an energy dispersive spectrometer (EDS) detector
(51-ADD0001, Oxford Instr., Britain) with an attainable energy resolution of 129 eV. The speciﬁc resistances were tested using the fourprobe van der Pauw method (Model 280, 4D Inc., USA). The thicknesses
of metal foams were measured with a vernier caliper. The pore sizes in
ppi were given by the manufacturers. The pressure drop across the ﬁlter
media Δp (Pa) can be expressed as [21]:

Δp = 64μu 0
ρ=1−α

1 1.5
α (1 + 56α3) L
df2

(1)
(2)

where μ refers to air viscosity (Pa·s); u0 is the face velocity (m/s); df is
the diameter of ﬁber constituting the ﬁlter (m); α represents ﬁber volume fraction in the ﬁlter; L refers to the thickness of the ﬁlter (m). The
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Fig. 2. Schematic of collecting electrodes of (a) ESP and (b) EAMF.

porosity ρ of each metal foam can be calculated by combining Equations
(1) and (2).

Power dissipation P (W/m2), was calculated as:

P=
2.4. Experiment

3. Results
3.1. Characterization of metal foams
Table 1 and Figs. A1 ∼ A2 in Appendix A show the parameters,
morphologies and pressure drops at face air velocities of 0.5–4 m/s for 6
commercial metal foams used in this study. The optical microscope
images show that the surfaces of metal foams were rough, which was
beneﬁcial for particle capture. Metal foams with larger pore density
show larger porosity and smaller ﬁber diameter. Among the metal
foams made of diﬀerent material, there are nearly no diﬀerences in
their speciﬁc resistances.

(3)
3.2. Particle ﬁltration eﬃciencies and net ozone productions of EAMF ﬁlters

where dp is particle diameter (μm); Cin(dp) and Cout(dp) are number
concentrations of dp μm particles at inlet and exhaust of the EAMF ﬁlter
module, respectively.
Net ozone production (mg/h), ΔṀozone, was calculated as:

ΔM˙ ozone = 3.6Au 0 (Cout ,

ozone

(5)

where the subscripts 1 and 2 stand for charging zone and collecting
zone, respectively; U is the absolute value of supplying voltage (kV); I is
the loop current (mA). Both U and I are recorded by the HVDC power
supply.

The performance tests are described in our previous study [22]. The
experiments were conducted in a 284 mm × 200 mm ventilation duct.
We used ambient aerosols as loading particles. The air ﬂow was driven
by a frequency alterable fan. A sensor was set 0.8 m downstream the
exhaust of the air duct to record the temperature and relative humidity
of the tested air. The number concentrations of 0.3–10 μm particles
were measured by a particle counter (Aerotrak 9306, TSI Inc., USA). A
photometric ozone monitor (Model 205, 2 B Tech., USA) was used to
record the ozone concentration at the inlet and exhaust of the EAMF
ﬁlter. A diﬀerential guage (DP-CALC 5825, TSI Inc., USA) was used to
measure the pressure drop across the EAMF ﬁlter at diﬀerent face air
velocities.
Single pass ﬁltration eﬃciency of particles with certain size, η(dp),
was calculated according to:

Cin (dp) ⎞
η (dp) = ⎜⎛1 −
⎟ × 100%
C
out (dp ) ⎠
⎝

U1⋅I1 + U2⋅I2
A

− Cin ,

ozone ) ρozone

Figs. 3 and 4 (a) show the single pass ﬁltration eﬃciencies and net
ozone productions of EAMF ﬁlters installed with Foams #1 ∼ #6 for
0.3–0.5 μm particles with varying charging voltages (U1) and collecting
ﬁeld intensities (E2), respectively. The single pass ﬁltration eﬃciencies
vary with particle diameters, for which the data are shown in Fig. A3 in
Appendix A. The face air velocity through the EAMF ﬁlter was set at
0.5 m/s. The temperature, humidity and ambient particle concentration
may inﬂuence the corona discharge in the charging zone, and thus inﬂuence the ﬁltration eﬃciency, net ozone production and power dissipation of the device [23,24]. In this study, we used ambient aerosols

= 3.6Au 0 ΔC ozone ρozone
(4)

where A is cross section area of 0.284 × 0.200 m2; Cin,ozone and Cout, ozone
are ozone concentrations (ppb) at inlet and exhaust of the EAMF ﬁlter
module, respectively; ΔCozone is the ozone concentration increase (ppb);
ρozone is the ozone density of approximately 1.96 kg/m3.
Table 1
Properties of the tested metal foams.
Foama

Material

Pore size, ppi

Pore size, mm

Fiber diameter, μm

Porosity

Speciﬁc resistance, Ω/cm

Thickness, mm

#1
#2
#3
#4
#5
#6

Copper
Iron
Ferro-nickel
Nickel
Nickel
Nickel

40
40
40
40
20
75

0.425
0.425
0.425
0.425
0.850
0.196

113 ± 21
109 ± 22
109 ± 19
100 ± 15
261 ± 42
65 ± 6

90.0%
88.3%
91.3%
93.5%
92.8%
94.4%

0.43
0.49
0.43
0.44
0.47
0.43

5.01
5.17
5.22
4.66
5.16
5.01

a

The producer of the 6 metal foams is Tengerhui Electronic, China. The original purity of each metal foam was greater than 99%.
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Fig. 3. Single pass ﬁltration eﬃciencies of 6 EAMF ﬁlters for 0.3–0.5 μm particles at 0.5 m/s face air velocity charging voltage (U1) varies from 0 to −9 kV, and
collecting ﬁeld intensity (E2) varies from 0 to 15 kV/cm. The error bars in the ﬁgures are the standard deviations for 6 experimental observations.

collecting ﬁeld intensity at a relatively high level since the collecting
zone does not consume any energy (the loop current of collecting zone
I2 = 0). As shown in Fig. 4 (a), the original net ozone production of
Foam #4 was −1.7 mg/h when U1 = 0 and E2 = 0. The reason for
negative net ozone production might be that ambient ozone was partly
dissociated on metal foam or ambient ozone was partly consumed by
oxidizing metal foams [25–27]. When only enhancing U1 from 0 to
−7 kV (keeping E2 at 0), the net ozone production slightly decreased to
−2.4 mg/h. The reason might be that corona discharging at a weak
level would produce little ozone but provide energy for ozone's dissociation by catalysis of metallic oxide on the surface of metal foam
[28–30]. When further increasing U1 from −7 to −9 kV (keeping E2 at
0), the net ozone production increased to 0.2 mg/h. The net ozone
production was positive because strong corona discharge produces a
greater amount of ozone than is consumed. Keeping U1 at −9 kV and
enhancing E2 from 0 to 15 kV/cm, the net ozone production increased
additionally to 3.2 mg/h. This was because enhancing E2 increased the
loop current in the charging zone (I1) due to a more intense electrical

as loading particles, so the air temperature and relative humidity ranges
were not controlled but measured as 10.6–12.9 °C and 38.5%–56.2%,
respectively. (The year average temperature of ambient air in the experimental region Beijing is around 11–13 °C) The range for mass
concentration of ambient PM2.5 was 155–192 μg/m3. The size distributions of the loading particles are shown in Fig. A4 in Appendix A.
The inﬂuences of air temperature, humidity and ambient particle concentration on the performance of EAMF coarse ﬁlter are proposed to be
studied in the future.
Charging voltage (U1) and collecting ﬁeld intensity (E2) synergistically enhanced the single pass ﬁltration eﬃciencies and net ozone
productions of EAMF coarse ﬁlters. Using Foam #4 as an example, the
original single pass ﬁltration eﬃciency was 2.5% (U1 = E2 = 0) as
shown in Fig. 3 (d). With the electrostatic assistance of enhancing U1
from 0 to −9 kV, its eﬃciency increased to 66.4%, while with the
electrostatic assistance of enhancing E2 from 0 to 15 kV/cm, its eﬃciency further increased to 75.5%. Although the beneﬁt from enhancing
E2 is less than that from enhancing U1, it is necessary to set the
422
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Fig. 4. Net ozone productions, power dissipations and comprehensive quality factors (CQFs) for 0.3–0.5 μm particles of 6 EAMF ﬁlters at 0.5 m/s face air velocity
when charging voltage (U1) varies from 0 to −9 kV and collecting ﬁeld intensity (E2) varies from 0 to 15 kV/cm. The error bars in the ﬁgures are the standard
deviations for 6 experimental observations.

ﬁeld between negative and positive high voltage electrodes (charging
pin rays and metal foams). The inﬂuence of U1 and E2 on I1 is shown in
Fig. A5 in Appendix A.

The increase of U1 from −7 kV to −9 kV contributes a sharper increase
of power dissipation compared to the E2 increase. However, when U1
became larger than −7 kV, power dissipation signiﬁcantly increased
but single pass ﬁltration eﬃciency increased slightly. Taking Foam #4
for example, power dissipation increased from 0 to 1.6 W/m2 at −7 kV,
and to 12.5 W/m2 at −9 kV (holding E2 at 0).

3.3. Power dissipations and pressure drops of EAMF ﬁlters
Power dissipation and pressure drop are two important parameters
for energy consumption of a particle removal device. The power dissipation and pressure drops of 6 EAMF coarse ﬁlters are shown in Fig. 4
(b) and Supplementary Table A1., respectively.
Fig. 4 (b) shows that there was little diﬀerence in power dissipation
for diﬀerent metal foams. But charging voltage (U1) and collecting ﬁeld
intensity (E2) synergistically increased the power dissipation of EAMF
coarse ﬁlters. This was because enhancing U1 or E2, the loop current of
the charging zone (I1) increased as shown in Supplementary Fig. A5.

4. Discussion
4.1. Improved quality factors to evaluate the performance of EAMF ﬁlters
Quality factor (QF) has been widely used to evaluate the overall
performance of fabric ﬁber ﬁlters [14,18,31,32]. It is deﬁned as:
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QF (dp) =

−ln(1 − η (dp))
Δp

(6)
−1

where QF (dp) refers to quality factor (Pa ) for particles with a certain
diameter of dp.
A larger value of QF indicates a larger ﬁltration eﬃciency increase
per pressure drop. However, for electrostatic ﬁltration including ESP,
the device's electric energy consumption must also be considered to
evaluate operation cost. As shown in Figs. 3 and 4 (b), the larger singlepass ﬁltration eﬃciency of EAMF ﬁlters, the larger the power dissipation. Thus, it is inadequate to only use QF, as this does not consider the
electric energy consumption of the device.
Feng et al. [33] developed a new quality factor QF' (W−1) to evaluate the performance of their electrostatic enhanced ﬁlter:

QF ‘ (dp) =

−ln(1 − η (dp))
Q

Δp η

fan

+ P ⋅A

Fig. 5. Mechanical and electrostatic ﬁltration eﬃciencies of a single ﬁber (ηs,M
and ηs,E) in 6 EAMF ﬁlters for 0.3–0.5 μm particles at 0.5 m/s face air velocity
under standard condition of charging voltage (U1) at −7 kV and collecting ﬁeld
intensity (E2) at 15 kV/cm.

(7)

where ηfan = 0.71 indicates the eﬃciency of fan in HVAC system [33].
However, QF′ uses diﬀerent units from QF, which is inconvenient
for comparing electrostatic ﬁltration devices with existing normal ﬁlters. Thus, we deﬁne a comprehensive quality factor (CQF) (Pa−1) to
better evaluate the performance of electrostatic ﬁltration devices:

CQF (dp) =

−ln(1 − η (dp))
Δp + Δp′

=

4.3. The inﬂuence of metal foams' structural parameters
We deduced Equation (25)–(27) from formulas published by Thakur
et al. [18] and Equation (1)–(6) from formulas published by Yang et al.
[31] to calculate the electrostatic ﬁltration eﬃciency of the overall
ﬁlter medium ηE:

−ln(1 − η (dp))
Δp +

ηfan P
u0

(8)

where Δp' is the apparent pressure drop (Pa), which is equivalent to that
of a normal fabric ﬁber ﬁlter with a speciﬁc electricity fan energy
consumption of P*A (W); u0 is the face velocity (m/s).
Fig. 4 (c) shows the CQFs of 6 metal foams for 0.3–0.5 μm particles
at 0.5 m/s face air velocity. The largest CQFs are achieved for optimal
U1. This is because when U1 was greater than −7 kV, the increase in
ﬁltration eﬃciency was smaller than that of power dissipation with
increasing U1 (as shown in Figs. 3 and 4 (b)). Fig. 4 (c) shows that E2
does not inﬂuence CQFs; the beneﬁts of E2 on EAMF ﬁlters' ﬁltration
eﬃciency and power dissipation were small and nearly equal (as shown
in Figs. 3 and 4 (b)). Thus, considering both single pass ﬁltration eﬃciency and CQF, we selected U1 = −7 kV and E2 = 15 kV/cm as the
standard conditions for EAMF coarse ﬁlters.

−4
f (L, α, df ) ⎞
ηE = 1 − exp ⎛
⎠
⎝ π

(12)

df ⎤
L ⎡
α1/3
m + n 2/3 ⎛1 − m ⎞ ⎥
α⎠
1−α⎢
df ⎝
⎦
⎣
⎜

⎟

df ⎤
α1/3
⎡
≈ 10−2 × ⎢m + n 2/3 ⎛1 − m ⎞ ⎥
α⎠
df ⎝
⎣
⎦

(13)

qp CC Vcollect εr , a df
⋅ ≈ 101 × 10−3 = 10−2
12μdp νair Lhcollect α

(14)

⎜

m⋅

n⋅

In the following sections, we discuss the performance of 6 EAMF
coarse ﬁlters under the standard condition of U1 = −7 kV and
E2 = 15 kV/cm.

df
α

=

2
2
2
3
α1/3
⎛ 9π ε0 εr , a Vcollect dp CC εr , p −
=⎜
3
2
2/3
2
df
⎝ 128L μdf νair hcollect εr , p +

⎟

1/3

1⎞
2 ⎟⎠

⋅

α1/3
≈ 10−1 × 102 = 101
df2/3
(15)

where ηM is mechanical ﬁltration eﬃciency of the overall ﬁlter medium;
L is the thickness of metal foam (m); α is the ﬁber volume fraction in
ﬁlter; df and dp indicate diameter (m) of ﬁber constituting the ﬁlter and
diameter of particle, respectively; qp is charge present on particle (C);
CC is the Cunninghum slip factor; μ is air viscosity (Pa·s); vair is face air
velocity (m/s); Vcollect is the collecting voltage (V) applied to the metal
foam (in this study, Vcollect = U2); hcollect is the distance between metal
foam and grounded mesh (m); ε0 is the permittivity of the free space (F/
m); εr,a and εr,p are relative dielectric constant of air and particle, respectively.
As shown in Equation (12)–(15), ηE increases with increasing f.
Since α1/3/df2/3 is the dominant inﬂuencing parameter of f, we deﬁne it
as Ns,E. Among the three nickel foams with diﬀerent pore densities,
Foam #6 has the largest Ns,E, and therefore showed the largest overall
electrostatic ﬁltration eﬃciency in this study. Basing on Equation
(12)–(15), we used parameters obtained from our experiments and from
literature (see in Tables 1 and 2) to calculate the theoretical electrostatic ﬁltration eﬃciency (ηE) of the 6 metal foams.
To calculate measured electrostatic ﬁltration eﬃciencies (η′E), we
used the overall single pass ﬁltration eﬃciency (η0) at U1 = 0 and
E2 = 0 as the mechanical ﬁltration eﬃciencies (ηM) of the 6 metal
foams, and the overall eﬃciency tested at U1 = −7 kV and E2 = 15 kV/

Air ﬁlters remove particles from air ﬂow mainly by mechanical and
electrostatic eﬀects. The two eﬀects are assumed independent of each
other, and are expressed as [18]:

ηs = ηs, M + ηs, E

(11)

f (L, α, df ) =

4.2. Electrostatic enhancement in ﬁltration eﬃciency of metal foams

−4ηs αL ⎤
η = 1 − exp ⎡
⎢ πdf (1 − α ) ⎥
⎦
⎣

η = 1 − (1 − ηM )(1 − ηE )

(9)
(10)

where η is the overall single pass ﬁltration eﬃciency of a ﬁbrous ﬁlter;
ηs indicates overall ﬁltration eﬃciency of a single ﬁber; ηs,M and ηs,E
represent mechanical and electrostatic ﬁltration eﬃciency of a single
ﬁber, respectively.
For each EAMF coarse ﬁlter, ηs,M is measured at U1 = 0 and E2 = 0
(as shown in Fig. 3). Then we calculated ηs,E based on single pass ﬁltration eﬃciencies at U1 = −7 kV and E2 = 15 kV/cm (as shown in
Fig. 3). The ηs,M and ηs,E of 6 EAMF coarse ﬁlters under standard condition (U1 = −7 kV, E2 = 15 kV/cm) are shown in Fig. 5. In the
6 EAMF coarse ﬁlters, ηs,E was 46–333 times larger than ηs,M, which
indicated that the electrostatic eﬀect was the main contributor to the
overall eﬃciencies of EAMF coarse ﬁlters in this study.
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Table 2
Parameters used for η′E calculation.
Vcollect, V
2.40 × 10
CC
1.420b
a
b
c

hcollect, m
4

vair, m/s
−2

1.60 × 10
μ, N·s/m2
1.80 × 10−5c

0.5
ε0
8.85 × 10−12

dp, m

Table 3
Atomic ratio of oxygen to metal element on the surface of metal foams (Foam#1
∼#4) and the relative dielectric constants of their oxides.

qp, C
−7

4.0 × 10
εr,a
1.00053

1.37 × 10−17a
εr,p
6.4

Calculated from literature [34].
Calculated from literature [18].
Directly obtained in literature [35].

Foam

Metal
element

Atomic ratio of oxygen and metal
element

Oxides

εr,o [36]

#1
#2
#3
#4

Cu
Fe
Fe, Ni
Ni

5.3%
7.7%
2.7%
< 0.1%

CuO
Fe2O3
Fe2O3, NiO
NiO

18.1
12.0
/
11.9

Qf ≈

cm was used as the overall ﬁltration eﬃciency (η). Then using Equation
(11), we calculated the tested electrostatic ﬁltration eﬃciencies (η′E).
We compared ηE with η′E in Fig. 6. It can be seen that for nickel foams,
both ηE and η′E generally grow with increasing Ns,E and the values of ηE
agree well with the value of η′E at the same Ns,E. However, for 40 ppi
metal foams made of diﬀerent materials, there were large gaps between
ηE and η′E as shown in the orange shadow zone in Fig. 6. Thus, there
must be other dominating reasons for the gaps between theoretical and
measured electrostatic ﬁltration eﬃciencies. It is crucial to study the
inﬂuence of metal foams' material on the electrical ﬁltration eﬃciency
of an EAMF coarse ﬁlter.

5. Conclusions
In this work, we used 6 metal foams to investigate the inﬂuences of
material and pore density of them on ambient particle removal performance and found that 75 ppi nickel foam performed best in single
pass ﬁltration eﬃciency of 0.3–0.5 μm particles in the EAMF coarse
ﬁlter. The EAMF coarse ﬁlter designed in this study can enhance the
0.3–0.5 μm particle removal eﬃciency of low pressure drop nickel foam
(75 ppi) from 1.2% to 78.9% with pressure drop increasing only from
10.1 to 10.8 Pa at 0.5 m/s face air velocity. We proposed a structural
coeﬃcient Ns,E = α1/3/df2/3 for evaluation of EAMF coarse ﬁlter and
found that metal foams with larger Ns,E are more electrostatically eﬃcient. We found that metal foams whose oxide layers have smaller (ho/
εr,o) are more eﬃcient in EAMF coarse ﬁlters. In this way, the overall
ﬁltration eﬃciency of EAMF coarse ﬁlters could be enhanced. The inﬂuence of ﬁltration velocities and metal foams' shape on performance
of EAMF coarse ﬁlters should be further studied.
We have presented a comprehensive quality factor (CQF) to evaluate the performance of electrostatic particle removal technologies including our EAMF coarse ﬁlter. This gives us a better understanding of
the particle removal devices' “costs” (pressure drop as well as energy
consumption) and “beneﬁts” (ﬁltration eﬃciency). More experimental
studies are needed to characterize the quantitative relationships between CQF and metal foams' structural parameters. In principal,
charged particles accumulating on the surfaces of ESP's collecting
electrodes would cause a ﬁltration eﬃciency decrease [10,37]. We
suspect that the charged particles loading on the metal foam surface
may also increase the surface potential of the collecting electrode,
which may result in decreased ﬁltration eﬃciency. This requires further
study.

4.4. The inﬂuence of metal foams' oxidability
The equation for calculating ηs,E can be derived from Equation
(25)–(27) from Thakur's study [18] and Equation (1)–(6) from Yang's
study [31].:
2

⎜

(17)

where A is the cross section area of metal foam; ho is the thickness of
oxide layer; εr,o is the relative dielectric constant of oxide layer.
According to Equation (17), Qf varies positively with 1/(ho/εr,o). As
shown in Equation (16), a large Qf would cause a high electrostatic
ﬁltration eﬃciency. It indicated that nickel foam (Foam #4) has the
smallest value of (ho/εr,o) and in this way showed the highest electrostatic ﬁltration eﬃciency in this study, as shown in Fig. 3 (a) ∼ (d) and
6. Figs. A6 ∼ A9 in Appendix A and Table 3 show the mappings of
oxygen and the metal element on the surface of metal foams, the atomic
ratios, and the relative dielectric constants of oxide layers. The εr,o of
nickdel oxide in moist air is the smallest among the four metals. Thus,
among the four metal foams made of diﬀerent material (Foam
#1 ∼ #4), the ho of nickel (Foam #4) should be the smallest. In addition, nickel foam (Foam #4) shows the lowest atomic ratio of oxygen to
metal element, which also suppose a smallest ho of nickel among four
metals.

Fig. 6. The relationship between Ns,E and theoretical and measured electrostatic ﬁltration eﬃciencies.

ηs, E = 1 − (1 − aQf ) ⎛1 − bQf3 ⎞
⎠
⎝

Vcollect ε0 A
hcollect
h
+ εo
εr , a
r,o

⎟

(16)

where a and b are constants describing experimental conditions and Qf
is the charge on the ﬁber. The detailed derivation process of the formulas is shown in Supplementary Equation (A3) ∼ A11.
We used Equation (16) to study the eﬃciency of metal foam ﬁber in
our study. As is shown, the larger Qf, the larger electrostatic ﬁltration
eﬃciency of a single ﬁber, and thus the larger ﬁltration eﬃciency of the
whole metal foam. However, Qf can be inﬂuenced by the metal foam's
material, which may cause diﬀerent ﬁltration eﬃciencies even at the
same ppi structure as shown in Fig. 3 (a) ∼ (d). As shown in Table 1,
there are nearly no diﬀerences in the speciﬁc resistances of diﬀerent
metal foams.
We proposed that the oxide layer on the surface of the metal foam
ﬁber will inﬂuence the Qf value. We derived the expression of a modiﬁed Qf (as shown in Equation (17)) by considering the oxide layer. The
detailed derivation is shown in Supplementary Equation (A15) ∼ A20:

Acknowledgements
The research was supported by the National Key Research and
Development Program of China (No. 2016YFC0207103) and the
425

Building and Environment 144 (2018) 419–426

E. Tian et al.

Natural Science Foundation of China (Nos. 51722807, 51478235, and
51521005). The authors wish to express special thanks to Ms. Louise B.
Weschler for revising the manuscript.

[16] D.Y. Choi, K.J. Heo, J.H. Kang, E.J. An, S.-H. Jung, B.U. Lee, H.M. Lee, J.H. Jung,
Washable antimicrobial polyester/aluminum air ﬁlter with a high capture eﬃciency
and low pressure drop, J. Hazard Mater. 351 (2018) 29–37.
[17] B.Y.H. Liu, A. Kapadia, Combined ﬁeld and diﬀusion charging of aerosol particles in
the continuum regime, J. Aerosol Sci. 9 (3) (1978) 227–242.
[18] R. Thakur, D. Das, A. Das, Electret air ﬁlters, Separ. Purif. Rev. 42 (2) (2013)
87–129.
[19] C.Y. Chen, Filtration of aerosols by ﬁbrous media, Chem. Rev. 55 (3) (1955)
595–623.
[20] C.S. Wang, Electrostatic forces in ﬁbrous ﬁlters - a review, Powder Technol. 118
(1–2) (2001) 166–170.
[21] C.N. Davies, The Separation of Airborne Dust and Particles, Proceedings of Institute
of Mechanical Engineers, London B1, 1952.
[22] E. Tian, J. Mo, Z. Long, H. Luo, Y. Zhang, Experimental study of a compact electrostatically assisted air coarse ﬁlter for eﬃcient particle removal: synergistic particle charging and ﬁlter polarizing, Build. Environ. 135 (2018) 153–161.
[23] B. Shi, L. Ekberg, Ionizer assisted air ﬁltration for collection of submicron and ultraﬁne particles-evaluation of long-term performance and inﬂuencing factors,
Environ. Sci. Technol. 49 (11) (2015) 6891–6898.
[24] J. Chen, J.H. Davidson, Ozone production in the positive DC corona discharge:
model and comparison to experiments, Plasma Chem. Plasma Process. 22 (4) (2002)
495–522.
[25] V.A. Sazonov, Y.V. Ostrovskii, G.M. Zabortsev, V.V. Popovskii, Catalytic decomposition of ozone over cupric oxide catalysts, React. Kinet. Catal. Lett. 38 (2) (1989)
369–373.
[26] B. Dhandapani, S.T. Oyama, Gas phase ozone decomposition catalysts, Appl. Catal.,
B 11 (2) (1997) 129–166.
[27] M.C. Wu, N.A. Kelly, Clean-air catalyst system for on-road applications: I.
Evaluation of potential catalysts, Appl. Catal., B 18 (1–2) (1998) 79–91.
[28] Q. Yu, H. Pan, M. Zhao, Z. Liu, J. Wang, Y. Chen, M. Gong, Inﬂuence of calcination
temperature on the performance of Pd-Mn/SiO2-Al2O3 catalysts for ozone decomposition, J. Hazard Mater. 172 (2–3) (2009) 631–634.
[29] S. Gong, W. Li, Z. Xie, X. Ma, H. Liu, N. Han, Y. Chen, Low temperature decomposition of ozone by facilely synthesized cuprous oxide catalyst, New J. Chem. 41
(12) (2017) 4828–4834.
[30] J. Jia, P. Zhang, L. Chen, Catalytic decomposition of gaseous ozone over manganese
dioxides with diﬀerent crystal structures, Appl. Catal., B 189 (2016) 210–218.
[31] S.H. Yang, G.W.M. Lee, Electrostatic enhancement of collection eﬃciency of the
ﬁbrous ﬁlter pretreated with ionic surfactants, J. Air Waste Manag. Assoc. 55 (5)
(2005) 594–603.
[32] D.Q. Chang, S.C. Chen, D.Y.H. Pui, Capture of sub-500 nm particles using residential electret hvac ﬁlter media-experiments and modeling, Aerosol Air Qual.
Res. 16 (12) (2016) 3349–3357.
[33] Z. Feng, Z. Long, J. Mo, Experimental and theoretical study of a novel electrostatic
enhanced air ﬁlter (EEAF) for ﬁne particles, J. Aerosol Sci. 102 (2016) 41–54.
[34] X. Zhang, Z. Ren, M. Feiming, Heat Transfer, China Architecture and Building Press,
Beijing, 2007.
[35] L. Peng, Dust Removal Technology, Chemical Industry Press, Beijing, 2014.
[36] CRC Handbook of Chemistry and Physics, Internet Version 2005, CRC Press, Boca
Raton, Florida, 2005.
[37] L.A. Wallace, S.J. Emmerich, C. Howard-Reed, Eﬀect of central fans and in-duct
ﬁlters on deposition rates of ultraﬁne and ﬁne particles in an occupied townhouse,
Atmos. Environ. 38 (3) (2004) 405–413.

Appendix A. Supplementary data
Supplementary data related to this article can be found at https://
doi.org/10.1016/j.buildenv.2018.08.026.
References
[1] M. Kampa, E. Castanas, Human health eﬀects of air pollution, Environ. Pollut. 151
(2) (2008) 362–367.
[2] Y. Zhang, J. Mo, C.J. Weschler, Reducing health risks from indoor exposures in
rapidly developing urban China, Environ. Health Perspect. 121 (7) (2013) 751.
[3] G. Liu, M. Xiao, X. Zhang, C. Gal, X. Chen, L. Liu, S. Pan, J. Wu, L. Tang,
D. Clements-Croome, A review of air ﬁltration technologies for sustainable and
healthy building ventilation, Sustain. Cities Soc. 32 (2017) 375–396.
[4] L. Del Fabbro, J.C. Laborde, P. Merlin, L. Ricciardi, Air ﬂows and pressure drop
modelling for diﬀerent pleated industrial ﬁlters, Filtrat. Separ. 39 (1) (2002) 34–40.
[5] S. Bourrous, L. Bouilloux, F.X. Ouf, P. Lemaitre, P. Nerisson, D. Thomas,
J.C. Appert-Collin, Measurement and modeling of pressure drop of HEPA ﬁlters
clogged with ultraﬁne particles, Powder Technol. 289 (2016) 109–117.
[6] Z. Grainge, HVAC eﬃciency: can ﬁlter selection reduce HVAC energy costs? Filtrat.
Separ. 44 (1) (2007) 20–22.
[7] J.F. Montgomery, C.C.O. Reynolds, S.N. Rogak, S.I. Green, Financial implications of
modiﬁcations to building ﬁltration systems, Build. Environ. 85 (2015) 17–28.
[8] A. Shehabi, S. Ganguly, L.A. Gundel, A. Horvath, T.W. Kirchstetter, M.M. Lunden,
W. Tschudi, A.J. Gadgil, W.W. Nazaroﬀ, Can combining economizers with improved ﬁltration save energy and protect equipment in data centers? Build. Environ.
45 (3) (2010) 718–726.
[9] A. Mizuno, Electrostatic precipitation, IEEE Trans. Dielectr. Electr. Insul. 7 (5)
(2000) 615–624.
[10] S.H. Huang, C.C. Chen, Loading characteristics of a miniature wire-plate electrostatic precipitator, Aerosol Sci. Technol. 37 (2) (2003) 109–121.
[11] M.S. Zuraimi, M. Vuotari, G. Nilsson, R. Magee, B. Kemery, C. Alliston, Impact of
dust loading on long term portable air cleaner performance, Build. Environ. 112
(2017) 261–269.
[12] S.H. Kim, C. Sioutas, M.C. Chang, Electrostatic enhancement of the collection efﬁciency of stainless steel ﬁber ﬁlters, Aerosol Sci. Technol. 32 (3) (2000) 197–213.
[13] J. Mermelstein, S. Kim, C. Sioutas, Electrostatically enhanced stainless steel ﬁlters:
eﬀect of ﬁlter structure and pore size on particle removal, Aerosol Sci. Technol. 36
(1) (2002) 62–75.
[14] D.Y. Choi, S.-H. Jung, D.K. Song, E.J. An, D. Park, T.-O. Kim, J.H. Jung, H.M. Lee,
Al-coated conductive ﬁbrous ﬁlter with low pressure drop for eﬃcient electrostatic
capture of ultraﬁne particulate pollutants, ACS Appl. Mater. Interfaces 9 (19)
(2017) 16495–16504.
[15] D.Y. Choi, E.J. An, S.-H. Jung, D.K. Song, Y.S. Oh, H.W. Lee, H.M. Lee, Al-coated
conductive ﬁber ﬁlters for high-eﬃciency electrostatic ﬁltration: eﬀects of electrical
and ﬁber structural properties, Sci. Rep. 8 (2018).

426

