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Phthalic acid esters (PAEs) have been widely used in indoor applications and cause severe sicknesses. In
this study, we developed an ionizer-assisted ﬁltration method with an external electrostatic ﬁeld to
efﬁciently remove gaseous DiBP (Diisobutyl phthalate) and DnBP (Dibutyl phthalate). We used lowpressure drop polyurethane (PU) foams as substrate ﬁlters, and loaded ﬁne activated carbon powder
into PU foams as PU-C foams. The pressure drop of new ﬁlters ranged from 5.28 Pa to 14.3 Pa at the face
velocity of 1 m/s. We investigated the inﬂuence of ﬁlter materials and electrostatic charging on the
single-pass ﬁltration efﬁciency of PAEs and net ozone production. The ﬁltration efﬁciency of 30 ppi
(pores per inch) ﬁlter increased from 15.4% (PU) to 29.3% (PU-C) for DiBP. Only pollutant pre-charging
cannot enhance the ﬁltration efﬁciency of PAEs. It may be because negative ions accumulate on the
ﬁlter surface and cause electrostatic repulsive forces between the charged gaseous PAEs and ﬁlters,
which lowers the electrostatic ﬁltration efﬁciency. When charging the pollutants at 8.0 kV and the ﬁlter
at þ10.0 kV simultaneously, the ﬁltration efﬁciency of 30 ppi PU-C ﬁlter increased from 29.3% to 45.5% for
DiBP. However, the simultaneous charging on pollutants and ﬁlters did not improve the efﬁciency of 40
ppi PU-C ﬁlter. The reason may be that the speciﬁc resistance of 40 ppi PU-C ﬁlter was 6 times larger than
that of 30 ppi PU-C ﬁlter, which leads to more negative ions accumulating on the ﬁlter surface. The
tendency for the removal of DnBP is similar. The net ozone productions of all experiments were less than
0.38 mg/h. Overall, this study developed an ionizer-assisted ﬁltration method with an external electrostatic ﬁeld, which is based on inexpensive, low pressure drop coarse ﬁlters, and is efﬁcient for the
active control of gaseous PAEs.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
Phthalic acid esters (PAEs) are mainly used as plasticizers to
increase the ﬂexibility and durability of plastic products, such as
vinyl ﬂooring (Xu et al., 2012), clothing (Thompson et al., 2009), and
toys (Andaluri et al., 2018). Researchers have found that there are
relatively high concentrations of PAEs and their metabolites existed
in human hair (He et al., 2018) and urine (Chen et al., 2019; Huang
et al., 2018; Zhang et al., 2020). The exposure of PAEs is associated
with a high prevalence of asthma and allergic symptoms (Bamai
et al., 2014; Bornehag et al., 2004; Li et al., 2017), obesity
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(Stahlhut et al., 2007), and reproductive diseases (Li et al., 2019; Ma
et al., 2018). Since PAEs have large partition coefﬁcients (Wu et al.,
2017) and high boiling points (Afshari et al., 2004), gaseous PAEs
can emit from source materials for a long time (Bu et al., 2016; Xu
and Little, 2006). PAEs are demonstrated to be adsorbed on indoor
surfaces (Wu et al., 2017), airborne particles (Chen et al., 2018; Wei
et al., 2017), settled dust (Fromme et al., 2004; Subedi et al., 2017),
even human skin (Weschler and Nazaroff, 2012) and respiratory
tract (Wei et al., 2020). Researchers have found that there are gasphase and particle-phase PAEs in indoor air (Benning et al., 2013;
Weschler and Nazaroff, 2008; Weschler et al., 2008). Partition coefﬁcient (Kp) is commonly used to describe the distribution of PAEs
between gas and particles (Little et al., 2012; Weschler et al., 2008).
The PAEs with large Kp, such as di-(2-ethylhexyl) phthalate (DEHP),
will be mostly adsorbed on particle surfaces to form particle-phase
PAEs. While the PAEs with small Kp, such as dibutyl phthalate (DBP),
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combined effect of negatively pre-charging on pollutants and
positively charging on the new ﬁlters to remove gaseous PAEs.
Diisobutyl phthalate (DiBP) and Dibutyl phthalate (DnBP) were
chosen as target PAEs. The inﬂuence of various ﬁlters and external
electrostatic ﬁelds were studied. We aimed to develop a novel,
efﬁcient and low pressure drop ﬁltration method to remove
gaseous PAEs.

will exist as the gaseous phase (Fromme et al., 2004).
To reduce human exposure to PAEs, it is of great demand to
remove PAEs in indoor air. The particle-phase PAEs can be efﬁciently removed through particle capture technologies, such as
high-efﬁciency particulate air (HEPA) ﬁlters (Fabbro et al., 2002)
and electrostatic precipitators (ESPs) (Mizuno, 2000). For gas-phase
pollutants, packed-bed adsorption with various adsorbents, such as
activated carbon (AC) (Pei and Zhang, 2012; Xiao et al., 2018),
graphene-like boron nitride (Ye et al., 2017), or metal-organic
framework (Chevalier et al., 2019), have been used to remove indoor formaldehyde (Ye et al., 2017) or volatile organic compounds
(VOCs) (Mamaghani et al., 2018). However, the packed-bed structure has large pressure drop, which restricts its application in indoor air puriﬁcation. PAEs are more easily adsorbed by adsorbents
because they have larger Kp than formaldehyde and VOCs. Therefore, it is not necessary to use the traditional packed-bed method
for gas-phase PAEs removal. A new, efﬁcient and low pressure drop
method for gas-phase PAEs removal is needed.
Meanwhile, the external electrostatic ﬁeld has been proved to
enhance the removal efﬁciencies of particles (Tian and Mo, 2019;
Tian et al., 2018), bacteria (Nunayon et al., 2019) and gaseous pollutants (Sano et al., 1998). Tian et al. (2018) studied a negative ionassisted ﬁltration method with an external electrostatic ﬁeld and
enhanced the particle removal efﬁciency from 0% to 75.5% at a face
velocity of 0.5 m/s. The power dissipation was 12.5 W/m2 and the
net ozone production was 3.2 mg/h. Nunayon et al. (2019) investigated the effectiveness of disinfection through positive and
negative air ions generation. They found that positive and negative
ionizers can enhance the bacteria removal efﬁciencies in air ducts.
For gaseous pollutants, there are two different types of methods by
using external electrostatic ﬁelds. The ﬁrst method is implementing
oxidizing reaction on gaseous pollutants by strong corona discharging. Negative ions tend to be generated in this method
(Parmar and Rao, 2009) and charge the air and pollutants under
corona discharging voltages from 10 kV to 22 kV (Karuppiah
et al., 2012; Lee and Chang, 2001; Sano et al., 1998; Vertriest
et al., 2003). Some oxidizing compounds, such as ozone and oxynitride (Wu and Lee, 2004), hydrogen peroxide (Richardson et al.,
2003), and superoxide (Goldstein et al., 1992), will be produced
under strong corona discharging. Gaseous pollutants are then
oxidized. However, undesirable products like polycyclic aromatic
hydrocarbon (Chmielewski et al., 2002) and carbon monoxide
(Schiorlin et al., 2009) will be generated. Therefore, the ﬁrst
method is usually used in industry instead of indoor environments.
The second method uses negative ions to charge gaseous pollutants
and then removes them by adsorbents. There are very few studies
on the second method, and the existing studies did not show good
removal performances of gaseous pollutants. Yu et al. (2011) reported that the removal efﬁciencies of toluene and formaldehyde
were no more than 3.4% when using negative ion air cleaners. The
ozone emission rate ranged from 10 mg/h to 60 mg/h. Yun and Seo
(2013) tested the removal performances of ammonia and hydrogen
sulﬁde by a ﬁltration platform with negative air ions charging
module. The removal efﬁciencies of the negative air ion ﬁlter were
16.7% for ammonia and 12.7% for hydrogen sulﬁde, respectively.
The net ozone production and the pressure drop of the device were
not mentioned. Thus, the second method can reduce the production of toxic byproducts, but the removal performances of gaseous
pollutants are relatively poor. As we knew, there is no study on the
removal of gaseous PAEs enhanced by external electrostatic ﬁelds.
Considering the large partition coefﬁcients of PAEs, we expect to
use ﬁbrous ﬁlters with low pressure drops to efﬁciently remove
gaseous PAEs through charging with negative ions and ﬁltration.
In this study, we prepared a kind of ﬁlter by loading activated
carbon powder into polyurethane (PU) foam ﬁlters. We studied the

2. Materials and methods
2.1. The ionizer-assisted ﬁltration with an external electrostatic ﬁeld
Fig. 1 shows the experimental schematic of the ionizer-assisted
ﬁltration with an external electrostatic ﬁeld. The air duct is made of
acrylic (1000 mm  80 mm  80 mm). Airﬂow supplied by a
centrifugal fan passes through a high-efﬁciency particulate air
(HEPA) ﬁlter, a perforated diffusion plate and then a delivery
module of PAEs in the air duct. In the delivery module, pure DiBP
and DnBP liquid mixture (1:1 in mass ratio) is loaded on the inner
surface (200 mm  80 mm) of the air duct, and will emit into the
passing airﬂow. The follow-up ﬁltration part consists of a pollutant
pre-charging module and a ﬁlter polarizing module.
The pollutant pre-charging module is composed of a negative
ion generator and a high voltage direct current transmission
(HVDC) power. The module can negatively charge gaseous PAEs at
different charging voltages, referring to the researches of negative
chu et al., 2013; Takeiri, 2010). The ﬁlter charging
ion production (Be
module consists of a front screen connecting to the ground and a
back screen connecting to another HVDC power. The tested ﬁlter is
inserted between the two screens and attached to the back screen.
The electrostatic ﬁeld builds up through the tested ﬁlter and
charges it, such that the ﬁlter ﬁbers have charges on their surface
(Lowkis and Motyl, 2001; Noh et al., 2011). The electrical force
between the negatively charged gaseous PAEs and the positively
charged ﬁlter will enhance the PAEs adsorption in the ﬁlter, which
is an analogy from the particle removal phenomenon (Tian and Mo,
2019).
2.2. Filter materials
We compared two kinds of ﬁlters, including bare polyurethane
(PU) foam and PU foam loaded with activated carbon (PU-C). PU
foam is a porous media with abundant vesicular structures. PU-C is
the PU foam loaded with ﬁne activated carbon powder by a fast and
roll-to-roll gel squeezing method according to a previous study
(Tian et al., 2020). We purchased activated carbon from Kunshan
Xuanzuan Electronic Technology Co., Ltd (Kunshan, China), and
sieved them by 300 mesh. The properties of activated carbon were
tested by Zhongshan Puchuan Testing Technology Co. Ltd
(Guangzhou, China). We prepared loading gels by mixing activated
carbon powders, vinyl acetate-ethylene (VAE) copolymer emulsion
(as the adhesive) and water at 3:1:6 in mass ratio. Then, we dipped
PU foams into the gels, squeezed redundant gels and dried the
C
foams
at
80
for
180
min.
Foam
sheets
(80 mm  80 mm  10 mm) with pore sizes of 20 ppi, 30 ppi and 40
ppi were used in this study. The ﬁber morphology of PU and PU-C
ﬁlters were characterized by an optical microscope (L8008-HD,
Saikedigital Tech, China) and a scanning electron microscope (Nova
NanoSEM 450, FEI Inc., USA), respectively. Fiber diameters were
measured ﬁve times in the optical microscope images by XYDiameter, a free software for measuring the length between two points
in the image. The speciﬁc resistances of ﬁlters were also measured
by Zhongshan Puchuan Testing Technology Co. Ltd (Guangzhou,
China), using a four-point probe van der Pauw method by a four2
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Fig. 1. The experimental platform of ionizer-assisted ﬁltration with an external electrostatic ﬁeld.

analyzed by a gas chromatography-mass spectrometer (GC-MS)
(QP-2010SE, SHIMADZU, Japan). The thermal desorption unit (TDU)
of the sample pretreatment platform was programmed at 50  C for
0.5 min and ramped up by 200  C/min to 320  C, where it was held
constant for 4 min to heat the cartridges. The desorption pressure
and desorption ﬂow were set as 103.0 kPa and 50.0 mL/min,
respectively. The desorbed compounds from TDU were trapped in a
cooled injection system (CIS) at 10  C by liquid nitrogen. The split
ratio was set as 10:1 on CIS for the sample injection. The chromatographic column in the GC-MS was DB-5MS (0.25 mm of inner
diameter, 60 m in length, 0.25 mm of ﬁlm thickness, Agilent, USA).
Helium was used as the carrier gas and the column ﬂow was set at
1.39 mL/min. The oven temperature was programmed at 50  C for
0.5 min and ramped up to 320  C by 150  C/min. Then the temperature was held constant for 7.7 min. The gas chromatograph was
operated in electron impact (EI) mode at 70 eV electron energy. Ion
source and interface temperatures were set as 250  C and 230  C,
respectively.
The quality control/quality assurance (QA/QC) analysis of the
sampling method and GC-MS measurement is shown in
supplementary materials. The stability analysis on GC-MS was
conducted and the result is shown in Fig. S1. Table S1 shows that
the residual ratios of the thermal desorption method for DiBP and
DnBP were all less than 3%. The standard curves of DiBP and DnBP
were shown in Fig. S2. The capture ratio of cartridges was tested
with sampling airﬂow rates from 300 mL/min to 1 L/min. Fig. S3
demonstrates that the penetration ratio of PAEs is less than 0.5%,
even at a high sampling airﬂow rate of 1 L/min. Table S2 indicates
that the background amount of PAEs in each cartridge was low and
can be ignored.

probe meter (concept 90, NOVOCONTROL GmbH, Germany). The
ﬁlter porosity was calculated by the following pressure drop formula (Davies, 1952):

1
df





Dp ¼ 64mua 2 a1:5 1 þ 56a3 L

(1)

r¼1  a

(2)

where, Dp is the pressure drop, Pa; m is the air viscosity, Pa∙s; ua is
the face air velocity, m/s; df is the ﬁber diameter inside the ﬁlter, m;
a is the solid volume proportion of the ﬁlter; L is the thickness of
the ﬁlter, m. Then, the porosity r can be calculated by combining
Eqs. (1) and (2).
2.3. Experimental methods
The airﬂow was introduced into the air duct at a face velocity of
1.0 m/s. The airﬂow velocity and ﬁlter pressure drop were detected
by a wind speed meter (435-1, Testo AG, Germany) and a differential pressure meter (DP-CALC 5825, TSI Inc. Shoreview, USA),
respectively. A sensor was set beside the centrifugal fan to record
temperature and relative humidity simultaneously. In this study,
two HVDC powers (P10, GENVOLT, China) were connected to the
pollutant pre-charging module and the ﬁlter charging module,
respectively. The voltages supplied to the pollutant pre-charging
module were set at 0 kV, 2.5 kV, 5.0 kV and 8.0 kV, respectively. The ﬁlter charging voltages were set at 0 or þ10.0 kV. The
ozone concentration was measured by a photometric ozone
analyzer (Model 205, 2B Tech. Boulder, USA).
The concentrations of PAEs at the inlet and outlet of the ﬁlter
were simultaneously sampled by three Tenax TA cartridges (60/80
mesh, Camsco, USA). The sampling airﬂow of cartridges was supplied by a sampling pump (LINEAIR 40, BUCK Inc., USA) and
controlled as 350 mL/min by a mass ﬂow meter (MC 20SLPM, Alicat
Scientiﬁc, USA). The sampling airﬂow rate was calibrated by a soap
ﬁlm ﬂowmeter (Model M-30, A.P. BUCK Inc, USA) in advance. The
sampling time was 10 min.

2.5. Data analysis methods
The concentration of PAEs sampled by each cartridge is calculated by Eq. (3).

C¼

m
Qs  ts

(3)

where, C is the concentration of PAEs, mg/m3; m is the amount of
PAEs (mg) adsorbed in each cartridge and could be obtained by the
standard curves shown in Fig. S2 in the supplementary materials;
Qs is the air sampling rate, set as 0.35 L/min; ts is the sampling time,

2.4. Analysis of PAEs
The sampled cartridges were thermally desorbed by a sample
pretreatment platform (MPS Robotic, Gerstel, Germany) and
3
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formula, Eqs. (1) and (2) can be converted as follow:

set as 10 min in this study.
The average concentration, standard deviation, and single-pass
efﬁciency can be calculated by Eqs. (4)e(7).
n
P

Cinlet ¼ i¼1

Cinlet;i

n
P

Coutlet ¼ i¼1

sðCÞ ¼
h¼



Dp,d2f
¼ ð1  rÞ1:5 þ56ð1  rÞ4:5
64mua L

(6)

According to Eq. (9), the power of (1-r) is larger than Dp∙d2f .
Thus, the porosity, r, decreases moderately with the increases of
pressure drop and ﬁber diameter. As shown in Table 1, the speciﬁc
resistances of PU ﬁlters, VAE adhesive and activated carbon are
around 9.00  109 U cm, 7.50  1014 U cm and 1.00 U cm, respectively. The mixing ratio of activated carbon powders and VAE adhesive is 3:1 in this study. Thus, the speciﬁc resistance of PU-C ﬁlter
should be the weighted average of VAE adhesive, activated carbon
powder and PU ﬁlter. For the same ppi value, the speciﬁc resistance
of PU-C ﬁlter decreases compared with that of PU ﬁlter, because
more activated carbon powders were added than VAE adhesive.

(7)

3.2. Adsorption performances of PU and PU-C ﬁlters without
external charging

(4)

n
Coutlet;i

(5)

n

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
uP
u n
u ðCi  CÞ2
ti¼1
n1

Cinlet  Coutlet
Cinlet


 100%

The 30 ppi PU-C ﬁlter was chosen to test the single-pass efﬁciency change in 25 h. The samplings were taken at 0, 1, 2, 4, 7, 10,
13, 24 and 25 h, respectively. Fig. 2 (a) shows that the temperature
becomes stable after 2 h and then stays between 20.5  C and
21.5  C, while the relative humidity stays between 12% and 15%.
Fig. 2 (b) shows that inlet DiBP and DnBP concentrations vary with
temperature and become stable after 2 h. In the supplementary
materials, the relationship between temperature and inlet concentrations (Fig. S6) had been discussed, and the stabilities of inlet
DiBP and DnBP concentrations had been veriﬁed in Table S5. We
used the data after 2 h to calculate the average inlet concentrations
of DiBP and DnBP, which were 29.82 ± 2.87 mg/m3 and
14.58 ± 1.54 mg/m3, respectively. The average single-pass efﬁciencies of 30 ppi PU-C ﬁlter without charging for DiBP and DnBP
were 28.98% ± 2.62% and 38.76% ± 3.27% during the tested 2e25 h,
respectively.
When there is no pollutant pre-charging nor ﬁlter charging,
Fig. 3 shows the single-pass efﬁciencies of different ﬁlters for DiBP
and DnBP. h0 and h1 stand for the ﬁltration efﬁciencies of PU and
PU-C ﬁlters, respectively. In contrast to the 20, 30, and 40 ppi PU
ﬁlters, PU-C ﬁlters increase the single-pass efﬁciencies of DiBP from
17.7% to 24.4%, from 15.4% to 29.3% and from 37.9% to 60.5%,
respectively. For DnBP, h1 of PU-C ﬁlters are also higher than h0.
Table 1 shows that loading activated carbon slightly increases the
pressure drops. The pressure drops of 20, 30, 40 ppi ﬁlters increase
from 4.86 Pa to 5.28 Pa, from 5.05 Pa to 6.10 Pa and from 5.36 Pa to
14.30 Pa, respectively.

where, n is the number of sampling cartridges; Cinlet;i and Coutlet;i
are the concentrations of PAEs detected by the ith cartridge at the
inlet and outlet of the ﬁlter, respectively, mg/m3; Cinlet and Coutlet are
their average concentrations of PAEs, respectively, mg/m3; sðCÞ is
the standard deviation of the average concentration; h is the singlepass efﬁciency of the ﬁlter.
Net ozone production (mg/h), DMozone is calculated as:

DMozone ¼ 3:6AuDCozone rozone

(9)

(8)

where, A is the area of cross-section (80  80 mm2); DCozone (ppb) is
the ozone concentration increase (ppb); rozone is the ozone density
of approximately 2.02 kg/m3.

3. Results
3.1. Characterization of PU and PU-C ﬁlters
In the supplementary materials, Table S3 shows the properties
of activated carbon used in this study. Its BET surface area is
620.7 m2/g. Fig. S4 and Fig. S5 show the optical microscope and
SEM images of PU and PU-C ﬁlters, respectively. The surfaces of bare
PU ﬁbers are relatively smooth. In the PU-C ﬁlter, the PU ﬁber is
irregularly coated with activated carbon. The ﬁber surfaces become
rough with activated carbon burrs. Table 1 summarizes the parameters of 6 different ﬁlters used in this study. Because the PU-C
ﬁlters were produced by loading gels on PU ﬁbers, this process
will enlarge the ﬁber diameters and then enlarge the pressure drop.
According to Eqs. (1) and (2), the large ﬁber diameter and pressure
drop will lead to a large decrease of porosity. The pressure drop

3.3. Adsorption performances of PU-C ﬁlters with external charging
With the pollutants being pre-charged, we measured the

Table 1
Characteristics of the tested ﬁlter materials.
Filter

Material

Pores per inch, ppi

Fiber diameter, mm

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

PU
PU
PU
PU-C
PU-C
PU-C

20
30
40
20
30
40

410
263
178
589
312
205

±
±
±
±
±
±

55
28
18
97
21
70

Porosity

Thickness, mm

Pressure drop (ua ¼ 1 m/s), Pa
(mean ± standard deviation)

Speciﬁc resistance*, U∙cm

84.8%
90.6%
94.1%
78.4%
87.2%
87.1%

10
10
10
10
10
10

4.86 ± 0.14
5.05 ± 0.06
5.36 ± 0.16
5.28 ± 0.18
6.10 ± 0.40
14.30 ± 0.34

8.02
9.49
9.64
1.19
5.57
3.34








109
109
109
104
104
105

Note: * The detailed information about speciﬁc resistance is shown in Table S4 in Supplementary materials. The speciﬁc resistances of VAE adhesive and activated carbon are
7.50  1014 U cm and 1.00 U cm, respectively, which were obtained from MatWeb database website (http://www.matweb.com/).
4
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Fig. 2. Temperature, relative humidity, concentrations and single-pass ﬁltration efﬁciencies of DiBP and DnBP during a 25-h measurement for 30 ppi PU-C ﬁlter.

Fig. 4. Single-pass efﬁciencies of 30 ppi PU-C ﬁlter under different external charging
conditions (The dash lines of 29.3% and 39.1% are the removal efﬁciencies without any
charging for DiBP and DnBP, respectively).

Fig. 3. Single-pass efﬁciencies of different PU and PU-C ﬁlters with no external
charging.

5
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adsorption performance of PU-C ﬁlters with and without ﬁlter
charging.
The red columns of h2 in Fig. 4 are the single-pass ﬁltration efﬁciencies for DiBP of 30 ppi PU-C ﬁlter with only pollutant precharging.
When
the
pre-charging
voltages
are
0 kV, 2.5 kV, 5.0 kV and 8.0 kV, the single-pass efﬁciencies of
DiBP are 29.3%, 27.4%, 20.3% and 13.9%, respectively. Similar to DiBP,
the single-pass efﬁciencies of DnBP decrease with the increase of
negative pre-charging voltages, as shown in the blue columns of h2
in Fig. 4.
The red columns of h3 in Fig. 4 are the single-pass efﬁciencies of
DiBP by 30 ppi PU-C ﬁlters, with simultaneously pollutant precharging and ﬁlter charging (þ10.0 kV). When the pollutant precharging voltage is 2.5 kV, the single-pass efﬁciency of DiBP is
25.8%, which is lower than the cases without any electrostatic
charging (29.3%) and with only pollutant pre-charging (27.4%). But
the efﬁciencies increase at higher pre-charging voltages (5.0 kV
and 8.0 kV). The blue columns of h3 in Fig. 4 are the single-pass
efﬁciencies of DnBP with different pollutant pre-charging voltages and þ10.0 kV ﬁlter charging voltage. Different from DiBP, the
single-pass efﬁciencies of DnBP always increase with higher precharging voltages in contrast to the case with only pollutant precharging. The columns of h3 in Fig. 5 stand for the single-pass efﬁciencies of DiBP and DnBP by 40 ppi PU-C ﬁlters, with simultaneously pollutant pre-charging and ﬁlter charging. However, the
values of h3 always decrease when the pre-charging voltages increase except for 2.5 kV. Therefore, the combination of pollutant
pre-charging and ﬁlter charging can synergistically enhance the
removal of DiBP and DnBP for 30 ppi PU-C ﬁlter at high pollutant
pre-charging voltages, but weaken that for 40 ppi PU-C ﬁlter.
Table S6 summarizes the inlet and outlet ozone concentrations
of ﬁlters under different charging conditions. When there is only
pollutant
pre-charging,
the
net
ozone
productions
at 2.5 kV, 5.0 kV and 8.0 kV are 0.0063 mg/h, 0.011 mg/h and
0.10 mg/h, respectively. When there are simultaneously pollutant
pre-charging and ﬁlter charging, the net ozone productions are
ranged from 0.26 to 0.38 mg/h for the 30 ppi and 40 ppi PU-C ﬁlters.
The 30 ppi PU-C ﬁlter produces more ozone than the 40 ppi PU-C
ﬁlter.

4. Discussion
4.1. Inﬂuence of ﬁlter material on ﬁltration efﬁciency
When there is no pollutant pre-charging nor ﬁlter charging,
Fig. 3 shows that h0 and h1 both increase with the increase of ppi
values. Table 1 indicates that the larger the ppi value is, the smaller
the ﬁber diameter is and the larger the ﬁlter porosity is. Thus,
gaseous PAEs tend to easily deposit on the surfaces of ﬁlter ﬁbers
when the ﬁlter porosity is large.
For PU and PU-C ﬁlters with the same ppi value, h1 is larger than
h0 for both DiBP and DnBP. Thus, the loading of activated carbon in
PU-C ﬁlters is beneﬁcial to the adsorption of DiBP and DnBP. We
deﬁned the ﬁltration efﬁciency increase (Dh) as the difference of h1
and h0. Dh increases with the increase of ppi values, because more
activated carbon may be coated on the large ppi ﬁlters. The values
of Dh for DnBP are relatively larger than those for DiBP. It is because
the Kp of DnBP is larger than that of DiBP (Weschler et al., 2008).
Besides, the loading of activated carbon on the ﬁber surfaces
results in relatively large pressure drops, as illustrated in Table 1.
The increase of pressure drops for 20, 30 and 40 ppi ﬁlters are
0.42 Pa, 1.05 Pa and 8.94 Pa, respectively. Thus, it can also
demonstrate that more mixture of adhesive and activated carbon
was coated on the large ppi ﬁlters.
4.2. Effect of pollutant pre-charging
Fig. 4 shows that h2 decreases with the increase of pre-charging
voltages from 2.5 kV to 8.0 kV for both DiBP and DnBP. It shows
an opposite result compared to the removal of particles since the
pre-charging process has been reported to enhance the ﬁltration
efﬁciency of particles (Tian and Mo, 2019; Tian et al., 2018). Tian
et al. (2018) have found that there was an enhancement of particle ﬁltration efﬁciency after negatively charging particles from 7
kV to 9 kV by charging pins. One possible reason is that the
negative ions will accumulate on PU-C ﬁlters, which are nonconductive. Mo et al. (2020) found that when charged particles
accumulate on non-metallic electrodes, the ions cannot transport
to the ground as quickly as those on metal electrodes. Therefore, as
the pollutant pre-charging voltages rise, negative ions will persistently accumulate and cause electrostatic repulsive force between
the charged gaseous PAEs and ﬁlters. Gaseous PAEs will fail to be
adsorbed on the ﬁlters, which results in the decrease of h2.
4.3. Synergistic effect of pollutant pre-charging and ﬁlter charging
When both pollutants and ﬁlters are simultaneously charged,
Fig. 4 shows that the efﬁciencies (h3) of 30 ppi PU-C ﬁlter for DiBP
and DnBP will both increase with the increase of pollutant precharging voltages. This is opposite to the results with only
pollutant pre-charging. We suspect that the PU-C ﬁlter is positively
charged with the external electrostatic ﬁeld, and positive ions are
generated on the ﬁber surfaces and the loaded activated carbon.
The electrostatic attracting force between the positive ions on ﬁlters and the negative gaseous PAEs will enhance the adsorption of
PAEs. The force will be enlarged when increasing the pollutant precharging voltages. For DiBP, h3 is slightly under h2 at the pollutant
pre-charging voltage of 2.5 kV, which is also under the efﬁciency
without any external charging. It may result from the weak precharging effect at low voltage (2.5 kV) and the relatively large
measurement error for PAEs, as reported by previous researches
(Al-Natsheh et al., 2015; Liang and Xu, 2014; Xu et al., 2012). The
detection deviation of replicated samples can reach 27.8% and 11.8%
for DiBP and DnBP, respectively, according to the research of AlNatsheh et al. (2015). Thus, the enhancement of removal

Fig. 5. Single-pass efﬁciencies of 40 ppi PU-C ﬁlters under different external charging
conditions.
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DC voltage ranged from 40 to þ35 kV. Therefore, the ozone productions of the related high voltage charging studies in the literature are much higher than those in this study.
The pressure drops of tested ﬁlters range from 4.86 Pa to
14.30 Pa under 1.0 m/s face air velocity. The comparisons of pressure drop with other studies are summarized in Table S7 in Supplementary materials. Luo et al. (2006) used activated carbon ﬁlters
to remove organic vapors. The pressure drops of the tested ﬁlters
ranged from 1.0 Pa to 89.9 Pa, but the face air velocity was only
0.1 m/s, 10% of the velocity in this study. Yang et al. (2011) studied
the performance of biotrickling ﬁlters packed with cubic polyurethane sponges for VOC removal. The pressure drop of their device ranged from 50 Pa to 350 Pa when their airﬂow rates ranged
from 4.7 L/min to 28.3 L/min. The face air velocities were calculated
as 0.01e0.06 m/s. Zhang et al. (2017) studied the adsorption performance of isopropanol in a ﬁxed adsorbent bed. The pressure
drop ranged from 80 Pa to 180 Pa under 3.18 cm/s. FernandezCatala et al. (2018) used the capillary micro-reactor to conduct
the photocatalytic oxidation of VOCs. The pressure drop could reach
more than 50 kPa under a low airﬂow rate (0.35e30 mL/min).
Therefore, the pressure drops in this study are much lower than
those in the literature.

efﬁciency is not obvious and easily affected by the measurement
error. When the pollutant pre-charging voltage increases to a
higher value (5.0 kV or 8.0 kV), there is an obvious enhancement
of the efﬁciency, larger than the measurement error.
Fig. 5 shows that h3 of 40 ppi PU-C ﬁlter decreases when
increasing the pollutant pre-charging voltages except for 2.5 kV.
The exception may be due to the detection error and the unobvious
charging performance at the pollutant pre-charging voltage
of 2.5 kV, as discussed above. We suspect that more negative ions
accumulate on the 40 ppi PU-C ﬁlter, as similar to what we discuss
in Section 4.2. According to Table 1, the speciﬁc resistance of 40 ppi
PU-C ﬁlter was 6 times larger than that of 30 ppi PU-C ﬁlter. The
large speciﬁc resistance of 40 ppi PU-C ﬁlter may lead to the
negative ions hard to be removed from the ﬁlter. Because the
speciﬁc electrical resistances of VAE adhesive and PU material are
both larger than 1.0  109 U cm, which are regarded as electrical
insulators (Wang et al., 2019), and the speciﬁc electrical resistance
of activated carbon powder is 14 orders of magnitude less than that
of adhesive (as shown in Table 1). The loading of activated carbon
and adhesive will signiﬁcantly inﬂuence the electrical conductivity
of ﬁlters. More adhesive seems to be loaded into 40 ppi PU-C ﬁlter,
which will restrict the electron transformation and then enlarge
the electrical resistance.
The loaded activated carbon and the external electrostatic ﬁeld
are both beneﬁcial to enhance the removal efﬁciency of PAEs.
However, more activated carbon loading will also bring more
insulated adhesive loading, which is adverse to the transfer of
accumulated negative ions. Thus, there should be an optimal
loading ratio to a speciﬁc structure of substrate ﬁlters for improving
the ﬁltration efﬁciency of gaseous PAEs.

5. Conclusion
In this work, we developed an ionizer-assisted ﬁltration method
with an external electrostatic ﬁeld to remove gaseous PAEs (DiBP
and DnBP). The removal performance was enhanced by the activated carbon loaded ﬁlter and the synergistic effect of pollutant
pre-charging and ﬁlter charging. The single-pass ﬁltration efﬁciency increased from 15.4% to 45.5% for DiBP and from 22.6% to
55.1% for DnBP after coating activated carbon on 30 ppi PU foams,
pre-charging the pollutants (8.0 kV) and charging the ﬁlter
(þ10.0 kV). The pressure drop increased from 4.9 Pa to 6.1 Pa after
the coating and the net ozone production was 0.33 mg/h. We found
that the loaded activated carbon and the external electrostatic ﬁeld
are both beneﬁcial to enhance the removal efﬁciency of PAEs.
However, the electrostatic ﬁeld is dominated. The 40 ppi PU-C ﬁlter
contains more activated carbon, but the accumulation of negative
ions on the ﬁlter will cause electrostatic repulsive forces between
the charged gaseous PAEs and ﬁlters and ﬁnally weakens the
electrostatic ﬁltration efﬁciency. The 30 ppi PU-C ﬁlter has lower
electrical resistance than that of 40 ppi PU-C ﬁlter, which is beneﬁcial for releasing accumulated negative ions.
The proposed method has developed a new ﬁlter based on the
existing inexpensive coarse ﬁlter, which is easy to implement for
the active control of gaseous PAEs. Furthermore, particle and PAEs
are both of wide concerns in developing countries. The combination removal of particles and gaseous PAEs by this method are
expected to give superior performance to ﬁltration in buildings, and
could have a broad impact.

4.4. Comparisons of net ozone production and pressure drop with
other researches
This ionizer-assisted ﬁltration achieved low ozone production
and low pressure drop for the removal of DiBP and DnBP. The net
ozone concentration between inlet and outlet in all experiments
ranged from 0.14 ppb to 8.10 ppb, and the net ozone productions
ranged from 0.006 mg/h to 0.39 mg/h. The net ozone productions
under only pollutant pre-charging were less than 0.1 mg/h, while
they increased to 0.27e0.39 mg/h under simultaneously pollutant
pre-charging and ﬁlter charging. It indicates that the dominated
source of ozone production is ﬁlter charging. The speciﬁc resistance
of 40 ppi PU-C ﬁlter (3.34  105 U cm) was larger than that of 30 ppi
PU-C ﬁlter (5.57  104 U cm), which may result in the charging of 40
ppi PU-C ﬁlter insufﬁcient. Thus, the mean ozone production of 40
ppi PU-C ﬁlter (0.31 mg/h) is relatively lower than that of 30 ppi PUC ﬁlter (0.35 mg/h).
Since there were few studies on gaseous pollutant ﬁltration by
charging negative ions, we summarized the ozone production in
different literature, most of which studied the removal of gaseous
pollutants by corona discharging, as shown in Table S6 in Supplementary materials. Chen et al. (2005) tested several air cleaners
with air ionization or ozone oxidation to remove multiple VOCs in
indoor air. The net ozone concentrations were detected as
100e500 ppb. Ikaunieks et al. (2011) removed VOCs in ﬂue gases by
non-thermal plasma. The net ozone concentrations varied from
870 ppb at a low charging voltage (2.3 kV) to 25950 ppb at 2.8 kV. A
catalytic non-thermal plasma reactor was studied to remove volatile organic compounds (Karuppiah et al., 2012). High voltages
(14e22 kV/50HZ) were applied in their study and the net ozone
concentrations were monitored as 850000, 450000, and
350000 ppb for different catalysts. Zhang et al. (2013) studied the
removal of styrene by positive and negative DC corona discharges.
The ozone concentrations were up to 150000 ppb when the output
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