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In fresh air ventilation systems, filters with high dust holding capacity and low resistance are required to

prolong their service life and reduce energy consumption. However, with the current filtration materials it is

difficult to achieve this due to the limitation of the packing density and fiber diameter. Herein,

a polypropylene/polyethylene (PP/PE) core/sheath bicomponent spunbond technique is proposed to

fabricate airborne particle filtration materials with a three-dimensional (3D) fluffy structure. The properties

of the bicomponent spunbond (BCS) materials, including fiber diameter, morphology, tensile strength, pore

structure, and porosity, can be finely controlled by regulating the processing parameters such as the

quenching air temperature, drawing air pressure, and bonding method. The resulting BCS materials exhibit

a low pressure drop of 35.14 � 2.01 Pa, an ultrahigh dust holding capacity of 9.36 � 0.52 g m�2, and

a relatively high filtration efficiency of 97.02% � 0.8%. The successful fabrication of such intriguing

materials could provide a new approach for the design and development of fresh air filtration materials.
Introduction

Particulate matter (PM) pollution, especially that caused by PM
2.5 (aerodynamic diameters less than 2.5 mm) and PM 10
(aerodynamic diameters from 2.5 to 10 mm), is becoming
increasingly serious in developing countries such as China and
India, which exerts severe impacts on people's living environ-
ment, such as on the air visibility or air quality, and thus
people's health.1–3 Controlling and reducing the pollution
sources is essential to solve the problem, which is a long-term
process related to making policies and upgrading industries.4

Therefore, utilizing fresh air ventilation systems to lter air
before breathing is now the most effective way to protect people
from the inuences of air pollution.5,6

To date, porous membrane materials and brous materials
are the two major classes of air ltration media. The particle
capture is mainly based on two major deposition patterns
(surface ltration and deep deb ltration) and ve main ltra-
tion mechanism including physical sieving, inertial separation,
interception, diffusion, and electrostatic attraction.7–9 Conven-
tional ltration materials usually rely on physical sieving.
Consequently, the pore size of the ltration materials has to be
reduced to achieve higher ltration efficiency, resulting in super
extiles, Ministry of Education, College of

rth Renmin Road, Songjiang, Shanghai

tion (ESI) available. See DOI:

hemistry 2017
high pressure drop and thus excessive energy consumption and
noise pollution.10 Nowadays, corona charging treatment has
been widely used to improve the ltration efficiency of brous
materials without increasing the pressure drop by making full
use of electrostatic attraction.11,12 Although improved ltration
performance of the electret melt-blown nonwovens and elec-
trospun materials have been observed, their air resistance is
pretty high. In addition, spunbond materials own lower air
resistance and better mechanical properties by comparison.
Made of synthetic polymers, spunbond materials were
commercialized by Freudenberg (Germany) and Du Pont (USA)
between the 1950's and 1960's.13 Nonetheless, traditional
spunbond materials usually adopt calender bonding rein-
forcement, resulting in high air resistance due to high packing
and low dust holding capacity.

Bicomponent spunbond materials are promising to produce
materials having a uffy structure by using through-air bonding
reinforcement.14 The cross-section of bicomponent bers
produced by bicomponent spunbond technique varies from
islands-in-the-sea,15 hollow segmented-pie,16 side-by-side,17 to
core/sheath, etc.18 Among them, the polypropylene/polyethylene
(PP/PE) core/sheath bicomponent spunbond (BCS) materials
can be made into diverse cavity structures under different
thermal bonding conditions.

In this study, uffy electret brous materials (FEFM) with
micron ber size were fabricated in order to achieve the effect of
low resistance and high dust holding capacity, by combining
the bicomponent spunbond and corona charging techniques. It
should be noted that the bicomponent spunbond technique
RSC Adv., 2017, 7, 43879–43887 | 43879
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was employed to generate materials with a uffy structure to
reduce air resistance and increase dust holding capacity, and
the corona charging treatment was used to improve the ltra-
tion efficiency. Particularly, the effects of processing parameters
on tensile strength, pore structure, and porosity of PP/PE BCS
materials were investigated. Beneting from the enhanced
properties, the spunbond materials with high porosity and
three-dimensional uffy structure exhibit low resistance and
high dust holding capacity, which could be a good candidate for
the fresh air ltration system.
Experimental
Materials

PP pellets with a melt ow index (MFI) of 30 g (10 min)�1 and PE
pellets with a MFI of 20 g (10 min)�1 were kindly provided by
Sinopec Zhenhai Rening & Chemical Company (Ningbo, Zhe-
jiang, China) and PetroChina Co., Ltd. (Fushun, Liaoning,
China), respectively.
Fabrication of PE/PP BCS materials

A 50 centimeter-wide bicomponent spunbond research line,
located at the Nonwoven Research and Development Center
of Donghua University (Shanghai, China) was used to
produce the PP/PE (1 : 1, v/v) core/sheath spunbond mate-
rials. Unless otherwise noted, the base weight of the spun-
bond materials was 120 g m�2.
Corona charging

In this study, the corona charging apparatus consists of a high
voltage power supplier (DW-P503-2AODE, Tianjin Dongwen
High-Voltage Power Supply Co., Ltd., Tianjin, China), an array of
needles, and a copper holder (Fig. S1†). Before corona charging,
a PP/PE spunbond sample was placed on a copper holder. Aer
applying high potential between the needles and the copper
holder, ions were generated and deposited on the PP/PE spun-
bond sample when corona discharge took place. In this study, all
the prepared materials were corona charged before testing
ltration performance. The applied voltage, the charging
distance between the needles and the copper holder, and the
charging time were 100 kV, 100 mm and 30 s, respectively.
Fig. 1 Schematic diagram of the bicomponent spunbond process.
Characterization

A Scanning Electron Microscope (SEM; TM3000, Hitachi Ltd.,
Japan) was used to examine the morphology of the spunbond
materials. The specimens were sputter-coated with gold in
order to avoid charge accumulations before observation. The
ber diameter was determined by measuring 100 bers
according to the SEM images, with the help of the soware
Nano Measurer 1.2.5.

Fourier Transform Infrared (FTIR) analyses were carried out
by using a spectrometer (6700, Thermo Fisher Nicolet Inc.,
USA). The test was performed at room temperature and the
spectra were recorded in a range from 4000 to 600 cm�1, with
a resolution of 4 cm�1.
43880 | RSC Adv., 2017, 7, 43879–43887
The pore size and distribution of spunbond materials were
characterized through a bubble-point test using a capillary ow
porometer (CFP-1100AI, Porous Materials Inc., USA).

A tensile tester (YG026MB-250, Wenzhou Fang Yuan Instru-
ment Co. Ltd., Wenzhou, Zhejiang, China) was used to test the
mechanical properties of the spunbond materials. The size of
samples, tensile speed, clamp distance, and pre-applied force were
200 � 50 mm2, 200 mm min�1, 100 mm, and 2 N, respectively.

Filtration performance was measured by an automated lter
tester (TSI 8130, TSI lnc., USA), which could generate sodium
chloride aerosol with different ow rate. The mass mean
diameter of aerosol particles was 0.26 mm, and the geometric
standard deviation of the particles was less than 1.83. Charge-
neutralized aerosol particles were delivered through the spun-
bond nonwovens, which were clamped by a lter holder with an
effective area of 100 cm2. An electron-laser particle photometer
was used to measure the concentration of the aerosol particles
in the upstream (Cu) and downstream (Cd) respectively. Filtra-
tion efficiency h was calculated as follows: h ¼ (1 � Cd/Cu) �
100%. The ltration performance of the materials was tested
under the industrial standard face velocity of 32 L min�1. We
weighed the samples before and aer loading ltration when
the load resistance reached 1000 Pa at high airow speed of
85 L min�1, and the weight disparity represented the volume of
the dust holding capacity.
Statistical analysis

At least three replicates were performed on each sample, and
the values were expressed as average� standard deviation. One-
way analysis of variance was adopted, and a-value was set at
0.05. If F > F-crit, the differences among data were considered
statistically signicant, and were marked by *.
Results and discussion

In this study, PP/PE core/sheath spunbond materials were
produced by bicomponent spunbond technique (Fig. 1) and
further treated with corona charging to improve the ltration
This journal is © The Royal Society of Chemistry 2017
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performance (Fig. S1†). In brief, PP and PE pellets were rstly
fed through two separate raw material hoppers to two screw
extruders to heat and melt. Then the melt polymers entered the
die through two separate melt lters and metering pumps, and
then reached the spin pack aer the even distribution. The
melted PP and PE polymers were combined at the outlet of the
spin pack, forming melt core/sheath bicomponent jets. The
melt jets were further cooled and stretched by air to be ner and
longer in the quenching zone and attenuation zone. Finally,
spunbond materials were formed aer collecting and the
thermal bonding process. In summary, the air temperature in
the quenching zone, air pressure in the attenuation zone, and
the thermal bonding process are the main parameters in the
spunbond process.

The FTIR spectrum of ber surface showed that the charac-
teristic curve corresponded to PE standard infrared spectros-
copy (Fig. S2a†), indicating the sheath component was PE
exclusively. Then we sheared the bers, ground them into
powder and tested them again. The peak observed at 1376 cm�1

was attributed to the –CH3 symmetrical deformation vibration
Fig. 2 Morphology, diameter, and mechanical property of PE/PP BCS m
fiber, and webs obtained with various quenching air temperatures of (b) 1
strength of PE/PP BCS materials fabricated under various quenching air

This journal is © The Royal Society of Chemistry 2017
(Fig. S2b†), indicating the existence of PP component inside the
bers. The comparison between the results of FTIR and the
images obtained by SEM (Fig. 2a) conrmed the successful
fabrication of PP/PE core/sheath spunbond materials.
Effect of the air temperature in the quenching zone on the
properties of spunbond materials

The cooling conditions in the quenching zone are the most vital
in the spunbond process, which include the quenching air
temperature, the quenching air speed, and the length of
quenching zone. The effect of quenching air temperature on the
properties of nonwovens was analysed by keeping the quench-
ing air speed and the length of quenching zone constant at
1.2 m s�1 and 0.6 m, respectively. Meanwhile, the drawing air
pressure in the attenuation zone was 160 kPa, and calender
bonding was adopted, the temperatures of upper and lower
roller were 134 and 133 �C, respectively.

The representative SEM images indicated that the bers in
the spunbond materials were randomly oriented when the
aterials. SEM images of (a) the cross section of the PE/PP bicomponent
6 �C, (c) 14 �C, (d) 12 �C, (e) 10 �C, (f) 8 �C. (g) Fiber diameter, (h) tensile
temperatures.

RSC Adv., 2017, 7, 43879–43887 | 43881
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quenching air temperature was varied (Fig. 2b–f). It should be
noted paratactic bers with a smooth surface were observed
when the quenching air temperature was 16 �C (Fig. 2b). The
doubling phenomenon should be ascribed to high temperature
as the bers couldn't be timely cooled down. By decreasing the
quenching air temperature to 14 �C and 12 �C, the paratactic
bers were rarely found, and the bers turned to be more
random (Fig. 2c and d). When the quenching air temperature
was further lowered to 10 �C and 8 �C, a large number of distinct
wrinkles formed on the surface of the bers (Fig. 2e and f). The
formation of these wrinkles should be attributed to the uneven
cooling speed of the inside/outside the bicomponent bers
since the quenching air temperature was too low. Slower
cooling speed of the inside of bers led to the incomplete
solidication, while the outside was shrunken during the
spinning, thus the ber surface became wrinkled.

In addition, the diameter of the spunbond bers was
enhanced from 15.12 � 1.1 to 18.64 � 1.8 mm when the cooling
air temperature was lowered from 16 to 8 �C (Fig. 2g), indicating
that higher quenching temperature could facilitate the fabri-
cation of ner bers due to lower solidication speed at higher
temperature and thus more adequate stretching. However, the
spunbond materials both in machine direction (MD) and cross
direction (CD) exhibited the highest tensile strengths of 12.56�
0.39 and 6.51 � 0.42 MPa, respectively, at the cooling air
temperature of 12 �C (Fig. 2h). This is may be due to the fact that
when the temperature was lower or higher, there would be more
defects in the phenomena of wrinkling or doubling.
Effect of the drawing air pressure in the attenuation zone on
the property of PE/PP BCS materials

Using the optimized cooling air temperature of 12 �C, we next
investigated the effect of the drawing air pressure in the
Fig. 3 SEM images of PE/PP BCS materials formed with various drawing
quenching air temperature of 12 �C. (e) Fiber diameter and (f) pore size

43882 | RSC Adv., 2017, 7, 43879–43887
attenuation zone on the morphology of the obtained spunbond
materials (Fig. 3a–d). It was found that all the bers showed
smooth surface without doubling phenomenon and the ber
diameter decreased signicantly from 18.98 � 0.82 to 13.23 �
0.45 mm when the drawing air pressure was increased from 140
to 200 kPa (Fig. 3e), indicating that ner bers were produced at
higher air pressure attributing to larger air stretching force.19,20

It should be noted that the ber diameter of spunbond mate-
rials is larger than that of meltblown and electrospun bers
(Fig. S3†), which is still suitable as low resistance air ltration
materials.

Pore size and pore size distribution of BCSmaterials, directly
related to ber diameter, were measured through a capillary
ow porometer. The materials with drawing air pressure of 140,
160, 180, and 200 kPa showed the pore size distribution in the
range of 9–53 mm, with well-developed peaks centered at 28.6,
26.3, 19.8, and 15.1 mm, respectively. Moreover, the pore
distribution exhibited a narrower trend when the drawing air
pressure increased from 140 to 200 kPa (Fig. 3f).

The ltration performance of the BCS materials was
systematically investigated by using the charge neutralized
sodium chloride (NaCl) particles. Due to the fact that small
airborne particles are difficult to control articially, let alone to
control them to ow at different rates, thus NaCl aerosol
particles are generally used in the ltration industry as well as
scientic research.21–23 The ltration efficiencies of the BCS
materials formed with the air drawing pressures of 140, 160,
180, and 200 kPa were 65.81% � 1.8%, 75.84% � 1%, 85.6% �
1.4%, and 92.32% � 0.5%, while corresponding pressure drops
were 35.42 � 4.5, 52.97 � 5.1, 65.85 � 3.4, and 81.34 � 4.5 Pa,
respectively. That revealed an obvious enhanced trend of the
ltration efficiency, as well as a signicantly increased trend of
the pressure drop (Fig. 4a). The improved ltration efficiency
air pressures (a) 140 kPa, (b) 160 kPa, (c) 180 kPa, (d) 200 kPa under
and pore size distribution curves.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Filtration efficiency and pressure drop, and (b) quality factor
of bicomponent materials fabricated from various air pressures under
a face velocity of 32 L min�1.
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and pressure drop could be attributed to the gradually
decreased pore size, which was caused by higher drawing air
pressure. To comprehensively evaluate the ltration perfor-
mance of a given ltration medium, the trade-off parameter of
quality factor (QF) was introduced,22,24 and it could be calculated
by the following formula:

QF ¼ �lnð1� hÞ
Dp

(1)

h and Dp represented the ltration efficiency and pressure
drop, respectively. This equation clearly indicated that large
QF values required high ltration efficiency and/or low pres-
sure drop, and a large quality factor indicated good ltration
performance.25 The QF value decreased rst and then
increased to the maximum value of 0.03152 � 0.0058 Pa�1

(Fig. 4b). Smaller ber diameter and pore size were conductive
to the ltration efficiency, and it seemed that we should
pursue higher air pressure to make it. However, when air
pressure exceeded 200 kPa, the spinning became very unstable
and appeared lament break, which made the production fail
to be carried out smoothly.
Thermal bonding reinforcement selection

According to previous reports on spunbond materials, the
structure and morphology of webs are strongly affected by
reinforcement process.13,26 We further explored the inuence of
This journal is © The Royal Society of Chemistry 2017
thermal bonding reinforcement on the spunbond materials
when the quenching air temperature was 12 �C and the drawing
air pressure was 200 kPa. Calender bonding and through-air
bonding are two commonly used methods of thermal bonding
reinforcement. In this study, we analyzed the effects of the
thermal bonding reinforcement on the morphology, ltration
performance, porosity, and dust holding capacity of the ob-
tained BCS materials.

In calender bonding process, the web was passed through
the nip of two rolls. Regarding the two rolls pressed against each
other, one was the engraved roll and the other was smooth roll
(Fig. 5a), both of which were heated internally. The tempera-
tures of the upper and lower roller were 134 and 133 �C,
respectively. The heat ows were mainly through conduction
into selection areas of the web; these areas, i.e. the bonding
sites, were arranged in a uniform and repetitive pattern (Fig. 5b
and c). While in the through-air bonding process, the heated air
(�135 �C) went through the ber web, so that the sheath
component of PEmelted and bonded; the core component of PP
did melt and maintain stable structure. Suction boxes located
inside the drum facilitated the heated air's passage through the
web. Under those circumstances, every ber crossover point in
the web was potentially a bond site, which was called “point-
point-adhesion”, and the whole material formed a three-
dimensional uffy structure (Fig. 5d–f).

Fig. 6a revealed that the ltration efficiency of calender
bonding sample was 92.32% � 0.5%, which was slightly higher
than that of the through-air bonding of 88.61% � 1.96%.
However, the pressure drop of calender bonding sample was
81.34 � 4.5 Pa, which was much higher than that of through-air
bonding of 22.56 � 2.24 Pa. With respect to quality factors
(Fig. 6b), we can nd out that the ltration performance of
through-air bonding sample (quality factor value of 0.096 �
0.0065 Pa�1) was better than calender bonding sample (quality
factor value of 0.032 � 0.0051 Pa�1). It may be resulted from
“thin lm shape” at the bonding area in calender bonding
sample (Fig. 5b), which would obstruct the ow of air, as well as
increase the resistance. Additionally, the through-air bonding
materials exhibited a high porosity (P) of 95.5%� 1.5% (Fig. 6c),
indicating that the air ow could choose to pass through the
media in a shorter and unblocked path, which obeyed the
minimal resistance principle.22 The porosity was calculated by
the following formula:

P ¼
�
1� m

rd

�
� 100% (2)

In the formula above, r, m, and d represented the ber
density, g m�3; web density, g m�2; and web thickness,m. Thus,
the through-air bonding materials possessed a smaller pressure
drop with higher permeability, which matched very well with
the aforementioned ltration performance.

Taking into account the differences in structure and
porosity, we conducted a test of the dust holding capacity.
Generally, the dust holding capacity, a crucial indicator of
the service life of ltration materials, is widely used to evaluate
the application performance of fresh air lter.27,28 Fig. 6d
RSC Adv., 2017, 7, 43879–43887 | 43883
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Fig. 5 Schematics diagram of (a) calender bonding process and (d) through-air bonding process. SEM images of calender point-bonding fabric
(b) surface morphology, (c) cross section, and through-air bonding fabric (e) surface morphology, (f) cross section.
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presented the comparison of the dust holding capacity of
calender bonding sample (�5.35 � 0.45 g m�2) and through-
air bonding sample which exhibited signicant superiority
(�7.23 � 0.42 g m�2). The above two samples were fabricated
with different thermal bonding methods. This result could be
Fig. 6 (a) Filtration performance, (b) quality factor, (c) porosity, and (d) du
with different thermal reinforcement methods.

43884 | RSC Adv., 2017, 7, 43879–43887
explained by the three-dimensional uffy structure. And in the
meanwhile, high porosity extended the time of airborne
particles through a lter medium, which signicantly
increased the collision of particles and the surface of ber,
especially ne particles.21
st holding capacity (abbrev. dust hdg cpt) of thermal bonding samples

This journal is © The Royal Society of Chemistry 2017
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Evaluation of ltration performance

Fig. 7a showed the process of NaCl aerosol particles with mass
mean diameter of 0.26 mm was ltered by spunbond materials,
from which we could clearly observe that NaCl particles were
intercepted on the surface of the bers and the interior of the
materials as well (Fig. 7b–d). The variation regarding the basis
weight of the samples could undoubtedly affect the values of the
ltration efficiency. The ltration performance of the through-
air bonding BCS materials with various basis weights was pre-
sented in Fig. 8a. The ltration efficiencies of the BCS materials
with basis weight of 50, 70, 95, 120, 160, and 200 g m�2 were
59.54% � 1.73%, 70.62% � 0.97%, 83.74% � 0.65%, 88.61% �
1.96%, 95.01%� 1.12%, and 97.02%� 0.8%, while the pressure
drops were 8.45� 0.54, 12.59� 1.64, 17.85� 3.01, 22.62� 2.24,
27.48 � 2.5, and 35.14 � 2.01 Pa, respectively, indicating
a synchronous increase upon improving the basis weight. It was
clearly seen that the ltration showed a sharp rise and then
revealed a relatively high level of value ($95%) when the basis
weight excessed 160 g m�2, while maintaining a relatively low
pressure drop of 27.48 � 2.5 Pa, which was unachievable for the
traditional fresh air ltration materials. The QF of the materials
was slightly oating, but basically maintained a desirable value
above 0.095 Pa�1 (Fig. 8b). Considering the complex application
environment for the air lters, the ltration efficiency and
pressure drop as a function of airow speed (20–100 L min�1)
were systematically studied to expound the remarkable perfor-
mances and promising perspectives of the BCS materials with
basis weight of 200 g m�2 (Fig. 8c). As the airow speed
increased, the ltration efficiency decreased slowly and reached
a stable value of 91.3% � 1.5% when the airow was under the
highest speed of 100 L min�1. In addition, we observed that
Fig. 7 (a) The filtration process of BCS materials for the mass mean diam
images of BCS materials after filtration loading test.

This journal is © The Royal Society of Chemistry 2017
there was a nearly linear relationship between pressure drop
and airow, which was consistent with Darcy's law for viscous
resistance.29 The slope of the curve of pressure drop versus air
ow velocity was only 0.79, which was much smaller than the
nanoscale ultrane ber materials (e.g., 1.49 for PSU/TiO2,
3.67 for PAN/PU),30,31 revealing that there was remarkable air
permeability in practical applications.

We also carried out the measurement of the dust holding
capacity with the purpose of observing the ability of containing
dust. Fig. 8d presented the comparison of the dust holding
capacity between electrospunmaterials, melt-blownmaterials and
BCSmaterials. The dust holding capacity of electrospunmaterials
andmelt-blownmaterials were 0.61� 0.15 and 3.12� 0.41 gm�2,
respectively, while BCS materials with basis weight of 200 g m�2

achieved a relatively high value of 9.36 � 0.52 g m�2. This was
because that the former two materials mainly intercepted parti-
cles on the surface, while the BCS materials could rely on their
bulky structure to intercept a good number of particles in the
interior, which was in accordance with deep bed ltration depo-
sition patterns (Fig. S4†). To reach the industrial standard of 1000
Pa, it took electrospun materials, melt-blown materials, and BCS
materials 9.6 � 0.58, 17.6 � 0.6, and 32.1 � 0.97 minutes
respectively. By comparing the time differences, it was further
proved that BCS materials outstood with respect to service life
(Fig. S5†). In addition, we managed to observe that the ltration
efficiency of the three materials was comparable, but the pressure
drops of through-air bonding PE/PP BCS materials (35.14 �
2.01 Pa) was much lower than those of electrospun materials
(130.24 � 5.39 Pa) and melt-blown materials (50.6 � 1.87 Pa),
showing an improved ltration performance in prolonging service
life and reducing energy consumption.
eter of 0.26 mm NaCI aerosol particles. (b) Photograph and (c, d) SEM
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Fig. 8 (a) Filtration efficiency and pressure drop, and (b) quality factor of BCSmaterials (quenching air temperature of 12 �C, drawing air pressure
of 200 kPa, through-air bonding) with various basis weights. (c) Filtration efficiency, and pressure drop versus air flow of the BCS materials
(�200 g m�2). (d) Comparison of the dust holding capacity (abbrev. dust hdg cpt) between electrospun materials (Elec), melt-blown materials
(MB) and bicomponent spunbond materials (BCS) under loading pressure drop of 1000 Pa.
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Conclusions

In summary, the PE/PP BCS materials with low resistance and
high dust holding capacity for fresh air ltration were successfully
fabricated via spunbond technique. By systematically investi-
gating the processing parameters, BCS materials with ideal uffy
and highly porous structure were obtained by using through-air
bonding reinforcement when the optimized quenching air
temperature and the drawing air pressure were 12 �C and 200 kPa,
respectively. The through-air bonding BCS materials with basis
weight of 200 g m�2 presented a robust ltration performance
with a high ltration efficiency of 97.02% � 0.8%, low pressure
drop of 35.14� 2.01 Pa and excellent dust holding capacity of 9.36
� 0.52 g m�2, which could mostly satisfy the requirements of
fresh air ventilation system for reducing energy consumption and
prolonging service life. The PE/PP BCS materials are expected to
have a wider application in clean rooms, engine intake, respira-
tors, as well as medical equipment.
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