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In this study, the size distribution of atmospheric aerosol in Beijing was monitored by the scanning mobility particle sizer
spectrometer and the optical particle sizer. The size of particles in atmospheric aerosol was primarily distributed in the range of
less than 1 pm. It showed different changes with the mass concentrations of particulate matters with an aerodynamic diameter
of <2.5 um (PM2.5) for different sizes of fine particles. The amount of ultrafine particles (less than about 60 nm) decreased
while the larger ones (>60 nm) increased along with the mass concentration of PM2.5 in atmospheric aerosol. This was be-
cause of the formation of the secondary atmospheric aerosol. The polylactic acid (PLA) nanofibers were prepared for filtering
the aerosol by electrospinning. PLA nanofiber mats were used as the middle layer to design the composite filter membranes.
Atmospheric aerosol was used as dust source in the filtration test. The results showed that the filtration efficiency of the com-
posite filter media increased along with the thickness of nanofiber mats, which was controlled by the collection time during
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electrospinning. Filtration efficiency can be improved obviously by compositing with a thin layer of nanofibers.
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1 Introduction

The pollution of particulate matters with an aerodynamic
diameter of <2.5 um (PM2.5) has become more and more
serious. It has attracted the attention of scientists, govern-
ments and media in recent years, especially after the serious
haze pollution in December 2011 in Beijing [1,2]. PM2.5
and its extracts can induce many human diseases [3-6],
visibility reduction and climate changes [7,8]. In previous
studies, it has been suggested that the fine particles of Bei-
jing were primarily composed of sulfates, nitrates, ammo-
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nium, and carbonaceous aerosol [9-11]. However, few
studies were reported to study the size distribution of PM2.5
in Beijing, which is important for the analysis of aerosol
formation, conversion and removal processes [12].

One of the most valid methods of removing particles
from a gas stream is via fibrous filters. The smaller diameter
of fibers leads to better efficiency in filtration fine particles.
The electrospun nanofiber films are light weight, have a
high permeability and a large surface area that make them
appropriate for filtration of fine particles. The nanofibers
can easily be achieved by electrospinning method. Many
works have been done in the improvement of the filtration
capability of media contained electrospinning nanofibers
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[13-16]. The polyactide (PLA) is a hydrophobic polymer
with high biocompatibility, non-toxicity, and is quite stable
under everyday conditions. PLA nonwoven fibrous mats
have excellent mechanical properties and good biocompati-
bility in vivo [17-19]. In this study, the size distribution of
fine particles in atmospheric aerosols in Beijing was moni-
tored by the scanning mobility particle sizer spectrometer
(SMPS) and the optical particle sizer (OPS). The PLA nan-
ofibers were used for the filtration of fine particles in at-
mospheric aerosols, which were electrospun onto the poly-
propylene (PP) non-woven substrate. Part of the fine parti-
cles in atmospheric aerosol can be removed by PLA nano-
fibers. The filtration efficiency was increased with the in-
creasing thickness of PLA nanofiber mats. This work put
forward the use of nanofibers prepared by electrospinning in
the filtration of fine particles in atmospheric aerosols (espe-
cially for PM2.5). This can be efficient in preventing the
harmful effects of PM2.5.

2 Experiment platform and procedure

PLA (NatureWorks® PLA polymer 6202D) was purchased
from Nature Works, INC (USA). The deionized water used
in all preparations was produced by a Millipore milli-Q wa-
ter purification system. N, N-dimethylformamide (DMF)
and dichloromethane (DCM) supplied by Beijing Chemical
Reagent Plant were used without further treatment. The PP
non-woven fabrics with a thickness of about 120 um were
supplied by Handan Hengyong Protective & Clean Products
Co., Ltd. Handan, China.

The real-time instruments, a scanning mobility particle
sizer spectrometer (SMPS, Model 3936, TSI Inc., USA, 0.3
L/min aerosol flow rate, 3 L/min sheath flow rate, size
range 14-660 nm) and an optical particle sizer (OPS, Model
3330, TSI Inc., USA, 1 L/min aerosol flow rate, 1 L/min
sheath flow rate, size range 0.3—-10 pum) were used to
monitor the particles in atmospheric aerosol. The amount of
particles in airflow before and after the air inlet being
covered by the filter materials can be tested by the above
instruments. And the corresponding mass concentration of
aerosol can be given by the aerosol instrument manager
software. Then the filtration efficiencies of the PLA
nanofibers can be calculated from the mass concentration of
atmospheric aerosol. The morphologies of the nanofibers
were observed by the scanning electron microscope (SEM,
Hitachi S-4800, Hitachi, Ltd. Tokyo, Japan). Prior to SEM
measurement, the specimens were sputtered with gold to
avoid charge accumulation.

SMPS and OPS were placed at the National Center for
Nanoscience and Technology to monitor the size distribu-
tion of ambient aerosol under different PM2.5 concentra-
tions, which were given in PM2.5 monitoring network. The
site was approximately 250 m from the north 4th Ring Road
of Beijing. Ambient air was sampled out of the 7th floor
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window and about 25 m above ground. The particle size
distribution was monitored for at least four hours under
each concentration of PM2.5.

Different concentrations of PLA solutions were prepared
by dissolving PLA in DMF/DCM weight ratios (80/20) and
completely dissolved by stirring. Typical parameters for the
electrospinning experiments were as follows: the applied
electric voltage was 20 kV, the distance between the spin-
neret and the grounded drum was 15 cm and the feed rate
was fixed at 0.5 mL/h. The nanofibers were deposited on
the PP non-woven substrate, which covered the collect roll-
er to form the composite filter. It was dried under vacuum
condition to remove the remaining solvent and used for the
filtration test.

3 Results and discussion

Figure 1 shows the size distributions of fine particles under
different mass concentrations of PM2.5 (10.0-195.0 ug/m’),
as given in the PM2.5 monitoring network. For the particles
in the range of 14-660 nm, the peak in distribution curve
was toward the right while the mass concentration of PM2.5
increasing as shown in Figure 1(a). The amount of ultrafine
particles (less than about 60 nm) in atmospheric aerosol
decreased with the increase of PM2.5 mass concentration.
However, the amount of particles with diameter larger than
about 60 nm increased along with the increase of PM2.5
mass concentration. As also shown in Figure 1(b), the
amounts of particles (size range 0.3—10 pm) increased along
with the PM2.5 mass concentration obviously. It was sug-
gested that the fine particles in atmospheric aerosol were
mainly distributed in the range of less than 1 pm.

Fine particles that dominated the particulate matter in
Beijing were also studied before [20]. The fine particles are
primarily composed of sulfates, nitrates, ammonium, and
carbonaceous aerosols. Most fine particles are believed to
be normally formed through secondary processes [21-23].
The SO, emitted from coal combustion and NO, from vehi-
cle exhaust and other finer particles are always less than
50-100 nm. The formation of secondary atmospheric aero-
sol involved gas to particle or gas to liquid conversion, the
production of nanometer-size clusters, the growth of these
clusters and coagulation with the pre-existing aerosol parti-
cle population. The particles need to grow further to siz-
es >50-100 nm in diameter until they were able to influence
the climate [21]. The particles with diameters of smaller
than 50-100 nm formed larger atmospheric aerosols
through the above process. This is the reason for the de-
crease in particles of sizes less than about 60 nm but the
larger ones increased with the mass concentration of PM2.5.
So, some targeted filtration materials were needed to pre-
vent atmospheric aerosols (especially for less than 1 pum)
diffusing into the human body.

The electrospun PLA nanofibers with smaller diameter
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Figure 1 The size distribution of atmospheric aerosol measured by (a) SMPS and (b) OPS under different mass concentrations of PM2.5 (ug/m®).

and larger surface area were more suitable for the filtration
of fine particles in atmospheric aerosol. Figure 2 shows the
SEM images of PLA nanofibers spun under different PLA
concentrations. It can be seen that the morphologies and
diameters of the electrospun nanofibers were obviously de-
pendent on the polymer concentrations. The nanofibers with
a large amount of beads were obtained when the concentra-
tion was 7 wt% as shown in Figure 2(a). This was caused by
the little entangled polymer in lower concentration solutions,
which was discussed in detail in previous studies [24,25].
However, uniform fibers were obtained when the concen-
tration was higher than 7 wt%. The diameters of fibers were
increased along with the increase of polymeric concentra-
tion. And it was about 282 + 75 nm for 9 wt%, 486 + 45 nm
for 10 wt% and 813 + 196 nm for 12 wt%. The thicker fi-
bers were obtained at a higher concentration. In view of the
fineness and uniformity of nanofibers, PLA (10 wt%) solu-
tion was used for the following study.

The PP non-woven substrate with a diameter larger than 20
pm was used to collect the nanofibers. The PLA nanofiber
mats were used as the middle layer to design the composite
filter mats as shown in Figure 3(a). The SEM image of
composite mats was shown in Figure 3(b). As can be seen in
Figure 3, a thin layer of nanofibers was sandwiched be-
tween two layers of PP. So, PLA nanofibers can be well
fastened between the PP non-woven fabrics without slip-
ping away.

The layers of nanofibers with thickness of about 2.2, 3.0,
4.5 and 8.8 um controlled by electrospinning time were
used to design different composite filter materials. Two
layers of PP non-woven fabrics were also designed as a
contrast test. The fine particles in atmospheric aerosol on a
haze day (PM 2.5 was 195.0 pg/m’) were used as dust
source for filtration test. Filtration efficiency (77) can be
expressed by the mass concentration of particles in airflow
before and after the use of the filter materials:

Figure 2 The SEM micrographs of PLA nanofibers spun under different PLA concentrations. (a) 7 wt%; (b) 9 wt%; (c) 10 wt%; (d) 12 wt%.
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Figure 3 (a) The structural diagram; (b) the SEM image of the composite filter membranes.
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Figure 4 The filtration efficiency of the composite filter media versus the thickness of nanofibers for particles in the range of (a) 14-660 nm and (b)
0.3-10 pm. Each data point represented an average obtained from testing of five mats separately. Error bars indicated the standard deviation.
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where p; and p, (ng/m?) are the mass concentrations of par-
ticles in airflow before and after the use of the filter materi-
als, respectively. The mass concentration of particles rang-
ing from 14 to 660 nm could be obtained from the test of
SMPS, while that of particles in the size range 0.3—10 pum
were obtained by OPS. Filtration efficiency could be calcu-
lated from the eq. (1).

Figure 4 shows the filtration efficiency of the composite
filter media, which changed with the thickness of nanofibers.
For finer particles (ranged from 14 to 660 nm), the PP
non-woven fabrics showed lower filtration efficiency at
2.0%. It can reach above 15.1% after compositing with a
thin layer of nanofiber mat. The filtration efficiencies of the
composite membranes versus increased thickness of nano-
fibers (2.2, 3.0, 4.5, 8.8 um) were 15.1%, 19.8%, 40.1% and
53.2%, respectively (Figure 4(a)). As can be seen from Fig-
ure 4(b), the filtration efficiency on particles (ranged 0.3—10
pm) versus increased thickness of nanofibers (0, 2.2, 3.0,
4.5, 8.8 um) were 12.9%, 29.8%, 32.2%, 62.3% and 73.9%,
respectively. It showed the same change trend as the parti-
cles ranged from 14 to 660 nm. But it showed higher effi-

ciency while using the same nanofibers. The larger particles
are easier to be captured by filter madia. Filtration efficien-
cies can be significantly improved by compositing with a
thin layer of nanofibers for fine particles.

4 Conclusion

The size distribution of fine particles in atmospheric aero-
sols in Beijing was measured under different PM2.5 con-
centrations. The particles were in a range less than 1 um. It
showed different change trend for different sizes of fine
particles. The amount of finer particles (less than about 60
nm) decreased but the larger ones increased with the mass
concentration of PM2.5. This was a result of the formation
of the secondary atmospheric aerosol. A thin layer of PLA
nanofiber film was sandwiched between two layers of PP to
filter the atmospheric aerosols. Filtration efficiency in-
creased with the thickness of PLA nanofiber mats. It was
higher for particles in the range of 0.3-10 um than for 14—
660 nm particles while using the same filter media.

1 Yuan Y, Liu S, Castro R, et al. PM2. 5 monitoring and mitigation in
the cities of China. Environ Sci Technol, 2012, 46: 3627-3628
2 Lang J, Cheng S, Wei W, et al. A study on the trends of vehicular



11

12

LiJ,etal

emissions in the Beijing-Tianjin-Hebei region, China. Atmos Environ,
2012, 62: 605-614

Nikasinovic L, Just J, Sahraoui F, et al. Nasal inflammation and per-
sonal exposure to fine particles PM2.5 in asthmatic children. J Aller-
gy Clin Immun, 2006, 117: 1382—1388

Morgenstern V, Zutavern A, Cyrys J, et al. Respiratory health and in-
dividual estimated exposure to traffic-related air pollutants in a cohort
of young children. Occup Environ Med, 2007, 64: 8—-16

De Hartog J J, Lanki T, Timonen K L, et al. Associations between
PM2.5 and heart rate variability are modified by particle composition
and beta-blocker use in patients with coronary heart disease. Environ
Health Persp, 2009, 117: 105-111

Wei A, Meng Z. Evaluation of micronucleus induction of sand dust
storm fine particles (PM2.5) in human blood lymphocytes. Environ
Toxicol Phar, 2006, 22: 292-297

Wang Z, Zhang H, Shen X, et al. Modeling study of aerosol indirect
effects on global climate with an agcm. Adv Atmos Sci, 2010, 27:
1064-1077

Zhou Y, Cheng S Y, Liu L, et al. A coupled MM5-CMAQ modeling
system for assessing effects of restriction measures on PM10 pollu-
tion in olympic city of Beijing. China J Environ Inform, 2012, 19:
120-127

Sun Y L, Zhuang G S, Ying W, et al. The air-borne particulate pollu-
tion in Beijing - concentration, composition, distribution and sources.
Atmos Environ, 2004, 38: 5991-6004

Wang X, Wang T, Pathak R K, et al. Size distributions of aerosol
sulfates and nitrates in Beijing during the 2008 Olympic games: Im-
pacts of pollution control measures and regional transport. Adv At-
mos Sci, 2013, 30: 341-353

Roger J C, Guinot B, Cachier H, et al. Aerosol complexity in megaci-
ties: From size-resolved chemical composition to optical properties of
the Beijing atmospheric particles. Geophys Res Lett, 2009, 36:
L18806

Liu S, Hu M, Wu Z, et al. Aerosol number size distribution and new
particle formation at a rural/coastal site in pearl river delta (PRD) of

Sci China Tech Sci

February (2014) Vol.57 No.2

13

14

15

16

17

18

19

20

21

22

23

24

25

243

China. Atmos Environ, 2008, 42: 6275-6283

Yun Y M, Hogan C J, Matsubayashi Y, et al. Nanoparticle filtration
by electrospun polymer fibers. Chem Eng Sci, 2007, 62: 4751-4759
Zhang S, Shim W S, Kim J. Design of ultra-fine nonwovens via elec-
trospinning of nylon 6: Spinning parameters and filtration efficiency.
Mater Design, 2009, 30: 3659-3666

Vitchuli N, Shi Q, Nowak J, et al. Electrospun ultrathin nylon fibers
for protective applications. J App Polym Sci, 2010, 116: 2181-2187
Hung C H, Leung W F. Filtration of nano-aerosol using nanofiber
filter under low peclet number and transitional flow regime. Sep Purif
Technol, 2011, 79: 34-42

Scaffaro R, Morreale M, Mirabella F, et al. Preparation and recycling
of plasticized PLA. Macromol Mater Eng, 2011, 296: 141-150
Ravichandran R, Sundarrajan S, Venugopal J R, et al. Advances in
polymeric systems for tissue engineering and biomedical applications.
Macromol Biosci, 2012, 12: 286-311

Naveena N, Venugopal J, Rajeswari R, et al. Biomimetic composites
and stem cells interaction for bone and cartilage tissue regeneration. J
Mater Chem, 2012, 22: 5239-5253

Guo S, Hu M, Wang Z B, et al. Size-resolved aerosol water-soluble
ionic compositions in the summer of Beijing: Implication of regional
secondary formation. Atmos Chem Phys, 2010, 10: 947-959

Kulmala M, Kerminen V M. On the formation and growth of atmos-
pheric nanoparticles. Atmos Res, 2008, 90: 132—-150

Yue D, Hu M, Wu Z, et al. Characteristics of aerosol size distribu-
tions and new particle formation in the summer in Beijing. J Geophys
Res, 2009, 114: DO0G12

Kulmala M, Petdjd T, Nieminen T, et al. Measurement of the nuclea-
tion of atmospheric aerosol particles. Nat Protoc, 2012, 7: 1651-1667
McKee M G, Wilkes G L, Colby R H, et al. Correlations of solution
rheology with electrospun fiber formation of linear and branched
polyesters. Macromolecules, 2004, 37: 1760-1767

Shenoy S, Bates W, Frisch H, et al. Role of chain entanglements on
fiber formation during electrospinning of polymer solutions: Good
solvent, non-specific polymer-polymer interaction limit. Polymer,
2005, 46: 3372-3384



