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ABSTRACT

Particulate matter (PM) pollution has become a major environmental concern in
many developing countries. PM pollution control remains a great challenge
owing to the complex sources and evolution processes of PM particles. There
are two categories of PM, i.e., primary and secondary PM particles, and the
primary PM emissions play a key role in the formation of PM pollution.
Knowledge of primary PM particle compositions, sources, and evolution
processes is of great importance to the effective control of PM pollution. In
order to characterize PM particles effectively, their fundamental properties
including the morphology, concentration distribution, surface chemistry, and
composition must be systematically investigated. In this study, we collected and
analyzed six types of PM;, and PM, s particles from different sources using an in
situ sampling approach. The concentration distributions of PM particles were
analyzed and comparative analysis of the morphologies, distributions, capture
mechanisms, and compositions of PM particles was conducted using scanning
electron microscopy, transmission electron microscopy, X-ray photoelectron
spectroscopy, and energy-dispersive X-ray spectroscopy. We found that there
were significant differences in the structures, morphologies, and capture
mechanisms of PM,5 and PM;, particles. The systematic comparative investigation
in this work will benefit the study of evolution processes and the effective
control of PM pollution in the future.

Atmospheric particulate matter (PM) is widely known
as an important source of air pollution worldwide,
which has become a major environmental concern
owing to the large amount of PM emissions from
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human activities, such as emissions from traffic,
industry, and power plants [1]. PM is a complex mixture
of small particles and liquid droplets suspended in air,
consisting of various chemical components including



inorganic matter (e.g., silicates, sulfates, and nitrates)
and organic matter (e.g., organic carbon, elemental
carbon, etc.) [2—4]. PM particles exist in various sizes,
and both PMy, (aerodynamic diameter shorter than
10 pm) and PM, 5 (aerodynamic diameter shorter than
2.5 um) particles are very harmful to the environment,
climate, and human health. PM,, particles, also called
inhalable particles, can absorb more toxic substances
than coarse particles and can enter the human body via
deposition in the lungs through respiration, resulting
in various respiratory and cardiovascular diseases [5].
Compared to PM;, particles, PM,5 particles are even
more harmful. They can not only carry various toxic
compounds [2—4], but also penetrate the human
bronchi and lungs and even enter the alveolar cells
owing to their small size, posing a serious threat to
human health [6-12]. In addition, PM,; particles can
remain in the atmosphere for several weeks and can
be transported further by atmospheric circulation.
Thus, the development of PM filtration technologies
has attracted much recent attention [13-21].

PM pollution control remains a great challenge
owing to the very complex sources and evolution
processes of PM particles. PM particles can be divided
into two categories based on their sources and evolution
processes: Primary PM particles [22, 23] and secondary
PM particles [24, 25]. Although secondary PM particles
contribute significantly to PM pollution in many places
[26], primary PM source emissions play a key role in
regulating atmospheric aerosol nucleation and oxidation
[27]. They also affect particle growth by condensation
and the photochemical production of ozone and
secondary organic aerosols [28]. Therefore, systematic
investigation of primary PM particles is significant.

The characteristics of PM particles, including physical,
chemical, and optical properties, are closely related
to their morphologies, sizes, compositions, etc. [29].
Knowledge of PM particle compositions, sources,
and evolution processes is important for reducing
the harmful effects of PM particles and improving air
quality. Many studies from the past few years have
reported the sizes, morphologies, densities, and sources
of PM,, [30-34] and PM,; particles [35-37] and their
effects on human health [38—40]. In order to characterize
PM particles effectively, their fundamental properties,

e.g., morphology, concentration distribution, surface
chemistry, composition, etc., should be analyzed
systematically. This information is essential for the
assessment of the harmful effects of PM particles,
but cannot be obtained through mass measurement
(or bulk analysis) methods alone. The bulk analysis
methods have limitations since many different particles
are aggregated and only an average value is presented
[37]. Therefore, it is necessary to perform in situ
sampling of individual particles and to characterize
them without changing their properties. In this study,
we analyzed different types of PM;, and PM, 5 particles
from six different sources using in situ sampling
methods. We collected PM particles with different
sizes and conducted a comparative analysis of the
morphologies, concentration distributions, and com-
positions of PM;, and PM,s particles using optical
microscopy (OM), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray photo-
electron spectroscopy (XPS), and energy dispersive
X-ray spectroscopy (EDX). In addition, the capture
mechanisms of PM;, and PM, 5 particles on nanofibers
were also investigated.

In situ sampling of primary PM particles is critical
for the study of the original morphologies, structures,
size distributions, and compositions of individual
primary aerosols. A common source of primary PM
particles is PM from combustion smoke of biomass,
coal, plants, etc. Anthropogenic and biomass burning
sources account for more than 60% of primary
carbonaceous aerosol emissions, and much of the
organic matter in these aerosols is concentrated
potentially at or near the particle surface [37]. In the
smoke from combustion, there is a large amount of PM
particles of various sizes. Thus, smoke PM particles
are one of the subjects of this study. In this study, six
different types of PM sources were selected, namely
barbecue smoke, cigarette smoke, incense smoke, wood
smoke, car exhaust, and soil dust. These PM particles
were captured from their sources in situ by ultrathin
polyimide (PI) nanofibers with diameters of 200-300 nm
that were fabricated through electrospinning [14, 17].
The PI nanofibers exhibited excellent PM capture
capability and high thermal stability in ambient con-
ditions (Fig. S1 in the Electronic Supplementary Material
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(ESM)) [14]. In order to keep the original sizes,
morphologies, and concentration distributions of the
PM particles, the PM capture process was conducted
for a very short time, only 5-15 s, which is much shorter
than the reported sampling times, which range from
several minutes to several months. Thus, the agglomera-
tion and coalescence of tiny PM particles into larger
ones can be significantly reduced, which is favorable
for investigating the original properties of primary
PM particles. After capturing PM particles, the PI
filters were examined directly using OM, SEM, EDX,
and XPS. For TEM, Lacey carbon TEM grids, which
contain numerous carbon nanofibers with diameters
of 10-200 nm, were used to collect the PM particles
in situ (see Fig.S2 in the ESM). A PM counter was
used to obtain the concentration distributions of the
PM particles.

The overall morphologies and concentration distri-
butions of the captured PM particles on the PI nano-
fibers are shown in Fig. 1 and Figs. S3-58 in the ESM.
The six different types of PM particles had different

characteristics. Most of the PM particles from smoke
(> 80%), i.e., barbecue smoke (Fig. 1(a) and Fig. S3 in
the ESM), cigarette smoke (Fig. 1(b) and Fig. 54 in the
ESM), incense smoke (Fig. 1(c) and Fig. S5 in the ESM),
and wood smoke (Fig. 1(d) and Fig. S6 in the ESM),

Figure 1 Overview of the PM particles from (a) barbecue smoke,
(b) cigarette smoke, (c) incense smoke, (d) wood smoke, (e) car
exhaust, and (f) soil dust captured on PI nanofibers.

are tiny particles with diameters shorter than 0.5 um,
and a small portion (10%-15%) of them had diameters
of 1-2.5 um. Only very few particles (< 5%) with
diameters longer than 2.5 um were found on the
nanofibers, indicating that most of the PM particles
(> 95%) from smoke were PM,; particles. The size
distribution of these PM, s particles was narrow;, indicating
that they are uniformly dispersed in the smoke sources.
As shown in Fig. 1(e) and Fig. S7 in the ESM, very few
PM particles were captured from car exhaust within
such a short time. The proportion of larger PM particles
(with diameters longer than 2.5 um) in soil dust was
much higher than those in the other sources (Fig. 1(f)
and Fig. S8 in the ESM).

The concentration distribution shows the concen-
trations of particles in different size ranges. A PM
particle counter was used to determine the concen-
tration distributions of PM particles from the different
sources. As shown in Fig. 2(a), for almost all types of
PM particles, the PM concentrations at certain sizes
decreased continuously as the size increased. As shown
in Fig. 1 and Figs. 53-S8 in the ESM, the PM distribu-
tions from different sources are distinctly different,
and this is clearly shown in Fig. 2. For example, the
total PM concentration in car exhaust was 1-2 orders
lower than those in barbecue and cigarette smoke.
Regarding the particles from smoke, the concentration
of larger particles (diameter > 2.5 pm) in wood smoke
was much higher than those in the other types of
smoke because of the incomplete combustion of
wood in ambient conditions (Fig. 2(a)). The PM size
distribution of soil dust was more uniform than those
of the other kinds of PM (Fig. 2(b)). In particular,
the concentration and proportion of larger particles
(diameter > 2.5 um) in soil dust were much higher than
those in other sources. In addition, the concentration
of tiny PM particles (diameter < 2.5 um), regardless of
the PM type and source, was much higher than that
of larger PM particles (diameter > 2.5 um). For example,
the concentration of particles with a diameter of 0.3 um
was three orders higher than that of particles with a
diameter of 10 pum in incense smoke. The concentration
distributions of the PM particles indicate that appro-
ximately 90% of them are smaller than 1.0 ym and
can deposit directly into human alveoli. As shown in
Fig. 2(b), the proportion of particles with a diameter
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Figure 2 Concentration distributions of PM particles from
different sources. (a) Concentrations of PM particles with
different sizes. (b) Proportions of PM particles with different sizes.
(c) Comparison of PM,; 5 and PM; particles from different sources.

of 0.3 um in exhaust gas was higher than 74.5%, while
the proportion of particles with a diameter of 10 um
was only 0.004%, four orders of magnitude lower
than the former. The proportions of PM,5 and PM,,
particles in different sources were compared. As shown
in Fig. 2(c), the PM,; proportions in incense smoke,
barbecue smoke, cigarette smoke, wood smoke, and
car exhaust were 99.88%, 98.07%, 95.75%, 92.04%, and
99.93%, respectively, clearly indicating high proportions
of PM,; particles. As for the soil dust particles, the
proportion of PM, ;5 particles was 79.28%, which means
that the soil dust had the highest proportion of PM;,
particles, i.e., 20.72%.

SEM and TEM were used to determine the mor-
phologies of these PM particles more accurately. A
significant difference in the morphologies of PM,; and
PM;, particles was observed. As shown in Figs. 3(a)-
3(d), the morphologies of PM, 5 particles from smoke
on the PI nanofibers were similar. The size distribution
of these PM,5 particles was narrow. Almost all com-
bustion smoke, regardless of the type, contained a
large amount of oil-like liquid droplets, which can
move along the nanofibers and coalesce with each other
(see Figs. S9(a)-S9(c) in the ESM). Once the droplets are
captured by the nanofibers, they will immediately
wrap around the nanofibers owing to surface tension
(Fig. 510 in the ESM), forming an axial-symmetric
structure, which increases the contact area and adhesion
force between the droplets and the nanofibers. The

smoke, (b) cigarette smoke, (c) incense smoke, (d) wood smoke,
(e) car exhaust, and (f) soil dust captured on nanofibers.

oil-like liquid droplets will gradually become solid
particles in ambient conditions after several hours at
room temperature (Figs. S9(d) and S9(e) in the ESM).
Figure 4 shows the TEM images of the PM, 5 particles
captured on the Lacey carbon TEM grids, which contain
a lot of carbon nanofibers. As shown in Figs. 3(a)-3(d)
and 4(a)-4(h), the PM, 5 particles from the four different
smoke sources can wrap completely around both the
PI and carbon nanofibers and form axial-symmetric
structures. The contact angles of the smoke particles
on both PI nanofibers and carbon nanofibers were
small (< 30°, see Table S1 in the ESM), and there was
strong adhesion between the smoke particles and the
nanofibers.

As for the PM, 5 particles from car exhaust and soil
dust, the cases are different from those of the smoke
sources. The PM,; particles from exhaust and soil
dust are originally in the solid state. Generally, the
morphologies of these solid particles will not change
when the particles are captured by nanofibers. The
morphologies of these solid PM,s particles were
irregular. Unlike the liquid droplets, the solid particles
cannot move along the nanofibers and coalesce with
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each other. The adhesion between these solid particles
and the nanofibers is much weaker than that between
smoke particles and nanofibers. As shown in Figs. 3(e)
and 3(f), these solid PM,; particles were attached to
the nanofiber only through a small portion of their
outer surfaces. The solid particles were mainly captured
by the nanofibers through van der Waals forces. As
shown in Figs. 3(e), 4(i), and 4(j), there were very few
PM, 5 particles on the nanofibers from car exhaust. The
size and number distribution of the PM, 5 particles from
soil dust on the nanofibers were random (Figs. 3(f), 4(k),
and 4(1)). In addition, they do not have a regular
morphology or structure, unlike oil-liquid droplets.
Newly arriving particles will attach to both the
uncovered parts of the nanofibers and the existing
particles. Finally, many dendritic structures will appear
with the continuous capture of dust particles (Fig. S11
in the ESM).

As stated above, there are significant differences in
the structures, morphologies, and capture mechanisms
of PM,s and PM;, particles. The PM;, particles from
different sources are shown in Fig.5. As shown in
Fig. 5, regardless of the PM source, PM;, particles do
not have regular morphologies and sizes. According
to their morphologies and elemental compositions,
these PM;, particles are generally classified into the
following three types: Soot aggregates, minerals, and

fly ashes [37]. Soot aggregates are characterized by
their fluffy morphologies, whereas minerals often have
elongated and bar morphologies. Fly ashes are mostly
round or coated with other fine particles. As shown
in Figs. 5(a)-5(d), most of the PM;, particles from smoke
are soot aggregates, while small portions are fly ashes
or mineral particles (Figs. 5(c2), 5(c3), and 5(d4)). As
the smoke is produced through the combustion of
biomass, a lot of soot aggregates is generated. The
soot aggregates have some distinctive characteristics.
They are usually formed from ultrafine particles and
readily aggregate together before being captured on
nanofibers, developing from small groups or chains
into larger chains. In addition to the soot aggregates,
combustion also produces some fly ashes in PMy
particles, especially for the particles from barbecue
and wood smoke. Fly ash is composed mainly of
non-combustible inorganic material, but also contains
some carbon left over from partially combusted wood
(Figs. 5(al)-5(a4), 5(el)-5(e4), and 5(f1)-5(f4)). PM;,
particles from car exhaust are only amorphous carbon
(see Fig. 7(d)). These amorphous carbon particles have
relatively small diameters (Figs. 5(e1)-5(e4)). The mor-
phology of PM;, particles from soil dust was slightly
more regular than those of smoke PM;, particles
(Figs. 5(f1)-5(f4)). There were some even larger PM
particles with diameters of 10-30 pm (Fig. S8 in the

(d)

Figure 4 TEM images of PM, s particles from (a) and (b) barbecue smoke, (c) and (d) cigarette smoke, (e) and (f) incense smoke,

(g) and (h) wood smoke, (i) and (j) car exhaust, (k) and (1) soil dust.
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Figure 5 SEM images of PM;, particles from (a) barbecue smoke, (b) cigarette smoke, (c) incense smoke, (d) wood smoke, (e) car

exhaust, and (f) soil dust captured on nanofibers.

ESM). Most of the dust PM, 5 and PM;, particles are
minerals (Figs. 5(f1)-5(f4)), which is very common
in dust particles. It has been reported that feldspar,
gypsum, dolomite, calcite, and quartz are the main
components in mineral PM particles [37]. EDX analysis
showed that they usually consisted of O, Al, and Si,
coupled with Na, Ca, Fe, Mg, Br, or other elements
(Figs. 7(g) and 7(h)), indicating that there are a lot of
inorganic components in these mineral particles.

For the PM particles from smoke, there is a significant
difference between the capture mechanisms of PM,;
and PM;, particles. Because they are initially liquid
droplets, PM,; particles can change their morphologies
to wrap completely around the nanofibers. Then, the
liquid droplets gradually become solid particles. Thus,
the adhesion between the smoke PM,; particles and
the nanofibers is strong. In comparison, the solid PM;,
particles are only attached to the nanofibers through
part of their outer surfaces and the adhesion between
them is weak. In addition, some of them are even
captured through direct interception of the nanofiber
network (Figs. 5(b2)-5(b4)). As for the PM particles

from car exhaust and soil dust, there are no significant
differences between the capture mechanisms of PM, s
and PM;, particles, as they are all solid particles.

In order to elucidate further the differences among
PM particles from different sources, the compositions
and surface chemistries of these PM particles were
investigated further. We used two methods to
characterize these PM particles. First, because of their
distinct structural and morphological differences from
other types of PM particles, the smoke PM, 5 particles
were characterized using XPS, which only detects the
surface elements (~5 nm in depth). Second, EDX was
used to characterize the PM, 5 particles from soil dust
and car exhaust and the PM,, particles from all sources.
As shown in Fig. 6(a), for the PM,; particles from
barbecue smoke, the C 1s signal from XPS comprises
three major peaks at 284.5, 285.7, and 288.6 eV, corres-
ponding to C-C/C=C, C-H, and C=0 bonds. The O 1s
peaks support the C 1s peaks and show the presence
of C=0 at 531.9 eV. A small amount of N is present on
the surface of smoke particles, as indicated by the peak
at 400.1 eV, representing the -NH, functional group.
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Figure 6 XPS characterization of PM, s particles from (a) barbecue smoke, (b) cigarette smoke, (c) incense smoke, and (d) wood smoke

captured on nanofibers.

The overall results show that C, O, H, and N are
the four elements present on the PM,; particles from
barbecue smoke. The PM,; particles from cigarette
smoke showed very similar XPS characteristics to those
of barbecue PM,; particles, showing only C 1s, O 1s,
and N 1s peaks (Fig. 6(b)). The XPS results for PM,
particles from incense smoke were similar, also showing
that C, O, N, and H are the four elements present
(Fig. 6(c)). However, the N 1s peaks are different.
As shown in Fig. 6(c), the N 1s signal comprises four
major peaks at 400, 402.1, 404.6, and 407.8 eV, corres-
ponding to -NH,, -NH, -NO,, and -NO; functional
groups, respectively. The XPS results for the PM,;
particles from wood smoke were slightly different.
The C 1s signal comprises three major peaks at 284.5,
285.7, and 287.3 eV, corresponding to C-C/C=C, C-H,

and C=0O bonds. Moreover, a small amount of Si is
present on the surface of smoke particles, as indicated
by the peak at 100.8 eV in the Si 2p peak, representing
Si—O bonds. The O 1s peaks support the C 1s and Si 2p
peaks and show the presence of C=O at 531.4 eV and
Si-O at 533.3 eV. The PM,; particles from barbecue
smoke also have four elements, i.e., C, O, N, and H.
From the above analysis, we can infer that the PM,;
particles from different smoke sources have similar
components, mainly C, H, O, and N, clearly showing
that they are organic aerosols.

The effect of temperature on the morphologies of
PM, 5 particles from smoke was also investigated. Here,
we take the PM particles from incense smoke as an
example. It has been reported that incense smoke
contains many components, such as CO, CO, NO,,
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- NawRes

and also volatile organic compounds such as benzene,
toluene, xylenes, aldehydes, polycyclic aromatic
hydrocarbons, etc. [41]. Many of these components are
not stable and will decompose at high temperatures.
Thus, the structures and morphologies of these particles
will change as the temperature increases owing to the
decomposition of many organic components. It was
found that, as the temperature increased, the diameter
of the incense smoke particles gradually decreased
(Figs. S12-S16 in the ESM).

The chemical compositions of the PM;, particles
from the above six sources were analyzed using EDX.
It was found that there were no significant differences
between the PM,; particles from soil dust and car
exhaust and the PM;, particles from the same two
sources. Unlike the XPS results for the PM, 5 particles

Barbecue smoke
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from smoke sources, those of the PM,, particles showed
significant differences. For instance, the PM,; particles
from barbecue smoke contain only C, O, H, and N
(Fig. 6(a)), but the PM;, particles contain C, O, Na, Br,
Si, and Ca (Fig. 7(a)), indicating that the PM;, particles
contain many inorganic components. As mentioned
above, the PM;, particles from smoke contain a lot
of soot aggregates, fly ashes, and some minerals; thus,
their compositions are more complicated than those
of the organic particles. The PM,, particles from
cigarette smoke, which contain C, O, Fe, Na, Al, P,
Cl, and K (Fig. 7(b)), showed a similar characteristic.
Compared to the PM,, particles from barbecue
(Fig. 7(a)), cigarette (Fig.7(b)), and incense smoke
(Fig. 7(c)), the PM,, particles from wood smoke were
more complicated (Figs. 7(e) and 7(f)). Different PM,,
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Figure 7 EDX characterization of PM, particles from (a) barbecue smoke, (b) cigarette smoke, (c) incense smoke, (d) car exhaust,
(e) and (f) wood smoke, and (g) and (h) soil dust captured on nanofibers.
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particles from wood smoke contained different
elements. The PM,, particles from soil dust showed a
similar characteristic, indicating that they also have a
complicated composition (Figs. 7(g) and 7(h)). The only
unique sample was the PM;, particles from car exhaust,
which contained only C (Fig. 7(d)), indicating that they
are mainly amorphous carbon from the incomplete
combustion of gasoline.

In summary, we have characterized PM;, and PM,
particles from six different sources and compared
their morphologies, concentration distributions, com-
positions, and capture mechanisms. Different types
of PM particles exhibit different characteristics. For
almost all types of PM particles, the PM concen-
tration, with certain sizes, decreases continuously as
the size increases. Most of the PM particles from smoke
are PM,s particles with narrow size distributions.
There are very few PM particles in car exhaust. The
proportion of PM;, particles in soil dust is much higher
than those in other sources. The PM,; particles from
smoke exhibit an axial-symmetrical structure on PI
nanofibers with a narrow diameter distribution. In
comparison, regardless of the PM source, PM;, particles
are stochastic, without a regular morphology or
structure. According to their morphologies and elemental
compositions, these PM;, particles are generally
classified into the following three types: Soot aggregates,
minerals, and fly ashes. Most of the PM, particles
from smoke are soot aggregates, while small portions
are fly ashes and mineral particles. PM particles from
car exhaust are only amorphous carbon. Most of the
dust PM particles are minerals. For the PM particles
from smoke, there is a significant difference between
the capture mechanisms of PM,s and PM;, particles.
The PM,; particles from smoke can change their
morphologies to wrap completely around the nano-
fibers, and thus, the adhesion between them and the
nanofibers is strong. In comparison, the solid PM;,
particles attach to the nanofibers through only part of
their outer surfaces and exhibit weak adhesion with
the nanofibers. XPS showed that the PM,; particles
from different smoke sources have similar com-
ponents, mainly consisting of C, H, O, and N. The
effect of temperature on the morphologies of PM,;
particles from smoke was also investigated and it was
found that they will decompose as the temperature

increases. The compositions of the PM;, particles were
complicated, and these particles consisted mainly of
inorganic components.
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