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ABSTRACT

A thermophoretic precipitator (TP) that uses a novelty of
direct sampling of ambient air particulate matter (PM)
onto transmission electron microscopy (TEM) grids was
designed and utilized to determine its potential applica-
bility for the collection and consequent qualitative anal-
yses of representative PM in the air, especially those with
aerodynamic diameter less than 1 pm (PM, ). After a
calibration process, preliminary field tests were performed

under different weather conditions, locations, and time.

frames. TEM, selected area electron diffraction (SAED),
and electron energy-dispersive X-ray spectrometry (EDS)
analyses were performed on individual samples, and
chemical species were analyzed, Puring this investiga-
tion, individual air PM with different sizes ranging from
10 pm to 10 nm for TEM analysis was collected. Two
observations were made: (1) a large fraction of collected
particulates were aggregates of very small particles of both
organic and inorganic origin, and (2) a large fraction of
the collected particulates were crystalline or polycrystal-
line. This study has demonstrated, by utilization of SAED
patterns from TEM on air particles collected by a TP, the
potential to analyze and identify individual air PM in a
nanometer regime qualitatively by combining SAED and
EDS data.

IMPLICATIONS

Many researchers working in air pollution-related . fields
have focused on the sizes and infrinsic characteristics of
PM and aerosols it ambient air as a way to protect public
heatth. In recent years, however, more and more studies in
both the engineering and healthcare fields have supported
the necessity of qualitative characterizations of PM. The
authors of this article believe that future regulations about
air poliution control should embrace some qualitative as-
pects of air pollutants through studies like this experiment
to be more complete and effective.
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INTRODUCTION

The harmful effects of anthropogenic air pollutants, espe-
cially ambient air particulate matter (PM), on the human
respiratory system have been shown in the past. Positive

- associations between the levels of exposure to PM, in

terms of mass, and mortality rates also have been demon-
strated.! As evidence of the more harmful effects of ultra-
fine PM accumuiates, the focus has been directed from the
issue of high-level mass exposure to that of high surface
area-to-volume ratio for the measure of potentiat toxicity.
In a recent clinical study, data justifying the effort to
identify the sources of PM, s (PM with aerodynamic di-
ameter equal to or less than 2.5 wm) and qualitatively
characterize the individual particles of interest in the air
were presented.? In that stuc_ly, more than 90% of the
particles deposited in every airway site in the lung had
aerodynamic diameters less than 2.5 pm.

Extensive research about the inorganic components
of the PM,, and PM, ; has revealed information about
characteristics of ambient PM. For example, crystalline/
metal components, rather than corresponding amor-
phous structures of air particulates, seermed to be more
damaging to the lung epithelial lining cells.** Detrimen-
tal effects of reactive oxygen species generated by inor-
ganic minerals and metal constituents of airborne PM on
airway epithelia also have been observed.5-7 Furthermore,
the potential role of fransition metal oxides as a catalyst
for generation of ambient PM was demonsirated.®

Recently, investigation revealed that ultrafine parti-
cles (aerodynamic diameter less than 0.1 pm) are more
strongly associated with mortality or morbidity rate than
are fine (PM,,) or coarse particles (PM, s ;5). In one
study,® ultrafine particles impaired macrophage phagocy-
tosis to a greater extent than did fine particles compared
on a mass basis. From these studies, it seems that some
constituents of nanoparticles, either by themselves or in
agglomerated forms of millimeter size, play major roles in
damaging lung tissues.
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Figure 1. TP side view.

The effort of characterizing ambient aerosol particles
for various reasons traces back to the 1930s. Green and
‘Watson!? at that time built a thermophoretic precipitator
(TP) based on theoretical work from Einstein.! It was
used for air dust collection in work places to monitor air
quality in work places. An analysis of urban aerosols by

using combined lidar, SEM, and X-ray microanalysis was
performed by Frejafon et al.?2 In their study, the compo-
sition of different sized aerosols was presented. Ebert et
al.13 also characterized approximately 3000 aerosol parti-
cles in the North Sea area in terms of size, morphology,
and chemical composition. Chemical analyses on ice-
forming nuclei in the air of New Mexico regions were
performed to reveal the mechanisms of ice particle forma-
tion.14 Lately, similar attempts to reveal the elemental
composition and morphology of ice-crystal residual par-
ticles in cirrus clouds and contrails was made.'S Analyses
of interplanetary dust were also performed.é The original
TP has been meodified throughout the years for better
analyses of small particles in the air. One application of
TP for characterizing ultrafine PM was also well demon-
strated.1” For bulk chemical and physical analyses, auto-
mated computer techniques using filters have also been

- used.!8 In that study, air samples were collected on filters

and categorized in different groups depending on chem-

*ical composition for component analyses. However, few

=

Figure 2.

TP: (a) Six grid positions (one is indicated by an zrraw) on a copper block with two cocling water colls that are indicated by two arrows. (o)

Tungsten hot wire indicated by an arow. (g) TP with a cover. The & inlet is shown in the front armow. (d) Rear fan is indicated by an arow.
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Figure 3. Calibration by smoke particles of buming papers (a, b, and ¢}, IO, nitile powder (d, e, f, and g). {a} Collection from front row. {b) Collection
from rear row. (6) Comparison of collection efficiency between two rows. (d) Aggregate of TiO,, rutile powder. (&) Individual TIO, rutile powder {approximate
10 X 50 nm dimension): () SAED on (d), only the area in the bracket was exposed for SAED. (g) EDS for the same are used for SAED In (d).

studies have focused on identifying the specific structure, Transmission electron microscopy (TEM) can provide
. size, morphology, crystallinity, and chemical composi- information to help identify particulates in terms of .
tion of individual ulftrafine or nanoparticles, or any par- chemistry and crystallography as well as morphology and
ticulates, for that matter. As presented in studies con- size distributions. Airborne PM collected on filters or
ducted by the Health Effects Institute,1® it became other common filtration and collection devices is often
imperative to characterize and, if possible, identify indi- {imited in its ability to be analyzed, mainly because of
vidual particles in the nanoparticle regime. its complexity and reduced ability to transfer collected
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Figure 4. Sample collection on grids: (a) Particles frem buming paper on ceated copper grid mesh (FEM). {p) Cigarette smeke particuiates {TEM). (¢}
Clgarette smoke particle eniarged (TEM). {d) SAED for cigarette smoke particle in (c) shawing palycrystatinity. Ambient air samples collected during a late”

avening at £l Paso.

particulates to a medium that facilitates viewing by TEM,
even though quantification of collected PM can be made
possible. Crystallography seems to be maore informative,
because catalytic activity is related to specialized atomic
arrangements creating chemically active surface sites or
regions.2021 Consequently, it may not be critical to sim-
ply verify shapes, sizes, or even determine chemical spe-
ciation for the purpose of revealing associated mecha-
misms or steps for the generation process of toxic
nanoparticles or agglomeration process of nanoparticies.
Thus, a convenient collection scheme placing unprocessed
small individual nanoparticles on an electron-transparent
surface or sampling environment specific to TEM analysis
poses special advantages, and can afford the opportunity for
high-resolution of nanoparticles of our interest.

For this investigation, a portable TP was designed and
fabricated to collect ultrafine, representative airborne PM
for qualitative TEM analysis using data from selected area
electron diffraction (SAED) patterns of examined par-
ticles, such that characteristic morphology, structure,
crystallography, and chemical composition of individual
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ambient PM would be determined for possible identifica-
tion of the particles examined. After a calibration process
using smoke from burning papers and cigarettes and TiO,
rutile nano-size powder, a series of field tests at different

- time frames during different weather conditions was per-

formed to illustrate the ability of this collection and anal-
ysis methodology in a preliminary way. Smoke aerosol
size distribution and some bright field STEM images are
shown in Figures 3 and 4.

EXPERIMENTAL METHOD
Theory

(Gas molecules in hot regions have higher momentum
with high kinetic energy than do those in cold regions.
Consequently, greater force will be generated in hot re-
gions than in cold regions after collision of molecules. As
a result, particles have a tendency to move from a hot to
a cold region. For both small (Knudsen number, Kn = 1)
and large (Kn << 1) aerosols, the same concept is ap-
plied.2? This concept of thermophoresis has been used to
build a series of TPs. In 1935, Green and Watson'© found
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Figure 4. [cont.} (g) Air sampie collecied during a calm hight on a gid (TEM). () Crystal aggregate eir sample (YEM). Overlapped shadows of orystals
are shown on the right upper and lower comers, (o) Agglomerate of different aizes of very tiny crystals (< 10 nm) with organic maierial is clearly shown

(TEM). () Folded shape of organic tube with a few incrganic materials (TEM).

that TPs were very effective in sampling dust in workplace
air. They used a nichrome (NiCr) wire that was heated
electrically to 100 °C and the dust deposit on the cover slit
was evaluated by light microscopy. According to May-
nard,?? construction of an ultrafine aerosol sampler with
unity collection efficiency from d < 1 nmup to 4 = 50 nm
is possible for the particles with Kn >> 1 (nanoparticles)
even though diffusions would be a dominant force for
particles with a diameter less than 5 nm. For Kn < 1,
Brock® states that the theoretical upper particle size
terminal velocity is independent of the diameter of a
particle that extends to over 100 nm.

Apparatus
A TP for direct collection of air particulate matter on grids
for TEM study was designed as shown in'Figures 1 and 2.
It uses characteristics of thermal-gradient (AT)-driven ad-
sorption on a transparent formvar-coated substrate (car-
bon-coated formvar grid} with a 3-mm standard speci-
men-viewing platform for TEM. The TP utilizes the
concept of thermophoresis: particles are bombarded by
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higher energy molecules on their “hot” side and thus
driven toward the lower temperature zone.

The dimensions of the TP include total weight: 2.41
kg; power usage: 36 W {12 V (car) % 3.0 amp (2.5 amp
for hot wire heater, 0.5 amp for rear fan)]; bottom (sup-
porting) panel (17.5 x 13.0 X 0.6 cm); cover [6.5 X 14.0
cm (12.5 cm on top) X 12.5 cm]; and cold block (copper)
(8.9 x 8.9 X 2.5 cm). A copper block with connected
internal cooling coils for water circulation was used
for specific cold surface sampling by allowing a stan-
dard 3-mm formvar-coated carbon support grid to be
placed upon this cold floor. This setup is illustrated in
Figure 2a. The fan installed on the rear portion of the
cover controlled the overall flow rate of the air such that
sampling rates could be adjusted (Figure 2d). A tungsten
wire, located directly above the sampling grids above
the cold copper block, heats the intake air and generates
the AT for facilitated sample deposit on the TEM grids
(Figure 2b). Values between 1.0 X 10° and 1.2 X 10°
K/m for AT/L were employed following the recommen-
dation given in Hinds, 25 where AT is the temperature
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Figure 4. {cont.) () Layered aggiomesate (TEM). At least two cozen layers of hormogenecus materials are shown in this particutate. () Amow shows
avery tiny clear crystal in a crystat aggregate (TEM). The size of the crystal shown here is less than 40 nm. (k) Magnified view of (). On the right top comer,
arow presents overlapped crystals (TEM). Slightly overlapping crystals are also shown on the right lower comer of the picture.

difference (K) between the tungsten hot wire and the cold
surface of the copper block where the grid is located, and
L is the distance in millimeters between the hot wire
and the cold surface where the TEM collection grids are
located.

Procedure
After the TP design had been completed, a series of cali-
bration processes using smoke from burning papers and
cigarettes, and later TiO, rutile powder (10 x 50 nm)
purchased from a company at Los Alamos, NM, were
performed. The airfiow rate of the TP was calibrated by
" using a bubble meter from Gilian Instrument Corp. set
between 0 and 1500 cm®/min (0 and 0.05297 ft3/min).

The temperature of the hot wire and the flow rate of the

air were manipulated during the calibration process to
find the best combined conditions for sample collection.
Particle size-dependent deposition rates as a function of
collection grid position (front row vs. rear row, see Figures
1 and 2a) was conducted to find ideal sites for grids using
smoke particles from burning papers. TiO, powder was
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alsc used to obtain size-specific collection efficiency of the
TP used for this study. A series of photographs of various

‘particulates from paper burns, cigarette smoke, and traf-
- fic-related and residential air were taken. These are illus-

trated in Figure 4.

Following the calibration process, field tests were per-
formed to collect numerous representative airborne, sub-
micron particulate matter samples (PM, ,). Each test con-
sisted of a 5-min pre-coeling process in which the copper
block was cooled by ice-water circulation such that a
consisterit surface temperature between the block and
circulated water was obtained (see Figure 1). Simultaneous
to the cooling process, an automobile battery was applied
to the tungsten wire for a maximum of 5 min before each
sampling process. For each test, at least two grids, one
at the center and the others at predetermined lateral
positions, were used. After calibration, grids were put only
in the front row that showed higher collection efficiency.
Each sampling process was performed at approximately
1.5 m above ground level such that actual air inhalation
conditions could be approximated. Each sampling period
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Figure 5. Examples of the variety of SAED paitems for collected particulates. (8) SAED of a combustion air sample from an automobile taiipipe. Crystal
texduring. (o) SAED of another combustion air sample from an automobile tailpipe. More than one large single crystal is present, (c) SAED of an aggregate
{rom clgarette smoke. Poiyerystals with single crystal, {d} SAED of very small polycrystals. (8) SAED of an evening air sample. Coaxistence of single crystal
and polycrystal. {f) SAED of a sample collected during sand storm. Polycrystal with single crystal, as in (c).

Jasted 30 min. Air samples were collected at different time
frames, including consecutive 12-hr overnight sampling
in the El Paso, TX, region and various locations in El Paso,
including busy traffic intersections, an interstate highway
(I-10)} along the U.S.~Mexico border, residential areas, and
international bridges. During this preliminary study pe-
riod, more data were collected from central shoulder
zones of I-10. The collection was also performed under
different weather conditions. Each sample was examined
by TEM, and photographs of the samples were taken on
every fourth particle encountered during TEM analyses.
In addition, EDS studies were performed on each collected
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sample for elemental analysis, and some are shown in Figure
6.26 We used a Hitachi-B000 analytical TEM fitted with a
goniometer-tilt stage and a NORAN energy-dispersive X-ray
spectrometer (EDS) system that is normally. operated at
200 KeV with width of the selected area 1.6 pm. For the
analyses of aggregate particles, the position of a selected
portion in the aggregates was often moved toward the
edge of the screen in SAED mode so that other areas in the
same aggregate would not be exposed to the beam. This
maneuver was performed to maximize the likelihood of
examining only the targeted portion of the aggregates of
interest.
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Figure 6. 'EDS for some representative air samples colected from
various locations. {a) Evening residential air sample on a copper grid and
the copper peak acts as an intemal callbration. The Cu peak is frem the
grid. (b) £n airsampla coliected at nearby a smelter on & copper grid. ()
An air sample collected nearby a major freeway in £ Paso. it shows the
axammined particidate contained AL, 81, Ti, and Fe. Niis from Ni grid. {d) An
air sample collected at a local traffic intersection on a copper grid.

At the end, a set of R values, that is, the distance
between the center spot and the peripheral diffraction
spots and rings in the SAED pattern, were measured for
the calculation of 4 spacing values as shown in the for-
mula Lx. = Rd, where L)\ is a fixed value for a given
condition of TEM accelerating voltage (in this study, at
200 KeV), and R is a value that can be physically mea-
sured.26 With the data from EDS and the d spacing values,
iterative processes between d spacing values of the sam-
ples and those of anticipated compounds/molecules were
performed to identify the unknowns in the samples ex-
amined. Standard 4 spacings for chemistries were
matched with X-ray card file values.

RESULTS AND DISCUSSION

Two different modes of calibration were performed: one
using cigarette smoke particles, another using TiO,, rutile
10 x 50 nm. As shown in Figure 3c, the front row collec-
tion for particles of the nanometer regime is much more
efficient than the rear row of the TP [1804(1225 + 554 +
25) particles vs. 11(0 + 4 + 7)] in terms of particle size-
dependent deposition rates as a function of collection
grid position. Counting only submicron particles in both
rows, close to 98% of the total nano smoke particles
collected was located in the front row.
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Figures 3d and e show the aggregated and individual
form of TiO, rutile powder. Figure 3f shows the SAED
pattern for the small aggregate in Figure 3d. Only the area
surrounded by the black line on the right side was ex-
posed to the testing beam by repositioning the aggregate
during SAED mode. Figure 3¢ is an EDS in the same area
that generated the SAED pattern. In the calibration using
TiO, (nanoparticles), the collection efficiency of the TP
reached approximately 86%. The particulates in Figures
4f, g, and j illustrate that many are aggregates of very tiny
crystals. These crystals can exhibit catalytic behavior very
different from >1 pm particles, especially the large crys-
tals. :

The TP used in our investigation was able to collect
representative soil components (particulates containing
Si, Ca, K, Al, Fe, and Ti) in the air as shown in EDS spectra
presented in Figure 6. Anthropogenic elements, including

~ Cu, Zn, and soot, in addition to biological materials, were
* also collected at various conditions. Individual air PM

with different sizes ranging from roughly 10 pm to 10 nm
for TEM analysis was collected.

During the examination, roughly half of the air par-
ticulate samples showed some level of inorganic crystal-
line characteristics. This is probably because samples had
been collected more often‘in or in close proximity to I-10,
where dynamic airflow is always present. Even if it is not
exactly clear how these small crystals are associated with
some process causing damage to lung tissues and eventual
detrimental health issues from respiratory compromiise, it
is thought that the presence of catalytic reactions facili-
tated by these small crystals may be required for the
generation of agglomerates of PM that show damaging
effects. These are the issues that will need to be clarified
through further, extensive, interdisciplinary investiga-
tions.

The layered air particulate sample presented in Figure
43 drew our attention mainly because of the way that the
structure is laid out. This particulate contains dozens of
very thin layers (close to 5 nmy} of material, most likely
graphite. Brake linings are a source of such particulates.
The surface area-to-volume ratio of particulates like this
structure would be greater than those of other typical air
particulates, even complex aggregates. The potential im-
pact of this type of particulate on human lung cells,
especially when they have any intrinsic cellular damaging
component, also has been raised.27-20

Figure 4d shows a polycrystalline SAED pattern for a
particle collected with calibrating smoke. The possibly
polycrystalline characteristics of smoke-related particles
are probably by either contamination or interaction with
another airborne inorganic particle during the 10-min
pericd in the confined room where the calibration was
performed.
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Figure 7. Identified air PM coflected in a field test. {a) Air sample identiied as Cagvighe, O {TEM). Gurved amows indicats the boundary cut out to include
only the small area (pointed by a straignt amow) for the SAED and EDS studies. (b} SAED of Ca,MgFe,0s. R values {pattem radi) were used to calculate
. d spacing values for identification purposes. (o} EDS of the air sample showing peaks for differert elements.

The examples of the variety of crystalline particles or
variations in crystallinity are illustrated in Figure 5 for
comparison with Figure 4. The SAED pattern examples in

Figure 5 show large single crystals, tiny polycrystalline-

aggregates, and mixtures of large crystals and small poly-
crystals of the same and different compositions, or crystal
structures.

In the field tests, the TEM analysis using the samples
from the TP with additional data from SAED, EDS, and 4
spacing values helped in identification of complex partic-
ulates. One of them is presented in Figure 7: calcium
magnesium iron oxide (Ca,MgFe,0¢). For Ca,MgFe,Oy,
‘the eight d spacing values (d, = 3.167 A, d, = 2.714 A, d
=26804,d,=20804,d,=17404,d,=1.330A, 4, =
1.050 A, and dy = 0.870 A) calculated from measured R
values were matched with those of CazMgFe,O4 at the
card file (Figures 7a, b, and c). Oxygen in this potential
structure was not present on EDS. Silicon shown on EDS
was not part of the structure identified. The sensitivity of
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EDS for elements with atomic number lower than 9 has
been inconsistent, and that issue was discussed in Barbi.30
Developing a database that holds characteristics of

" identifiable individual particles in the ambient air would

help recognition of characteristic patterns considered as
valuable information to resolve the PM issues we have
been dealing with. In that context, this study showed the
possibility of characterizing and potentially identifying
individual particles using SAED and EDS data from sub-
micron particles collected by the TP.

With the benefit of having a way to collect individual
air particulates using a grid that can be directly observed
under a TEM, this study also showed the possibility of
conducting research using selectively chosen individual
particulates. In both in vivo and in vitro cases, the validity
of data from each study would be much higher and spe-
cific when more precisely simulated particles are used.
Smith and Aust3l.and Hughes et al.32 conducted studies
that revealed one very valuable piece of information
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about the roles of irons and a group of individual metal
oxides on cellular toxicity. If data about specific forms of
iron of their interest had been available and specifically
used; the result of their studies might have been more
conclusive.

In conclusion, this preliminary investigation, using
the SAED data from the individual pasticles collected by a
thermal precipitator, has demonstrated the potential of
characterizing individual air PM in the nanometer scale,
and of identifying the components via combined analysis
of TEM, SAED, and EDS. More follow-up studies are an-
ticipated to clarify some speculations used in this study
and to help resolve specific particulate issues associated
with respiratory episodes. '
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