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Wet and dry sizes of atmospheric aerosol particles:

An AFM-TEM study

Mihaly Pésfail-2, Huifang Xul:3, James R. Anderson!, and Peter R. Buseck!

Abstract. We studied the hygroscopic behavior of
atmospheric aerosols by using a novel approach, the
combination of atomic force microscopy (AFM) with
transmission electron microscopy (TEM) imaging of the same
individual particles. By comparing the dimensions of hydrated
and dry ammonium sulfate particles collected above the North
Atlantic Ocean, we determined that particle volumes are up to
four times larger under ambient conditions (as determined by
AFM) than in the vacuum of a transmission electron
microscope. We interpret these changes as resulting from the
.loss of water. Organic films on the particles may be
responsible for the relatively large water uptake at low relative
humidities.

Introduction

Hygroscopic growth of atmospheric aerosol particles affects
their light-scattering properties and their ability to become
cloud condensation nuclei (CCN) (Pilinis et al., 1995; Quinn et
al., 1996; Tang, 1996). Owing to small compositional
differences, the hygroscopic properties of synthetic and
natural particles can differ. For example, about 6% of the mass
of sea-salt particles is water at 30% relative humidity (RH),
whereas pure NaCl is essentially dry (Mclnnes et al., 1996).
Submicrometer aerosol particles at the Grand Canyon contain
acidic organics that enhance water vapor condensation (Zhang
et al.,, 1993); on the other hand, in an urban atmosphere (Los
Angeles) organic species diminish water uptake by inorganics
(Saxena et al., 1995). Thus, the composition-dependent
hygroscopic properties of natural aerosols can be best
understood if the compositions of specific species are known
and if individual, ambient aerosol particles are studied.

Electron-beam instruments are commonly used tools for
individual-particle studies (Sheridan et al., 1993; Pésfai et al.,
1995). The two-dimensional morphology of an aerosol
particle can be observed using TEM, once the particle is
trapped on a grid; however, its thickness can be only
estimated, and in the vacuum of the electron microscope the
adsorbed water is lost.

Atomic force microscopy (AFM) provides quantitative
information about particle sizes in three dimensions (Blum,
1994). To our knowledge, only one AFM study has been
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performed on environmental aerosol samples (Friedbacher et
al., 1995). The advantage of AFM over electron-beam
techniques is that it is performed under ambient conditions, so
there is no risk of modifications of the particles by-a vacuum or
an electron beam. We used TEM for studying the same particles
for which we collected AFM data. Thus, we studied the
morphologies of particles under ambient conditions (by AFM),
then obtained information about compositions and structures
of the same particles (by TEM) after they were dried in the
vacuum of the TEM.

Experimental Techniques

Aerosol samples were collected during the Atlantic
Stratocumulus Transition Experiment/Marine Aerosol and Gas
Exchange (ASTEX/MAGE) experiment in the North Atlantic
(Huebert et al., 1996). Particles were collected directly onto
formvar-coated Cu TEM grids placed on the fourth stage of a
Casella cascade impactor. The fourth stage of the impactor
samples particles with aerodynamic diameters 0.2 to 0.7 pm.
Temperature, RH, wind speed, and the results of TEM analyses
of individual particles collected on the third stage of the
impactor are given by Pésfai et al. (1995). The samples used
for this study were collected June 19, 1992 from 11:37 to
15:47 (sample #1) and June 20, from 09:58 to 14:04 (sample
#2), when a polluted air mass of European origin was sampled.

The TEM grids with the collected aerosol particles were
placed in the center of a steel disc, which was placed on the
AFM sample stage. A Digital Instrument NS-III AFM was used
for imaging in the contact mode in air. A square-shaped object
(a microchip) with 10 pm-long edges was used for calibrating
image dimensions; we found that the images are stretched by
14% along the direction of scanning relative to the direction
perpendicular to it. The images obtained from aerosol partlcles
were corrected for this distortion.

We used a JEOL 2000FX TEM operated at a 200-kV
accelerating voltage and equipped with a double-tilt (+30°;
+45°) goniometer stage. In the column of the TEM the vacuum
is c. 105 torr. TEM images were used to observe—particle
morphologies, their structures were identified using selected-
area electron diffraction (SAED), and elemental compositions
were determined by energy-dispersive X-ray spectrometry
(EDS); experimental details are given by Pésfai et al. (1995).

Results

Low-magnification AFM and TEM images of identical areas
of sample #1 (Figs. 1a and 1b, respectively) reveal that the
same particles can be observed using the two methods. EDS
analyses combined with SAED patterns show that all particles
are (NH4),SO,4, with the majority containing soot aggregates.
While (NH4),SO4 is very beam-sensitive in the TEM, at
sufficiently low beam currents (< 5 pA/cm?, as measured on the
viewing screen) the particles can be observed without
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Figure 1. Low-magnification AFM (a) and TEM (b) images
of an identical area in sample #1. The inset in the upper-left
corner of (b) is an SAED pattern obtained from one of the
particles; it indicates that the particle is a single crystal of
(NH4)3S04. The non-uniform contrast of the particles in (b) is
caused by diffraction effects.

destroying them. Even though the particles are round, most are
single crystals of (NH4),SOy4 (see the SAED pattern in Fig. 1b);
a smaller number are aggregates of several crystals.

Particle dimensions can be measured directly from higher
resolution AFM images (Fig. 2a) and cross-sectional profiles
(Fig. 2b). For example, particle A has an average diameter of
1.6 um at its base, and its height is 0.32 um, as measured by
the vertical distance between the two arrows that mark the base
and top of the particle. From the AFM data the volumes of
particles A and B were calculated to be 0.40 and 0.41 pm3,
respectively. For this calculation we fitted a parabolic curve to
the AFM profile of the particle and, on the basis of AFM
images, we regarded the particle rotationally symmetric around
a vertical axis through its center. Assuming original spherical
shapes and no volume changes during and after sample
collection, the diameters of the original airborne particles were
0.8 and 0.9 um. The particles have a characteristic bumpy
surface structure (Fig. 2a) that is suggestive of a
polycrystalline substance; perhaps the particles recrystallized
in the TEM into single crystals of (NH4),SOy4.

TEM images (Figs. 2 c,d) show the same particles as in
Figure 2a. In Figure 2c they have not yet suffered damage in the
electron beam, whereas Figure 2d shows them in the process of
evaporation. Soot aggregates (marked X and Y) within or on
the edges of the (NH,4),SO, particles remain unchanged in the
beam. Faint halos around the particles appear in both TEM
images; they are more distinct in Fig. 2d, where one is partly
marked by the dashed line (lower left).
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The diameters of the halos around particles in the TEM
images are the same as the particle diameters obtained from the
AFM image (Fig. 2a). The soot particles can be used as
orientation points when the AFM and TEM images are
compared. Soot aggregates marked X stick out as far as the
outer edges of the halos (Fig. 2d); they can also be observed in
the AFM image (Fig. 2a), bulging out from the surface of the
sulfate particle. On the other hand, the soot particles marked Y
are inside the halos and cannot be seen in the AFM image,
indicating that they were enclosed when the AFM scan was
performed. The diameters of particles (as measured at their
bases) decreased by 20(+5)% in the vacuum, as indicated by the
difference between AFM and TEM particle sizes and also by the
same difference between the diameters of halos and particles in
the TEM images (Fig. 2d). Assuming that particle heights also
shrink by 20(+5)%, the dimensional changes translate into a
volume decrease of about 36(+8)% for both particles A and B.
These observations indicate that the particles lost mass,
presumably water, in the vacuum of the TEM.

We performed a series of experiments with sample #2. First
an AFM scan of selected sample areas and particles was
performed. Then the sample was inserted into the TEM vacuum
for five minutes but, in order to avoid beam damage, the
electron beam was not turned on. After the sample was removed
from the vacuum and exposed to the ambient RH (31%) for two
hours, a second AFM scan followed. Finally, the particles were
analyzed using the TEM.

A series of images obtained in the three experiments (AFM
before vacuum, AFM after vacuum, TEM) are shown in Figure 3.
In the AFM images the particles are slightly elongated along
the direction of scanning, which is from W to E in (a) and from

Figure 2. AFM image (a), cross-sectional profile (b), and
TEM images (c,d) obtained from the same four (NH4),SO,
particles from sample #1. X and Y mark soot aggregates. Halos
are visible around the particles in (d); one is marked by the
dashed line. See text for discussion.
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Figure 3. (a) AFM image of original particles in sample #2;
(b) AFM image and (c) cross-sectional profile of the same
particles after they were exposed to high-vacuum conditions;
(d) TEM image of the same particles. See text for explanation.

N to S in (b,c); we believe that the elongated shapes result from
capillary effects between the scanning tip and the thick water
layer on the particles. Even with the uncertainty caused by the
apparent changes in morphologies, particle sizes obtained in
the three experiments can be compared and the original and dry
volumes of particles can be determined with reasonable
accuracy. In the TEM (d), sample #2 looks similar to sample #1
because it also contains (NH4),SO, particles with soot cores.

The sequence of changes in particle sizes in our experiment
can be best understood if the images in Figure 3 are studied in
the order (a), (d), (b), and (d). The apparent TEM diameters of
dry particles are 40(%5) to 50(£5)% smaller than those of the
original particles (measured with AFM at their bases, parallel
to the collection surface). If we assume that the particles shrink
in the vacuum but their shapes do not change significantly,
then a 50% decrease in diameter means a 75% loss of volume.
(Here again the volume calculation is based on the AFM profile
of the particles.) Particles in (b) have intermediate sizes. The
AFM image clearly shows halos around them; apparent particle
diameters are about 25(x5)% smaller than halo diameters. The
fact that the particles grew significantly after removal from the
vacuum indicates that they equilibrated at the ambient RH
(31%) by adsorbing moisture from the air.
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Discussion

The accuracy of particle dimensions obtained from AFM data
depends on instrumental parameters such as scanning speed,
magnification, and tip geometry. Artifacts can lead to larger
apparent diameters than the actual values; however, the
measured particle heights are unaffected. The apparent diameter
of a particle should be regarded as the upper limit of the real
diameter. The good agreement between particle diameters (as
seen by AFM) and halo diameters (as seen by TEM) in Figure 2
indicates that any artificial enlargement of horizontal particle
dimensions by the AFM is less than 5%. For comparison,
these diameters are roughly twice as large as of airborne
particles, assuming that such particles would have spherical
shapes and volumes identical to those that we studied by AFM.

Our results indicate that the studied sulfate particles contain
large amounts of volatile species, presumably water. This high
water content can result from the presence of acidic. sulfate in
the particles, organic films on their surfaces, or the combined
effects of both.

At the time of sample collection, the RH was 79 and 65% for
samples #1 and #2, respectively; under such conditions, sulfate
particles are usually deliquesced solution droplets (Rood et al.,
1989). During dehydration, a particle may stay in a metastable
liquid phase until the RH drops below the spontaneous
dehydration point, at which time crystallization takes place
(Chen, 1994). Since the studied particles may have been
exposed to variable humidities during storage, we cannot know
whether the sizes observed with the AFM were in equilibrium
with the ambient air or the particles were in a metastable,
deliquesced state. However, when sample #2 was put into the
vacuum, the particles dehydrated; therefore, we know that after
removal from the vacuum these particles were in the stage of
hygroscopic growth and had equilibrated at ~31% RH when
they were studied for the second time with the AFM. The two
types of AFM experiments, one on "pre-vacuum" particles with
unknown hydration histories and the other on "after-vacuum"
particles, provide different information regarding the particles
and are discussed here separately.

NH4HSO,4 and particularly H,SO4 particles contain water
even at low (<40%) RHs (Hoppel et al., 1996). Bulk aerosol
analyses during ASTEX/MAGE (Zhuang and Huebert, 1996)
indicate that the ratio of NH4*/SO,42- was about unity when our
samples were collected. It is possible that the particles were
still acidic when the first AFM scan was performed; their
acidity may be responsible, at least in part, for their large (up
to 3/4 of their volumes) water content. The acid content of -the
particles could have been protected during storage by organic
coatings; thin organic films on H,SO4 droplets are known to
retard both the neutralization of acid and the evaporation of
water from the particles (Ddumer et al., 1992).

Our SAED patterns show that once in the TEM, all particles
were crystalline (NH4),SO4, most with soot inclusions. In the
vacuum of the TEM there is no possibility for the particles to
retain a liquid coating that could contain NH,*, SO4%", or HSO4
ions; thus, after the particles were exposed to the vacuum, the
hygroscopic effect of acidic sulfates, if there had been any, was
no longer present. The volumes of particles in sample #2
approximately doubled (cf. Figs. 3d and 3b) two hours after
removal from the vacuum. At conditions under which the last
AFM scan was performed (~31% RH), pure (NH,4),SO4 particles
should presumably have been dry (Tang and Munkelwitz,
1994). It is possible that the RH of the ambient air and that
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under the tip of the AFM is different; in this study we did not
use an environmental cell that would have allowed us to strictly
control the RH. However, even in the highly unlikely case that
our RH measurement had an error as large as 20% and the RH
under the AFM tip was ~50%, the doubling of the particle
volume is inconsistent with a (NH4),SO,4 composition; this
large growth could only result from other components in the
particles that presumably reside in their amorphous coatings.
The presence of amorphous coatings on the sulfates is
strongly supported by TEM observations. When the

(NH,),S0O, particles were evaporated with the electron beam,

they left behind a residue. EDS spectra of such residues yield S,
O, and C peaks; since the supporting substrate is a C-coated
formvar film, we cannot determine whether the residue contains
C. Although the presence of an inorganic, S-bearing
amorphous coating cannot be excluded, the most feasible
interpretation seems to be that the amorphous residue consists

af aroanice
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contains organic compounds in addition to elemental C
(Castillo, 1986); however, the thickness of the residues does
not correlate with the size of the soot inclusions, and
individual soot particles (without sulfate) did not grow after
removal from vacuum.

Surface-active, polar organics are abundant in atmospheric
aerosols (Gill et al., 1983; Mazurek et al., 1997). Since these
molecules have both a hydrophilic and a hydrophobic part,
their orientations determine whether they increase or decrease
the hygroscopicity of the coated aerosol particle (Andrews and
Lalauu, 199.}} ulsauu, Luulyuuudo havc been shown to form
cloud condensation nuclei (Cruz and Pandls, 1997) and to alter
the growth of inorganic salt droplets (Shulman et al., 1996).
We believe our "after-vacuum" AFM observations are
suggestive of particle-size changes resulting from the
hygroscopic effects of organic coatings on the sulfates.
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Conclusions

Our study shows that AFM and TEM methods can be
successfully combined for studying atmospheric aerosol
particles. The three-dimensional morphological information
obtained using AFM is complemented by compositional and
crystallographic information obtained using TEM. Accurate
particle volumes can be determined from AFM data; from these,
the original, "airborne" diameters can be calculated. Different
particle sizes obtained with the two methods indicate that
sulfate particles lose volatile species, most likely water, in the
vacuum of the TEM. It is likely that coatings of organic
compunds on the particles are responsible for the observed
anomalies in the hygroscopic behavior of sulfates. We plan to
extend our AFM studies by using an environmental cell for
obtaining more quantitative data on the hygroscopic behavior
of natural particles at controlled and variable RH conditions.
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