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ABSTRACT: Cloud condensation nuclei (CCN) activation is sensitive to the size,
composition, and morphology of aerosol particles of <200 nm. By controlling the particle
morphology of internally mixed samples (i.e., homogeneous versus phase separated), we
have probed the effect of morphology on CCN activity using model organic aerosol
systems, where ammonium sulfate was mixed with either pimelic acid or succinic acid in a
50:50 mixture by weight. Surprisingly, for systems of the same composition but distinct
morphology, we observe a noticeable impact on CCN activity. Specifically, a phase-
separated morphology results in activation diameters close to that of ammonium sulfate,
while a homogeneous morphology yields an activation diameter in between the pure
inorganic and organic components. Our results suggest that morphology-resolved CCN
data may be an important parameter to consider in cloud microphysics models to
improve predictions of CCN activity of complex organic aerosols. For laboratory CCN
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studies, it is important to control or account for atomized solution drying rates, which
have been shown to affect morphology and ultimately CCN activity.
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B INTRODUCTION

Organic aerosol particles are chemically complex and
ubiquitous in the Earth’s atmosphere. Recently, a central
focus of the atmospheric science community has been to
understand the climate-forcing effects of these complex
systems. For example, the impact of the aerosol indirect effect
[ie., the ability of aerosol particles to serve as cloud
condensation nuclei (CCN)] on climate forcing remains highly
uncertain."” It is essential to obtain a clear understanding of the
population of aerosol that serves as CCN, because CCN play a
critical role in cloud formation, lifetime, reflectivity, and
precipitation.' ~*

The tendency of an aerosol particle toward activation and
growth via condensation to ultimately form a cloud droplet is
controlled by a number of chemical and physical properties of
the particle. Aerosol particle size and composition are key
parameters in CCN activation that have received increasing
attention in the literature.'™ The abilities of species, such as
sulfates and abundant inorganic salts, to serve as CCN are
relatively well-understood."”” However, our understanding of
the ability of organics to serve as CCN is quite limited and has
resulted in a large uncertainty in the global modeling of cloud
droplet nucleation and indirect forcing." Recently, within the
atmospheric chemistry community, interest has emerged in
investigating the role of the particle mixing state and surface
active organics on CCN activity.” ™’

To better constrain the component of the indirect effect that
is related to CCN, global models must represent the complexity
of organic species and the degree of mixing of individual species
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with a given mass or size.® Thus, studies of parameters, such as
particle morphology, which involve understanding the physics
and chemistry of aerosol particles are critical. Recently, a
number of studies have addressed the uncertainty that remains
in the factors that contribute to hygroscopic growth and CCN
activation in mixed particles.”” The impact of the presence of
liquid—liquid phase separation (LLPS) and the role of surface
tension on the mechanism of cloud droplet formation and
observed hygroscopicity parameters have received great interest
as a result of their importance for our ability to predict cloud
properties.” "> As shown in our previous work for systems
that undergo LLPS, we have observed a size-dependent
morphology of organic aerosol, where small particles are
homogeneous and large particles are phase-separated.” We
have also shown that, for some of the systems that we have
explored, particle morphology can be controlled by varying the
drying rate that particles experience in a given experiment.'*
Furthermore, we have previously demonstrated that, for a given
system, phase-separated and homogeneous particles are mainly
spherical in shape and have the same composition.'®

In this work, we apply our results from earlier experiments
that allow us to control particle morphology for model organic
aerosol systems.'* With the capabilities of the cloud
condensation nuclei counter (CCNC) in mind, we designed
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a study to probe the effect of particle morphology on CCN
activity. Specifically, we have worked with ammonium sulfate
mixed with either pimelic acid or succinic acid and have
investigated whether the morphology of a given system (ie.,
phase separated versus homogeneous) impacts its CCN
activity.

B EXPERIMENTAL METHODS

Solution Preparation and Aerosol Particle Genera-
tion. Aerosol particles composed of ammonium sulfate
(>99.0%, EMD), pimelic acid (>98%, Acros Organics), or
succinic acid (>99%, Sigma-Aldrich) were generated from
aqueous solution. Solutions for mixtures of each organic
compound mixed with ammonium sulfate (at a 50:50 mass
fraction) were also prepared. The concentrations of the
aqueous solutions (prepared using high-performance-liquid-
chromatography-grade ultrapure water) ranged from 0.05 to 0.3
wt % solute. Aerosol particles were generated at a high relative
humidity (RH > 96%) and a temperature of 295 K from the
aqueous solutions using a constant output atomizer (TSI 3076,
Shoreview, MN, U.S.A.). Nitrogen flow through the atomizer
was approximately 1.5 L/min.

Controlling Particle Morphology. As discussed in our
previous work, we are able to control particle morphology for
the systems described above by altering the drying rates that
particles experience in a given experiment.14 To obtain a
homogeneous morphology in the ~50—100 nm size regime, we
use a diffusion dryer filled with molecular sieves (13X mesh
size, Sigma-Aldrich; drying rate of 87.2% RH/s). Note that
details of the calculation of drying rates are included in our
previous work."* As we have shown previously, all of the
particles in the size regime of interest (50—100 nm) are
homogeneous when this drying rate is used.'* A Tedlar bag
(New Star Environmental, Roswell, GA, U.S.A.) can be used to
slow down the drying rate by several orders of magnitude to
0.08% RH/s. This slower drying rate yields phase-separated
(partially engulfed morphology) particles in the ~50—100 nm
size regime. Note that all of the particles in this size regime
have a partially engulfed morphology when this drying rate is
used."”'® Thus, by employing this method, we can effectively
control the morphology of particles used in our CCN studies.

Measuring CCN Concentrations. As seen in Figure 1,
once the aerosol particles are generated and undergo drying, we
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Figure 1. Schematic of the CCNC experiments. The aerosol flow
either goes through the diffusion dryer or the bag, depending upon the
desired drying rate.

635

can size select the aerosol stream using a differential mobility
analyzer (DMA). The distribution of particle sizes exiting the
DMA is determined by the theoretical transfer function when
the particles are spherical.'”'® On the basis of prior studies, we
expect that ammonium sulfate, succinic acid, pimelic acid, and
homogeneous particles composed of ammonium sulfate mixed
with either organic acid are nearly spherical.'® The phase-
separated particles will have a more varied but still nearly
spherical shape, with some deviation toward an elliptical
shape.'® We have shown, using a variety of mineral dust aerosol
systems that the greater the deviation from a spherical shape,
the greater the polydispersity of diameters transmitted through
the DMA compared to the theoretical transfer function.'”™>" As
a result, we expect that the transfer function for the phase-
separated particles will be slightly more polydisperse than
predicted by the theoretical transfer function. After size
selection, the aerosol flow is split between a CCNC and a
condensation particle counter (CPC). The detailed design and
operation of the Droplet Measurement Technologies-CCNC
(DMT-CCNC, Longmont, CO, U.S.A.) have been previously
published.”” Note that the particles are dry when they enter the
CCNC. As shown in Figure 1, a CPC is included in the
experimental setup to determine the concentration of particles.
With this information, the fraction of particles activated as
CCN can be determined as a function of the particle size.
Before investigation of the CCN activity of organic aerosol
mixtures, the CCNC instrument was calibrated with
ammonium sulfate, a system that has been well-characterized
in the literature.” In each calibration experiment, four different
temperature gradient values (AT) were used to check the
linearity between critical supersaturation and temperature
gradient. A large deviation from linearity indicates possible
malfunction in the instrument, such as a faulty humidifier. Our
experiments resulted in a linear calibration curve between the
supersaturation and temperature gradient and, thus, did not
indicate any issues with the operation of the instrument.

B RESULTS AND DISCUSSION

For the ammonium sulfate CCN experiments, 30 different dry
diameter (Dp) values were size-selected by the DMA in the
range of 15—220 nm. We note that we employed this method
rather than scanning a range of particle diameters to allow for
increased averaging time and adjustment for the particle
concentration as the diameter changed. At each Dp, the total
number concentration of aerosol particles, Ccy, was measured
with a CPC. The number concentration of CCN, C¢cy, was
measured with the CCNC. When these measurements were
combined, the CCN efficiency (activated particle fraction,
Ccen/Cen) was calculated from the averaged concentrations
and a CCN efficiency spectrum of the fraction activated versus
Dp was plotted. The CCN efficiency spectrum for ammonium
sulfate at a 0.35% supersaturation is shown in Figure 2. Multiply
charged particles can cause activation spectra to show a plateau
before exponential growth phase of the curve. Rather than
using any of the available charge correction algorithms, the data
from these extraneous plateaus were eliminated from the data
used for the sigmoid fits. The points not included in the
regression data are shown using an alternate data marker, “X”,
in the spectra of the pure compounds. Using uncorrected data
could result in a slight shift of the curve toward smaller particles
(a leftward shift). It should also be noted that data significantly
larger than the activation diameter were eliminated from the fit
data as a common procedure.”>”* When the standard error of
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Figure 2. CCN efficiency spectra for ammonium sulfate. The circles
represent raw data used for fitting the sigmoidal curve, while the “X”
symbols represent data points from doubly charged particles, which
were removed before fitting the curve but shown for completeness.
The three colors represent different trials of the same system.

estimate from the regressions is used to calculate a 95%
confidence interval for the activation diameter (Dps,) of the
ammonium sulfate, it contains the literature value at this
supersaturation, which validates the regressions.

Sigmoid fits were calculated using SigmaPlot’s (Systat
Software, Inc.) dynamic curve fitting function with a five-
parameter model. Equation 1 shows the form of the calculated
regression:

f=y+

a
(1 + e"P(‘x;xo))c (1)

where a, b, ¢, x;, and y, are regression variables, f is the fraction
of particles activated (Ccen/Cen), and « is the dry particle size,
Dp (nm). Coefficients of determination for all reported fits
were 0.97 or greater.

The collected data are corrected for doubly charged particles
and fit with the sigmoid function described in eq 1. Figure 2
illustrates this process for ammonium sulfate, where the closed
symbols represent the raw CCN data, the “X” symbols
represent the data not included in the fit, and the solid lines
depict the sigmoid fit to the experimental data, which is used to
derive the activation diameter, Dps, where 50% of particles
activate as CCN. We note that Figure 2 shows the CCN spectra
and sigmoid fit for each individual trial. Dps is derived for each
trial, and the average Dps, is reported within the figure. We
have obtained a Dpsy = 51 (nm) + 6% for ammonium sulfate,
in which the 95% confidence interval includes the literature
value of 58 nm at a 0.35% supersaturation.””*® Note that, when
multiple supersaturations are used, it is useful to calculate a x
factor to compare the hygroscopicities of different systems.””
Because we have used only one supersaturation, we report only
Dpso-

Following the ammonium sulfate experiments, the CCN
activity of the pure organic compounds, pimelic acid and
succinic acid, was investigated at a supersaturation of 0.35%.
Pimelic acid has an activation diameter of 70 nm (o, = 7%),
while Dpsy = 58 nm (6., = 4%) for succinic acid. Figure 3
summarizes the CCN data for the pure organic compounds.

Because the goal of this work was to probe the effect of
particle morphology on CCN activity, particles were generated
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Figure 3. CCN efficiency spectra for pimelic acid and succinic acid.
The circles represent raw data used for fitting the sigmoidal curve,
while the “X” symbols represent data points from doubly charged
particles, which were removed before fitting the curve but shown for
completeness. The three colors represent different trials of the same

system.

from 50:50 mixtures by weight of each organic compound and
ammonium sulfate and measured in the CCNC. By controlling
the particle drying rate for a given system, either a
homogeneous or phase-separated morphology was obtained
and investigated with the CCNC. We note that, as shown in
our earlier work, 50:50 mixtures of ammonium sulfate mixed
with either pimelic acid or succinic acid yield a partially
engulfed morphology upon phase separation.” A phase-
separated morphology for the 50:50 ammonium sulfate/pimelic
acid system yielded an activation diameter of Dpsy = 52 nm
(0e = 7%); however, for the same system, a homogeneous
morphology resulted in a Dpg, = 58 nm (6, = 7%). Figure 4
summarizes the CCN spectra for ammonium sulfate, pimelic
acid, and the 50:50 ammonium sulfate/pimelic acid system
dried using a Tedlar bag (TB, phase-separated morphology)
and diffusion dryer (DD, homogeneous morphology). We note
that the summary spectra shown in Figure 4 are an average of
multiple runs for each respective system. The individual data set
for each trial is provided in Figure S1 of the Supporting
Information. For Figures 2 and 3 and Figures S1 and S2 of the
Supporting Information, individual data sets are fit to find
individual Dpg, values, which are then averaged; for Figures 4
and 5, individual data sets are combined and then fit to find
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Figure 4. Summary CCN spectra for ammonium sulfate, pimelic acid,
and the 50:50 ammonium sulfate/pimelic acid system dried using a TB
(phase-separated morphology) and DD (homogeneous morphology).

1.2 4 @® Ammonum Sulfate
© 50% Mix - Tedlar Bag o a 8
@ 50% Mix - Diffusion Drier
“Z 104 ®  Succinic Acid
of
z
8
© 08
o
z
m
= 0.6
5]
@
&
fu
0.2 4
0.0 +— gg=i=g: an T T T

100 120

Op (nm)

Figure 5. Summary CCN spectra for ammonium sulfate, succinic acid,
and the 50:50 ammonium sulfate/succinic acid system dried using a
TB (phase-separated morphology) and DD (homogeneous morphol-

Ogy)

Dpsy. As a result of the difference when the averaging was
performed, values for Dps, can differ by 1-2 nm. Note that,
while a slight difference is observed between the activation
diameters of ammonium sulfate and the partially engulfed (TB)
system, they are within experimental error. On the basis of the
results of Rose et al., we expect that correcting for deviations
from the theoretical transfer function will result in an equivalent
activation diameter and an even steeper slope of the activation
curve for phase-separated particles.””

For the 50:50 ammonium sulfate/succinic acid system, an
activation diameter of Dpgy = 52 nm (6, = 5%) was obtained
for phase-separated particles, while a homogeneous morphol-
ogy resulted in a Dps, = SS nm (6 = 5%). Figure S
summarizes the CCN spectra for ammonium sulfate, succinic
acid, and the 50:50 ammonium sulfate/succinic acid system
dried using a TB (phase-separated morphology) and DD
(homogeneous morphology). Note again that, while a slight
difference is observed between the activation diameters of
ammonium sulfate and the partially engulfed (TB) system, they
are within experimental error. On the basis of the results of
Rose et al,, we expect that correcting for deviations from the
theoretical transfer function will result in an equivalent
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activation diameter and an even steegper slope of the activation
curve for phase-separated particles.”

Surprisingly, the CCNC data for the 50:50 mixtures show
that, given two systems of identical composition, particle
morphology has a noticeable effect on the activation diameter.
Thus, the efficiency of particles to serve as CCN changes
between phase-separated and homogeneous morphologies.
Specifically, the activation diameter of phase-separated particles
is similar to that of ammonium sulfate for the systems studied
in this work. As shown in our previous work, both pimelic acid
and succinic acid mixtures with ammonium sulfate yield a
partially engulfed morphology upon phase separation and
drying."” Homogeneous particles, on the other hand, have an
activation diameter that is in between the pure inorganic and
organic components. On the basis of the Zdanovskii—Stokes—
Robinson (ZSR) model, we would expect that the k factors that
are obtained for the homogeneous 50:50 mixtures would be
equivalent to the volume-weighted average of the components,
as shown by

V.

inorg
= V_Korg + —«
tot

Khomogeneous inorg

@)

where V., Viory and Vi, are the volumes of the organic
component, inorganic component, and total, respectively, and
Korg Kinorg aNd Kpomogeneous are the k values for the organic
component, inorganic component, and homogeneous particle,
respectively.”” Because k is related to diameter, the expected
Dps for mixtures would similarly fall between that of the two
component Dps, values.

In contrast to the results for homogeneous particles, our
results for phase-separated (partially engulfed) particles are
surprising and additional studies will need to be performed to
fully understand the origin of the results. To begin to explain
the results for partially engulfed particles, we can consider the
implications of this morphology on the Kohler curve, given by
3iN,

S

tot

20
n RTry

Sk =
47erd3

©)
where s is the supersaturation, ¢ is the surface tension, n is the
number of moles of water in 1 L of solution, R is the ideal gas
constant, T is the temperature, i is the van’t Hoff factor, which
accounts for the dissociation of salts into ions in solution, N is
the total moles of solute, and r, is the radius of the particle.”” In
a partially engulfed particle, water vapor has direct access to the
ammonium sulfate component. With this morphology, it is
likely that the water solvates ammonium sulfate prior to the less
hygroscopic organic component. For the ammonium sulfate/
pimelic acid system, it is a reasonable approximation that the
pimelic acid is effectively insoluble when ammonium sulfate is
at the point of activation based on the fact that the activation
curves for ammonium sulfate and pimelic acid in Figure 4 have
little overlap. At the point at which the particle activates,
pimelic acid will therefore not influence the surface tension. As
a result, the first term in eq 3 should remain the same as for an
ammonium sulfate particle. The amount of soluble material has
decreased (considering only the ammonium sulfate compo-
nent), reducing the second term in eq 3. As a result, the
supersaturation will increase, leading to an increase in the
activation diameter. However, the pimelic acid also serves as a
heterogeneous catalyst, which will decrease the activation
barrier for activation, lowering the activation diameter.* For
ammonium sulfate/succinic acid, a fraction of the succinic acid
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particles are activated at the point at which 50% of the
ammonijum sulfate particles activate, as shown in Figure S. For
particles in which succinic acid is not activated, the case is the
same for pimelic acid. Activation of some succinic acid particles
may result in a decrease in surface tension. Surface partitioning
of organic compounds impacts CCN activation and hygro-
scopic growth of organic aerosol.””' ™ Surface-active organics
can affect cloud droplet formation by reducing surface tension
and resulting in a larger size droplet at the point of
activation.”' > These effects result in a reduced super-
saturation and reduced activation diameter. From the above
discussion, we can conclude that a partially engulfed particle
likely activates at a smaller diameter than a homogeneous
particle, but it is striking that the experimental result shows
activation at approximately the same diameter as ammonium
sulfate. Additional work needs to be performed to determine
why this is the case. We also note that the presence of other
morphologies (e.g, core—shell) may also impact CCN
activation and will be explored in future studies.

An effect of LLPS on CCN activation has been previously
reported by Ovadnevaite et al.'> Bertram and co-workers
determined that secondary organic material (SOM) can
undergo LLPS without the presence of salt because the RH
is increased to >90% as a result of the difference in solubility of
the components of the SOM.'>"" At a high RH, the less soluble
components of SOM form a new phase at the surface of the
particle, which lowers the surface tension of the aqueous
particle. Ovadnevaite et al. hypothesize that the resultant
reduction in surface tension leads to much greater numbers of
CCN observed in the field than expected.12 In contrast, aerosol
used in this study is a combination of an organic compound
and a salt, which undergo LLPS as the RH is decreased below a
given value as a result of salting out of the organic compound.

B CONCLUSIONS AND ATMOSPHERIC
IMPLICATIONS

We have investigated the effect of particle morphology on CCN
activity. Using our results from earlier work where a size-
dependent morphology was observed for aerosol particles
composed of organic compounds and salts, we have specifically
studied the difference in activation caused by a homogeneous
versus phase-separated morphology. Interestingly, for systems
of identical composition, distinct morphologies lead to
noticeable changes in CCN behavior. For 50:50 mixtures of
ammonium sulfate/pimelic acid and ammonium sulfate/
succinic acid, a phase-separated morphology results in
activation diameters close to that of ammonium sulfate, while
a homogeneous morphology yields an activation diameter in
between the pure components. The data presented in this study
indicate that morphology is an important parameter in
determining CCN activity for the systems investigated in this
work. By accurately assessing and accounting for the effect of
morphology, cloud microphysics models will be able to better
predict the CCN activity of mixed atmospheric particles
containing complex organics. Furthermore, by combining
particle composition information and morphology-resolved
CCN data, we can compute hygroscopicity parameters for
multicomponent aerosol particles containing varying amounts
of inorganic and organic compounds. To better predict the
impact of aerosol particles on cloud properties and the radiative
balance of the Earth, our experiments suggest that it is
important to investigate whether models should incorporate the
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complex physical and chemical parameters of aerosol particles
that become CCN.
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