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Abstract

Slightly soluble atmospherically relevant organic compounds, such as adipic acid, may
influence particle CCN activity and therefore cloud formation. The 11 published ex-
perimental studies on the CCN activity of adipic acid particles are not consistent with
each other nor do they in most cases agree with the Köhler theory. The CCN activity of5

adipic acid aerosol particles was studied over a significantly wider range of conditions
than in any previous single study. The work spans the conditions of the previous stud-
ies and also provides alternate methods for producing wet and dry adipic acid particles
without the need to produce them by atomization of aqueous solutions. The CCN effect
of adipic acid coatings on both soluble and insoluble particles has also been studied.10

The CCN activation of the small (dm<150 nm) initially dry particles is subject to a deli-
quescence barrier, while for the larger particles the activation follows the Köhler curve.
Adipic acid particles prepared in a wet state follow the Köhler curve over the full range
of particle diameters studied. The experiments suggest that the scatter in the previ-
ously published CCN measurements is most likely due to the difficulty of producing15

uncontaminated adipic acid particles by atomization of solutions and possibly also due
to uncertainties in the calibration of the instruments. The addition of a hydrophilic solu-
ble compound to dry adipic acid eliminates the effect of particle phase, that is, the effect
of the deliquescence barrier to CCN activation. An adipic acid coating on hydrophobic
soot yields a CCN active particle. For the relatively small soot particles (dcore=88 and20

102 nm) the CCN activity of the coated particles approaches the deliquescence line of
adipic acid, suggesting that the total size of the particle determines CCN activation and
the soot core acts as a scaffold.

1 Introduction

As has been discussed in several publications, the effect on climate of aerosol radia-25

tive forcing may be as large as that of the greenhouse gases but much more uncertain.
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(See for example, Kaufman and Koren, 2006; Schwartz et al., 2007; IPCC, 2007). The
high uncertainties are due to the currently inadequate representation of the complex in-
teractions of aerosols with climate and the intrinsically complex composition of aerosol
particles.

Aerosol particles affect climate through direct and indirect interactions. Through5

direct effects clear air aerosols containing black carbon (BC), absorb incoming light
heating the atmosphere, while most other aerosols scatter light and produce cooling.
Through the indirect effect, hydrophilic aerosols may serve as cloud condensation nu-
clei (CCN) affecting cloud cover and hence the radiation balance. The type of cloud
cover formed depends in a complex way on aerosol size, composition and concentra-10

tion.
Slightly soluble organics, such as adipic acid, succinic acid, and stearic acid, are

atmospherically relevant compounds that may significantly influence CCN activity and
thus influence the indirect effect via cloud formation. Consequently, the CCN behavior
of dicarboxylic acids has been studied extensively and has been found to vary widely15

(Cruz and Pandis, 1997; Corrigan and Novakov, 1999; Prenni et al., 2001; Giebl et al.,
2002; Raymond and Pandis, 2002; Kumar et al., 2003; Bilde and Svenningsson, 2004;
Broekhuizen et al., 2004; Huff Hartz et al., 2005; Rissman et al., 2007). For example,
the CCN activity of oxalacetic acid is high, comparable to that of ammonium sulfate,
on the other hand, suberic acid is CCN inactive. While the CCN behavior of some20

dicarboxylic acids such as succinic acid has been successfully predicted from Köhler
theory modified to include solubility and surface tension effects, published experimental
studies on the CCN activity of slightly soluble adipic acid particles are in most cases
not consistent with the Köhler theory and vary widely from one study to another.

It has been suggested and experimentally verified for several compounds (for exam-25

ple succinic acid and adipic acid) that particle phase plays an important role in the ac-
tivation of particles consisting of slightly soluble organic compounds (Hori et al., 2003;
Bilde and Svenningsson, 2004; Broekhuizen et al., 2004). Bilde and Svenningsson
(2004) have also shown that small amounts of inorganic salts may have a significant
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effect on the percent critical supersaturation (Sc) of slightly soluble organic compounds.

1.1 Previously published Sc data for adipic acid

Figure 1 shows published adipic acid critical supersaturation data as a function of par-
ticle diameter from 11 studies. In all these experiments particles were formed by at-
omizing aqueous solutions of adipic acid. Particles were subsequently dried to relative5

humidities between 5 and 20%. In one case only, particles were kept wet as a super-
saturated solution droplet (designated in the figure as “wet”). In one set of experiments
Rissman et al. (2007) heated the adipic acid particles prior to drying them.

The solid lines are obtained from standard Köhler theory calculations described in
Appendix A. The orange line is the calculation for adipic acid using concentration de-10

pendent surface tension. The red line is the calculation for ammonium sulfate particles
and the solid black line is the Köhler curve for pure water that is a stand-in for a wet-
table but insoluble substance (Petters and Kreidenweis, 2007). The broken lines in the
figure provide visual continuity for the experimental points.

As is evident from Fig. 1, the published data for adipic acid exhibit significant scat-15

ter. For example, at 1% supersaturation, measured critical diameters for adipic acid
particles vary from 50 nm to 180 nm. The measurements of Bilde and Svenningsson
(2004) for wet particles fall close to the traditional Köhler theory line for adipic acid.
The measurements of Rissman et al. (2007) for larger sized particles approach the
predictions of the Köhler theory. All other data show higher critical supersaturations20

than predicted by the Köhler theory. The large variations in measured supersaturation
are likely caused by differences in particle preparation, as will be discussed (Rissman
et al., 2007), and also possibly due to methods of CCN measurement (see Appendix
B).

The purpose of the present work is to understand the factors governing the CCN ac-25

tivity of slightly soluble organic compounds and in the process explain the wide varia-
tions in the published Sc measurements for adipic acid. Toward these ends we studied
the CCN activity of adipic acid aerosol over a significantly wider range of conditions

4442



then has been previously done in any single study. Our work spans the conditions
of the previous studies and also provides alternate methods for producing wet and
dry adipic acid particles without the need to produce them by atomization of aqueous
solutions.

After a very short residence time in the atmosphere most aerosol particles acquire5

a coating of one type or another. To complete the picture of adipic acid activation, the
CCN effect of adipic acid coatings on both soluble and insoluble cores has also been
investigated.

2 Experimental

2.1 Apparatus10

A schematic diagram of the experimental apparatus is shown in Fig. 2. The main com-
ponents of the set-up are: A particle generation system, a particle coating system, two
differential mobility analyzers (DMA I, TSI Model 3071A, and DMA II, TSI Model 3080),
a condensation particle counter (CPC, TSI Model 3010), a continuous-flow stream-
wise thermal-gradient CCN counter (CCNC, Droplet Measurement Technologies), and15

a Time-of-Flight Aerosol Mass Spectrometer (ToF-AMS, Aerodyne Research Inc.).
With the exception of the CCNC apparatus, all instruments used are either standard

aerosol instrumentation or in case of the ToF-AMS are described in detail in the liter-
ature (Drewnick et al., 2005, DeCarlo et al., 2006). Because the CCNC apparatus is
a relatively new addition to the field of aerosol science, this instrument is described20

briefly in the following section.

2.1.1 Cloud Condensation Nuclei Counter (CCNC)

The DMT (Droplet Measurement Technologies) CCN counter used in this study is op-
erated in a continuous flow mode. That is, the instrument continually monitors the
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CCN activity of the particles passing through the instrument. This mode of operation
provides fast sampling. The instrument is capable of generating along the centerline
nearly constant values of supersaturation between 0.07% and 3.7% with a stated ac-
curacy of ±2%. Supersaturation is easily controlled and maintained, making it possible
to scan the full range of supersaturation for a given particle size.5

The aerosol flow introduced into the instrument is split into an aerosol and a sheath
flow. The sheath flow is filtered, humidified and heated, and constrains the main
aerosol flow to the centerline of the cylindrical CCN column. The inner wall of the
CCN column is continually wetted and a positive temperature gradient dT is applied to
the CCN column in the direction of the flow. Water vapor supersaturation is therefore10

generated along the centerline of the CCN column. Particles begin to grow at the point
where the supersaturation is equal to Sc. Droplets that grow to diameters larger than
1µm are detected by an optical particle counter (OPC) at the exit of the column.

The supersaturation in the CCN column is primarily a function of the temperature
difference dT between the top (upstream) and the bottom (downstream) of the CCN15

column. It also depends on the flow and the pressure inside the instrument. The
relationship between supersaturation S and the measured temperature difference dT
inside the CCN column is determined by calibration with ammonium sulfate particles
at a specific flow and pressure. To obtain reliable experimental results the CCNC
apparatus has to be carefully calibrated in each specific application.20

For a detailed description of the CCNC and its calibration, refer to Roberts and Nenes
(2005), Lance et al. (2006), and Rose et al. (2007). Specific details relevant to our
measurements are presented in Appendix B.

2.2 Experimental procedures

As was stated, in all the previous studies the adipic acid particles were generated by25

atomization of aqueous adipic acid solutions. In order to explore the full range of ex-
perimental conditions, we generated particles both by atomization and by condensation
of adipic acid vapor. The following measurements were performed to study the CCN
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activity of adipic acid. 1) CCN activity of dry adipic acid particles generated by atomiza-
tion. 2) CCN activity of dry adipic acid generated by homogeneous nucleation. 3) CCN
activity of wet adipic acid particles generated by atomization. 4) CCN activity of wet
adipic acid particles generated by vapor deposition of adipic acid on a small ammonium
sulfate core (this method of generating wet adipic acid is discussed in detail). 5) CCN5

activity of adipic acid coated on ammonium sulfate particles studied as a function of
coating thickness. 6) CCN activity of adipic acid coated on soot particles as a function
of coating thickness.

2.2.1 Particle generation

The methods of generating particles for the 6 studies listed above are in order. If10

particles are to be dried they are passed through diffusion driers as shown in Fig. 2.
The particles are size-selected by DMA I and, if they are to be coated they are passed
through the coating reservoir which can be bypassed.

1. An aqueous solution of adipic acid in water is atomized to generate supersat-
urated solution droplets. The aerosol flow is then heated (∼60◦C) and passed15

through three diffusion driers filled with silica gel.

2. Adipic acid particles are generated via homogeneous nucleation of adipic acid.
Adipic acid is heated in a round bottom flask to approximately 150◦C. The airflow
through the nucleation region is 2 L/min. The particles nucleate as the flow is20

passed through a cooled region. This method provides pure dry (solid) adipic
acid particles.

3. An aqueous solution of adipic acid in water is atomized to generate supersatu-
rated solution droplets. The aerosol flow is not dried and the DMA sheath flow is25

humidified.
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4. Adipic acid is dry-vapor deposited onto a small dried ammonium sulfate core.
Ammonium sulfate particles are generated by atomization of an aqueous solution
and subsequently dried by passing them through a diffusion drier filled with an-
hydrous calcium sulfate (Drierite). The particles are then size-selected by DMA I5

and passed through a region containing the heated adipic acid reservoir. In this
region, the ammonium sulfate particles become coated by adipic acid upon vapor
deposition.

On entering the CCN column, the highly water-soluble ammonium sulfate core
absorbs enough water to completely dissolve the adipic acid forming a concen-10

trated adipic acid ammonium sulfate aqueous solution. We postulate that water
reaches the ammonium sulfate core either via diffusion through the adipic acid
coating or by passage through imperfections in the coating. Experiments as well
as calculations (Appendix A) show that if the mass fraction of the ammonium
sulfate core is small (<15%), this method provides an aerosol particle that can15

be considered to be a single-component “wet” adipic acid particle.

5. For these experiments, adipic acid is coated onto ammonium sulfate cores as
described above.

20

6. Soot particles are generated by combustion of ethylene and oxygen in a
commercial McKenna burner (Slowik et al., 2004), and passed through a
diffusion drier filled with activated carbon to remove flame-generated organics.
The particles are then size-selected and coated by vapor deposition of adipic acid.

25
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2.2.2 Measurement of particle CCN activity

After particle generation and size-selection, the aerosol flow is split with one part di-
rected into the DMA II and the other into the ToF-AMS. Before and after each CCN
experiment (i.e., every time a new particle size is selected), the second DMA and the
CPC are used as a scanning mobility particle sizer (SMPS) to measure the size dis-5

tribution of the particles. During a CCN experiment the particles are size-selected
a second time with DMA II in accord with the mode diameter determined during the
SMPS scan. When the particles are simply pure adipic acid the mode diameter is the
diameter selected with DMA I. When the particles are coated, the DMA II measures the
new diameter of the coated particles. The resulting monodisperse aerosol flow exiting10

DMA II is split between the CCNC and the CPC.
The supersaturation in the CCNC is varied between 0.07% and 3.7% by setting the

CCN instrument dT between 1.5 and 27 K. During all experiments, the CCNC was
operated at a total flow rate of 1 L/min.

The fraction of CCN activated aerosol is the ratio of the number concentration of CCN15

measured by the CCNC (NCCN, i.e. all particles that grow larger than 1µm detected by
the OPC) to the total number concentration of particles measured by the CPC (NCPC).
The critical supersaturation Sc at a particular aerosol size is defined as the supersatu-
ration at which 50% of the particles grow into droplets (activated fraction=NCCN

NCPC
=0.5).

Figure 3 shows an example of activation curves measured for ammonium sulfate par-20

ticles of two diameters; 45 nm and 31 nm. Such curves are generated by measuring
the fraction of activated aerosol and plotting this number as a function of the tempera-
ture difference dT in the CCNC column. The plot is fitted with a sigmoid function to find
the critical temperature difference dT c where the activated fraction is 0.5. The critical
supersaturation Sc is then calculated from the calibration curve described in Appendix25

B. The width of the sigmoidal curve is due to the spread in the aerosol size distribution
determined by the DMA transmission function.
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2.2.3 Determination of the particle shape factor

The methods of aerosol generation may produce particles that are not spherical. Tan-
dem DMA-AMS measurements, where particles are selected by mobility and then sized
aerodynamically, can be used to obtain information about particle shape. This proce-
dure is described in detail in DeCarlo et al. (2004) and Slowik et al. (2004).5

The general expression for relating dva and dm measurements is:

dva ·χv ·χt ·ρ0
ρp

Cc

(
dva ·χv ·ρ0

ρp

) =
dm

Cc(dm)
(1)

Here, χv and χt are the dynamic shape factors in the free molecular and the transition
regime, ρ0 is unit density, ρp is the particle density, and Cc(d ) is the Cunningham slip
correction factor. If one assumes that χt=χv then for a known particle density ρp (which10

is equal to ρm for particles without internal voids), the dynamic shape factor χ of the
particles can be estimated (DeCarlo et al., 2004).

3 Results and discussion

3.1 Overview

In accord with the particle generation methods described in Sect. 2.2.1, the results15

of the following measurements are presented and discussed in this section. 1) CCN
activation of dry adipic acid particles generated by atomization followed by drying. 2)
CCN activation of dry adipic acid particles generated by homogeneous nucleation of
adipic acid vapor. 3) CCN activity of wet adipic acid particles generated by atomization.
4) CCN activity of wet adipic acid particles generated by vapor deposition of adipic acid20

on a small ammonium sulfate core (see Sect. 2.2.1). 5) CCN activity of adipic acid
coated on ammonium sulfate particles studied as a function of coating thickness. 6)
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CCN activity of adipic acid coated on soot particles as a function of coating thickness.
The experimental results are discussed in the framework of the modeling calculations
described in Appendix A.

Appendix A presents modeling calculations relevant to the experimental studies. The
following summarizes the topics presented in Appendix A. (a) Standard Köhler the-5

ory including the effect of the solute on the surface tension of the aqueous solution.
(b) Modified Köhler theory. The standard Köhler theory is applicable to completely
dissolved aqueous solutions (i.e.: a solution of adipic acid dissolved in water or am-
monium sulfate dissolved in water). In the present work, the activation of ammonium
sulfate particles coated by adipic acid is also studied. In such a case the particle may10

contain an undissolved adipic acid core surrounded by a solution of water, adipic acid
and ammonium sulfate. Shulman et al. (1996) and Laaksonen et al. (1998) modified
the standard Köhler theory to describe the CCN activation of such aerosol particles.
As is shown in the Appendix, in our experiments the standard Köhler theory is appli-
cable in all cases. Further, the theory shows that as long as the mass fraction of the15

adipic acid is higher than 0.85, the effect of ammonium sulfate on the CCN activity of
the particle is less than 10%. This result validates the method of generating the wet
adipic acid particles by vapor deposition of adipic acid on a small ammonium sulfate
core. (c) Deliquescence-controlled activation of organics. A solid compound must first
deliquesce before it can become CCN active. The water vapor pressure required for a20

particle to deliquesce is expressed in terms of the ratio Sdel of the deliquescent water
vapor pressure to the equilibrium pressure. As is evident from Eq. (A8), Sdel increases
exponentially with decreasing particle diameter. When Sdel>Sc, activation is governed
by Sdel, In other words, in this region deliquescence is the barrier to activation. For
Sdel<Sc CCN activation is governed by the Köhler theory.25

The experimental studies described here fall into two categories: Single component
adipic acid studies (1, 2, 3 and 4) and adipic acid coating studies (5 and 6).
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3.2 Single-component adipic acid

3.2.1 Results of experiments with dry adipic acid particles generated by atomization

We conducted a wide range of CCN activation experiments with adipic acid particles
generated by atomization of adipic acid solutions followed by drying. About 15 such in-
dependent experimental CCN activation experiments were conducted. We were not5

able to obtain from day to day consistently reproducible data sets with adipic acid
aerosols produced by atomization, nor were we able to ascertain the cause of this
irreproducibility. Most likely the scatter in the data is due to trace impurities in the
solution which we were not able to completely eliminate in spite of our best efforts.

3.2.2 Results of experiments with dry adipic acid particles obtained by homogeneous10

nucleation

The results of CCN activation experiments with dry adipic acid particles produced by
homogeneous nucleation of adipic acid vapor are shown in Fig. 4 as blue points. Here
the measured critical supersaturation Sc is shown as a function of dry particle diameter
dd . The data are the results for each point of at least 3 independent measurements15

performed over a period of 3 days. The broken line provides visual continuity for the
measured points. The standard deviation of the measurements as indicated by the
error bars is in all cases but one less than 4%. As is evident, the vapor-nucleation
method of producing adipic acid particles produces consistent results with little scatter.
The solid lines are the same calculated Köhler lines shown in Fig. 1. The shaded area20

models the deliquescence of the particles according to the Kelvin Eq. (A8) as discussed
in Appendix A. The surface tension of saturated aqueous adipic acid droplets larger
than 40 nm is calculated to have values between 0.060 and 0.072 J/m2 (See Eq. (A4)).
A water activity over a saturated adipic acid solution of γw=0.99 was chosen to provide
a best fit to the experimental data. The borders of the shaded region are obtained with25

the two limiting values of calculated surface tension. Deliquescence modeling lines for
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other values of γw are shown in Appendix A.
As is evident, the CCN activities of particles smaller than 150 nm in diameter are

not governed by the Köhler theory. The activation of the smaller particles more closely
follows the predictions of the deliquescence calculations, although the fit is not fully
precise. Still, the general trend in the measurements follows the deliquescence model,5

supporting the suggestion of Hori et al. (2003) and Kreidenweis et al. (2006) that
deliquescence-controlled activation may govern droplet formation for small, slightly sol-
uble particles. The smallest particle (dmob=88 nm) in this set of measurements behaves
as a particle composed of an insoluble wettable material. (This size was the smallest
for which we were able to obtain accurate results.) The activation of particles larger10

than ∼150 nm follows Köhler theory.
As described in Sect. 2.2.3, the dynamic shape factor χ of the particles can be esti-

mated from DMA/AMS size measurements. Using an adipic acid density of 1.36 g/cm3,
we estimate the dynamic shape factors to be as shown in Table 1. The uncertainties
in χ are primarily due to the uncertainty in dva, which is approximately ±15%. Within15

these error limits, we cannot state whether the particles deviate significantly from a
spherical shape.
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Comparison with previous studies

In Fig. 5 we once again show the previously published CCN activation data for
dry adipic acid aerosol, this time together with our measurements using nucleation-
generated particles. As is evident, some of the Sc measurements are above and some5

are below our values. The wide scatter in the measured CCN activity obtained in the
previous studies suggests that some significant parameter or parameters vary from
experiment to experiment. Our experiments do not provide an explanation for these
discrepancies, however we can suggest some possible factors the may affect the re-
sults. Because all the previous experiments were performed with aerosol generated by10

atomization, we suggest that solution impurities are one possible cause of the scatter
in the data. We note that all the previously obtained Sc results fall above the Köhler
curve. That is, they are all in the region where deliquescence governs the onset of
activation. Therefore, if impurities are the cause of the scatter, they must be such that
some promote and others hinder particle deliquescence.15

Another possible reason for the scatter in the previous measurement of Sc may be
due to the shape of the particles produced by the atomization/drying process. The
volume-equivalent diameter dve of a non-spherical particle is smaller than its electrical
mobility diameter dm (DeCarlo et al., 2004). In all the previous measurements the
quoted diameter is the mobility diameter as measured by a DMA instrument. If in fact20

the atomizing-generated particles are non-spherical, their effective diameter is smaller
than dm and the points to the right of our data would be shifted to the left, closer to the
results obtained in our studies. A possible confirmation of this hypothesis is provided
by the data of Rissman et al. (2007). They show data for particles that were additionally
heated. These data fall to the left of their unheated particle measurements. This might25

be due to a reconfiguration of the adipic acid upon heating, resulting in a more spherical
shape of the particles.

As is shown in Appendix B the calibration of the CCN instrument is a critical part
of these experiments. Variations in the calibration of the CCN instrument from one
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experimental group to another cannot at this point be ruled out as one of the causes
for the scatter in the data.

3.2.3 Wet adipic acid

As is shown in Fig. 1, there is only one previously published CCN activation study for
wet adipic acid aerosol particles. The results of this study are in agreement with the5

Köhler theory. As we stated earlier, we were not able to obtain consistent measure-
ments with either wet or dry adipic acid aerosol produced by atomization. Most of our
wet adipic acid measurements, resulting from 5 independent runs, fell below the critical
supersaturation predicted by the Köhler theory. We attribute the scatter in these data
to residual impurities, most likely ammonia, which can play a role in experiments with10

wet adipic acid. The CCN activity of initially dry adipic acid however is reported to be
unaffected by ammonia (Dinar et al., 2008).

To eliminate possible impurities we generated wet adipic acid aerosol by coating
small ammonium sulfate cores with adipic acid mass fractions greater than 0.85.

Experiments were conducted with three ammonium sulfate core sizes (dcore=34 nm,15

53 nm, 73 nm) coated with adipic acid. In this subset of experiments, the adipic acid
mass fraction was in all cases greater than 0.85. As discussed in Sect. 2.2.1, under
these conditions the CCN activity of the particle is determined to within 10% by adipic
acid. The results are shown in Fig. 6 together with the previously measured values for
wet adipic acid obtained by Bilde and Svenningsson (2004). As is evident, the data are20

in accord with the Köhler theory. The 5 to 10% expected effect on Sc of the dissolved
ammonium sulfate core is not evident on the scale of the figure.
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3.3 Adipic acid coating experiments

3.3.1 Ammonium sulfate coated with adipic acid

In the coating studies three ammonium sulfate particles of three sizes (dcore=34, 53
and 73 nm) were coated with adipic acid (coating thickness ∼5–34 nm), and the CCN
activity was measured as a function of the total particle size (ammonium sulfate core5

+ adipic acid coating). The results are shown in Fig. 7 as plots of Sc as a function of
total particle diameter. The solid orange and red lines in the figure are as before the
Köhler curves for pure adipic acid and pure ammonium sulfate, respectively. The dotted
lines are results of calculations using Köhler theory, taking into account the combined
activity of the solution (see Appendix A).10

As is evident in each case the CCN activity of the uncoated ammonium sulfate par-
ticle falls on the ammonium sulfate Köhler line even though the particle is initially a dry
solid. The initial solid phase of the particle does not hinder activation because ammo-
nium sulfate deliquesces readily and the water vapor pressure in the CCNC instrument
is always above the deliquescence vapor pressure for ammonium sulfate. As expected,15

with increasing adipic acid coating thickness, the measured Sc values rise above the
ammonium sulfate Köhler line and approach the adipic acid Köhler line as the adipic
acid mass fraction rises above 0.85. These endpoints in the adipic acid coating studies
are the Sc data in Fig. 6.

We note, that the vapor deposited adipic acid coating is initially a dry solid. The20

above results indicate that the addition of a hydrophilic soluble compound to dry adipic
acid eliminates the effect of particle phase, that is, the effect of the deliquescence
barrier to CCN activation.

3.3.2 Soot coated with adipic acid

In this set of coating experiments four soot particles of sizes dcore=88 nm, 102 nm,25

136 nm and 181 were coated with adipic acid, and the CCN activity was measured as
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a function of the adipic acid coating thickness (<3–75 nm). These experiments were
performed to test the effect on CCN activity of adipic acid coatings on an insoluble
hydrophobic core. (The uncoated soot particles of the sizes studied are CCN inactive
in the supersaturation range of 0.07–3.7%.)

Figure 8 shows the measured critical supersaturations as a function of the total par-5

ticle diameter (soot core + adipic acid coating). Our CCN activation measurements for
dry adipic acid particles are included for comparison.

While the uncoated soot particles are CCN inactive, even very thin coatings (∼
<3 nm), triggers CCN activity. These initial points are at the tops of the activation
lines, corresponding to the calculated critical supersaturations Sc of a wettable solid10

core.
As shown in the figure, for the smaller soot cores (dcore=88 nm and 102 nm), the

measured critical supersaturations approach those measured for dry adipic acid, sug-
gesting that the particles activate at the deliquescence relative humidity (DRH) (Sdel)
of adipic acid and the soot cores act as scaffolds for the organic compound. Here, the15

total size of the particle governs DRH and CCN activity, not the overall composition of
the particle.

The Sc measurements for the larger soot core sizes (dcore=136 and 181 nm) are
displaced to the right of the dry adipic acid line indicating a lower CCN activity relative
to the smaller particles. This observation seems to suggest that in the case of larger20

coated soot particles the soot core does not act simply as a scaffold for the coating.
It appears that the effective CCN diameter of the larger coated soot is smaller than
the particle diameter. We can suggest a possible reason for this obvious difference
between the CCN behavior of the larger and smaller coated soot particles.

Because the soot itself is hydrophobic, water interacts only with the adipic acid25

coated onto the soot. Therefore, only the diameter of the adipic acid coating influ-
ences the CCN activity of the coated particle (effective diameter). It is possible that
the small soot cores are coated more evenly than the larger cores. An even coating
yields an effective diameter equal to the total particle diameter. On the other hand, an
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uneven coating may produce adipic acid “islands” with effective diameter that is smaller
than the total particle diameter. While other mechanisms related to shape and fractality
factors that would result in smaller effective particle diameters could be suggested, the
Sc measurements for the larger soot particles remain unexplained.

4 Conclusions5

The CCN activity of both dry and wet adipic acid particles, and the effect of adipic acid
coatings on the CCN activity of soluble and insoluble particles were determined. The
results of the experiments lead to the following conclusions:

1. In accord with earlier suggestions (Hori et al., 2003, and Kreidenweis et al., 2006)
the CCN activation of the small (dm<150 nm) slightly soluble initially dry particles10

is governed by deliquescence (Sdel>Sc). For the larger particles, where Sdel<Sc
the activation follows the Köhler curve. As expected, adipic acid particles pre-
pared in a wet state likewise follow the Köhler equation.

2. The scatter in the previously published experiments remains unexplained. Possi-
ble factors causing the scatter are suggested.15

3. The experiments with adipic acid coated ammonium sulfate aerosol particles in-
dicate that the addition of a hydrophilic soluble compound to dry adipic acid elim-
inates the effect of particle phase, that is, the effect of the deliquescence barrier
to CCN activation.

4. An adipic acid coating on hydrophobic soot yields a CCN active particle. For20

the relatively small soot particles (dcore=88 and 102 nm) the CCN activity of the
coated particles approaches the deliquescence line of adipic acid, suggesting that
the total size of the particle determines CCN activation and the soot core acts as
a scaffold. It appears that the effective CCN diameter of the larger coated soot is
smaller than the particle diameter.25
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Appendix A

Modeling CCN activity of particles

A1 Köhler theory

A1.1 Derivation of critical supersaturation5

Standard Köhler theory provides an expression for the equilibrium water vapor pressure
over an aqueous solution droplet and yields the supersaturation ratio Sw (Pruppacher
and Klett, 1997):

Sw =
p
p0

= γwxw exp(
4Mwσ

RTρwdp
) (A1)

Here, p is the vapor pressure of water over the solution droplet, p0 is the equilibrium10

vapor pressure over a flat surface, γw is the activity of water, xw is the mole fraction of
water in the aqueous solution, Mw is the molar mass of water, σ is the surface tension
of the solution droplet, R is the universal gas constant, T is the temperature, ρw is the
density of water, and dp is the diameter of the droplet at water vapor pressure p. This
diameter will be designated as the “wet” diameter.15

The γwxw term represents the Raoult (or solution) effect, which increases with in-
creasing wet diameter dp. The exponential term represents the Kelvin (or curvature)
effect, and it decreases with increasing wet diameter. These two competing effects
result in a maximum with respect to dp for Eq. (A1).

The term commonly used to describe particle growth by vapor condensation is su-20

persaturation S in % defined as

S = (Sw − 1) · 100 (A2)

Figure A1 displays S as a function of the wet particle diameter dp. The maximum of
this curve is known as the critical supersaturation (Sc). An aerosol particle is CCN
active (i.e. grows into a cloud droplet) if supersaturation exceeds this maximum.25
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Standard Köhler theory is used to describe the activation of single-component aque-
ous solution droplets and is used here to model ammonium sulfate and completely
dissolved adipic acid.

A1.2 Surface tension

As is evident from Eqs. (A1) and (A3), surface tension is a key parameter for the calcu-5

lation of Sw and therefore Sc. It has been shown that dissolved surface active slightly
soluble organic compounds lower the surface tension of aqueous solutions, depending
on concentration, by as much as one third (Shulman et al., 1996; Facchini et al., 2000).
A decrease in σ lowers the critical supersaturation as predicted by Köhler theory.

The surface tension of an adipic acid solution can be calculated from the10

Szyszkowski-Langmuir equation as has been done by Henning et al. (2005):

σ = σw (T ) − aT ln(1 + bC) (A3)

Here, C is the concentration of dissolved carbon in moles of carbon per kg of water and
σw (T ) is the surface tension of water at temperature T . The parameters a and b are
obtained by fitting the experimental results to Eq. (A3). For pure adipic acid, Henning15

et al. (2005) obtained for a=0.0264 and b=0.286.

A1.3 Results of Sc calculations

Using Eqs. (A1) and (A2), critical supersaturations Sc were calculated as a function
of initially dry particle diameter for three substances: Ammonium sulfate, adipic acid
and an insoluble but wettable substance (See Fig. A2). Ammonium sulfate is modeled20

using the surface tension of water (0.072 J/m2). Adipic acid is modeled with both the
concentration-dependent surface tension defined by the Szyszkowski-Langmuir equa-
tion (Eq. (A3)) and the surface tension of water (0.072 J/m2). The black line in Fig. A2 is
the critical supersaturation for a pure water droplet. This effectively models the growth
of an insoluble but wettable spherical surface and is hereafter referred to as “wettable25

line”.
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A2 Modified Köhler theory for adipic acid particles containing a highly soluble core

The Köhler theory as described by Eqs. (A1) and (A2) is applicable for completely
dissolved aqueous solutions (that is, a solution of adipic acid dissolved in water or am-
monium sulfate dissolved in water). In the present work, the activation of ammonium
sulfate particles coated by initially dry adipic acid is also studied. In such a case the5

possibility exists that the droplet contains an undissolved adipic acid core surrounded
by a solution of water, adipic acid, and ammonium sulfate. The presence of the ammo-
nium sulfate allows condensational growth of the particle by addition of water without
causing the complete deliquescence of the adipic acid. Shulman et al. (1996) modified
the standard Köhler theory to describe such a situation on the activation of an aerosol10

particle into a cloud droplet. The presence of such a slightly soluble core that gradually
dissolves as the droplet grows due to water condensation modifies the overall shape
of the Köhler growth curve.

To develop the required modified Köhler theory it is convenient to approximate
Eq. (A1) by an expression valid for particles larger than 30 nm, (which is the case15

in all our studies). Assuming a water activity γw of unity the approximate expression is
(Pruppacher and Klett, 1997):

Sw ≈ 1 +
aw
dp

−
bs

d3
p

where aw=
4σMw

RTρw
and bs=

6Mwvsns

4πρw
(A4)

The term vs is the van’t Hoff factor for s and ns is the number of moles of s. In Eq. (A4),
the aw term represents the Kelvin effect while the bs term represents the Raoult effect.20

Following Laaksonen et al. (1998), droplet activation of a particle containing a soluble
inorganic salt and a slightly soluble organic compound is described by:

Sw ≈ 1 +
aw
dp

−
bs

d3
p − d3

ss

− γss (A5)

Here, the undissolved core of diameter dss is incorporated in the Raoult term for the
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soluble salt and the γss term accounts for the additional dissolved slightly soluble (ss)
substance. Before complete dissolution of the slightly soluble core, γss is defined as:

γss =
Mw

Mss
vssΓ (A6)

and after the slightly soluble core has dissolved as:

γss =
vssMwΓn

0
w

Mssnw
(A7)5

Here, νss and Mss are the van’t Hoff factor and the molecular weight of the slightly
soluble substance, Γ is the water solubility (g/L) of the slightly soluble substance, nw

is the number of moles of water, and n0
w is the number of moles of water necessary

to dissolve all of the slightly soluble substance. A solubility of 25 g/L for adipic acid is
used as reported by Saxena and Hildemann (1996).10

As pointed out by several authors (see for example Shulman et al., 1996; Laaksonen
et al., 1998), the presence of an undissolved core results in two maxima leading to two
supersaturation regimes on the Köhler growth curve; SSc1 while the core is dissolv-
ing, and SSc2, where the core has completely dissolved. When the core is completely
dissolved, the growth curve is described by the standard Köhler theory. When the15

peak of the SSc1 regime is higher than that of the SSc2 regime, modified Köhler the-
ory predicts a higher critical supersaturation than standard Köhler theory. This case
typically occurs when the particle is composed of a large amount of significantly less
soluble substance than the amount of soluble inorganic salt. On the other hand if the
peak of the SSc2 regime is higher, the critical supersaturation predicted from modified20

Köhler theory is the same as the predictions of the standard Köhler theory. In the latter
situation the slightly soluble substance is completely dissolved at the particle CCN ac-
tivation. (In this case the aerosol particle is an aqueous mixture of both components.)
This situation is displayed in Fig. A3.

Based on the above results it is shown, that if the solute mass fraction of adipic acid25

in an aqueous solution of adipic acid and ammonium sulfate is greater than 0.85, the
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modified and standard Köhler theories yield within 10% the same CCN activation re-
sults. The calculations therefore validate the solvent-free method for the generation of
deliquesced (“wet”) adipic acid droplets (adipic acid vapor deposition on an ammonium
sulfate core).

A3 Role of particle phase in activation of single-component organic aerosols5

Bilde and Svenningsson (2004) studied the role of phase in the CCN activation of adipic
acid particles and found that deliquesced (“wet”) adipic acid droplets activate at lower
Sc than initially dry adipic acid particles. Kreidenweis et al. (2006) suggested that below
a certain particle diameter deliquescence of initially dry organic compounds of low
water-solubility occurs at higher water vapor pressure than the critical supersaturation10

for CCN activation. In such a case, there is an activation barrier to the onset of cloud
droplet growth governed by the deliquescence of the organic species (Hori et al., 2003,
and Broekhuizen et al. 2004). Therefore, two CCN activation regimes are identified
for particles composed of dry slightly soluble compounds. For larger particles, CCN
activation is governed by the Köhler theory. For relatively smaller particles the CCN15

growth is governed by deliquescence pressure ratio, given by (Pruppacher and Klett,
1997):

p
p0

= γw exp
(

4σsatMw

ddρwRT

)
(A8)

Here, σsat the surface tension of the saturated droplet, and dd the dry particle diameter.
The % deliquescence supersaturation Sdel is obtained in a way analogous to20

Eq. (A2). For smaller particles and certain single-component low water-soluble organic
aerosols (including adipic acid) the parameter Sdel can be larger than the predicted crit-
ical supersaturation Sc calculated via Eqs. (A1) and (A2). When Sdel>Sc, cloud-droplet
activation is controlled by the deliquescence of the particles and activation occurs when
the water vapor pressure is high enough to cause particle deliquescence, that is, CCN25

activation occurs at Sdel. However, when the condition is reached such that Sdel<Sc,
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cloud-droplet activation occurs at Sc. In short, a single-component adipic acid aerosol
will only activate as a CCN after the particle has deliquesced.

Figure A4 shows critical supersaturations Sc as a function of dry particle diameter
calculated from Eq. (A8) using water activities of γw=0.990 and γw=0.997. As is evi-
dent from the figure, the Sc vs. dry particle diameter is strongly dependent on γw . For5

example, at Sc=0.3%, a particle with a water activity of 0.990 will deliquesce at 165 nm
whereas a particle with a water activity of 0.997 will deliquesce at diameter 298 nm.

Reliable activity data for adipic acid are not available and therefore activity must be
calculated based on solubility and molecular weight. Using a bulk solubility of 25 g/L,
Kreidenweis et al. (2006) calculated the activity coefficient of adipic acid to be 0.997.10

The quoted solubility is accurate to only two figures. Therefore, the activity coefficient
is not likely to be more accurate. An activation coefficient of 0.99 was used in Fig. A4 in
order to best fit the experimental results using the two limits of surface tension quoted
in the text. (σ between 0.060 and 0.072 J/m2). See Fig. 4.

Appendix B15

CCN instrument calibration

To perform reliable CCN activation measurements requires an accurate knowledge
of the relationship between the temperature difference dT along the CCNC column
and the supersaturation S. This relationship is determined by calibration, using a well-20

characterized highly soluble inorganic salt, such as (NH4)2SO4 or NaCl. Previous stud-
ies have reported a linear relationship between instrument dT and S at a flow rate of
0.5 L/min for dT>3 K. For smaller dT the relationship becomes nonlinear (Rose et al.,
2007; Droplet Measurement Technologies, 2004). In order to obtain a larger range of
supersaturations, we operate the instrument at a higher flow rate up to 1.0 L/min. We25

calibrated the CCN instrument at higher flow rates between 0.5 L/min and 1 L/min.
The calibration arrangement is similar to that shown in Fig. 2. Calibration was done
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with ammonium sulfate aerosol particles generated by atomization of an aqueous so-
lution of (NH4)2SO4. The particles were dried to a relative humidity (RH)<10% by
passing the aerosol flow through diffusion driers. A narrow monodisperse size distribu-
tion (dm±10%) was obtained by passing the particles through two Differential Mobility
Analyzers (DMA I and DMA II). The aerosol flow was divided between the CCNC in-5

strument and the condensation particle counter (CPC). Note that the CCNC counts the
number of activated particles, while the CPC counts the total number of particles in the
flow.

The following method was used to calibrate the CCNC instrument. Ammonium sul-
fate particles of a specific size (dm) flowed into the CCNC and CPC instruments. At10

a set value of dT both the CCNC and the CPC particle counts were recorded. The
value of dT was systematically varied. Equilibration time between dT settings was
about 1 min. The value of the critical dT (dT c) was recorded. (dT c is the temper-
ature difference at which 50% of the particles are activated.) Alternately, dT can be
kept constant while the particle diameter is systematically varied. Again, the dT c and15

the corresponding particle size are recorded. The two methods yield similar results.
The critical supersaturation (Sc) was calculated for each particle size using standard
Köhler theory (Eqs. (A1) and (A2)). In this way, Sc vs. dT c calibration plots for the
CCNC instrument are obtained.

The results of calibrations for flow rates of 0.93 L/min and 1 L/min are shown in20

Figs. B1 and B2. These were the two flow rates used in our experiments. The nonlinear
part of the curve was fitted to a power function:

Sc,0 = y0 + A · dT x (B1)

Here, Sc,0, A and x are parameters determined by the fit.
As is evident, the calibration curves at both flow rates are nonlinear for dT<5 K.25

In fact, over the range of flow rates studied the transition into the nonlinear region is
unchanged at dT<5 K. As was stated, some earlier measurements found the nonlinear
portion of the calibration curve for dT<3 K, implying that the calibration is instrument
specific.
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While the transition to the nonlinear portion of the calibration curve is independent
of the flow rate, the slopes of the linear part of the curve are a sensitive function of the
flow rate as is evident in the figures. For a flow rate of 0.93 L/min the slope is 0.106%/K,
for a flow rate of 1 L/min it is 0.149%/K.

In the time period of the CCN experiments (∼8 months) the calibration was periodi-5

cally repeated and was found to remain constant.
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Table 1. Estimated particle dynamic shape factors as a function of particle size for dry adipic
acid generated from homogeneous nucleation.

dm χ±∆χ

100 1.04±0.16
125 1.10±0.19
151 1.22±0.19
188 1.24±0.19
200 1.26±0.19
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Fig. 1. Published critical supersaturations (Sc) for adipic acid as a function of dry particle size.
Particles were obtained by atomizing aqueous solutions. The source of the data is shown by
the symbols as identified in the insert. The state of the particles prior to activation was dry
unless otherwise noted. Critical supersaturations predicted by the traditional Köhler theory are
shown as solid lines for (NH4)2SO4 (red line), adipic acid (orange line), and an insoluble but
wettable substance (black line). See text for details.
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Fig. 2. Schematic of the experimental apparatus.
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Fig. 3. Sample activation curves for 31 nm (red) and 45 nm (blue) ammonium sulfate particles.
The critical supersaturation Sc calculated from the critical temperature dT c is the supersatura-
tion where 50% of the particles are activated.
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Fig. 4. Sc plotted as a function of particle diameter for dry adipic acid particles (blue symbols).
Köhler theory lines are the same as in Fig. 1. The shaded area is the deliquescence region
calculated from Eq. (A8) with γw=0.990. The upper and lower bounds correspond to solution
surface tensions of 0.072 and 0.060 J/m2, respectively.
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Fig. 5. Sc plotted as a function of particle diameter for dry adipic acid particles from previously
published studies (as in Fig. 1) shown together with our measurements.
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Fig. 6. Sc plotted as a function of particle diameter for wet adipic acid particles from our
measurements (blue points) together with the data of Bilde and Svenningsson previously shown
in Fig. 1.
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Fig. 7. Sc plotted as a function of particle diameter for adipic acid coated ammonium sulfate
particles of sizes dcore=34 nm (black), 53 nm (green) and 73 nm (blue) The dashed lines are
calculated using Köhler theory.
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Fig. 8. Sc plotted as a function of particle diameter for adipic acid coated ammonium sulfate
particles of sizes dcore=88 nm (diamonds), 102 nm (squares), 136 nm (triangles), and 181 nm
(circles). Also included are the results for dry adipic acid derived during this study (blue).
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Fig. A1. Supersaturation S as a function of the wet particle diameter dp for a particle composed
of adipic acid. The adipic acid particle has dry diameter 145 nm and a critical supersaturation
Sc of 0.166%.
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Fig. A2. Critical supersaturations as a function of initially dry particle diameter, calculated from
Khler theory for ammonium sulfate (red), adipic acid (yellow) and an insoluble but wettable
substance (black). The lines for adipic acid have been modeled in two different ways: using the
surface tension of water (dashed line) and using a concentration-dependent surface tension
defined by the Szyszkowski-Langmuir equation (solid line). See text for details.
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Fig. A3. Supersaturation as a function of wet particle diameter. Example of Köhler growth
curve calculated using the modified Köhler theory for a particle composed of ammonium sul-
fate and adipic acid. The size of the ammonium sulfate core is 53 nm, the total diameter of
the particle (ammonium sulfate + adipic acid) is 145 nm. In this case, the peak of the SSc1
regime is lower than that of the SSc2 regime, and the predicted critical supersaturation equals
standard Köhler theory. That is, in this figure the S vs. dp curve for wet diameters larger than
500 nm is identical to the function shown in Fig. A1 that models pure adipic acid of initial dry
diameter=145 nm.
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Fig. A4. Critical supersaturation Sc as a function of the dry particle diameter for adipic acid
using water activities of 0.990 (gray) and 0.997 (green). The upper bound for each activity
corresponds to a surface tension of 0.072 J/m2 while the lower bound corresponds to a surface
tension of 0.060 J/m2.
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Fig. B1. Calculated critical supersaturation as a function of CCN instrument dT. The instrument
flow rate was 0.93 L/min.
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Fig. B2. Calculated critical supersaturation as a function of CCN instrument dT. The instrument
flow rate was 1 L/min.
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