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Abstract. Slightly soluble atmospherically relevant organic 1 Introduction

compounds may influence particle CCN activity and there-

fore cloud formation. Adipic acid is a frequently employed As has been discussed in several publications, the effect
surrogate for such slightly soluble organic materials. Theon climate of aerosol radiative forcing may be as large as
11 published experimental studies on the CCN activity ofthat of the greenhouse gases, but opposite in sign and much
adipic acid particles are not consistent with each other nomore uncertain (See for example, Kaufman and Koren, 2006;
do they, in most cases, agree with théhter theory. The  Schwartz et al., 2007; IPCC, 2007). The high uncertainties
CCN activity of adipic acid aerosol particles was studied overare due to the currently inadequate representation of the com-
a significantly wider range of conditions than in any previ- plex interactions of aerosols with climate due to their intrin-
ous single study. The work spans the conditions of the presically complex composition, morphology, and size distribu-
vious studies and also provides alternate methods for protions.

ducing “wet” (deliquesced solution droplets) and dry adipic ~ Atmospheric aerosol particles influence global climate by
acid particles without the need to produce them by atom-direct and indirect processes (Lohmann and Feichter, 2005).
ization of aqueous solutions. The experiments suggest thafhe direct process of aerosol climate-forcing involves the
the scatter in the previously published CCN measurements iabsorption, reflection, and scattering of incoming solar ra-
most likely due to the difficulty of producing uncontaminated diation by atmospheric aerosols. The indirect process in-
adipic acid particles by atomization of solutions and possiblyvolves atmospheric particles serving as cloud condensation
also due to uncertainties in the calibration of the instrumentspuclei (CCN) on which water vapor condenses to form cloud
The CCN activation of the small, <150 nm) initially dry  droplets. CCN activity depends on the shape, size, structure,
particles is subject to a deliquescence barrier, while for theand composition of the aerosol particles (McFiggans et al.,
larger particles the activation follows thedKler curve. Wet  2005; Dusek et al., 2006). An aspect of CCN activity is the
adipic acid particles follow the &hler curve over the full  subject of this work.

range of particle diameters studied. In addition, the effect gjightly soluble organics, such as adipic acid, succinic
of adipic acid coatings on the CCN activity of both soluble acid, and stearic acid, are atmospherically relevant com-
and insoluble particles has also been studied. When a watepounds that may significantly influence CCN activity and
soluble core is coated by adipic acid, the CCN-hindering ef-thys influence the indirect effect via cloud formation. Con-
fect of particle phase is eliminated. An adipic acid coating sequently, the CCN behavior of dicarboxylic acids has been
on hydrophobic soot yields a CCN active particle. If the sootstydied extensively and has been found to vary widely (Cruz
particle is relatively smalldcore<102 nm), the CCN activity  and pandis, 1997; Corrigan and Novakov, 1999; Prenni et al.,
of the coated particles approaches the deliquescence line gfoo1; Giebl et al., 2002; Raymond and Pandis, 2002; Kumar
adipic acid, suggesting that the total size of the particle det a|., 2003; Bilde and Svenningsson, 2004; Broekhuizen et
termines CCN activation and the soot core acts as a scaffoldg|. 2004; Huff Hartz et al., 2006; Rissman et al., 2007). For
example, the CCN activity of oxalacetic acid is high, compa-
rable to that of ammonium sulfate. On the other hand, suberic
acid is CCN inactive. While the CCN behavior of some di-
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Kéhler Theory for:
— Insoluble but Wettable Substance
Adipic Acid
—— Ammonium Sulfate
Published Data:
=~ Cruz and Pandis (1997)
Corrigan and Novakov (1999)
- Prenni et al. (2001)
Raymond and Pandis (2002)
- Huff Hartz et al. (2005)
Rissman et al. (2007)
- Rissman et al. (2007), (heated)
- Broekhuizen et al. (2004)
- Hori et al. (2003)
- Bilde and Svenningsson (2004)
Bilde and Svenningsson (2004), (wet)
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Diameter of Dry Particle (nm)

Fig. 1. Published critical supersaturations Y$or 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 standard Khler theory are shown as solid lingxB0fNted line),

adipic acid (orange line), and an insoluble but wettable substance (black line). See text for details.

and surface tension effects, published experimental studiesubstance (Petters and Kreidenweis, 2007). The broken lines
on the CCN activity of slightly soluble adipic acid particles in the figure provide visual continuity for the experimental
are in most cases not consistent with théhler theory and  points.
vary widely from one study to another. Adipic acid has a As is evident from Fig. 1, the published data for adipic
water solubility of 25 g/L (Saxena and Hildemann, 1996).  acid exhibit significant scatter. For example, at 1% supersat-
It has been suggested and experimentally verified for sevuration, measured critical diameters for adipic acid particles
eral compounds (for example succinic acid and adipic acid)ary from 50 nm to 180 nm. The measurements of Bilde and
that particle phase plays an important role in the activa-Svenningsson (2004) for wet particles fall close to the stan-
tion of particles consisting of slightly soluble organic com- dard Kohler theory line for adipic acid. The measurements of
pounds (Hori et al., 2003; Bilde and Svenningsson, 2004;Rissman et al. (2007) for the largest sized particles approach
Broekhuizen et al., 2004). Bilde and Svenningsson (2004xhe predictions of the &hler theory. All other data show
have also shown that small amounts of inorganic salts mayigher critical supersaturations than predicted by tioalkr
have a significant effect on the percent critical supersaturatheory. The large variations in measured supersaturation are

tion (S.) of slightly soluble organic compounds. likely caused by particle phase differences (Bilde and Sven-
ningsson, 2004), differences in particle preparation (Rissman
1.1 Previously published Slata for adipic acid et al., 2007), as will be discussed, and also possibly due to

methods of CCN measurement (see Appendix).

Figure 1 shows published adipic acid critical supersatura- The purpose of the present work, studying the CCN activ-
tion data as a function of particle diameter from 11 studies.ity of adipic acid, is twofold. First, we want to understand
In all these experiments, particles were formed by atomiz-the factors governing the CCN activity of slightly soluble or-
ing aqueous solutions of adipic acid. Particles were sub-ganic compounds and, in the process, we want to explain the
sequently dried to relative humidities between 5 and 20%wide variations in the published critical supersaturation mea-
In one case only, particles were kept wet as supersaturatesurements for adipic acid. Toward these ends, we studied
(i.e., deliguesced) solution droplets (designated in the figurédhe CCN activity of adipic acid aerosol over a significantly
as “wet”). In one set of experiments, Rissman et al. (2007)wider range of conditions (particle diameter, particle phase,
heated the adipic acid particles prior to drying them. and particle coatings) than has been previously encompassed
The solid lines are obtained from standardHfer theory ~ in any single study. Our work spans the conditions of the
calculations described in Sect. 2. The orange line is the calPrevious studies and also provides alternate methods for pro-
culation for adipic acid using a concentration dependent surducing “wet” and dry adipic acid particles without the need
face tension. The red line is the calculation for ammoniumto produce them by atomization of aqueous solutions.
sulfate particles and the solid black line is théter curve After a very short residence time in the atmosphere most
for pure water that is a stand-in for a wettable but insolubleaerosol particles acquire a coating of one type or another.
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The second purpose of our work is to understand the effect P N P R SRR

of adipic acid coatings on both soluble and insoluble cores E —— 145 nm Pure Adipic Acid —
with respect to cloud droplet activation. 0.2 Se= 0.166% E
9 1 s
w 3 3
2 Theory § 0417 e
& 3 E
2.1 Derivation of critical supersaturation ~§ o0 ] :
[ ] E
Cloud droplets are formed when water aggregates on the sur§ 3 E
face of a pre-existing particle and causes unrestrained con PYE £
densational growth. This condensational growth is controlled 3 b

by the vapor pressure over a particle and is a function of —— T T ]
both the curvature and the composition of the particle. Stan- 500 1000 1500 2000 2500 3000
dard Kohler theory describes this condensational growth and Solution Droplet Diameter (nm)

provides an expression for equilibrium water vapor pressure.
over an aqueous solution droplet yielding an expression fo
the supersaturation ratif), (Pruppacher and Klett, 1997):

r ig. 2. Calculated supersaturatighas a function of the solution
droplet diamete/, for a particle composed of adipic acid. The
adipic acid particle has dry diameter 145 nm and a critical supersat-
p AM o urationS. of 0.166%.

Sw 7o YwXw eXF(Rprdp) (1)
Here, p is the vapor pressure of water over the solution dissolved surface active slightly soluble organic compounds
droplet, po is the equilibrium vapor pressure over a flat sur- ¢an lower the surface tension of aqueous solutions, depend-
face,y,, is the activity of waterx,, is the mole fraction of ing on concentration, by as much as one third (Shulman et
water in the aqueous solutiob,, is the molar mass of water, al., 1996 and Facchini et al., 2000). A decrease iowers
o is the surface tension of the solution droplRtis the uni-  the critical supersaturation as predicted bijhiter theory.
versal gas constant; is the temperatureg,, is the density The surface tension of an adipic acid solution can be calcu-
of water, andl,, is the diameter of the droplet at water vapor lated from the Szyszkowski-Langmuir equation as has been
pressurep. This diameter will be designated as the solution done by Henning et al. (2005):
droplet diameter.

The producty ,,x,, represents the Raoult (or solution) ef-
fect, which increases with increasing wet diametgr The
exponential term represents the Kelvin (or curvature) effect

which decreases with increasing wet diameter. These tWQyater ot temperaturB. The parameters andb are obtained
competing effects resultin a maximum with respeatjdor  py fitting the experimental results to EQ)( For pure adipic

Eq. @) (See Fig. 2). , _ acid, Henning et al. (2005) obtaine¢0.0106 and=11.836.
The term commonly used to describe particle growth by

vapor condensation is supersaturatisni percent) defined 2 3 Results of critical supersaturation calculations
as:

o =0y(T)—aTIn(1+bC) 3)

Here, C is the concentration of dissolved carbon (moles of
'carbon per kg of water) and,, (7') is the surface tension of

Using Egs. 1) and @), critical supersaturations. were
calculated as a function of initially dry particle diameter
Figure 2 displays as a function of the solution droplet diam- for three substances: Ammonium sulfate, adipic acid, and
eterd,. The maximum of this curve is known as the critical an insoluble but wettable substance. Results are shown in
supersaturations(). An aerosol particle is CCN active (i.e.,, F'9- 3. Ammonium sulfate is modeled using the surface
grows into a cloud droplet) if the ambient supersaturationt€nsion of water (0.072 Jfn. Adipic acid is modeled with
exceeds this maximum. Standardher theory describes both the concentration-dependent surface tension defined by
the activation of single-component aqueous solution dropletdn€ Szyszkowski-Langmuir equation (Eq. 3; ranging from

and is used here to model ammonium sulfate and completel;?-OGO_ 0.072 J/ﬁﬁor 30-300nm adipic acid particles) and
dissolved adipic acid. he surface tension of water (0.072 3jmThe black line in

Fig. 4 is the critical supersaturation for a pure water droplet.
2.2 Surface tension in calculating critical supersaturation This line effectively models the growth of an insoluble but
wettable spherical surface and is hereafter referred to as the
As is evident from Egs.1) and @), surface tension is a key “wettable line”.
parameter for calculating the supersaturatiyy)(and there- In the present work, the activation of ammonium sulfate
fore the critical supersaturatio{). It has been shown that particles coated by initially dry adipic acid is also studied.

S = (S, —1)-100 )

www.atmos-chem-phys.net/8/3735/2008/ Atmos. Chem. Phys., 8, 3738-2008



3738 S. S. Hings et al.: CCN activation of adipic acid

! : ; for the generation of adipic acid particles, the CCN activ-
3 i ity of ammonium sulfate particles was modeled as a func-
2 . tion of sulfate core size and adipic acid coating thickness
(0—150nm). The calculated critical supersaturation of the
C dual-component aerosob{qua) Was compared to the pre-
' dicted critical supersaturation for a single-component pure
adipic acid particle § pure) Of the same diameter. The
Sec.dual Values were calculated using modifiedlider theory
with a concentration-dependent surface tension (Shulman et
al. 1998 reported that the addition of (MHSO, to adipic
acid did not significantly alter the observed surface tension).
. The S, pure values were calculated using standaiahker the-
- T - o ory with a concentration-dependent surface tension. As the
mass fraction of adipic acid increases, the relative error in
using S dual to approximates, .. decreases (See Fig. 10,
Fig. 3. Critical supersaturations as a function of initially dry par- Where the modeled ammonium sulfate-adipic acid lines are
ticle diameter, calculated fromdtler theory for ammonium sul-  Shown to approach thedkler theory for pure adipic acid).
fate (red), adipic acid (yellow) and an insoluble but wettable sub-The calculations show that above 0.85 mass fraction of adipic
stance (black). The lines for adipic acid have been modeled inacid, the difference between théHKler theory line for pure
two different ways: using the surface tension of water (dashed line)adipic acid and the &hler sulfate-adipic is less than 10%,
and using a concentration-dependent surface tension defined by thgr the range of ammonium sulfate core sizes studied in our
Szyszkowski-Langmuir equation (solid line). See text for details. experiments. This suggests that coating a small NSO,
core with a mass fraction of85% adipic acid via vapor de-

o ) _ position is a good approximation to experimentally obtain
an undissolved adipic acid core surrounded by a solution ofqipjc acid is kept above 0.85.

water, adipic acid, and ammonium sulfate. The presence of

the ammonium sulfate allows condensational growth of thes 5 Rgle of particle phase in activation of single-
particle by addition of water without causing the complete
deliquescence of the adipic acid. The presence of such a

slightly soluble core that gradually dissolves as the dropletgjjge and Svenningsson 2004) studied the role of phase in
grows modifies the overall shape of thélier growth curve.  the cCN activation of adipic acid particles and found that
Shulman et al. (1996) modified the standaihier theory 10 geliquesced (“wet”) adipic acid droplets activate at lower
describe the effect of such a mixed composition onthe activay than initially dry adipic acid particles. Kreidenweis et
tion of an aerosol particle into a cloud droplet. Our modeling 4 (2006) suggested that below a certain particle diame-

calculations show that under our experimental conditions, thgey, deliquescence of initially dry organic compounds of low
predictions of the standard and modifiedtder theories are water-solubility occurs at higher water vapor pressure than

the same. the critical supersaturation for CCN activation. In such a
case, there is an activation barrier to the onset of cloud
2.4 Justification of solvent-free method for generating droplet growth governed by the deliquescence of the organic
adipic acid species (Hori et al., 2003; Broekhuizen et al., 2004). There-
fore, two CCN activation regimes are identified for particles
As has been stated, in all previous studies of adipic acid parcomposed of slightly soluble organic compounds. For larger
ticle CCN activation, the adipic acid particles were gener-particles, CCN activation is governed by théhder theory.
ated by atomization of an agueous solution (or methanol sol+or relatively smaller particles, the CCN activation is gov-
vent Rissman et al., 2007). The process of atomization oferned by the deliquescence transition. The deliquescence

a solution may introduce impurities that may be responsi-pressure ratio, given by (Pruppacher and Klett, 1997), is
ble for the variations in the CCN activity measured in the

various studies. We decided to generate “wet” (deliquescedp (40Sme>

S i |

Critical Supersaturation S, (%)

Kohler Theory for:
— Insoluble but Wettable Substance

014|— Ammonium Sulfate
1 Adipic Acid (o concentration-dependent)
7] Adipic Acid (o= 0.072 J m?)

Diameter of Dry Particle (nm)

component aerosols

(4)

solution droplets) adipic acid without atomization. This sec- ;- = Yw &P\ 7= 77

tion provides a theoretical justification for generating “wet”

adipic acid particles by coating an ammonium sulfate coreHere, o 4 is the surface tension of the saturated droplet, and

with adipic acid via vapor deposition. See Sect. 3.3 for theq, the dry particle diameter. We note that the surface ten-

method of generating such particles. sion used in Eq.4) is that of a saturated solution whereas in
In order to theoretically justify the solvent-free method Eq. (1), the solution need not be saturated.

Atmos. Chem. Phys., 8, 3735748 2008 www.atmos-chem-phys.net/8/3735/2008/



S. S. Hings et al.: CCN activation of adipic acid 3739

The % deliquescence supersaturatifyg is obtained in : : e
a way analogous to Eq2). For smaller particles and cer- *
tain single-component, low water-soluble organic aerosols .
(including adipic acid) the paramefgg can be larger than
the predicted critical supersaturation calculated via Efs. (
and @). When Sgei>S¢ calculated Cloud-droplet activation is
controlled by the deliquescence of the particles and activa-
tion occurs when the water vapor pressure is high enough
to cause particle deliquescence, that is, CCN activation
occurs atSqel. However, when the condition is reached
such thatSgei< S calculated Cloud-droplet activation occurs at 0-15 peiauescence todeling
S..calculated 1N short, a single-component adipic acid aerosol e | .
will only activate as a CCN after the particle has deliquesced. : D : :
The water vapor pressure at which a particle deliquesces (au
the calculatedbyel value) is also known as its deliquescence
relative humidity (DRH). It must be noted that CCN activa- the S axis) as a function of the dry particle diameter for adipic

tion can only occur at thé. Wh?r‘ the partlcle. is initially  ¢iq using water activities of 0.990 (gray) and 0.997 (green). The
dry and whenSgei> Sc.calculated INitially wet particles have  pper hound for each activity corresponds to a surface tension of
already deliquesced and therefore will activate atthealue  0.072 J/n% while the lower bound corresponds to a surface tension
predicted by Kohler theory. of 0.060 J/nf.

Figure 4 shows deliquescent supersaturatiSqs as a

function of dry particle diameter calculated from E4) (s- ic sh ¢ hi hod invol lecti
ing water activities ofy,,=0.990 andy,,=0.997. As is ev- dynamic shape factor. This method involves selecting par-

ident from the figure, the deliquescent curves are strongl;}ideS by mO‘?i”_ty and then sizing them aerodynam?cally in
dependent ogr,,. For example, aqe=0.3%, a particle with order_ to obta_ln |nf_ormat|(_)r_1 about particle shape. This proce-
a water activity of 0.990 will deliquesce at 165 nm Whereasdure is described in detail in DeCarlo et al. (2004) and Slowik

a particle with a water activity of 0.997 will deliquesce at etal. (2004). i )
diameter 298 nm. The general expression for relatidg, (vacuum aerody-

Reliable activity data for adipic acid are not available and _ngmlc diameter) and,, (mobility diameter) measurements

therefore activity must be calculated based on solubility and>
molecular weight. Using a bulk solubility of 25g/L, Krei- % d
denweis et al. (2006) calculated the activity coefficient of 7 " : =C Z
adipic acid to be 0.997. The quoted solubility is accurate Cc( ,fp po) c(dn)
to only two figures. Therefore, the activity coefficient is not . .
likely to be more accurate. In Fig. 4 we show calculated de"_Here, xv andy, are the.Qynamlc_: shape fa(_:tors n the free
quescence curves for activity coefficients of 0.990 (gray) andnolecular_ and the 'transmon regimes 1S u_nlt densny,,o P
0.997 (green). The indicated borders for egghare calcula- 'S (€ particle density, an. () is the Cunningham slip cor-
tions with the two limits of surface tension quoted in the text rectl_on factor_. If one assumes thet=x then_for a k_nown

(o between 0.060 and 0.072 Hm As is shown in Fig. 7, particle density , (which is equal tg,, for particles without

-0.990 id better fit t . tal Its. internal vojds), the dynamic shape factorof the partigles
Vu provices a hetler it to our experimental results can be estimated (DeCarlo et al., 2004). The dynamic shape

factor x is equal to unity for spherical particles without in-
ternal voids and larger than unity for nonspherical particles.

Particle shape can greatly influence the CCN activity of a,[_Results of these shape factor determinations are discussed in

mospheric aerosols. Because the methods of aerosol ger$—eCt' 4.2.2.

eration used in this and other studies may produce particles

f[hat are not_ s_pherical, the shape factor net_ads to be considered Experimental

in CCN activity measurements. Observation of the shape of

nano-sized aerosol particles is usually performed with elec3.1  Apparatus

tron microscopy. Such observations are complicated because

it is difficult to collect the particles without altering their A schematic diagram of the experimental apparatus is shown
shape. Several attempts were made to observe the particlés Fig. 5. The main components of the set-up are: A particle
used in this study with a scanning electron microscope. How-generation system, a particle coating system, two differential
ever, no consistent or reliable data were obtained. Thereforanobility analyzers (DMA I, TSI Model 3071A, and DMA
tandem DMA-AMS measurements were used to measure thd, TSI Model 3080), a condensation particle counter (CPC,

Kohler Theories:

— Insoluble but Wettable Substance
Adipic Acid

—— Ammonium Sulfate

Critical Supersaturation S_ (%
“ a2 o~

Diameter of Dry Particle (nm)

Fig. 4. Calculated deliquescent supersaturatiopg flotted on

®)

2.6 Determination of the particle shape factor
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POLY MONO
IN ouTt

POLY MONO
) IN  ouT
Drier .
Coating
Reservoir

T,>T,>T,

DMA L. DMA II.

Atomization ‘ Combustion

Nucleation

Bypass

*0.08 Ipm

Particle Generation

Fig. 5. Schematic of the experimental apparatus.

TSI Model 3010), a continuous-flow streamwise thermal-umn. It also depends on the flow and the pressure inside
gradient CCN counter (CCNC, Droplet Measurement Tech-the instrument. The relationship between supersaturation
nologies), and a Time-of-Flight Aerosol Mass Spectrometer(S) and the measured temperature differentB {nside the
(ToF-AMS, Aerodyne Research Inc.). CCN column is determined by calibration with ammonium

With the exception of the CCNC apparatus, all instrumentssulfate particles at a specific flow and pressure. To obtain
are either standard aerosol instrumentation or, in case of theeliable experimental results, the CCNC apparatus has to be
ToF-AMS, are described in detail in the literature (Drewnick carefully calibrated in each specific application.

et al., 2005; DeCarlo et al., 2006). For a detailed description of the CCNC and its calibration,
_ _ refer to Roberts and Nenes (2005), Lance et al. (2006), and
3.1.1 Cloud Condensation Nuclei Counter Rose et al. (2007). Specific details relevant to our calibration

) measurements are presented in the Appendix.
The DMT (Droplet Measurement Technologies) Cloud Con-

densation Nuclei Counter (CCNC) used in this study is 0p-32  Experimental procedures
erated in a continuous flow mode. That is, the instrument
provides fast sampling by continually monitoring the CCN As was stated, the previous 11 published studies of adipic
activity of the particles passing through it. The instrumentacid generated the adipic acid particles by atomization of
is capable of generating nearly constant values of supersakqueous solutions. In order to explore the full range of exper-
uration between 0.07% and 3.7%. The stated accuracy ofnental conditions, we generated particles both by atomiza-
these supersaturation valuesti2%. Supersaturation is eas- tion and by condensation of adipic acid vapor. The follow-
ily controlled and maintained, making it possible to scan theing measurements were performed to study the CCN activity
full range of supersaturations for a given particle size. of adipic acid. {) CCN activity of dry adipic acid particles

The aerosol flow introduced into the CCNC instrument is generated by atomization.2)(CCN activity of dry adipic
splitinto an aerosol and a sheath flow. The sheath flow is fil-acid generated by homogeneous nucleation (condensation of
tered, humidified and heated. This sheath flow constrains thgdipic acid vapor).3) CCN activity of wet adipic acid parti-
main aerosol flow to the centerline of the cylindrical CCNC cles generated by atomizatiod) CCN activity of wet adipic
column. The inner wall of the CCNC column is continually acid particles generated by vapor deposition of a mass frac-
wetted and a positive temperature gradiétis applied to  tion of >85% adipic acid on small ammonium sulfate cores.
the CCNC column in the direction of the flow. Water vapor (This method of generating wet adipic acid is discussed in
supersaturation is therefore generated along the centerline @fetail.) 6) CCN activity of adipic acid coated on ammonium
the CCNC column (due to the difference in diffusion rates sulfate particles as a function of coating thickness. (6) CCN
between water and heat). Particles begin to grow at the poingctivity of adipic acid coated on soot particles as a function
when the supersaturation inside the instrument is equalto  of coating thickness.
Droplets that grow to diameters larger thaarh are detected
by an optical particle counter (OPC) at the exit of the column3.3  Particle generation
and are defined as CCN active particles.

The supersaturation in the CCNC column is primarily a The methods of generating particles for the 6 studies listed
function of the temperature differenceT]) between the top in Sect. 3.2 are described below. If particles are to be dried,
(upstream) and the bottom (downstream) of the CCNC colthey are passed through diffusion driers as shown in Fig. 5.

Atmos. Chem. Phys., 8, 37357448 2008 www.atmos-chem-phys.net/8/3735/2008/
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Table 1. Overview of particles studied with the method of particle generation. The dry and wet adipic acid are single-component adipic acid

3741

studies and the results are described in Sect. 4.2. The results of the adipic acid coating experiments are described in Sect. 4.3.

Particle Type Dry Adipic Acid

Wet Adipic Acid

Adipic Acid Coating

Description of
Particle
Generation

L) Atomization,
followed by drying
d;n ~50-250nm

(2) Homogenous
Nucleation
dy ~88-250nm

@) Atomization,
no drying
dym ~50-250 nm

4) Vapor acid
deposition of adipic
on (Niz)2S0Oy

dym ~70-150 nm

6) Vapor deposition of
adipic acid on (§}3SO
d;y ~35-150nm
(three sulfate core sizes)
(6) Vapor deposition
of adipic acid
dy ~80-250nm
(four on soot particles)

The particles are size-selected by DMA | and, if they are toaerosol particle that, from the perspective of CCN activation,

be coated, they are passed through the coating reservoir.

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

particle.

1. An aqueous solution of adipic acid in water is atomized

to generate solution droplets. The aerosol flow is then 5.

heated {¢60°C) and passed through three diffusion dri-
ers filled with silica gel.

6.

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

For these experiments, adipic acid is coated onto am-
monium sulfate cores as described above in Paut (

item 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.

This method provides pure dry (solid) adipic acid parti-

cles. For convenience, the 6 types of particles studied are pre-

3. An aqueous solution of adipic acid in water is atomized sented in Ta_ble 1 along with the particle diameters studied
to generate solution droplets. The aerosol flow is not[OF €ach particle type.

dried and the DMA sheath flow is humidified.
riedandine sheath flowis humiditie 3.4 Measurement of Particle CCN Activity

4. Adipic acid is dry-vapor deposited onto small dried am-
monium sulfate particles. The ammonium sulfate coreAfter particle generation and size-selection, the aerosol
particles are generated by atomization of an aqueous sdlow is split with 2.0 L/min directed into the DMA Il and
lution. The partides are Subsequenﬂy dried by pass_o.os L/min into the ToF-AMS. Before and after each CCN

ing them through a diffusion drier filled with anhydrous €xperiment (i.e., every time a new particle size is selected),
calcium sulfate (Drierite). The particles are then size-the second DMA and the CPC are used as a scanning mo-
selected by DMA | and passed through a region Con-bi“ty partide sizer (SMPS) to measure the size distribution

taining a heated adipic acid reservoir. In this region, the©f the particles. During a CCN experiment, the particles are
ammonium sulfate partides are coated by ad|p|c acidSiZG-SE'ECted a second time with DMA 1l in accord with the

via vapor deposition. mode diameter determined during the SMPS scan. When the
particles are pure adipic acid, the mode diameter is the same

On entering the CCNC column, the highly water-soluble am-diameter as is selected with DMA |. However, when the par-
monium sulfate core absorbs enough water to completely disticles are coated, the DMA Il selects the coated mode diame-
solve the adipic acid, forming a concentrated adipic acid-ter of the particles. The resulting monodisperse aerosol flow
ammonium sulfate agueous solution. We postulate that waexiting DMA Il is split between the CCNC (1.0 L/min) and
ter reaches the ammonium sulfate core either via diffusionthe CPC (1.0 L/min) instruments.
through the adipic acid coating or by passage through imper- The supersaturation in the CCNC is varied between 0.07%
fections in the coating. Experiments as well as calculationsand 3.7% by setting the CCNC instrumetit between 1.5
(See Sect. 2.4) show that if the mass fraction of the ammoand 27 K. During all experiments, the CCNC was operated at
nium sulfate core is small(15%), this method provides an a total flow rate of 1 L/min.
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>
?

coating studies (corresponding to particle typ&sand (6)

in Sect. 3.3). Critical supersaturatiof.{ values as a func-
tion of particle diameter were measured for each particle type
(1-6).

L
Py

2 20 d
HH

i
b4

3 [450m (NH,),S0, Particle[31nm (NH,),SO, Particle]

4.2 Single-component adipic acid
[ 50% of Particles Activated

4.2.1 Dry adipic acid particles generated by atomization

Activated Fraction

Critical Temperature (dT,)

In this set of experiments, we conducted CCN activation
Corresponds to S,

studies with adipic acid particles generated by atomization of
adipic acid solutions over a range of particle diametéys (
from 50 nm to 250 nm (described as particles typegnd

(3) in Sect. 3.3). About 15 such independent experimental
CCN activation experiments were conducted. We were not
able to obtain consistently reproducible data sets with adipic
Fig. 6. Sample activation curves for 31 nm (red) and 45 nm (blue) acid aerosols produced by atomization, nor were we able to
ammonium sulfate particles. The critical supersaturation €8l-  gscertain the cause of this irreproducibility. Most likely the
culated from the critical temperature (dTis the supersaturation  gcatter in the data is due to trace impurities in the solution
where 50% of the particles are activated. which we were not able to completely eliminate in spite of
our best efforts.

T T T T L
10 15 20
Temperature Difference dT (K)

The fraction of CCN activated aerosol is the ratio of 4
the number concentration of CCN measured by the CCNC ™
(Ncens i-e., number of particles that grow larger thaprh

as detected by the OPC) to the total number concentration o

2.2 Homogenously nucleated dry adipic acid particles

he results of CCN activation experiments with dry adipic
cid particles generated by homogeneous nucleation of

particles measured by the CP®dpc). The critical super-
saturation at a particular aerosol size is defined as the supe
saturation at which 50% of the particles grow into droplets
(i-e., when HLN=0 5).

The method of determining the critical supersaturation
(Sc) is illustrated in Fig. 6 that shows examples of activa-

tion curves measured for ammonium sulfate particles of tw

diameters; 45nm and 31 nm. Such curves are generated b
measuring the fraction of activated aerosol and plotting thisT

number as a function of the temperature differedi€eén the
CCNC column. The plot is fitted with a sigmoid function to
find the critical temperature differencdT,) where the acti-
vated fraction is 0.5. The critical supersaturation is then cal
culated from the calibration curve described in the Appendix.
The width of the sigmoidal curve is due to the spread in the
aerosol size distribution determined by the DMA transmis-
sion function.

4 Results and discussion

4.1 Overview

The results of the CCN activation measurements are dis
cussed in this section in the order presented in Sect. 3.3. Th

(o)

adipic acid vapor are shown in Fig. 7 as blue points, and cor-
Féspond to particle type2) described in Sect. 3.3. Here, the
measured critical supersaturatiafis shown as a function

of dry particle diameterd;). Each critical supersaturation
value in the figure is the average of at least three measure-
ments for every dry particle diameter (the standard devia-
tion is indicated by the error bars). Measurements were con-
Bucted over a period of several days to ensure reproducibility.
he broken line provides visual continuity for the measured
points. The standard deviation of the measurements is in all
cases except one less than 4% of the measSedhlues.

As is evident, the homogenous nucleation method of gener-

ating adipic acid particles produces consistent results with
little scatter.

The solid lines are the same calculateihier lines shown
in Figs. 1 and 3. The shaded area models the deliquescence of
the particles according to the Kelvin equation (Eq. 4) as dis-
cussed in Sect. 2.5. The surface tension of saturated aqueous
adipic acid droplets larger than 40 nm is calculated to have
values between 0.060 and 0.0723/(Bee Eq. 3). A water
activity over a saturated adipic acid solutiongf=0.99 was
chosen to provide a best fit to the experimental data. The bor-
ders of the shaded region are obtained with the two limiting
ealues of calculated surface tension (0.060 and 0.072J/m

experimental results are discussed in the framework of the As is evident, the CCN activities of particles smaller than
modeling calculations described in Sect. 2. The experimental 50 nm in diameter are not governed by standait|&r the-
studies described here fall into two categories: Single com-ory. The activation of the smaller particles more closely fol-
ponent adipic acid studies (corresponding to particle typedows the predictions of the deliquescence calculations, al-

(D), (2), (3) and @) described in Sect. 3.3) and adipic acid

Atmos. Chem. Phys., 8, 3735748 2008

though the fit is not exact. Still, the general trend in the
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Table 2. Estimated particle dynamic shape factors as a function of
particle size for dry adipic acid generated by homogeneous nucle-
ation.

& o a
(o XiAX é 7< -
100 1.04-0.16 H
125  1.16:0.19 g
151 1.22-0.19 2 .
188 1.240.19 £ 'Komelm‘eg‘e; .
200 1-2&0.19 S —::;;Aemdu( lettable Substance) \.

0.1 - |— Ammonium Sulfate

7: —e Adipic Acid, dry

3 4 5 6 7 8 9 T 2 3

Diameter of Dry Particle (nm)

measurements for adipic acid particles smaller than 150 nm

follows the deliquescence model, supporting the suggestiofrig. 7. S, plotted as a function of particle diameter for dry adipic
of Hori et al. (2003) and Kreidenweis et al. (2006) that acid particles (blue symbols). dhler theory lines are the same as
deliquescence-controlled activation may govern droplet for-in Figs. 1 and 3. The shaded area is the deliquescence region cal-
mation for small, slightly soluble organic particles. The culated from Eg. (4) with,,=0.990. The upper and lower bounds
smallest particled,, =88 nm) in this set of measurements be- correspond to solution surface tensions of 0.072 and 0.06%) dém
haves as a particle composed of an insoluble wettable matesPectively.

rial. We could not obtain data for particles smaller tiagn-

88 nm because to produce such small particles with our ho- .
mogenous nucleation apparatus, we had to reduce the adipwggest some possible factors that may affect the results. Be-

acid vapor pressure to a point where the number of particle§2use all previously published experiments were performed

produced was too small to perform CCN experiments. TheWith aerosol generated by atomization, we suggest that so-

activation of particles larger than150 nm follows standard lution impurities are one possible cause of the scatter in the
Kohler theory. data. We note that all the previously obtaingdresults fall

As described in Sect. 2.6, the dynamic shape fagtof above the Khler curve. That is, they are all in the region
the particles can be estima,ted from DMA/AMS size mea-Where deliquescence governs the onset of activation. There-

surements via Eq5]. The mobility diameterdj,) is mea- fore, if impurities are the cause of the scatter, they must be

sured by the DMA apparatus and the vacuum aerodynami@lJCh that some promote and others hinder particle deliques-
diameter §,,) is measured by the AMS. Using the adipic “€"¢®- _ . .

acid bulk density of 1.36 g/chy we estimate the dynamic Another possible reason for the scatter in the published
shape factors to be as shown in Table 2. The use of bulg"€asurements of, may be related to the shape of the par-

density in Eq. §) assumes that the particle does not containticles produced by the atomization and drying process. The
yolume-equivalent diamete#y(,) of a non-spherical particle

internal voids. This seems to be a reasonable assumptio A X Salr
for particles that are formed by vapor condensation. The uniS Smaller than its electrical mobility diametef,() (DeCarlo
2004). In all the published measurements, the reported

certainties iny are primarily due to the uncertainty in the ei‘ al., ) > h
measured vacuum aerodynamic diameidir), which is ap- diameter is the mobility diameter as measured by a DMA
proximately-£15%. Within these error limits, the particles instrument. If the atomization-generated particles are non-

do not appear to deviate significantly from a spherical Sh(,méspherical, their effective diameter is smaller than their mea-

(x=1.0). suredd,,,. Were this the case, the data points would be shifted
to the left (i. e., to a smaller effective diameter) placing the
4.2.3 Comparison with previous studies published data closer to the results obtained in our studies.

A possible confirmation of this hypothesis is provided by the

In Fig. 8, we once again show the previously published CCNdata of Rissman et al. (2007). They show data for both heated
activation data for dry adipic acid aerosol. We also includeand unheated adipic acid particles. The heated adipic acid
our nucleation-generated dry adipic acid aerosol data in thgarticle data fall to the left of the unheated adipic acid data
figure. (i.e., the heated adipic acid particles have a smaller effective

As is evident, some of the publishéd measurements are diameter than the unheated particles). This might be due to a
above and some are below our values. The wide scatter ineorganization of the adipic acid during heating, resulting in
the measured CCN activity obtained in the previous studiesnore spherical adipic acid particles.
suggests that some significant parameter or parameters vary As is shown in the Appendix, the calibration of the CCNC
from experiment to experiment. Our experiments do not pro-instrument is a critical part of these experiments. Slight
vide an explanation for these discrepancies, however we camiscalibrations of the CCNC instrument prevent accurate
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Kohler Theory for:
— Insoluble but Wettable Substance
Adipic Acid

- —— Ammonium Sulfate

[ Published Data:

=~ Cruz and Pandis (1997)
Corrigan and Novakov (1999)

- Prenni et al. (2001)
Raymond and Pandis (2002)

= Huff Hartz et al. (2005)
Rissman et al. (2007)

- Rissman et al. (2007), (heated)

- Broekhuizen et al. (2004)

- Hori et al. (2003)

- Bilde and Svenningsson (2004)

Critical Supersaturation S (%)
1

o biddd

Our data (average)

Diameter of Dry Particle (nm)

Fig. 8. S, 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.

measurements . values. Variations in the calibration of , ; ottt
the CCN instrument from one experimental group to another *
cannot be ruled out as one of the causes for the scatter inthi- 2
data.

4.2.4 Wet adipic acid

tical Supersaturation S, (%
© oo~

As is shown in Fig. 1, there is only one previously published

CCN activation study for wet adipic acid aerosol particles. £ "‘Ki”'e.’nls.i‘i,ﬁ':imvve..msm,s.m

The results of the published study are in agreement with stan-© o o AdpioAdd e

dard Kohler theory. As we stated earlier, we were notableto - MR

obtain consistent measurements with either wet or dry adipic ¢ -

acid aerosol produced by atomization. Most of our wet adipic

acid measurements (from 5 independent runs) fell below the

critical supersaturation predicted by théMer theory. We kg g piot of §. as a function of wet adipic acid particle diameter.

attribute the scatter in these data to residual impurities, mospata from present work are displayed as blue points. Data of Bilde

likely ammonia, which can play a role in experiments with and Svenningsson (2004) are shown as light blue stars.

wet adipic acid produced by atomization. The CCN activity

of initially dry adipic acid, however, is reported to be unaf-

fected by ammonia (Dinar et al., 2007). the present work are displayed as blue points. Data of Bilde
To eliminate possible impurities in the adipic acid parti- and Svenningsson (2004) are shown as light blue stars. As is

cles (such as, for example, contamination by ammonia resultevident, the data are in accord with standaiihléer theory.

ing from the atomization process), we generated effectively

wet adipic acid aerosol by coating small ammonium sulfate4.3 Adipic acid coating experiments

cores with adipic acid by vapor deposition (described as par-

ticle type @) in Sect. 3.3). Experiments were conducted 4.3.1 Ammonium sulfate coated with adipic acid

with three ammonium sulfate core sizégge=34 nm, 53 nm,

73 nm) coated with adipic acid. In this subset of experiments,n the coating studies, three ammonium sulfate particles of

the adipic acid mass fraction was in all cases greater thamiametersdgore=34, 53 and 73 nm were coated with adipic

0.85. Under these conditions, the calculafedf the dual-  acid (coating thickness5—-34 nm, described as patrticle type

component aerosol particle is the same to within 10% as thg5) in Sect. 3.3). The CCN activity of the coated particles was

S. of a single-component adipic acid particle of equivalent measured as a function of the total particle size (ammonium

diameter (see Sect. 2.4). A plot §f as a function of wet  sulfate core + adipic acid coating). The results are shown in

adipic acid particle diameter is shown in Fig. 9. Data from Fig. 10 as plots of. as a function of total particle diameter.

4 5 6 7 8 9 2 3

Diameter of Dry Particle (nm)
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L s " L s Lo s L s
34 Kohler Theory for: L 34
— Insoluble but Wettable Substance
Adipic Acid
2 —— Ammonium Sulfate 3 24
Adipic Acid coated on Ammonium Sulfate:

-4 d.,,=34nm
=+ d.,,=53nm
| [Kohler Theory for:
| — Insoluble but Wettable Substance
Adipic Acid
3| — Ammonium Sulfate

Critical Supersaturation S (%)
© n o~

2 |Adipic Acid coated on Soot:
n

Critical Supersaturation S, (%)
© & oo~

Ind dcare =
0.1 [ -a dg,=102nm
1 - dg,,=135nm
14 01-|= d,,=181nm L
&l ]

w
IS
)
@
~1
@
©
N
w
~

§ =eo Dry Adipic Acid
64

Diameter of Dr; Particle (nm) 3 4 5 & 71 8 9 2 3
Diameter of Dry Particle (nm)
Fig. 10. S, plotted as a function of particle diameter for adipic acid
coated ammonium sulfate particles of sizegreE34 nm (black), Fig. 11. S, plotted as a function of the total particle diameter (soot
53 nm (green) and 73 nm (blue) The dashed lines are calculated usore + adipic acid coating) for adipic acid coated soot particles of
ing Kohler theory. sizes @ore=88 nm (diamonds), 102 nm (squares), 136 nm (trian-
gles), and 181 nm (circles). Also included are the results for dry
adipic acid obtained in this study (blue).

The solid orange and red lines in the figure are tligli€r

curves for pure adipic acid and pure ammonium sulfate, re- dt the ch in CCN activity wh .

spectively. The dotted lines are results of calculations usinésorlmsI ho (rjneaiug? €c _angetmd th ag. VIt wden anin-

modified Kohler theory, taking into account the combined oluble hydrophobic core 1S coated with adipic acid.
Figure 11 shows the measured critical supersaturations as

activity of the solution. ) . . L

| h th ted . ffat el a function of the total particle diameter (soot core + adipic
_neac csse, € uncoate lfamml;)lnlu? sy alle particle acsqiq coating). Our CCN activation measurements for dry
:;\]/atesh c:rr: the ?_rr}mpn[uT s”u at((ejo er lt.deo_rl}/h.'n?’ even adipic acid particles are included for comparison.

ﬁug th € plar :cte IS tnitia 3{ athry Stﬁl ) ‘ IS1S acase  pe points at the tops of the activation lines are soot par-
where the calcula ‘.aﬂ" IS greater than the waler vapor pres- yicjes coated with very thin layers<@ nm) of adipic acid.
sure at which particle deliguescence occurs (see Sect. 2.

A . Ifat icles deli dil d1th hese data points indicate that a very small layer of adipic
mmonium sultate particles detiquesce readily and theé wa-, 4 o3 3 CCN-inactive particle triggers CCN activation near

:ﬁr \:japl)_o r pressure in the CCNC Infstrument IS alwayﬁ "’:bc’\fgr above) the calculated critical supersaturations of a wet-
e deliquescence vapor pressure for ammonium sulfate. ble solid core (the black line in Fig. 11).

expected, with incrgasing adipic acid CO?“”Q thickpess, the As shown in the figure, the measured critical supersatu-
measured; values rise above the ammonium sulfaighier rations for adipic acid coatings on smaller soot core sizes

line and approach the adipic aciddKler theory line. The J =88 nm and 102 nm) aoproach the critical supersatura-
endpoints in the adipic acid coating studies presented heré core” ) app P

g ons measured for dry adipic acid. The particles activate at
are thes, data in Fig. 9. ) o ) ~_the deliquescence relative humidity DRH, & of adipic

We note that the vapor deposited adipic acid coating isacid. See Sect. 2.5. This suggests that the soot core acts as a
initially a dry solid. The results obtained here indicate that 5c5fold for the adipic acid coating and deliquescence is de-
the addition of a hydrophilic soluble compound to dry adipic termined by the total particle diameter. The soot-adipic acid
aciq eli_minates the effect of the deliques_cence barrier to CC'\barticIe acts as a pure adipic acid particle during CCN activa-
activation that was observed for pure single-component dnjjon pecause the adipic acid completely coats the soot core.

adipic acid. Here, the total size of the particle (and not the composition)
_ o _ governs CCN activation.
4.3.2 Soot coated with adipic acid The S, measurements for the larger soot core sizes

(dcore=136 and 181 nm) are displaced to the right of the dry
In this set of coating experiments, four soot particles of sizesadipic acid line. This indicates that the larger soot core sizes
deore=88 NM, 102 nm, 136 nm and 181 nm were coated withcoated with adipic acid do not activate according to either
adipic acid (described as particle type (6) in Sect. 3.3). Thethe deliquescence or the standardhier theory for adipic
uncoated soot particles generated by our hydrocarbon comacid. This observation seems to suggest that for these types
bustion source are CCN inactive in the supersaturation rangef particles, the soot core does not simply act as a scaffold for
of 0.07-3.7%. The CCN activity of the soot coated with the adipic acid coating. It appears that from the perspective
adipic acid was measured as a function of the adipic acidof CCN activation, the effective diameter of the larger soot
coating thickness<{3-75 nm). These experiments were per- particles coated with adipic acid is less than the measured
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particle diameter. At this time we do not have a verifiable ex-
planation for this observation. We suggest a possible reason
for this difference between the CCN behavior of the larger
and smaller coated soot particles as follows.

Since the soot itself is hydrophobic, water interacts only
with the adipic acid coated onto the soot. Therefore, only
the diameter of the adipic acid coating influences the CCN
activity of the coated particle (producing an effective diame-
ter). Itis possible that the smaller soot cores are coated more
thoroughly than the larger cores. A full coating yields an ef-
fective diameter equal to the total particle diameter. On the
other hand, a partial coating may produce adipic acid “is-
lands” with an effective diameter that is smaller than the to-
tal particle diameter. Other mechanisms related to shape and
fractality factors could be suggested to explain the difference
between small and large soot core sizes coated with adipic
acid and thus, th6. measurements for the larger soot parti-
cles remain unexplained.

5 Summary

The CCN activity of both dry and “wet” (deliquesced solu-
tion droplets) adipic acid particles and the effect of adipic
acid coatings on the CCN activity of soluble and insoluble

S. S. Hings et al.: CCN activation of adipic acid

(e.g. ammonium sulfate) to dry adipic acid particles
eliminates the effect of particle phase on CCN activa-
tion, in agreement with Bilde and Svenningsson (2004).

. An adipic acid coating on hydrophobic CCN inactive

soot particle yields a CCN active particle at atmospheri-
cally relevant supersaturations. For relatively small soot
cores lcore=88 nm and 102 nm), the CCN activity of
the coated particles approaches the deliquescence line
of adipic acid. This suggests that for coated soot parti-
cles in this range of diameters, the total size of the parti-
cle determines CCN activation and the soot core acts as
a scaffold for the deposition of adipic acid vapor. It ap-
pears that the CCN activation of larger coated soot cores
occurs at higher supersaturations than is predicted by
the deliquescence curve. It is hypothesized that larger
soot particles are only partially coated with adipic acid,
causing the mixed particles to be chemical composition
dependent, and not total particle size dependent as ob-
served for small soot core sizes.

Appendix A

CCN instrument calibration

particles were determined. The results of the experimentsy, yorform reliable CCN activation measurements requires

lead to the following conclusions:

1. In accord with earlier suggestions (Hori et al., 2003, an
Kreidenweis et al., 2006), the CCN activation of small
(dn <150 nm), dry slightly soluble organic particles is
governed by the deliquescence of the particles (where
Sqel> calculatedS,), and CCN activation follows the
deliquescence curve for the particles. For larger dry
particles, whereSye< calculatedS., CCN activation
follows the Kbhler curve. As expected, “wet” adipic
acid particles activate at the supersaturations predicte
by Kohler theory for all sizes measured in this study

an accurate knowledge of the relationship between the tem-
dperature differencdT along the CCNC column and the su-

persaturatiorS. This relationship is determined by calibra-
tion, using a well-characterized highly soluble inorganic salt,
such as (NH)>S0O, or NaCl. Previous studies have reported
a linear relationship between instrumefit and S at a flow
rate of 0.5L/min fordT >3 K. For smallerdT the relation-
ship becomes nonlinear (Rose et al., 2007; Droplet Measure-
ment Technologies, 2004). In order to obtain a larger range
8f supersaturations, we calibrate and operate the instrument
at flow rates between 0.5 L/min and 1 L/min. All of the mea-
surements done in this study were obtained with CCNC flow

(70-200 nm). rates near 1 L/min.

. A solvent-independent method for generating pure or- e calibration arrangement is similar to that shown in
ganic particles (via homogeneous nucleation) was usedi9- 5. Calibration was done with ammonium sulfate aerosol
for this study and found to provide results that were Particles generated by atomization of an aqueous solution of
more reproducible than those obtained in our experi-(NH4)2SOs.  The particles were dried to a relative humid-
ments as well as previously published experiments withity (RH)<10% by passing the aerosol flow through diffusion
particles produced by atomizing solutions. The ho- driers. A narrow monodisperse size distributiah ¢ 10%)
mogeneously nucleated particles were measured to b¥as obtained by passing the particles through two Differen-

nearly sphericalf < 1.2). These results suggest that tial Mobility _Analyzers (DMA | and D_MA II). The aerosol
the observed scatter in the published literature for theflow was divided between the CCNC instrument and the con-

CCN activity of adipic acid particles may be related to densation particle counter (CPC). Note that the CCNC counts
either the impurities in the solvents used or the inadver-the number of activated particles, while the CPC counts the
tent formation of non-spherical particles. total number of particles in the flow.

The following method was used to calibrate the CCNC in-
. The experiments with adipic acid-coated ammonium strument. Ammonium sulfate particles of a specific sizg) (
sulfate aerosol particles indicate that the addition of aflowed into the CCNC and CPC instruments. At a set value
small mass fraction of a hydrophilic soluble compound of dT, both the CCNC and the CPC particle counts were
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Kohler Critical Supersaturation (%)
Kohler Critical Supersaturation (%)
o
©
1
T

CCN Instrument dT (K) CCN Instrument dT (K)

Fig. Al. Calculated critical supersaturation as a function of CCN Fig. A2. Calculated critical supersaturation as a function of CCN
instrument dTfor a flow rate of 0.93 L/min. instrument dT for a flow rate of 1 L/min.
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