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The ubiquitous presence of organic compounds in tropospheric particles requires that their role in aerosol/
cloud interactions be accounted for in climate models. In this paper, we present studies that investigate the
hygroscopic behavior of organic compounds and their efficiency as ice nuclei. Specifically, results for soluble
and partially soluble dicarboxylic acids that have been observed in atmospheric aerosol are discussed. At
room temperature, we use a humidified tandem differential mobility analyzer (HTDMA) and a condensation
particle counter interfaced with a cloud condensation nuclei counter to characterize the water uptake behavior
of these acids. The HTDMA data agree quite well with modeled hygroscopic behavior. However, we find
that some of the compounds retain water to very low humidities, never exhibiting efflorescence. The studies
are extended to lower temperatures using a continuous flow ice thermal diffusion chamber to investigate the
role of these species in ice nucleation at cirrus conditions. Results suggest that ice formation occurs via
homogeneous nucleation for most of these acids, and that nucleation for these acids is not as efficient as that
for sulfate aerosol.

Introduction TABLE 1: Dicarboxylic Acid Solubility and Vapor Pressure

Atmospheric aerosols affect the earth’s radiation budget solubility in vapor
directly by absorbing and scattering solar radiation and indirectly . watef (mg/L)  pressure
by serving as cloud condensation nuclei and ice nuclei. While compound chemical formula at2s°c (Tor)
background and sea salt aerosols are composed largely ofoxalicacid ~ HOOC-COOH 2.2x 10 35x 10
inorganic species, a significant fraction of total fine particulate rsT:Jaclgiwi?: 22'% :88%:&2:2;?888'_' g'gi ig é'gi 1g7d
matter is composed of organics. For example, Chistermined glutaric acid Hooc—(CHi)i—COOH 16x 10 4.1x 10°6¢
that 15-25% of fine particulate matter was typically organic  adipic acid HOOG-(CH,),—COOH  3.2x 1* 1.5x 1077¢
in the Los Angeles Basin during the Southern California Air 2 CRC Handbook of Physical Properties of Organic Chemi¢als

QuaIiFy Study, and W_hite determined that organics _usually b Calculated for 3°C from Table 3 in Makat? ° Calculated for 30
constitute 26-50% of fine aerosol mass over the continental °c iy Ribeiro da Silva et ¢ @ Calculated for 3°C in Davies and

U.S2 Saxena et al.showed that organics can alter the water Thomasts
uptake behavior of inorganic aerosol both positively and
negatively and suggested that the hygroscopic behavior of
soluble organics needs to be investigated in the laboratory.
Organics may also constitute a significant fraction of atmo-
spheric aerosol even at high altitudeshich may be important

for ice formation in clouds. Indeed, induced ice nucleation by
monolayers of aliphatic alcohols has been repotted.

Rogge et af.identified more than 80 organic compounds in
atmospheric particles, including dicarboxylic acids. Dicarboxylic
acids have also been identified in cloudwater samples collected
at a high mountain range in central Eurdpe, the condensed
phase at a semi-urban site in the northeasterr? WSyrban
environments$;1°and in Arctic aerosol! In these measurements,
oxalic acid is often the most prevalent dicarboxylic acid,

Photochemical reactions are also an important source of
atmospheric dicarboxylic acids. For example, glutaric acid forms
via the photooxidation of cyclohexene and cyclopenténe.
Indeed, photooxidation is likely the dominant pathway to
formation, as measured atmospheric concentrations of dicar-
boxylic acids in Los Angeles far surpassed contributions from
direct emission&? and seasonal trends suggest that dicarboxylic
acids are largely produced in photochemical srhbg.
Dicarboxylic acids have relatively low vapor pressuifey’
and therefore are expected to partition to the condensed phase.
These acids are sufficiently soluble to be present in the water-
soluble fraction of atmospheric particl¥Solubilities and vapor
pressures are shown in Table 1.¥suggests that there is a
need for accurate laboratory studies to determine the cloud

fo'fx?ng?/e?jgnﬁe?nﬁ Zlijc?;:gfxaﬁcl:dzci ds are produced in condensation nuclei (CCN) activity of atmospherically relevant
9 y P organic acids. Cruz and Panffisshowed that glutaric acid

aut_om_oblle exhaust, as emissions from meat coolgng, an(_j aSparticles take up water above 85% RH and determined that
emissions from pyrolysis of plants and other organic material.

glutaric acid and adipic acid act as efficient CEN-urther, a
* Corresponding author. Colorado State University, Department of glutaric acid coating on ammonium sulfate increased the CCN

Atmospheric Science, Fort Collins, CO 80523-1371. E-mail: tony@ activity of ammonium sulfate aeros8las did coatings of other
aerosol.atmos.colostate.edu. Phone: (970) 491 8414. Fax: (970) 491 84830rganic specie%: Other laboratory studies indicate that highly
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1 - used. After size selection, the aerosol passes through the
el humidification system. Humidification is accomplished using

Dry=t—> % awg = OW;W room Perma Pure tubing (model MD-11@8S), with the sheath flow
Hisnd | |EF . operated at a desired humidity. Perma Pure tubing is imperme-
Air 2 3 B @ Filter :
; g8 able to particles, but allows water vapor to be transported from
& Dry Polydisperse the sheath flow to the aerosol. A size distribution is then taken
. Aerosol of the ‘wet’ aerosol using the second DMA (DMA 2) and second
- fmlfr . - particle counter (CPC 2). DMA 2 is operated with both flows
— Maintained DY humidified at 5 LPM sheath flow and 0.5 LPM aerosol flow.
it at 30 °C i‘:fa‘_hb The DMA channel width for DMA 2 at 100 and 50 nm was
Alr Jrish | pva 2 Honsidiiad DMA 1 4.2 and 1.9 nm, respectively. For these studigs, hygroscopic
Sheath growth must therefore exceedd% of the dry particle diameter

gry For each compound, the first size distribution in DMA 2 was
Wet  Perma Pure if;f;disp‘ taken at 5% RH. For adipic acid, succin.ic gcid: and oxalic acid
] Neat  Tubing  Acrosol measurements, the peak of the dry distribution fell near the

[ CPC 2 | M"m:gi [ CPC 1 ' desired size (50 or 100 nm). However, for glutaric acid and
malonic acid, particle evaporation caused a decrease in particle
diameter. For all compounds, the peak particle diameter

measured at 5% RH is used as the “dry” particle diameter for
hygroscopic growth calculations.

soluble organic compounds have critical activation diameters ~ The near-monodisperse aerosol was then exposed to increas-
near that of ammonium sulfatéwhile the less soluble adipic N9 relative humidity and particle diameter was monitored. The
acid has a significantly larger activation diameter. This suggestshumidity at the inlet of DMA 2 was measured for both the
that the ability for an organic compound to act as an efficient aerosol sample flow and the sheath flow using ROTRONIC
CCN correlates with its solubility. Finally, field measurements HydroClip humidity sensors (type S). Data are presented as a
indicate a strong correlation between CCN and oxalate con- function of the aerosol flow RH. The measured RH for the
centration®® suggesting that oxalate may play a role in sheath flow always fell within 2% of the RH for the sample
activating CCN. flow. These sensors are accurate 401.5% RH over the

In this study, we investigate the hygroscopic growth and ice humidity range studied. The uncertainty of the sensors is pooled
activation efficiency of five dicarboxylic acids: oxalic (ethane- With the fluctuations in the humidity measurements to produce
dioic) acid, malonic (propanedioic) acid, succinic (butanedioic) the errors bars in subsequent figures.
acid, glutaric (pentanedioic) acid, and adipic (hexanedioic) acid. ~ Organic-Electrolyte Thermodynamic Equilibrium Model.
The hygroscopic growth of submicrometer particles is investi- To compare the measured hygroscopic behavior to theoretically
gated using a humidified tandem differential mobility analyzer predicted growth, we have employed a semiempirical organic-
at 30°C and a condensation particle counter interfaced with a electrolyte thermodynamic equilibrium model proposed by Ming
cloud condensation nuclei counter at room temperature, and iceand Russel” This model uses group contribution method to
formation behavior is investigated using a continuous flow ice describe the behavior of organic molecules in terms of their
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Figure 1. Schematic diagram of the humidified tandem differential
mobility analyzer. RHS= relative humidity sensor.

thermal diffusion chamber at cirrus temperatures. functional group$® Empirical parameterizations were used to
_ _ fit a large range of experimental data for alkanes, alcohols,
Experimental Section ketones, carboxylic acids, and dicarboxylic acids with carbon

chains of varying lengths. This approach allows predictions of
the interactions of organic species in aqueous solutions with
other organic components and with inorganic salts by a self-
consistent incorporation of Pitzer interactions in the UNIFAC
framework?°3° The model determines the free energy of a
specified composition with varying amounts of condensed water

Humidified Tandem Differential Mobility Analyzer. The
humidified tandem differential mobility analyzer (HTDMA) has
been used previously in our laboratory to measure the hygro-
scopic growth of submicrometer inorganic particles. It has been
described fully® and will be described only briefly here. The
apparatus is shown schematically in Figure 1. Polydisperse,: X
submicrometer particles are generated from organic acid solu-IN Order to solve for the amount of water that will condense at
tions using a TSI 3076 atomizer. The aerosol is then heated, SPecified relative humidity.
dried, and diluted with dry air before entering the experimental ~ This calculation predicts both the composition of the aerosol
chamber. For some studies, two heaters and two driers wereparticle at equiliborium with a specified humidity and the free
employed to ensure complete drying. For all experiments, this energy of that system. In the uptake of water by particles
drying procedure produced conditions©5% relative humidity multiple equilibria exist in the hysteresis region of the hygro-
(RH) at 30°C. scopic growth curve. In this region, particles follow the lower

The experimental chamber, which includes everything de- (dry) branch as they deliquesce and then take up water, but as
scribed hereafter, is maintained at qD. Prior to exposing the ~ water evaporates with decreasing relative humidity they tend
dry aerosol to humidified air, a size distribution is determined to follow an upper (wet) branch of equilibria until they reach
using the first differential mobility analyzer (DMA 1) and the point at which they effloresce or crystalliZeThus we have
condensation particle counter (CPC 1) to ensure sufficient used the equilibrium model to predict the conditions under which
particle production. DMA 1 is operated at 15 LPM sheath flow metastable equilibria exist, providing descriptions of the ex-
and 1.5 LPM aerosol flow. The desired particle size is then pected behavior of both the deliquescence and efflorescence
selected using DMA 1, producing a near-monodisperse aerosol.equilibrium branches. However, the model cannot be used to
For these studies, particle diameters of 100 and 50 nm wereevaluate when metastable states form. In the case of the
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Figure 2. Schematic diagram of the continuous flow ice thermal
diffusion chamber.
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efflorescence branch, the point at which crystallization occurs
is unknown and must be measured experimentally.

Cloud Condensation Nuclei Counter. A condensation
particle counter (TSI 3025A) interfaced with a cloud condensa-
tion nuclei counter (modified Mee Industries, model 130) are
used to investigate hygroscopic growth above water saturation.
Particle generation and size selection are the same as for the
HTDMA setup, with only 100 nm diameter particles being T ' '
studied. The dry, size-selected aerosol flow is sent to the 50 60 70 80 90 100
condensation particle counter (CPC), which measures condensa- Relative Humidity (%)
tion nuclei (CN) concentrations, and to the cloud condensation Figyre 3. (a) Sample HTDMA data for ammonium sulfate aerosol at
nuclei (CCN) counter. In the CCN counter, particles are exposed 30 °C. At 5% RH (open circles), the 100 nm aerosol sample is
to humidities above water saturation, and laser light scattering crystalline. As relative humidity is raised to 73% RH (solid squares),
from the aerosol is monitored using a CCD video camera. Prior the aerosol remains crystalline at = 1. Increasing the relative
to activation as cloud droplets, the particles are too small to be umidity slightly further, to greater than 77% RH (solid triangles),

. . - induces deliquescence, causing the aerosol to take up a significant
detected using the video camera. Upon activation, however, theamount of water such thar = 1.46. (b) HTDMA data for ammonium

particles grow to sizes which are large enough for detection. gifate aerosol at 36C. A deliquescence transition is observable at
The number of activated particles is then determined from 77.5% RH. Also shown as a solid line is the predicted ammonium
frame-by-frame analysis of the videotape and knowledge of the sulfate deliquescence poifiand the hygroscopic growth predicted using
sample volume. Using this method, the ratio of CCN/CN can Kohler theory.
be determined for each compound over a range of water
supersaturations. given temperature, and particle size is monitored at the outlet
Continuous Flow Ice Thermal Diffusion Chamber. The of the CFDC usi_ng an optical particle counter (Climet 7350A).
continuous flow ice thermal diffusion chamber (CFDC) has been The optical particle counter detects particles greater than 0.4
used previously to measure ice formation from submicrometer #m in diameter. Upon reaching a size which is significantly
particles® and the experimental technique will be described larger than expected for hygroscopic growth at below water
only briefly here. Particle generation and size selection are the Saturation, the aerosol is considered only to have been able to
same as for the HTDMA setup, with 50 and 100 nm diameter have formed ice. The cutoff diameter used in these studies is
particles studied. The dry aerosol is first sent through a ;.3 microm.eters. Particle .growth is sufficie.ntly. fast that.there
precooler, operated at approximatel@5 °C, which effectively is enough time fpr ice particles to grow to th.IS size Whllg in the
removes any excess water vapor from the aerosol flow. The CFDC. By knowing the number of part|cles introduced into the
aerosol then enters the CFDC, shown schematically in Figure CFDC, and the number of ice particles formed, the percentage
2. The CFDC consists of an annular gap between two ice coatedof particles that nucleate ice can be determined. Results are
vertical cylinders. A laminar flow of aerosol passes through this "eported as a function of ice relative humidity. Specifically, we
annular space between two flows of dry, particle-free sheath report the humidity at which-1% of the particles form ice.
air. The sheath flow constrains the aerosol to a region of well-
defined temperature and humidity, which is determined by the R€sults
temperatures of the ice-covered walls and the location of the Humidified Tandem Differential Mobility Analyzer. The
aerosol sample. Wall temperatures are measured using an arrajfygroscopic growth factdd* gives an indication of the amount
of thermocouples placed along the length of the CFDC. The of water absorbed by the particles and is calculated thusly:
ice-coated walls are held at different temperatures, allowing for = Dye/Dgry, whereDyetis the diameter of the particle after being
humidities well above ice saturation. The maximum ranges of exposed to the enhanced humidity @gly is the dry droplet
RH and temperature across the lamina in these studies are 0.8%liameter, as determined from DMA 2 measurements 5%
RH and 0.7°C, respectively. Measurement precision is 0.6% RH. If the aerosol remains dry, the particles do not grow with
RH and 0.7°C 32 increasing humidity, an®* = 1. Upon reaching the deliques-
Upon nucleation of ice, particles grow rapidly as additional cence point, the particles take up water causing an increase in
water vapor is transferred to the frozen particles. For a given D*. Ammonium sulfate was used to test the experimental setup
experiment, relative humidity is incrementally increased at a because of its well-known deliquescence point. Figure 3a shows
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Figure 4. HTDMA data for 50 nm (solid triangles) and 100 nm (open  Figure 5. HTDMA data for 50 nm (solid circles) and 100 nm (open
triangles) diameter adipic acid, and 50 nm (solid diamonds) and 100 cjrcles) diameter oxalic acid aerosol. Particle growth is evident above
nm (open diamonds) diameter succinic acid particles. The particles do ggoy, RH. Also shown are predicted deliquescence points and the
not undergo a deliquescence transition over the humidity range studied,efforescence branch of the growth curve for oxalic acid (dashed line)
and soD* = 1. The solid line indicates no water uptake. and oxalic acid dihydrate (dashedotted line), based on the organic-
electrolyte model. The solid line indicates no water uptake.
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an example of HTDMA data for ammonium sulfate before and
after deliquescence. In the figure, the size distribution for the particles. The thermodynamic model predicts a deliquescence
crystalline aerosol at 5% RH peaks near 100 nm. Relative relative humidity of 99% for oxalic acid particles, and so we
humidity is increased to 73% RH, and no change is observeddo not expect to see water uptake over the humidity range
in particle diameter, indicating the aerosol remains crystalline. studied. However, Figure 5 clearly shows oxalic acid particle
The small change in number density results from fluctuations growth with increasing relative humidity. This behavior could

in the atomizer output. Increasing the humidity slightly further result if the particles did not effloresce when driedt6% RH,

to greater than 77% RH results in a large shift in particle size, so that the “dry” particles are actually concentrated solutions.
indicating deliquescence. Our measured deliquescence relativeA recent electrodynamic balance study indicated similar be-
humidity falls slightly below what has been recently measured havior for citric acid, glucose, and sorbitol, which also did not
for ammonium sulfaté€®3*however, the data do agree with these exhibit deliquescence or efflorescence behavior when exposed
previous measurements within the experimental uncertainty of to varying humidities from 5 to 90% REf. The hygroscopic

the RH measurements. These data yi@d = 1.46 for behavior of the efflorescence branch of oxalic acid solution
ammonium sulfate at77% RH. Hygroscopic growth measure- particles can be predicted using the model, as shown as a dashed
ments made over the range of-582% RH are shown in Figure  line in Figure 5. The measured growth factors are significantly
3b, along with the hygroscopic growth predicted usinghk€o lower than the modeled behavior. One possible explanation is
theory, with critical data as listed in DeMott et3land water that liquid phase diffusion may be very slow in the concentrated,
activity from Clegg et afé The figure shows good agreement and possibly viscous, dicarboxylic acid solutions. If this is the

between measurements and theory. case, all of the water may not have sufficient time to leave the
HTDMA studies were conducted for 50 and 100 nm diameter particles during drying, causing the “dry” diameter used for the

particles for adipic acid aerosol over the range 0f93% RH hygroscopic growth calculations to be in error. Furthermore,

and for succinic acid aerosol over the range of-92% RH. slow liquid-phase diffusion would not allow the equilibrium state

Results from these measurements are shown in Figure 4. Forto be reached when the humidity is increased during particle
both of these compoundB* does not change as humidity is  growth. Both effects would result in smaller hygroscopic growth
increased, indicating that their deliquescence points at@G0 factors than predicted by the model.
are outside of the humidity range studied. This agrees well with  Data from Baxter and LansiAgindicate that below 5% RH
predictions from the semiempirical equilibrium model, which oxalic acid will be anhydrous, but at and above 11% RH oxalic
predicts a deliquescence point of approximately 99% RH for acid dihydrate will form. Therefore, modeling calculations are
both compounds. also presented in the efflorescence region for oxalic acid
In the adipic acid and succinic acid studies, there was no dihydrate. The similar deliquescence points for oxalic acid and
clear evidence of water uptake below 93% relative humidity. oxalic acid dihydrate result from similar solubiliti€s3°as well
Nonetheless, there was still some variability in the diameters as from the fact that above 11% RH only the dihydrate is stable.
measured by DMA 2. This variability is used as an indication Water uptake characteristics are also comparable, with a smaller
of the uncertainty in our size measurements. On the basis ofgrowth factor predicted for the dihydrate. This results primarily
the assumption that particle diameter should not change overfrom the difference in densities between the anhydrous and
the humidity range studied for adipic acid and succinic acid, dihydrate forms. The efflorescence branch of the growth curve
we determined that one standard deviationfor D* is 0.015. predicted by the model for oxalic acid dihydrate is shown as a
We used three standard deviations from these measurementslashee-dotted line in Figure 5, which agrees very well with
as an indication of our uncertainty Dt for oxalic acid, glutaric our observations. Although these data indicate that oxalic acid
acid, and malonic acid measurements. This value corresponddlihydrate plays an important role in water uptake at room
well with the minimum growth that can be measured in our temperature, it is unclear if the dihydrate will be equally
system, based on the channel width in DMA 2. Other factors important at the lower temperatures used for the CFDC studies,
may also contribute to the uncertainty . However, only discussed below.
this 3u uncertainty is included in the figures. Malonic acid aerosol was studied in the HTDMA over the
Oxalic acid aerosol was studied in the HTDMA over the humidity range of 56-93%. In contrast to the acids previously
humidity range of 4591% with 50 and 100 nm diameter discussed, the particle size measured for malonic acid in DMA
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Figure 6. HTDMA data for 100 nm diameter malonic acid aerosol. . . . .

Particle growth is evident throughout the humidity range studied. Also F19uré 7. HTDMA data for 100 nm diameter glutaric acid aerosol.

shown are the deliquescence point and water uptake curve (dashed line artlcle_ growth IS evident throu_ghout the humidity range studied. Al$°

predicted by the model, including the efflorescence branch of the growth >noWn is the deliquescence point and water uptake curve (dashed line)

curve (dasheddotted line). The solid line indicates no water uptake. predicted by the model, including the efflorescence branch of the growth
curve (dasheddotted line). The solid line indicates no water uptake.

2 at 5% RH was not 100 nm, but ratheB5 nm. As for all of ~ TABLE 2: Brief Summary of Results from HTDMA Studies
the compounds, the measured particle size is used for growthfor 100 nm Particles

calculations. This difference results because malonic acid

. > A . predicted observed D* D*
partially evaporates after being size selected in DMA 1, but deliquescence deliquescence 80% 90%
before reaching DMA 2. Dicarboxylic acids have relatively low  compound RH RH RH RH
vapor pressures. However, the vapor pressure of malonic acidgyaic acid 99% efflorescence brafich  1.17 1.43

is sufficiently high4 that evaporation occurs upon dilution with  majonic acid 71% efflorescence braaich 1.37 1.73
dry air in the DMAs. Indeed, evaporation was such a large factor succinic acid 99% no water uptake observed 1.01 1.01
that neither HTDMA nor CFDC measurements could be taken 9glutaric acid 92% efflorescence brafich ~ 1.15 1.29

for 50 nm particles, as much of the particle mass went into the 2diPic acid 99% no water uptake observed 1.00 1.00

gas phase. The vapor pressures for succinic acid and adipic acid 2 Indicates that water was associated with the particles below the
are significantly lowet? such that evaporation was not a major deliquescence relative humidity and in the efflorescence branch of
factor. Oxalic acid, discussed previously, also has a high enoughhygroscopic growth.
vapor pressure that some evaporation was expected, but it was
not observed. This may have resulted due to the presence ofgain result from slow liquid-phase diffusion in the more
oxalic acid dihydrate. concentrated particles. Significant growth is not evident until
The semiempirical organic-electrolyte model predicts that reaching humidities of greater than 85%. Cruz and P&hdis
malonic acid will deliquesce at 71% RH, significantly lower reported no water uptake by glutaric acid below 80% RH, and
than any of the three previously discussed dicarboxylic acids. @ hygroscopic growth factor of approximately 1.1 at 85% RH,
The data for malonic acid are shown in Figure 6, along with indicating a deliquescence transition. This suggests that these
model calculations for 100 nm particles. The predicted behavior authors were able to dry their particles sufficiently to crystallize
for 85 nm diameter particles is very similar to calculations for glutaric acid prior to humidification. At higher humidities there
100 nm diameter particles, so only results for 100 nm diameter iS poor agreement between the current study and that of Cruz
particles are presented. The data indicate that the malonic acid@nd Pandig? as they did not report significant increasedih
particles did not exhibit a clear deliquescence transition, but With increasing humidity. As noted, a major difference between
rather gradual growth. As noted above, this behavior may resultthese studies is that Cruz and Pandis were able to completely
if the malonic acid aerosol retains water when initially dried to dry their particles, whereas we were not. Further, particle
5% RH. The efflorescence branch in the hysteresis region for €vaporation, which clearly has the potential to affect measured
hygroscopic growth and evaporation predicted by the model is Size distributions, was observed in both studies.

shown as a dashedlotted line. The data match the model well, Data for all of the compounds.are summarized in Table 2. In
suggesting that 5% RH is above the efflorescence point of the table, measured hygroscopic growth factors are presented
malonic acid. for each compound at 80% RH and 90% RH. Also given are

Glutaric acid has only a slightly lower vapor pressure than the observed deliquescence behavior and the predicted deli-
malonic acid, and again evaporation occurred. Semivolatile guescence points of the compounds based on the thermodynamic
behavior of glutaric acid has also been reported in field model.
measurement¥. For this reason, hygroscopic growth factors Cloud Condensation Nuclei Counter.CCN measurements
were not obtained for 50 nm particles. For 100 nm particles, were made for 100 nm diameter dicarboxylic acid particles at
the semiempirical organic-electrolyte model predicts deliques- ~20 °C. Data are presented as the fraction of particles which
cence at 92% RH. There is reasonable agreement between thactivate as cloud droplets, CCN/CN, as a function of water
measured values @* and the hygroscopic behavior predicted supersaturation S=RH — 100). Figure 8 shows CCN data
by the model, as shown in Figure 7. Once again, growth is for malonic acid particles, with a sigmoidal fit to the data shown
evident at humidities below the deliquescence point. The as a solid line. The supersaturation at which 50% of the particles
relatively good agreement between the data and the modelactivate as cloud droplets, or CCN/GNO0.5, is denoted with
suggest that glutaric acid did not completely dry out at 5% RH, a dashed line. It is this value, % = 0.24% for malonic acid,
and so we place a limit 0<5% RH on the glutaric acid  which is taken as the measured critical supersaturation. It can
efflorescence point. The poorer agreement at low RH’s may be seen from the figure that the measurements were not carried
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Figure 9. Succinic acid activation supersaturations as a function of
particle diameter from this study (open diamond) and from the study
by Corrigan and Novakd¥ (filled circles).

Figure 8. CCN data for 100 nm diameter malonic acid particles. The
solid line is a sigmoidal fit to the data, which allows for determination
of the supersaturation at which half of the particles have activategs. SS

For malonic acid, S0 = 0.24%. TA_IZLE 3: CCN Activity for 100 nm Diameter Dicarboxylic
Acids?

out to complete particle activation. This resulted due to an initial theoretical critical measured critical
error in the calibration of the illuminated sample volume. This compound supersaturation supersaturation
problem was corrected after the data were collected, and an —

- - oxalic acid 0.20% 0.44%
accurate calibration was used to analyze the measurements. As ., ©.." g 0.23% 0.24%
a result, data were collected for CCN/CN ratios of 0.0 to 0.8.  gyccinic acid 0.25% 0.21%
We do not believe that this affects our ability to accurately glutaric acid 0.28% 0.32%
determine values for $8o. adipic acid 0.30% 1.0%

The measured supersaturations can be compared to theoretical a pata are for 20°C. Parameters needed for calculations are taken
supersaturations for these compoundshléo theory predicts from the CRC Handbook!
activation supersaturations based on two processes which affect
the vapor pressure over a particle: the Kelvin effect, which from our study is expected, as we investigated smaller particles.
increases vapor pressure due to the curvature of the particle For succinic acid, Corrigan and Novakédetermined activation
and the Raoult effect, which decreases vapor pressure due taliameters at three supersaturations. The supersaturations/
the presence of soluble components. Upon reaching this criticaldiameters investigated in their study did not correspond well
supersaturation, the particles are expected to grow as long aswith the supersaturations/diameters investigated in our study.
this humidity is maintained. We used a simplified version of However, the trend in their data agrees well with ours, as shown
Kohler theory, as described fully in Cruz and Parfdisp in Figure 9.
determine theoretical supersaturations. The simplified version The theoretical value of 0.20% for 100 nm diameter oxalic
of Kéhler theory assumes that the solution is dilute, that the acid particles varies significantly from the experimentally
osmotic coefficientel, and that solution surface tension and determined supersaturation of 0.44%. As noted above, HTDMA
bulk density are equal to those of pure water. We used a valuedata suggest that oxalic acid particles may retain a significant
of 0.073 J m? for surface tension at 20CA*! For these amount of water when dried t65% RH. If so, the dry diameter
calculations, we must also assume a value for the averageused for the calculations here could be overestimated, resulting
number of ions into which a solute molecule dissociateShe in a theoretical critical supersaturation which is lower than the
dissociation constants for these compounds are relatively small,observed critical supersaturation. However, this alone is not
and so we assume = 1. Of the compounds studied, oxalic sufficient to fully account for the differences in the theoretical
acid has the largest dissociation constant, with a value 0k5.9 and measured values. Another factor may result in the time scale
1072, 41 from which we determined a slightly larger valueiof for particle growth. As noted above, liquid diffusion in the
= 1.21. Using this fractional value for changes our theoretical  concentrated oxalic acid particles may be sufficiently slow that
supersaturation for oxalic acid from 0.20 to 0.18%. This small the particles may not activate as cloud droplets in the time frame
change in predicted supersaturation does not alter the interpretaof the experiment, further increasing the observed critical
tion of our results. supersaturation. Oxalic acid may also convert to oxalic acid

Values for experimental and theoretical supersaturations aredihydrate. This conversion may be at least partially responsible
tabulated in Table 3. There is good agreement between thefor the disagreement. However, using parameters for oxalic acid
theoretical and measured values for malonic acid, succinic acid,dihydrate to calculate a theoretical supersaturation, we deter-
and glutaric acid, indicating that Ker theory can be success- mined a theoretical critical supersaturation of 0.25%, still not
fully applied to these relatively soluble organic compounds. in agreement with the experimentally determined value. It is
These data can also be related to comparable studies which havenclear what other factors may play a role.
investigated CCN activity of these compounds. However, inthe  Our data suggest that a supersaturation of 1.0% must be
related studies, dry particle diameter was incrementally increasedreached for 100 nm adipic acid particles to activate. This
while holding supersaturation constant, so a direct comparisondisagrees greatly with our theoretical value of 0.30%. However,
cannot be made. For example, Cruz and Pahtiisld super- adipic acid is the least soluble of the compounds studied (see
saturation constant at 0.3% and determined an activationTable 1), and so it may diverge significantly from theoretical
diameter of 111 nm for glutaric acid particles. This correlates values expected for soluble particles. Our measured supersatu-
well with our data for which 100 nm diameter glutaric acid rations are also significantly higher than previous measurements
particles activated at 0.32%. The slightly higher supersaturation by Cruz and Pandi&, who determined an activation diameter



11246 J. Phys. Chem. A, Vol. 105, No. 50, 2001 Prenni et al.

180 T L I
\l |
. i |
175 \glter Saturation ! i o ]
170 A it '
\ : L X R
165 - . 165 N T ——
- : o
s A \» = HZSQ\‘ 2 *
£ 160 N % 160 |- omas0n N . O\ -
g 4 \o 5 g \
= A = N\, ~
T 155 E 155 %
° . HSO -
g A A g ’ NB{ 4 ™
< 150 A B 150 <
&~ \ i Y %,
8 \ (-1 k-4 hy
= 145 8 15 X N
N
\ \:U%RI'[ \\_\90%“ \
140 140 _ A | - —_—
. . '\\
135 135 Y N .
\\. \\\
130 130 I =
-70 -60 -50 -40 270 -60 =50 -40
0,
Temperature ("C) Temperature (°C)

Figure 10. Ice nucleation data for 50 nm (diamonds) and 100 nm
(triangles) diameter adipic acid aerosol. Data are presented for the
humidity conditions in which 1% (solid symbols) and 10% (open
symbols) of the particles formed ice. Also included are values for water
saturation.

Figure 11. Ice nucleation data for 100 nm diameter adipic acid (open
triangles), succinic acid (open diamonds), oxalic acid (open circles),
glutaric acid (asterisks), and malonic acid (open squares) particles. Data
are presented for the conditions in which 1% of the particles formed
ice. The dashed line represents a polynomial fit to all of the dicarboxylic

of 115 nm for 0.3% supersaturation. and by Corrigan and acid data. The black error bar indicates deviation from the fit. The
-570 SUp ! y g gray error bar indicatessluncertainty for sulfuric acid measurements.

NovakovZ4 who determined an activation diameter of 116 nm  Ajso included are fits to data for 100 nm inorganic particles, as well
for 0.5% supersaturation. Despite these disagreements, data froms values for 80% RH, 90% RH, and water saturation.
our CFDC studies, discussed below, support the assertion that
adipic acid may behave quite differently from the rest of the If the particles remain crystalline, they may nucleate ice by
dicarboxylic acids, with less water uptake at high humidities. serving as heterogeneous ice nuclei. In this case, ice nucleation
Continuous Flow Ice Thermal Diffusion Chamber. Ice may be surface-area-dependent or dependent on surface active
nucleation measurements were made for dicarboxylic acids oversites, both of which favor ice nucleation of larger aerosol
the temperature range 645 to—60 °C using 50 and 100 nm  patrticles. Finally, not surprisingly, a higher humidity is needed
diameter particles. In these studies, a near-monodisperse asto freeze 10% of the particles than 1% of the particles. For
sembly of particles is introduced into the CFDC, and humidity several of the acids at lower temperatures, the relative humidity
is incrementally increased to well above ice saturation. Upon needed to freeze 10% of the particles exceeds that for which
freezing, vapor transfer to the particles causes particle growth, convective stability is satisfied in the chamber at the flow rates
which is observed using an optical particle counter. Freezing chosen for these studies. Further, distinction between ice crystals
temperature results are presented as a function of relativeand large, liquid-grown particles is more tenuous above water

humidity with respect to ice, Rk, where RKte = (Pchambek saturation. Because of these limitations, we focus on results for
Pice) x 100.PchamberS the vapor pressure in the aerosol lamina 1% of the particles frozen.

at the experimental temperature, &gk is the vapor pressure Figure 11 shows a summary of the freezing data for 100 nm
over ice at this same temperatite. particles. Included in the figure are fits to data collected

Data for ice nucleation from adipic acid aerosol are shown previously in our laboratory for ice nucleation from 100 nm
in Figure 10. Data are presented for both 50 and 100 nm patrticlesparticles composed of sulfuric acid {80O;], ammonium sulfate
and for 1% and 10% of the particle number frozen. From these [(NH4).SOy], and ammonium bisulfate [NHHSOs] solution
data, several trends are apparent. First, higher ice relativeparticles3? These inorganic particles constitute a large fraction
humidity conditions are needed for freezing as temperature of background aerosol in the upper troposphere and likely play
decreases, similar to trends seen for inorganic solution particlesa major role in cirrus formation. They therefore provide an
(e.g., refs 32 and 43). Second, freezing humidities for 50 nm important reference against which to compare the current results.
particles are slightly higher than for 100 nm particles. This may Also included in the figure are values for 80% RH, 90% RH,
result from a number of factors. If the particles deliquesce, they and water saturation. At some point above water saturation, gas
will take up water and grow, with higher humidities needed for phase water is expected to condense on even relatively insoluble
dilution of 50 nm particles than for 100 nm particles due to the particles, producing particles that can rapidly freeze. The extent
Kelvin effect. Further, homogeneous ice nucleation from to which ice nucleation occurs below water saturation is thus
solution particles is volume-dependent, with larger particles an indication of the ability of the aerosol to induce cirrus
freezing more readily than smaller particles of the same formation.
composition. However, HTDMA studies at 3€ suggest that For the 100 nm dicarboxylic acid particles, the acids exhibited
very high humidities are needed for adipic acid deliquescence. relatively similar behavior for ice nucleation. This is surprising,
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TABLE 4: Brief Summary of Results from CFDC Studies 180
for 100 nm Particles

\ Water Saturation

ice saturation ice saturation 175
compound at—45°c at—55°c
oxalic acid 154% 169% 170 -
malonic acid 152% 168%
succinic acid 153% 164% 165 |
glutaric acid 150% 163%
adipic acid 150% 158%

160

as the compounds had very different water uptake characteristics
at 30°C, and so the composition of these compounds may be
very different for a given humidity. For comparison, the ice
saturation needed for freezing is given for each compound at
two temperatures in Table 4. It can be seen that the least soluble
adipic acid particles seem the most efficient at forming ice. This
may result if the adipic acid particles nucleate ice by a 145 1
mechanism different from the other acids. This is consistent

with the CCN studies, which showed that 100 nm diameter 140 N T
adipic acid particles needed to reach 1.0% supersaturation before N :
activating as cloud droplets at 2€. If adipic acid remains 135 - T
solid at low temperatures, ice nucleation may result from a \ k
heterogeneous process. Figure 11 shows that, in general, ice 130
nucleation from organic aerosol is not as effective as ice -70 -60 -50 40
nucleation from sulfate solution particles a#5 to —60 °C, Temperature (°C)

particularly at the Iowler. temperatures. This may result in part Figure 12. Ice nucleation data for 50 nm diameter adipic acid (solid

from a decreased efficiency in water uptake for some of the riangles), succinic acid (solid diamonds), and oxalic acid (solid circles)
organic particles. For comparison, at 30 and 90% RH, the  particles. Data are presented for the conditions in which 1% of the
hygroscopic growth of ammonium sulfate is such tbat = particles formed ice. Also included are fits to data for 50 nm inorganic
1.7, while values fob* for the dicarboxylic acids are generally ~ particles, as well as values for 80% RH, 90% RH, and water saturation.
lower (see Table 2).

A second-order polynomial is fit to the data to determine a solution data are also shown. Only data for adipic acid, succinic
relationship for ice formation humidity as a function of acid, and oxalic acid were collected, due to evaporation of the
temperature for each of the acids studied. In all cases, a valuemalonic acid and glutaric acid particles. The trends are similar
of 2.1% RH.e or less is determined foro]l and a value of 1.1% to that for 100 nm particles, with nucleation occurring at
or less is determined fowdfor 4 out of 5 of the acids. A second- Somewhat higher relative humidities. The data show that oxalic
order polynomial is also applied to the dicarboxylic acids, acid and succinic acid are not effective at nucleating ice until

155

150

Ice Relative Humidity (%,

treating the acids as a group: reaching approximately water saturation, while adipic acid again
stands out slightly as the most effective acid in forming ice.
RH;..= The size dependencies of nucleation may be partially responsible

(—0.0093)x temp(C)? — (2.0494)x temp(C) + 78.005 for the poor nucleating ability of these small particles. The
Kelvin effect may also play a role, as higher humidities must
The fit is shown as a dashed line in Figure 11. Also shown be reached for dilution of these compounds than for their 100
is the value for & for all of the data, 3.4% Rk, shown as a nm counterparts.
black error bar at-55 °C. For comparison, a gray error bar at
—55 °C indicates an estimate otr¥for H,SO, measurements,  symmary and Conclusions
based on fits to the freezing point depression paramétér,
While there is some overlap in the uncertainty in the measure- The hygroscopic behavior of several dicarboxylic acids has

ments, the dicarboxylic acid fit is distinct from,80;. This been measured. The two least soluble samples studied, adipic
difference is further evident when the relatively insoluble adipic acid and succinic acid, did not exhibit any water uptake up to
acid is not included in the dicarboxylic acid fit. Koop et*4l. ~ 93% RH at 30°C, consistent with the predicted deliquescence

suggest that ice nucleation depends strongly on solution activity, point of 99% RH. Adipic acid particles also did not readily
which may be applicable to our studies. Unfortunately, to our activate as cloud droplets until reaching 1.0% supersaturation.
knowledge, low-temperature activity data do not exist for Succinic acid particles, on the other hand, activated at 0.21%
dicarboxylic acids, and so the data cannot be analyzed in thissupersaturation. These data suggest that these compounds are
context. Previous studies have also related ice formation not likely to exhibit hygroscopic growth under most humidity
conditions to the parametet,324345 which relates the ice  conditions, although they may play a role in developing haze
nucleation point depression in particles to the bulk melting point particles after they have been processed by a cloud.
depression for solutions. However, as is the case for water The remaining compounds, oxalic acid, malonic acid, and
activity, sufficient melting point depression data are not readily glutaric acid, each absorbed water at a lower relative humidity
available for these compounds, and the ice nucleation pointthan the deliquescence relative humidity predicted by the model.
depression compared to equivalent-sized pure water particlesThese particles did not appear to effloresce during drying, even
cannot be computed due to the lack of water activity data, so though they were dried to less than 5% RH. This suggests that
such an analysis is not yet possible. once wetted in the atmosphere, these compounds are likely to
Ice nucleation conditions for 50 nm organic particles are remain as metastable solutions. For all three compounds, water
shown in Figure 12. For comparison, fits to 50 nm inorganic uptake was similar to that for inorganic particles at high relative
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humidities. Further, malonic acid and glutaric acid particles (5) POp%vitZ—Biro, R.; Wa;]ng, J. L.; Majewski, J.; Shavit, E.; Leiser-
readily activated as cloud droplets &0.3% supersaturation, ~ OWitz, L; Lahav, M.J. Am. Chem. S0d.994 116 1179-1191.

hil y l id icl P . d 0 pl' htlv hiah (6) Rogge, W. F.; Mazurek, M. A.; Hildemann, L. M.; Cass, G. R;
while oxalic acid particles activated at a slightly higher —gjnoneit, B.'R. T Atmos. Eniron. 1993 27A 1309-1330.
supersaturation of 0.44%. Particles made of pure oxalic acid,  (7) Puxbaum, H.; Limbeck, A. Scavenging of Organic Aerosol

malonic acid, or glutaric acid could thus play a role in haze Constituents in Supercooled Clouds. Presented at the 13th International
formation and visibility reduction Conference on Clouds and Precipitation, Reno, NV, 2000.

. . . . (8) Khwaja, H. A.Atmos. Enmiron. 1995 29, 127-139.
In the atmosphere, the dicarboxylic acids are likely to be (9) Kawamura, K.; Ikushima, KEnuir. Sci. Technol1993 27, 2227

internally mixed with an inorganic component. The presence 2235,
of these acids may affect the inorganic particle’s hygroscopic  (10) Kawamura, K.; Kaplan, I. REnuir. Sci. Technol1987 21, 105~

havior. In Ansari and Parflisalcul hat the organi ) )
behavio deed, Ansari a d. aﬁam culated that the orga C (11) Kawamura, K.; Kasukabe, H.; Barrie, L. Atmos. Emiron. 1996
component may absorb a significant amount of water relative 35"1709-1722.
to the inorganic component at low relative humidities and high  (12) Grosjean, D.; Cauwenberghe, K. V.; Schmid, J. P.; Kelley, P. E ;
organic fractions. Further, Lightstone et*lshowed that the Jar(n%S) N. Pitts, Enulron._lim- Technol1978 12, 3lk3—317. c o

it ini i ; ; 13) Rogge, W. F.; Hildemann, L. M.; Mazurek, M. A.; Cass, G. R.;
addltlon of s_uccmg: |§C|d caused a sllgh('; thalgreas(? mhthe Simoneit, B. R. T.J. Geophys. Re4996 101, 19379-19394.
ammonium nitrate deliquescence point, and field studies have ™ 14) Siiva, M. A. V. R. d.; Monte, M. J. S.; Ribeiro, J. B. Chem.
shown a strong positive correlation between oxalate concentra-Thermodyn1999 31, 1093-1107.
tions and CCN in low altitude cloud8 Other dicarboxylic acids 19;15) Davies, M.; Thomas, G. Hirans. Faraday Soc196Q 56, 185~
remain to be investigated. i
. . . . (16) Bradley, R. S.; Cotson, S. Chem. Socl953 1684-1688.

HTDMA_data_ at 30°C suggest that oxz_allc acid, mgl_onlc acid, (17) Makar, P. AAtmos. Eniron. 2001 35, 961-974.
and glutaric acid all take up water readily at humidities greater  (18) Saxena, P.; Hildemann, L. M. Atmos. Chen.99§ 24, 57—109.
than 90% RH, and so ice nucleation in these particles likely ~ (19) Yu, S.Atmos. Res200Q 53, 185-217.
occurs from solution particles via homogeneous nucleation. Ice _(20) Cruz, C. N.; Pandis, S. NEnuir. Sci. Technol200Q 34, 4313~
formation from succinic acid occurred under similar conditions, (21) Cruz, C. N.; Pandis, S. Mtmos. Emiron. 1997, 31, 2205-2214.
suggesting that_lce nucleation in succinic z_;10|d occurs Fh_rough a (22) Cruz, C. N.; Pandis, S. N.. Geophys. Re<4.998 103 13,11+
similar mechanism. However, ice nucleation from adipic acid 13,123. ' _
particles occurred at slightly lower humidities. Adipic acid is 48%3?1_@2%211”0% B.; Hamilton, R.; Clegg, N.; Toumi, Rimos. Resl99§
the least soluble of the_ compo_und; stl_J(_Jlled and_ltdld not activate '(24) Corrigan, C. E.. Novakov, TAtmos. Eairon. 1999 33, 2661
as a cloud droplet until reaching significantly higher supersatu- 2g6s.
rations than the other compounds, and so an alternative freezing (25) Liu, P. S. K.; Leaitch, W. R.; Banic, C. M,; Li, S.-M.; Ngo, D;
mechanism is likely. In general, the organic acids had a humidity Me%%W'BW- Jh'tJ'lGFeonh}lf' ,'399-99_5 1501M2%f’71‘2§'9i§g6 57 1672
dependence similar to that for inorganic aerosol studied previ- 18§7_) rechtel, F. J.; Kreidenweis, S. 1. Atmos. S¢2000 57,
ously in our laboratory, although slightly higher humidities were (27) Ming, Y.; Russell, L. M.A.LCh.E. J.2001 Submitted for
needed to initiate freezing in the organics than for sulfate publication. _ ' _
particles of comparable size. This decreased efficiency for ice  (28) Reid, R. C.; Prausnitz, J. M.; Poling, B.Ehe Properties of Gases
nucleation may reflect differences in water activity between the and Liquids McGraw-Hill: Boston, 1987.

- _y ’ - . (29) Clegg, S. L.; Seinfeld, J. H.; Brimblecombe JPAerosol Sci2001,

organic and inorganic solution particles at low temperatures. 32, 713-738.
These data suggest that in the upper troposphere aerosol rich (30) Ansari, A. S.; Pandis, S. NEnwir. Sci. Technol200Q 34, 71-77.
in low molecular weight dicarboxylic acids could inhibit ice 195(53(’51)111;1612%'{9&4'\1% H. R.Munkelwitz; Wang, NI. Colloid Interface Sci.
nucleat_lon, allowing cirrus to _form only at high hum_ldltles. (32) Chen, Y.: DeMott, P. J.: Kreidenweis, S. M.: Rogers, D. C.:
There is some support from field measuremé&ntisat cirrus Sherman, D. EJ. Atmos. Sci200Q 57, 3752-3766.

sometimes form at greater humidities than expected for pure (33) Onasch, T. B.; Siefert, R. L.; Brooks, S. D.; Prenni, A. J.; Murray,
sulfates. B.; Wilson, M. A,; Tolbert, M. A.J. Geophys. Red.999 104 21,317

) . i . . 21,326.
These studies provide some of the first data for ice nucleation (34) Cziczo, D. J.: Nowak, J. B.; Hu, J. H.; Abbatt, J. P.JDGeophys.

from organic solution particles and provide insight into possible Res.1997 102 18,843-18,850.

cloud formation activity of organic aerosol. In the atmosphere,  (35) DeMott, P. J.; Meyers, M. P.; Cotton, W. R.Atmos. Sci1994

however, organics will likely be in the form of mixed inorganic/ 51 77-90. _

organic particles. Studies investigating the water uptake and ice10§32)13c7|_egfgi L. Brimblecomb, P.; Wexler, &.Phys. Chem. A998

activity of such mixed particles are thus needed. (37) Peng, C.; Chow, A. H. L.; Chan, C. Kerosol. Sci. Techno2001,
35, 753-758.
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