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An increasing number of single-particle measurements show that organic and inorganic constituents of the

atmospheric aerosol are internally mixed within the particles. Therefore, the phases of the aerosol will be

influenced by both mixing of the organic substances with each other and mixing between organic and inorganic

constituents. In this work, the mixing properties of the organic aerosol fractions have been investigated
theoretically and experimentally with respect to melting and deliquescence. We show that a liquid (or an
amorphous solid) is the thermodynamically stable ph&sen in the absence of water as a solvgbvided
that a sufficiently high number of miscible components are present. Furthermore, we show experimentally

that the deliquescence relative humidity of aqueous solutions of dicarboxylic acids decreases with an increasing

number of components present in the solution. A five-component mixture consisting of malic, malonic, maleic,
glutaric, and methylsuccinic acids deliquesces at a relative humidity (RH) as low as 45.4% RH, while the
pure dicarboxylic acids exhibit deliquescence points between 72 and 96% RH. A further reduction of the
deliquescence relative humidity is observed when an inorganic salt is added to the dicarboxylic acid five-
component mixture. For NaCl, deliquescence of the eutonic composition occurred at 41.3%, for ammonium

sulfate at 36.4%, and for ammonium nitrate even at 27.1% RH. Interactions between the solutes lead to either

higher or lower solubilities in the multicomponent mixture as compared to the respective single-component
aqueous solutions. In the mixed dicarboxylic acids/inorganic salt solutions, the solubilities of ammonium
nitrate and sulfate are increased 0%, the one of sodium chloride is decreased by a similar amount. In

summary, these mixing properties suggest that small fractions of organic species prevent tropospheric aerosols

from becoming fully solid, and the organic fraction may even stay fully liquid irrespective of tropospheric
humidity.

Introduction aerosol will be influenced by both mixing of the organic
substances with each other and mixing between organic and
inorganic constituents. A high degree of internal mixing is
expected if one considers the vapor pressures of the so far
identified constituents of the organic fraction. Thermodynamic
equilibration between particles by gas-phase diffusion promotes
a selective mixing of the organic fraction in itself and with the
other aerosol constituents.

A number of laboratory studies have investigated the influ-
ence of the organic fraction on CCN actiity'* and hygro-
scopic growth>-17 using a single organic substaneeften a
dicarboxylic acid-as a representative model compound. Brooks
et all” showed by saturation solubility and water activity
measurements of dicarboxylic acid/ammonium sulfate mixtures
that the presence of a water-soluble dicarboxylic acid causes
deliquescence to occur at a lower relative humidity (RH) than
observed for pure ammonium sulfate. For other systems, the
presence of an organic substance had no significant effect on
the deliquescence relative humidity of the s& However,
up to now, little attention has been paid to the fact that the
organic fraction of the tropospheric aerosol constitutes a complex
mixture.

In the recent literature, aerosols from smog chamber
experiments-which are rather hydrophobicare often treated
@s an absorptive well-mixed liquid (or an amorphous sofich?

In stark contrast, on the basis of the solid state properties of
the individual constituents in their pure forms, the water-soluble

* Author to whom correspondence should be addressed. Fell-1- organic fraction is considered as fully or partly solid even up
633-27-69. Fax:+41-1-633-10-58. E-mail: claudia.marcolli@env.ethz.ch. to very high relative humidity#22.23

The impact of organic matter in the tropospheric aerosol on
its hygroscopicity, phase transitions, and light scattering is of
prime interest in determining the aerosol’s cloud forming and
climatic properties. However, its chemical composition and
physical properties are not well understood. Whereas the
inorganic fraction contains a limited number of relatively well-
characterized major components, the organic fraction consists
of a complex mixture of substances. By now, only a minor part
of this organic mass can be resolved into specific molecular
compounds. Therefore, alternative approaches have been
proposed which classify the organics according to functional
groups or spectroscopic propertfe§hus, the water-soluble
organic fraction can be divided into mono- and diacids, polyols,
dialkyl ketones, polyphenols, and polycarboxylic acidehe
water-insoluble fraction contains alkanes, long chain alkanols,
and alkanoic acids as well as polycyclic aromatic hydrocarbons
(PAH).! However, to understand the chemical and physical
properties of an aerosol, knowledge is required not only on its
composition but also on its physical state.

To a certain extent, the thermodynamically stable phases can
be derived on the basis of the degree of internal mixing within
one particle and the physicochemical properties of the aerosol
constituents. An increasing number of single-particle measure-
ments show that organic and inorganic constituents of the aeroso
are indeed internally mixeti:® Therefore, the phases of the
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In this study, we show that this asymmetry in the treatment 200§
of organic aerosols is lifted if one considers the actual mixing :
state of the aerosol. First, by assuming ideal solution behavior,
we analyze the mixing characteristics of the organic fraction.
Second, we investigate the deliquescence relative humidity of
mixtures. To do this, a series of dicarboxylic acids was chosen
to represent the water-soluble organic fraction. Dicarboxylic
acids have been observed abundantly in aerosols from the
urban?*-2” marine? polar?® and tropical atmosphef@3twe ¢ TTteea ]
prepared saturated aqueous solutions consisting of up to five ; (;oo 5 1‘00 0(;10 "'“"'B"(')m
dicarboxylic acids and compared the deliquescence relative ' " Mole fraction ’
humidities of these mixed aqueous solutions with those of . . : '
aqueous solutions of the pure constituents. ! NJ,T?be, of compogggs 1000

Ammonium nitrate and sulfate as well as sodium chloride

h he | . | fth Figure 1. Melting points of organic acids as a function of their mole
were chosen to represent the inorganic salt components of theactions in an ideal solvent. These values can be translated into the

tropospheric aerosol. The composition and the water activity melting points of hypothetical mixtures consisting of an increasing
of saturated aqueous solutions of mixtures of these inorganicnumber of equally abundant components with the same melting
constituents with dicarboxylic acid mixtures have been analyzed temperatures and enthalpy of fusions as the model compounds. Values

and compared with solution properties of the pure solutes. ~ aré shown for the compounds succinie; (solid line), adipic ¢« —;
dash-dot line), malic acid £ — —; long dashed line}! glutaric (- - -
; short dashed line¥, and lactic  --- —, dash-3-dots line) acitf.
Dotted line: room temperature.

100§

Temperature (°C)

Experimental Methods

Saturated aqueous solutions were prepared in an iterative
procedure by adqling small portions of material until the solution_ Melting Point Depression of Ideal Solutions.The concen-
was saturated with respect to each component. Between addiyation of an individual organic component in the aerosols is
tions, the mixtures were allowed to equilibrate in a thermostated usually small. If the corresponding organic solid is in equilibrium
water bath at 25.G= 0.1 °C. The water activitiesa,, were with a liquid mixture phase, the equilibrium temperature, i.e.,
measured using an Aqualab water activity meter (Model 3TE, e melting point, is lower than if the equilibrium is established
Decagon Devices, U.S.A.). For the measurements of the peyeen the crystalline solid and the pure melt. The magnitude

mixtures containing NaCl and NINOs, the volatile sample o the melting point depression depends on the abundance of
block available as an accessory to the instrument was usedqpis component in the liquid mixture phase.

Experimental errors for the measurements with the standard At the melting temperatur@n,; the chemical potentials of
sample block aret0.003 aw, for the volatile sample block  {he componeni in the solid and the liquid phase are the same
+0.015a,. The organic substances and NaCl were obtained and the free energy of fusiofw<G; is zero:

from Fluka; (NH)>,SO; and NH,NO; were obtained from

Aldrich. We used analytical grade reagents with purit€9% AsGi = Giquidi — Gsoligj = AusH
with the exception of glutaric and methylsuccinic acids with

purities of~98 and>=97%, respectively. The substances were where AqsHi is the enthalpy of fusion andS the entropy

—TyAS=0 (1)

used without further purification. change of fusion and subsequent mixing. The melting temper-
ature of the solid in the mixture is then given by
Theory
Tni = AHiIAS (2)

In this section, we will show theoretically that the number

of components influences thel stable p_hysical state of mixtures e may demonstrate the effectiveness of the melting point

and the deliquescence relative humidity of mixed aqueous gepression for multicomponent mixtures by assuming the liquid

solutions. phase to be an ideal solution. For an ideal solution, the enthalpy,
Itis well-known for two-component systems that their melting - A, H;, and the entropy of fusiom\wsS, may be approximated

temperature is below the ones of the pure compounds if their by the values of the solid dissolving into the pure melt A&
melts are miscibl€ The melting process is accompanied by a g given by

mixing process of the melts leading to a stabilization of the

liquid phase with respect to the pure crystalline solids. Similarly, AS = A, St AniS = AwS — RIN(X) (3)

it can be proven theoretically that the deliquescence relative

humidity of a mixture of two soluble solids is lower than the In this expressiony is the mole fraction of componentn the

ones of the respective single-component syst&niis be- mixed solution,R is the universal gas constant, angS is

havior can be explained the same way as the melting pointthe mixing entropy of the componemtin the mixed ideal

depression, if one views the dissolution as a combination of a solution, i.e., the entropy change occurring when the pure melt

melting and a mixing process. mixes ideally with the other components in the liquid. From
Since the water-soluble and the water-insoluble organic eqs 2 and 3, the melting temperature of component the

fraction consist of a high number of substances with similar mixed solution,Tmixi becomes

physical properties, the stabilization of the mixed liquid phases

with respect to the pure crystalline solids has to be taken into T = Tini 4)

account. In the following paragraphs, we will show that this el 1 = RT In XA gH;

effect may be strong enough to shift the stable physical state

from a conglomerate of crystalline solids to a liquid or an Figure 1 shows the melting temperatures for selected substances

amorphous solid at room temperatti@ven in the absence of  with known Tr,j and Aq,sH; as a function of mole fraction of

water as a solvent. component in the ideal solvent based on eq 4. It can be seen
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TABLE 1: Physical Properties of the Investigated Substances (dee decomposition)

melting aqueous saturation deliquescence octanot-water dissociation
molecular point concentration (wt %) RH (%) at partition coefficient constant
substances weigh? (°C) at 25°CP 25°C° log P4 at 25°Ca
oxalic acid 90.04 189.5 dec 10.1 (9.81) 97.8 —2.22 1.23;4.19
malonic acid 104.06 135 dec 61.3 (62.2) 72.4 —0.81 2.83;5.69
succinic acid 118.09 188 7.2 (7.459) 99.1 —0.59 4.16;5.61
glutaric acid 132.12 97.8 58.8 (5657°) 88.2 -0.29 4.31;5.41
malic acid 134.09 131 57.4 (58.0) 80.5 —1.26 3.40;5.11
maleic acid 116.07 130.5 44.0 (44.3) 89.1 —0.48 1.83; 6.07
methylsuccinic acid 132.12 115 35.6 95.5 -0.34 4.13;5.64
adipic acid 146.14 153.2 2.2 99.9 0.08 4.43;5.41
ammonium nitrate 80.043 dec 210 67.5 (67.63) 62.1 - -
ammonium sulfate 132.141 dec 280 43.2 (43.3) 80.2 - HSO™: 1.99
sodium chloride 58.443 800.7 26.4 (26.43) 75.3 - —

a Ref 35.° This study, values in parantheses are from ref¢3ghis study.? Ref 39.

that the melting point decreases as the mole fraction decreasesSolubility and Water Activity Measurements

It reaches room temperature even for the substance with the ) ) )
highest melting point, i.e., succinic acid, when the mole fraction 10 investigate experimentally how strongly the number of

is as small as 0.01. This means that at room temperature, a mol&°mponents influences the deliquescence relative humidity of
fraction of 0.01 of succinic acid dissolves into an ideal solvent, the water-soluble organic fraction, we will stepwise increase
For glutaric acid, room temperature is reached when the mole (€ number of components present in a model aqueous solution.
fraction becomes less than 0.2. With a vapor pressure of 0.0813!N the theoretical section, we have calculated the solubility of
mmHg, lactic acid will also partition into the aerosol phase. dlffe're.nt dlcarquyllc' acujs by eq 4. quever, In real|'ty,
At room temperature this substance is present in liquid form deviations from ideality will occur depending on the polarity,
even when pure (mole fraction equal 1.0) size, and acidity of the solutes and the solvent. We performed
The second-scale in Figure 1 refers t.o t.he eutectic melting solubi_lit.y and water act_ivity measurements for ”.‘Ode' systems
temperatures of idealized mixtures consisting of an increasing containing a series of dicarboxylic acids and the inorganic salts

number of components that all exhibit the same melting point sodium chloride, ammonium nitrate (AN), and ammonium
and enthalpy of fusion. For this hypothetical situation, the sulfate (AS). Table 1 lists the physical properties of the

. o . investigated dicarboxylic acids and inorganic salts. The dicar-
eutectic composition is realized when all components are equa”yboxylic acids can be divided into the highly soluble malonic
abundant in the mixture. The melting point of a mixture X

L i . - glutaric, malic, maleic, and methylsuccinic acids and the less
consisting of 100 substances with the same physical propertlesg y

L S soluble oxalic, succinic, and adipic acids. The octaivedter
as those of succinic acid will be around room temperature. For

bst it th hvsical " lutari id partition coefficients logP—defined as the ratio of the equi-
SUbSIances wi € same physical properties as giutaric acidy;p g, ;m concentration of the substance in the octanol-rich phase
only five to six components are needed to form a liquid at room

. . to that in the water-rich phase in the limit of zero concentration
temperature. T.h”?" even in the absencg Of. a specific So_lvemshow that all these acids partition preferentially into the aqueous
(6.9, water), a I|qU|_d oran amorphou_s .SOI'd W|II_form atambient phase with the exception of adipic acid. They form crystalline
temperature provided that a sufficiently high number of gyjigq vyith melting points in the range of 16@00°C. Although
components are present. This conclusion is valid for the water-

. . X oxalic and succinic acid have negative Bgalues, they exhibit
soluble as well as for the water-insoluble organic fraction. 14,y saturation solubilities in water since they form very stable
Deliquescence Relative Humidity of Mixed Aqueous Solu-  crystalline solids.

tions. From the Gibbs-Duhem relation and assuming ideality
for all solutes, the relative humidity, RH, of air in equilibrium
with an aqueous solution is given by

Experiments on Eutonic Mixtures. In a first step, mixtures
containing an increasing number of the highly soluble dicar-
boxylic acids were prepared at 26 by adding component after
component in the order of decreasing hydrophilicity. As a

RH= exp(—MWZn’Q (5) measure of hydrophilicity, the octarelvater partition coef-
s ficient log P was used. In this way the following eutonic
mixtures (i.e., mixtures saturated with respect to all components)
wheremg is the molality of solutes (moles ofs per kilogram of were prepared: M2= malic + malonic, M3= M2 + maleic,
solvent) andM,, (= 0.018 kg/mol) the mole mass of water (the M4 = M3 + glutaric, M5= M4 + methylsuccinic acids. In a
solvent). Upon choosingns as the molality of the eutonic  second step, an inorganic salt was added to the five-component
composition, eq 5 allows us to determine the deliquescencemixture M5. To reach the eutonic composition, the mixtures
relative humidity (DRH). Assuming ideal solution behavior, the were iteratively saturated with respect to each solute. After
saturation concentration of each solute at a specific temperaturesaturation was reached, we measured the water activity, which
can be calculated on the basis of eq 4. For a more accurateis equivalent to RH. Figure 2 shows the water activity as a
estimate, the saturation solubilities of single solute systems canfunction of the water content for the saturated solutions of the
be used: if one neglects interactions between the dissolvedpure substances and the mixtures. It can be seen that the aqueous
species in mixed aqueous solutions, the saturation concentratiorsolubility of the dicarboxylic acids and the inorganic salts cover
of each solute will be equal to its value in a saturated solution similar concentration ranges, with malonic acid and ammonium
of the pure compound. In many cases, the aqueous saturatiomitrate being most soluble. For a given solubility, the deliques-
solubilities of the pure solutes will be available and can be used cence relative humidities of the dicarboxylic acids are typically
to estimate the deliquescence relative humidity of multicom- higher than the ones of the inorganic salts. This is expected,
ponent solutions. since the investigated inorganic salts exhibit lower molecular



Mixing of the Organic Aerosol Fractions J. Phys. Chem. A, Vol. 108, No. 12, 2002219

100 — Table 2 lists the measured saturation concentrations in
o | o A Methylsuccinic acid molality units—as moles of solutes per kilogram of watdor
Glutaric acid A A Maleic acid the pure substances and the eutonic mixtures. If no interactions
. 80 A Malic acid A OAS between solutes occurred, the aqueous saturation solubility of
& Malonic acid & ® NaCl each component would be equal to its value in a saturated
z 707 solution of the pure compound. The comparison of the measured
S 60 1 M2e ® AN aqueous solubilities of the dicarboxylic acids in pure water and
3 M3 & in the presence of other dicarboxylic acids shows deviations
% 50 M4 o from this behavior: The solubilities of the more hydrophilic
2 10 M58 5 & NaCl dicarboxylic acids-malic, malonic, maleic acidare decreased
M5 &AS by up to~30%, whereas the solubilities of the less hydrophilic
30 4 ones—glutaric and methylsuccinic acieare increased by a
mMS&AN similar amount. The relatively low solubility of maleic acid in
20 T ' ' ' the mixture with the other dicarboxylic acids could be due to
0 20 40 60 80 100 its quite strong acidity. Dissociation will enhance the solubility
Water content (wt?%) of an acid in aqueous solution. This effect will be more

Figure 2. Deliquescence relative humidity and water content at the pronounced, the lower itsky value and the more dilute the
deliquescence relative humidity for the pure organic (solid triangles) gglution is. In the highly concentrated mixtures, the equilibrium

and the pure inorganic (solid circles) substances, as well as for the is shifted to the undissociated acids and thus the solubility is
organic mixtures M2-M5 (solid diamonds) and the organic/inorganic reduced

mixtures (solid squares). M2: malie malonic acids; M3: malict
malonic + maleic acids; M4: malict malonic+ maleic+ glutaric The eutonic composition of the five dicarboxylic acids plus
acids; M5: malic+ malonic + maleic + glutaric + methylsuccinic sodium chloride contains 3.3 wt % of NaCl and 15.7 wt % of
acids. All mixtures are eutonic, i.e., are saturated with respect to all \yater. This corresponds to a reduction of the aqueous solubility
components. of sodium chloride by 41%. Hence, the presence of the
dicarboxylic acids has a negative effect on the aqueous solubility
weights and a higher degree of dissociation in solution than Of sodium chloride. The eutonic composition with ammonium
the dicarboxylic acids. The different deliquescence relative Sulfate contains 13.5 wt % of AS and 12.3 wt % of water, the
humidities for the almost equally soluble malic and glutaric acid One with ammonium nitrate 27.7 wt % of AN and only 9.6 wt
can be explained by differences in their hydrophilicity. The more % of water. These eutonic compositions show an enhancement
hydrophilic malic acid associates more strongly with water than Of the aqueous solubility of ammonium nitrate and sulfate by
glutaric acid, thus causing a more pronounced reduction of the ~40%, as compared with the solubility in pure water. In
water activity. addition, Table 2 shows that the solubility enhancement of the
The eutonic mixtures M2M5, consisting of two to five dicarboxylic acids on one hand and ammonium sulfate and
dicarboxylic acids, all show lower deliquescence relative nitrate on the other hand is mutual: the solubilities of malic,
humidities than the pure components they consist of. It can be malonic, and maleic acid are considerably increased in the
seen from Figure 2 that the water content as well as the presence of ammonium nitrate or sulfate. The most probable
deliquescence relative humidity decrease with an increasingexplanation for this behavior is that hydrogen bonding between
number of components. Thus, the eutonic five-component the acidic protons of the dicarboxylic acids and the oxygen
mixture M5 deliquesces at the lowest relative humidity, namely atoms of the sulfate and nitrate ions enhance the solubilities of
already at 45.4 % RH. A further reduction of the deliqguescence both, the organic acids and the inorganic salts. Acid/base
relative humidity is observed when an inorganic salt is added reactions seem to be of minor importance. Principally, they could
to the organic five-component mixture. For M5 NacCl, take place between the dicarboxylic acids and the sulfate ion.
deliquescence of the eutonic composition occurs at 41.3 %, for However, only maleic acid exhibits aKp value that is
M5 + ammonium sulfate at 36.4 %, and for M5ammonium comparable to the one of the bisulfate ion. Malic, malonic,
nitrate even at 27.1 % RH. These results confirm that a liquid glutaric, and methylsuccinic acids are all not sufficiently acidic
as the thermodynamically stable state of the water-soluble for acid/base reactions with sulfate to be effective. Moreover,
organic fraction becomes increasingly favored the more com- the solubility enhancement is also observed for ammonium
ponents a mixture consists of. nitrate, which is not basic under the given conditions.

TABLE 2: Measured Concentrations of the Solutes in Moles Per Kilogram of Water for the Saturated Solutions of the Pure
Substances and the Eutonic Compositions of the Mixtures (The deliquescence relative humidity (DRH) is given in %. All data
refer to 25 °C.)

pure

substances M2 M3 M4 M5 M5- AN M5 + AS M5 + NaCl
malic acid 10.05 7.3 7.3 7.0 6.8 9.1 7.8 71
malonic acid 15.21 13.5 13.1 14.6 14.8 23.8 21.1 15.2
maleic acid 6.76 4.4 5.2 5.3 6.6 8.7 5.3
glutaric acid 10.82 10.3 12.4 11.0 9.5 10.7
methylsuccinic acid 4.18 55 4.4 4.0 4.3
ammonium nitrate 26.00 36.0
ammonium sulfate 5.76 8.3
sodium chloride 6.14 3.6
DRH (measured) — 61.8 56.4 48.8 45.4 27.1 36.4 41.3
DRH (calculated) 63.5 56.2 46.2 42.9 16.8 31.4 34.4

aBased on eq 5 and assuming the same solubilities in the mixed as in the single-component aqueous solutions.
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Figure 3. Comparison between the ideal and the measured saturation Mole fraction x

concentration at 25C for malic (diamonds), glutaric (triangles),  Figure 4. Relative humidity of full deliquescence of oxalic (diamonds)
succinic (squares), and adipic acids (circles). Open symbols: solubility and succinic (squares) acids in the mixture M5 of the five dicarboxylic
in water; solid symbols: solubility in the M5 eutonic composition. The  acids (malic, malonic, maleic, glutaric, and methylsuccinic acids) as a
diagonal corresponds to ideal mixing in the solution. The ideal function of oxalic and succinic acids mole fraction of dry substance.
solubilities have been calculated from eq 4 in the formxof= Eutonic compositions are indicated by solid symbols: M5 (solid circle),
expAusHi(L/RTmi — 1/RTmix)]. M5 + oxalic acid (solid diamond), M3 succinic acid (solid square).

Table 2 shows that the theoretically derived deliquescence
relative humidities based on eq 5 and assuming the samegquescence relative humidity in thermodynamic equilibrium; full
solubilities in the mixed as in the single-component aqueous deliquescence is established at a higher relative humidity. It can
solutions are in quite good agreement with the experimentally be assumed that in the tropospheric aerosol, the concentrations
determined ones for the mixtures M2 to M5. However, Of most organics in the particulate matter are low enough for
considerable deviations are observed for the organic/inorganiccomplete dissolution even at very low relative humidities. Some
mixtures. Interestingly, if one calculates the deliquescence organics, however, such as oxalic or succinic acid can be quite
relative humidity with the experimentally determined solubilities abundant. Succinic acid was found to comprise up to 3.5% of
instead of the ones of the pure solutes, the agreement betweeitotal aerosol carbon in Antarctic aeroséisOxalic acid was
measured and calculated deliquescence relative humidity de-the most abundant dicarboxylic acid in urban aerosol samples
creases for the organic mixtures. The reasons for this behaviorfrom Tokyo, where it made up-27% of the water-soluble
are not known at present. Figure 3 relates the measuredorganic fractior?’
saturation concentrations of malic, glutaric, succinic, and adipic ~ We therefore determined the eutonic compositions of the five
acid in water and in the aqueous solution M5 to the theoretically dicarboxylic acids (M5) plus either oxalic or succinic acid as a
derived melting point depressions given by eq 4. The mixture sixth dicarboxylic acid. They were found to contain only 1.3
M5 contains malic and glutaric acid at their respective saturation wt % (mole fraction: 0.013) of dry mass succinic acid, and 1.8
concentrations. To determine the saturation solubility of succinic wt % (mole fraction: 0.024) oxalic acid, respectively. If more
and adipic acid in M5, these acids were added to M5 as a sixth of these substances are present, additional water must be added
solute, respectively. For points on the diagonal in Figure 3, the to reach full dissolution. This was done for compositions with
measured solubilities at 22 are the same as the ideal ones 5 and 10 wt % of dry mass oxalic or succinic acid, respectively.
for this temperature calculated on the basis of eq 4. For points After a clear solution was obtained, the water activity was
above this line, the measured saturation concentration is higherdetermined. The results of these measurements are shown in
for points below it, lower than the ideal one. It can be seen Figure 4. The solid symbols indicate the eutonic compositions.
from Figure 3 that the investigated mixtures show deviations At the deliquescence relative humidity, the noneutonic composi-
from the solubilities derived for ideal solutions in both direc- tions are saturated with respect to oxalic acid and succinic acid,
tions. The direction and degree of the deviations depend on therespectively, but subsaturated with respect to the other five
hydrophilicities of the solutes. Water is an excellent solvent for dicarboxylic acids. The measurement points %or= 1 cor-
the very hydrophilic malic acid, leading to a saturation respond to the deliquescence relative humidity of pure oxalic
concentration at room temperature that is distinctly higher than and succinic acid, respectively. It can be seen that the relative
the ideal one. The saturation concentrations of the less hydro-humidity of full deliquescence shows a steep increase for
philic succinic and glutaric acids are higher in water than in mixtures with excess succinic or oxalic acid. Thus, given their
the mixed solution M5, and quite close to the theoretically tropospheric aerosol concentrations, and assuming equilibrium
derived value for ideal solutions. For the rather hydrophobic conditions between the phases in the aerosol, these two
adipic acid (logP = 0.08), the saturation concentration in M5  substances could in some instances be present as solids at typical
is higher than the one in pure water, but distinctly lower than tropospheric relative humidities.
the ideal value. Thus, the assumption of ideality leads only to  Similarly, the eutonic compositions of the five dicarboxylic
a very rough estimate of the measured solubilities. For an acids and an inorganic salt contain 3.9 wt % (mole fraction:
accurate description of solubilities, the excess enthalpy and0.077) of dry mass sodium chloride, 15.6 wt % (mole fraction:
entropy must be considered. 0.142) ammonium sulfate, and 30.7 wt % (mole fraction: 0.396)

Noneutonic Solutions. So far, we have investigated the ammonium nitrate, respectively. If these concentrations are
solubility and water activity of mixtures of dicarboxylic acids exceeded, the inorganic salts will be partly present as solids
and selected inorganic salts in their eutonic compositions. For above the deliquescence relative humidity of the respective
these compositions the concentration of each constituent is fixed.eutonic compositions. This will be a typical situation for sodium
If the abundance of a component in the mixture exceeds its chloride and ammonium sulfate in marine and continental
eutonic concentration, it is dissolved only partly at the deli- aerosol compositions, respectivéi§f41
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Figure 5. Relative humidity of full deliquescence of ammonium sulfate  Figure 6. Moles of solute per kilogram of water for NaCl (triangles)
(diamonds) and nitrate (squares), and sodium chloride (triangles) in and AS (diamonds) (scale on the left axis) and for AN (squares) (scale
the mixture M5 of the five dicarboxylic acids (malic, malonic, maleic, ©on the right axis) as a function of the mole fractbonf the inorganic
glutaric, and methylsuccinic acids) as a function of the inorganic salts salts. Eutonic compositions are indicated by solid symbols: #5S

mole fractionx. Eutonic compositions of the organic/inorganic mixture  (solid diamond), M5+ AN (solid square), M5+ NaCl (solid triangle),

are indicated by solid symbols, M5 (solid circle), M5 AS (solid noneutonic mixtures by open symbols.
diamond), M5+ AN (solid square), M5+ NaCl (solid triangle),
noneutonic mixtures by open symbols. of relative humidity, smooth growth curves with water uptake

. . . , already at low relative humidity are often obser¢éd+>44 This
Figure 5 shows the relative humidity of full deliquescence g ,qass that the aerosol particles remain partly or totally liquid
of the inorganic salts as a function of their mole fraction with even for extremely dry conditions. Organics are suspected to
respect to the dry mixture. The solid symbols indicate the eutonic |, associated with the more and the less hygroscopic particles
compositions. For these compositions, the deliquescence relativeand to influence their hygroscopic behavidf The analysis of
humidities are lowest. For compositions with higher concentra- |, tpMA data indicates that the organic-associated water

tions of the inorganic salts, full deliquescence occurs ata higher o htent is considerably less than that of sulfate compounds for
relative humidity. In Figure 5, the relative humidities of full high RH, but comparable or greater for low RH.

deliquescence for noneutonic compositions are labeled by open g re 7 shows the water uptake for mixtures of the five
symbols. At the deliquescence relative humidity, only the gicarhoxylic acids and ammonium sulfate with organics to
eutonic compositions are saturated with respect to all solutes, ;.1 onium sulfate ratios of 1:4, 1:1, and 4:1. The data points
the indicated noneutonic compositions are saturated with respecy o o full deliquescence were constructed from the measured
to the inorganic constituent but subsaturated with respect to the, ,ior activities shown in Figure 5 and represent the deliques-
dicarboxylic acids. It can be seen that the relative humidities .oce branch of the water uptake. For the data points above
off_uII deliq_uescence rise cqntinuouslywith increasing quantities full deliquescence, we prepared subsaturated solutions and
of inorganic salts.present |n.the mixture. FX?': 1, we have . determined their water activity. As a comparison, the water
the purely inorganic salt solutions with the deliquescence relative uptake of pure ammonium sulfate and the purely organic mixture
humidities as listed in Table 1. The deliquescence relative \i5 are a1s0 shown. For all three organics to ammonium sulfate
humidities of mixtures W'th((l,\'aCD =06is almost equal to . _ratios, hygroscopic growth starts at 36.4% RH, the deliquescence
the value of the pure salt. In Figure 6 the saturation concentration o |a+ive humidity of the eutonic composition. At this relative

in moles of inorganic salt per kilogram of water are given as a humidity, the dicarboxylic acids dissolve completely and
fu_nction of the dry composition of the T“i’““fe? Compositi_ons ammonium sulfate partly, since it is present in excess with
W!th x=1 correspo_nq to the purely. inorganic salt solutlpns respect to the eutonic composition. This point is indicated in
with aqueous solubilities as listed in Table 1. For sodium o granh by the first solid symbol. The second solid symbol at
chloride, the saturation concentration is lowest in the eutonic piqper relative humidity represents the relative humidity of full
composition and rises continuously the less dicarboxylic acids deliquescence of the ammonium sulfate. It can be seen that the

are present in the solutiqn. For ammonigm sulfate and nitrate., dicarboxylic acids take up water moderately at medium relative
the saturation concentrations are highest in the eutonic COMPOSiy,midity” whereas ammonium sulfate is responsible for a
tions. They drop off steeply and go through a minimum value. gy onqer water uptake at higher relative humidity. Thus, for the

This minimum is more distinct for ammon|u_rr_1_sulfate than f_or mixtures with 20 wt % and 50 wt % ammonium sulfate, smooth
ammonium nitrate. Thus, the aqueous solubilities of ammonium . - ost smooth growth curves are observed. Only for the

sulfate and nitrate are enhanced with respect to the one in pureyiysre with 80 wt % ammonium sulfate can the relative
water only in the presence of high quantities of dicarboxylic gty of full deliquescence be unambiguously identified on
acids, name_ly, for solutlons_ that contain more dicarboxylic a_c_lds the basis of the growth curve. However, even then, the sharp
than water in terms of weight percent. The exact composition onget yisible in the purely inorganic system is lost. These results
of the discussed mixtures is given in Table 3. confirm that the water-soluble organic fraction is responsible
for water uptake at low relative humidify Moreover, they show
that the hygroscopic growth at low relative humidity does not
Water Uptake of Aerosol Particles.In field measurements, imply a supersaturated state but represents thermodynamic
hygroscopicity of the aerosol is commonly determined using a equilibrium.
hygroscopicity tandem differential mobility analyzer (H- Comparison with ZSR Predictions. The water uptake of
TDMA). If the hygroscopic growth is monitored as a function malic, malonic, maleic, and glutaric acids have been determined

Discussion
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TABLE 3: Deliquescence Relative Humidities of

Multi-component Aqueous Solutions of the Dicarboxylic

Acids and Inorganic Salts$

composition of aqueous solutions

deliquescence

in moles per kilogram of water RH (%)
hC4 C3 M C5 iC5 C2 C4 AN AS NaCl
6.8 14.8 5.3 12.3 5.4 1.09 43.8
2.14 4.66 1.66 3.87 1.70 1.00 74.8
1.16 2.53 0.90 2.10 0.92 114 85.3
6.8 14.9 5.3 124 5.5 0.58 44.8
2.07 453 1.61 3.77 1.67 074 77.3
1.06 2.31 0.82 1.92 0.85 079 88.3
487 12.73 3.57 5.88 2.35 29.0 374
3.02 7.89 2.21 3.65 1.46 27.0 45.6
194 5.08 1.42 2.34 0.94 26.0 50.7
124 325091 15 0.60 2%9 54.2
0.71 1.87 0.52 0.86 0.34 2%.4 57.0
0.32 0.84 0.23 0.38 0.15 2%.6 59.9
5.48 14.86 6.24 6.80 2.86 8.1 45.1
2.76 7.48 3.15 3.43 1.44 *r0 59.4
154 415171 1.87 0.79 &.0 68.8
0.95 257 1.08 1.17 0.49 56 73.3
0.61 1.650.69 0.76 0.32 521 76.1
0.39 1.06 0.45 0.49 0.20 5.20 77.3
0.24 0.64 0.27 0.30 0.12 562 78.3
0.11 0.29 0.12 0.13 0.06 5.66 79.3
5.13 10.84 3.78 7.62 3.07 40 49.0
3.24 7.05242 4.89 1.99 45 57.0
1.58 3.431.18 2.38 0.96 49 67.2
0.97 2.110.72 1.46 0.60 %2 71.7
0.66 1.4 0.49 0.98 0.40 B4 73.3
0.46 0.97 0.34 0.68 0.27 %6 73.8
0.31 0.66 0.23 0.46 0.19 27 74.4
0.20 0.44 0.15 0.31 0.12 %9 75.3
0.12 0.26 0.09 0.18 0.07 595 757
0.05 0.12 0.04 0.08 0.03 604 756
4.97 10.90 3.88 9.08 4.01 55.0
3.51 7.71 2.74 6.43 2.84 65.0
2.64 5.80 2.06 4.832.14 72.7
195 4.27 1.52 3.56 1.57 80.0
146 3.22 1.14 2.68 1.18 85.1
1.11 2.43 0.86 2.02 0.89 89.3
0.80 1.750.62 1.46 0.64 92.7
0.51 1.12 0.40 0.93 0.41 95.6
0.22 0.48 0.17 0.40 0.18 98.4
4.15 11.20 4.62 5.06 2.13 6.07 52.7
259 6.99 2.88 3.16 1.33 3.79 66.1
1.88 5.08 2.09 2.29 0.96 2.75 74
1.48 3.99 1.65 1.80 0.76 2.16 79.1
1.22 3.29 1.36 1.48 0.62 1.78 82.7
1.03 2.79 1.15 1.26 0.53 151 85.2
0.77 2.07 0.85 0.93 0.39 112 88.9
0.81 2.18 0.90 0.98 0.41 4.72 77.2
0.69 1.850.76 0.84 0.35 4.02 80.4
0.54 1.45 0.60 0.66 0.28 3.15 84.5
0.43 1.16 0.48 0.52 0.22 2.52 87.7
0.29 0.79 0.32 0.35 0.15 1.70 91.7
0.15 0.41 0.17 0.18 0.08 0.89 96.0
0.06 0.15 0.06 0.07 0.03 0.33 99.2
0.21 0.58 0.24 0.26 0.11 5.05 80.4
0.18 0.50 0.21 0.23 0.10 4.32 83.3
0.16 0.43 0.18 0.20 0.08 3.78 85.7

a Abbreviations: C2: Oxalic acid, C3: Malonic acid, C4: Succinic
acid, iC5: Methylsuccinic acid, C5: Glutaric acid, M: Maleic acid,
hC4: Malic acid, AN: Ammonium nitrate, AS: Ammonium sulfate.
b Saturation concentrations.
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Figure 7. Water uptake of dicarboxylic acids/ammonium sulfate
mixtures with wt % ratios 4:1 (squares), 1:1 (diamonds), 1:4 (triangles).
The first solid symbol at 36.4% RH indicates the deliqguescence of the
dicarboxylic acids, the second solid symbol represents the full
deliquescence of the inorganic salts. As a comparison, the water uptake
of pure ammonium sulfatex(; ref 45) and the mixture M5+, this
study) are also shown.
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Figure 8. Comparison of measured water contents with the ZSR
predictions. The triangles and the squares indicate the experimental
data of the dicarboxylic acids mixture M5 (solid triangles) and the
dicarboxylic acids/ammonium sulfate mixture with a wt % ratio of 1:1
(solid squares). The dotted and the dashed lines represent the ZSR
predictions for the dicarboxylic acids mixture M5 and the dicarboxylic
acids/ammonium sulfate mixture with a wt % ratio of 1:1, respectively.
The solid line shows the parametrization by Chan ét fir ammonium
sulfate.

of the mixture M5 in the subsaturated region and the ZSR
predictions. For methylsuccinic acid, the same parametrization
was used as for glutaric acid, since no water activity data is
available for supersaturated solutions of this substance. The
comparison shows, that the water uptake of the mixture M5
can be predicted quite well based on the single solute data. The
same is true for a mixture consisting of the five dicarboxylic
acids and ammonium sulfate (Figure 8). The exact composition
of the discussed mixtures is given in Table 3.

Organics to Act as CCN.Atmospheric cloud condensation
nuclei (CCN) measurements have shown indications of organic
matter in the cloud nucleating portion of the aerosol n¥&ss.
Moreover, on the basis of field studies, a key role in CCN

well into the supersaturated region using single droplets levitated formation was suggested for the organic aer&#iLaboratory

in an electrodynamic balané&?*’ Using the Zdanovskii-Stokes-
Robinson (ZSR) approadi,it is therefore possible to predict

studies have confirmed the potential of organic species to act
as CCN11 For slightly soluble substances, Shulman et3al.

the water uptake of the multicomponent dicarboxylic acid introduced a modified Kialer equation which accounts for the
solutions based on the single solute data. Figure 8 shows thegradual dissolution of solid substances into the growing droplet.
comparison between the experimentally determined water uptakeThus, CCN ability of organic substances should correlate with
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their agueous solubility. Such a dependency was indeed found  (2) Decesari, S.; Facchini, M. C.; Fuzzi, S.; Tagliavini JEGeophys.
by Corrigan and Novakd¥in laboratory experiments. However, Resé;mguigf 5148Dl-ecesari o Facchini M. C. Matia E.- Mircea M.
subsequent studi¥s*® also showed deviations from this rela-  tagjiavini, E.Geophys. Res. L2003, 20, 4079, T ”
tionship. Hori et al* therefore concluded that the critical (4) Zhang, X. Q.; McMurry, P. H.; Hering, S. V.; Casuccio, G. S.
supersaturation could depend significantly on the particle phaseAtmos. Eairon. 1993 27A 1593.

(solid or liquid) exhibited in the initial condensation stages. In Egg mi‘gg%&y;&mo_mﬁmh% %]' ﬁ?oﬁg‘g;s'éﬁgggglgigs%}é
the real atmosphere, the initial particle phase should. .be Res.1998 103 16475. T T '
considered as a key factor to evaluate the actual CCN ability. (7) Lee, Sh.-H.; Murphy, D. M.; Thomson, D. S.; Middlebrook, A.

The present study shows that the water-soluble organic M- J. Geophys. Re2002 107 (D1), doi: 10.1029/2000JD000011.

. . P g TR (8) Lee, Sh.-H.; Murphy, D. M.; Thomson, D. S.; Middlebrook, A.
fraction can be viewed as a liquid. The activation of this liquid , ; Geophys. Re2003 108 (D7), 8417, doi: 10.1020/2001JD001455.

will depend on its hydrophilicity and miscibility with water. (9) Marcolli, C.; Luo, B. P.; Peter, Th. In preparation.
These properties are reflected by the octavahter partition (10) Cruz, C. N.; Pandis, S. N.. Geophys. Re499§ 103 13111.
coefficient, logP. (11) Corrigan, C. E.; Novakov, TAtmos. Emiron. 1999 33, 2661.

(12) Prenni, A. J.; DeMott, P. J.; Kreidenweis, S. M.; Sherman, D. E.;
. Russell, L. M.; Ming Y.J. Phys. Chem. 2001 105 11240.
Summary and Conclusions (13) Giebl, H.; Berner, A.; Reischl, G.; Puxbaum, H.; Kasper-Giebl,

To understand the solid-state properties of an aerosol particleA: Hitzenberger, RJ. Aerosol Sci2002 33, 1623. .
consisting of a high number of miscible components, the entropy 34(}&)9.'40”’ M.; Ohta, S.; Murao, N.; Yamagata, B.Aerosol Sci2003
of mixing was taken into account. For ideal conditions, we  (15) Lightstone, J. M.; Onasch, T. B.; Imre, D.; Oatis,JSPhys. Chem.
showed theoretically that a liquid or an amorphous solid A 200Q 104 9337.

; ; (16) Cruz, C. N.; Pandis, S. NEnwiron. Sci. Technol200Q 34, 4313.
becomes the thermodynamically stable phase provided that a (17) Brooks. S. D.- Wise. M. E.: Cushing, M.: Tolbert, M. Beophys.

sufficiently high number of miscible components are present. Res. Lett2002 29 (19), 1917, doi: 10.1029/2002GL014733.
Furthermore, we investigated experimentally the deliquescence (18) Pankow, J. FAtmos. Emiron. 1994 28, 185.
relative humidity for aqueous solutions of dicarboxylic acids:  (19) Pankow, J. FAtmos. Emiron. 1994 28, 189.

f : [T f i (20) Odum, J. R.; Hoffmann, T.; Bowman, F.; Collins, D.; Flagan, R.
the deliquescence relative humidity of the eutonic compositions C.:'Seinfeld, J. HEnwiron. Sci. Technol1996 30, 2580.

decreasgs with an increqsing number of components present iN""(21) Bowman, F. M.; Odum, J. R.; Seinfeld J. Atmos. Eniron. 1997,
the solution. Thus, the five-component mixture consisting of 31, 3921. . _ _
malic, malonic, maleic, glutaric, and methylsuccinic acids R (252)02“?6?-(517()32'135 R-dJ-_: Sle(')gfg;gmco%;l%ggggéﬁGEODhyS-

; 0 : es. , , doi: 10. .
del!quesces a'readY at 45'4/9 RH. A further reduction of _the (23) Shulman, M. L.; Jacobson M. C.; Carlson, R. J.; Synovec, R. E.;
deliquescence relative humidity was observed by the addition voung, T. E.Geophys. Res. Lett996 23, 277.
of an inorganic salt to the organic five-component mixture.  (24) Grosjean, D.; van Cauwenberghe, K.; Schmid, J. P.; Kelley, P. E.;
Interactions between different solutes present in the solution Pitts, J. N., JrEnviron. Sci. Technol197§ 12, 313.
leads to high dl lUbiliti thp . ter. Th (25) Kawamura, K.; Kaplan, I. REnviron. Sci. Technol1987, 21, 105.
eads to higher ‘?m owe_r_s_o ubtliues an in Pure water. e 26) Kawamura, K.; Ikushima, KEnviron. Sci. Technol1993 27, 2227.
aqueous saturation solubilities of ammonium nitrate and sulfate  (27) Sempeg, R.; Kawamura, KAtmos. Eniron. 1994 28, 449.
are increased by-40%, the one of sodium chloride is decreased ~ (28) Kawamura, K.; Sakaguchi, B. Geophys. Re<.999 104 3501.
by a similar amount when compared with the saturation Ge(gp?%ysaggggg% Esisl%’%f R.; Imai, Y.; Fujii, Y.; Hayashi, M.J.
concentrations of the pure compounds in water. The Strong ~(30) Narukawa, M.; Kawamura, K.: Takeuchi, N.; NakajimaGEophys.
increase of the aqueous solubilities of ammonium nitrate and Res. Lett1999 26, 3101.
sulfate is restricted to very concentrated solutions that contain  (31) Gao, S.; Hegg, D. A.; Hobbs, P. V.; Kirchstetter, Th. W.; Magi, B.

; ; ; ; I.; Sadilek, M.J. GeophysRes.2003 108 (D13), 8491, doi: 10.1029/
more weight percent dicarboxylic acid than water. 5002JD002324.

In laboratory studies, the influence of the organic fraction (32) mullin, J. W. Crystallization 4th ed.; Butterworth: Heinemann,
on aerosol properties are often investigated using one organic2001. ‘ _
substance-often a dicarboxylic acietas a representative model (33) Wexler, A. S.; Seinfeld, J. HAtmos. Emiron. 1991, 25A 2731.

compound. Thus, the aqueous solubility of the pure organic solid Wegﬁgow_axggﬁggnf%::eggf Standards and Technology (NIST) chemistry

strongly influences the experimental results as could be seen (35) Lide, D. R., EdCRC Handbook of Chemistry and PhysiGRC
for CCN activation experiments. However, the aqueous solubil- Press: Boca Raton, 1998999.

ity of the organic solid loses much of its importance as soon as _ (g?) a"é'iirsgbr';- gdnﬁgj-;?got'ﬁg?”atiiitﬂ} Jgerrmogmae??éc _Pr%%‘ilfitri]es
the water-soluble organic fraction is viewed as a mixture of Heide?berg 1995P espring ¢ ’
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