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Abstract. We present vapor pressure data of the®Cs di- stances the partitioning strongly influences the particulate
carboxylic acids deduced from measured evaporation ratematter burden in the troposphere, the radiative properties
of single levitated particles as both, aqueous droplets anaf the aerosol, the cloud processing and the heterogeneous
solid crystals. The data of aqueous solution particles ovechemistry (PCC, 2007). While the organic fraction in atmo-
a wide concentration range allow us to directly calculate ac-spheric aerosol particles is likely to consist of a large number
tivities of the dicarboxylic acids and comparison of these ac-of compounds@oldstein and Galbally}2007%), it is crucial to
tivities with parameterizations reported in the literature. Theknow the vapor pressure of the pure compounds under ambi-
data of the pure liquid state acids, i.e. the dicarboxylic acidsent conditions to predict the partitioning (e.Bankow 1994
in their supercooled melt state, exhibit no even-odd alter-Clegg et al.2008 Hallquist et al, 2009 Barley and McFig-
nation in vapor pressure, while the acids in the solid formgans 201Q Zuend et al.2010. Among the oxygenated or-
do. This observation is consistent with the known solubilities ganic species short chain dicarboxylic acids are known to be
of the acids and our measured vapor pressures of the supeubiquitous (e.g.Pecesari et al.2006 Legrand et a].2007)
cooled melt. Thus, the gas/particle partitioning of the differ- with average concentrations ranging from a few ngnn
ent dicarboxylic acids in the atmosphere depends strongly omemote marine aerosol¥Vang et al, 2006 to 2 ugnt?2 in
the physical state of the aerosol phase, the difference beingiomass burning aerosol&ndu et al, 2010. Although
largest for the even acids. the vapor pressures of the dicarboxylic acids have been stud-
Our results show also that, in general, measurements oed intensely, the room temperature pressures of different
vapor pressures of solid dicarboxylic acids may be com-studies disagree, with differences up to two orders of mag-
promised by the presence of polymorphic forms, crystallinenitude for some compounds. Equally important for a bet-
structures with a high defect number, and/or solvent inclu-ter understanding of gas/particle partitioning are thermody-
sions in the solid material, yielding a higher vapor pressurenamic models which allow estimating the activity of organic
than the one of the thermodynamically stable crystalline formspecies in complex aqueous solutions (e€3egg and Sein-
at the same temperature. feld, 2006ab; Chang and Pankaov2006 201Q Zuend et al.
2008 2010. Activity data of binary, ternary, and multicom-
ponent aqueous solutions over a wide range of concentrations
from dilute to supersaturated solutions are needed to further
the development of these models. Vapor pressure measure-

. . . . . ments over binary agueous solutions allow the organic activ-
There is a considerable interest in understanding the yaq 9

. e . : ity to be directly obtained and hence serve as constraints for
gas/particle partitioning of organic compounds, owing to the
) . o . these models.
high abundance of organic species in the atmospheric aerosol _ _
(Zhang et al. 2007. In particular, for semivolatile sub- ~ Several techniques have been used to obtain vapor pres-
sure data of dicarboxylic acids: Knudsen's effusion meth-
ods using different detection techniques, namely, gas phase
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Table 1. Selected physical properties of the dicarboxylic acids used in this study.

Name  #C M Densit?  Solubility®  Melting ERH Purity
(103kgmol ) (1Pkgm=3) (molkg™l) poinf (°C) (%) (%)
oxalic 2 90.04 1.905 1.25 189.5 79.3 >995
51.8-56.%  (dihydrate)
malonic 3 104.06 1.616 15.22 135.6 otb >99
succinic 4 118.09 1.566 0.66 188 5153  >995
55-58!
glutaric 5 132.12 1.414 10.80 99 <5-4F ~99
29-33

a crystalline physical stat€halladi et al.(2000), density atr'=298K, P solubility in water atr =29815K (molkg~! of water),Marcolli et al.(2004), € this work, 9 Peng et al.
(2001).

1975 de Wit et al, 1983, mass-loss detectiorBfadley 2 Experimental
and Cotson1953 de Wit et al, 1983 Ribeiro da Silva et

al., 1999 200) or gas phase mass spectrometry detectionThe basic experi
) perimental setu@dlberg et al.2004 and the
(Booth et al, 2009 2010; temperature programmed des- method of obtaining vapor pressures from measured evap-

orption (TPD) with mass spectrometry detecti@i@ttopad- o1 rates has been described previouglgrdini et al,
hyay and Zlemann2005 Cappa et &.2007, 2098’ mea- 5006 2009 2010. Briefly, a single liquid, agueous aerosol
surements of evaporation rates of aerosol particles using e'f)article is inductively charged and injected into the EDB us-

ther tandem differential mobility analyzers (TDMAYdo L . . : _
. . o g an ink jet single particle generator filled with a diluted
and McMurry, 1989 Bilde and Pandis2001, Bilde et al, aqueous solution and then levitated by the electric field in

2302305"""”9_”_9‘ al, 2006t_Kopo_neIn et al.2(|)0?, tS_aIIo e_t the EDB. The DC-field used to balance gravitation allows
al, Q or sizing evaporating single aerosol particles in aNto deduce mass changes and in a binary system the com-

electrodynamic balance (EDBZ4rdini et al, 2006 2009 position change of the particle. Temperature, relative hu-

201Q Pope et al.2010. The observation of an even-odd midity (RH) and total pressure (buffer gas is nitrogen) are

aIt%rnitloq dm vaplorzg(r)essu:jes %f thg © Gy dicarboxylic b adjusted and the evaporation of the particle is monitored by
acids byBilde et al (2003 and subsequent measurements by recision sizing, using optical resonance spectroscapy- (

other authors stimulated a discussion on the influence of th ini et al, 2006. By keeping temperature and relative hu-

ph_IXSCMaASta;eEO[];g]e aﬁrqsol on va[?]or pr:essurr(]e.. hi hmidity fixed, the composition and temperature of a slowly
an techniques are the only techniques whic evaporating binary aqueous aerosol particle is kept constant

allow the V?pt(.)r ptrezsu(;? Oftl sc(ejmtlvolqtlle dsubstaTcebs N as well. Solid particles are either injected directly into the
aqueous solution to be directly determined, namely, by meagpg by contact charging or aqueous solution particles are

suring the size change with time of an evaporating aquUeOUyynsformed to solids by efflorescence through drying. Milli-

aefrosgl atda lc(:onstant temperat.ure é}n?] retl)a_ltlve hum|d|t);, "_?r'] ore water (Resistivity 18.2 M cm) and dicarboxylic acids
a fixed and known concentration of the binary aerosol. e(Table 1) were purchased from Sigma-Aldrich with purities
EDB technique is unique in the sense that it allows the un-

. . . ) .~ 0of 99% or higher and used without any further purification
ambiguous identification of the physical state of the partlcle]cor the preparation of the solutions fed into the particle gen-

during evaporation. This way the vapor pressure of a solid

il be directl d with th i erator. To distinguish unambiguously liquid (spherical) par-
particle can be |re(?ty compared with the corresponding on§;ces from solid (non-spherical) particles the 2-dimensional
of a saturated solution.

. . angular scattering (TAOS) pattern is monitored continuousl|
We used the EDB technique to study thg 16 Cs dicar- 9 9( )P Y

boxylic acids shown in Table 1 in the solid and liquid state. using a CCD camerd{aun anq Kr|eger200.]). .

In the following we briefly introduce the experimental setup, 1€ raw data of our experiments consist of evaporation

present our data, their analysis and provide an interpretatiofiates 22~ (wherer is the particle radius), for various particles

of vapor pressures and activities of the acids in aqueous soluneasured at fixed temperatures, total buffer gas pressures

tion as well as of the vapor pressures of the solid dicarboxylicand — (if aqueous solution droplets) — fixed relative humidi-

acid particles. ties, see Table 2 for an example of raw data. We measured
evaporation rates at least for five different particles, injected
from separately prepared aqueous solutions of the respective
dicarboxylic acids at several relative humidities and at least

two different temperatures. Measurements are performed at
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Table 2. Raw data of the glutaric acid experiments: temperature, RH, glutaric acid mole fractesmcalculated from measured RH using
UNIFAC-Peng, glutaric acid gas phase diffusion coefficidnt,solution density,o, and evaporation rate, needed to calculate the vapor
pressure of the acight, see Eq.1). The pressure of the buffer gas{Nvas kept constant at 800 hPa in all measurements.

T(K) RH (%) ¥ D@0 Cm?sY  pgemd) X (mPsl)  pl(10-5Pa)
281.3 45 0934 7.04 1.336 39.5 &B.1
281.3 106 0.845 7.04 1.328 39.1 62,0
281.3 167  0.775 7.04 1.322 37.9 619
281.3 219 0720 7.04 1.316 35.9 558
281.3 273 0.660 7.04 1.310 34.7 5R7
281.3 327 0616 7.04 1.304 324 4106
281.3 377 0574 7.04 1.208 29.9 415
281.3 445 0517 7.04 1.289 24.8 351
281.3 546  0.435 7.04 1.274 227 211
281.3 707 0313 7.04 1.242 12.7 1656
290.9 10 00984 7.52 1.324 241 882
290.9 50  0.925 7.52 1.320 226 861
290.9 337  0.606 7.52 1.290 153 287
290.9 440 0517 7.52 1.278 100 4.3
290.9 49.4 0477 7.52 1271 108 455
290.9 512  0.462 7.52 1.268 126 43,2
290.9 600  0.395 7.52 1.254 90.8 436
290.9 665  0.345 7.52 1.242 88.1 433
290.9 750  0.257 7.52 1.213 82.5 87,7
290.9 845  0.195 7.52 1.186 65.1 609
290.9 900  0.35 7.52 1.151 48.0 262
290.9 945  0.061 7.52 1.086 39.7 10,6
303.2 50  0.925 8.16 1.301 941 1423

constant relative humidity, which means constant aqueousr its mean radius. We estimated the relative error in vapor
solution concentration within the droplet during evaporation. pressure using this approximation to evaluate the optical res-
Therefore the evaporation of the acid is accompanied by anance spectra together with uncertainties in gas phase dif-
proportional (in terms of molecules) evaporation of water tofusivities to be 35%. Alternatively, we may use the mass

the gas phase. To calculate vapor pressures of the acids in ttilnange data obtained from the DC voltage compensating the
liquid State’pléci 4 from evaporation ratesi(;—tz, in the contin-  gravitational force to deduce evaporation rates. However, for
uum regime of diffusion, we need to know the composition oW vapor pressures with corresponding small evaporation
of the particle, expressed as mole fraction of the dicarboxylicrates, the precision in the mass change rates is limited by
acid, x, the density of the particley, the molar mass of the the overall drift of the DC balancing voltage feedback loop,

acid, Macig, the molar mass of wateb/,0 and the diffusiv- ~ Which relies on a video image of the particle. This becomes

ity, D, of the dicarboxylic acid in the buffer atmosphere: especially important for small particles. It turned out that
only for high vapor pressures (corresponding to temperatures

2 :
k= _ldr® xXpRT (1)  above 300K) the pressures inferred from mass change data
act 2 dt (xMacig+ (1—x)Mw,0) D are of the same precision as those inferred from the optical

For solid, in general non-spherical particles, we need to conféSonance spectra of the solid particles.

sider the actual particle shape. The only information we gain While our setup allows the measurement of concentration
from the TAOS pattern is the non-sphericity of the solid par- changes with relative humidity, for convenience we use the
ticle but not its actual shape. Using an equivalent spherdJNIFAC parameterization b¥Peng et al(2001) (UNIFAC-
radius approximation we can still deduce evaporation rate$?eng) to calculate the binary aqueous solution concentration
from optical resonance spectroscopy by assigning a size pan equilibrium with the measured relative humidity, assum-
rameter to a specific resonance in the spectra and followingng an undissociated dicarboxylic acid. This is justified be-
its temporal evolution. This is explained in detail Zar- cause the UNIFAC-Peng yields a good agreement between
dini et al. (2009 2010. The results depend only slightly measured and calculated water uptake of dicarboxylic acids.
on whether the equivalent sphere radius is assigned to thelowever, we also checked the consistency of the water activ-
minimum enclosing ball radius of the non-spherical particle ities calculated using UNIFAC-Peng with our measurements

www.atmos-chem-phys.net/10/11753/2010/ Atmos. Chem. Phys., 10, 17B3%2010
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of concentration changes at various relative humidities and RH 71 55 38 22 1145
found agreement within experimental error. We calculated 8.0x10” t—t—— 1 ‘

the gas phase diffusivities as describedird et al. (2007,
using the Lennard-Jones parameters as giveBilde et al.

(2003, 60x107 [ONE

, T Bl i
3 Data analysis and results @ 40x10
o

Our data evaluation requires an iterative procedure to de-
termine enthalpies of vaporization, activities of the solutes

2.0x10° A % -
(dicarboxylic acids) and the vapor pressures of supercooled

melts and saturated solutions. We use glutaric acid as an ex- 0.0 -

ample to illustrate this analysis in some detail and present the 00 02 04 06 08 10

data of the shorter chain dicarboxylic acids in the following. x (glutaric acid)

3.1 Glutaric acid Fig. 1. Vapor pressure from evaporation rates of aqueous glutaric

acid droplets at 281.3 K as a function of glutaric acid mole fraction.

We measured the evaporation rates of 5 different aquebata at concentrations larger tha:0.6 are shown as soli@, see
ous glutaric acid particles at three different temperaturegext. Dotted line shows a fit to the solid circles, to determine the
(281.3K, 290.9K and 303.2K) and various relative humidi- Vapor pressure of the pure, supercooled liquid state.
ties as given in Table 2. Aqueous glutaric acid droplets ex-
hibit a strong variability in efflorescence relative humidity . . .
(ERH) (Zardini et al, 2008. With some droplets we were for the ,data, pomtg W't_h concentratl_ons Iarg_er th_ﬁﬁ:
able to supersaturate the aqueous solution down to a RH o 6 (solid cwcle; n Fllg. 1 negr]]Iectmg norl1—|deall"2/ aIT
about 1% without the occurrence of crystallization. While ¢ esz c_:onlé:_entlratmns go;e to the pure so uée._ d's . L(st-
the reason for the variability in ERH remains unclear, it al- gate n Hg. 1, we o tain a puEeL comp(iu2n8l§|r‘1< |fcate
lows measurements over a wide range of concentrations. y superscripb) vapor pressurep -, _at .T_ or

For each measurement we adjusted temperature and rel he supercooled melt (indicated as liquid state L) of glu-

. . O,L _ 5 . _

tive humidity and measured the evaporation rate over a timearC acid of p §2813 lf)_(7'6i2‘3)><1(r Pa. j'm
span of at least 10000s and up to 100000 s depending o'r|1arly we determine p® (2909 K):(3’9i1'2)X1(.) Pa
>L(3032K)=(1.5+0.4)x10"3Pa. By applying the

the magnitude of the rate. We used the measured RH to caend P .
culate the equilibrium concentration of the aqueous dropletcIausms-CIapeyron equation,
using UNIFAC-Peng (298.15 K) neglecting any temperature ;i ,o.L AHV%p
dependence of water activity. To calculate vapor pressures =- (2

1 R
from the measured radius changes, knowledge of the den-d(T)

sity of the particle as well as the diffusivity of glutaric acid and assuming that the enthalpy change of vaporization,

in the gas phase is required&rdini et al, 2006. Densi- AH<S s constant over the temperature range of our

ties as given in Table 2 were calculated assuming ideal m'x'me;sfjrements we obtaihH.—97+8kImot?! and the
ing and taking the molar volume of glutaric acid from the Vap

: vapor pressure of the supercooled melt7at:29815K,
measurements @en-Hamo et al(2007) at the highest con- oL =(8.6+2.6)x10~4Pa. This allows us to directly cal-

: . _ -1 ) o ©
centration (5.94 molanGiutaric(2813K) =987 cmPmol™t, ¢ 1416 the activity of glutaric acidg™, for all measured

Voutaric(2909K) = 997 cnPmol ™, Voutaric(3022K) = concentrations at this temperature usif§y =p-/p°L, see
1012 cn® mol~1) interpolated to the respective temperature. Fig. 2.

It is difficult to calculate the cumulative error in vapor pres- o qata agree best with the UNIFAC parameterization of

sure, because we can only estimate the error in concentratiopeng et al(2003) and the (corrected, see Appendiy pa-

diffusivity and density, while the error in rate measurement ., oterization oClegg and Seinfeld20068 who deduced

. -1 . .

is 5%+0.5nnt's L Overall, we estimate a relative error ineir parameterization from water activity data at room tem-

N vapor pressurep , 10 be 30% plus an absolute error of e atyre only. The parameterization Ming and Russell

+1.25x107> Pa, as given in the last column of Table 2. (2002 is in disagreement with our data, this parameterization
Figure 1 shows that liquid state vapor pressures of glu- geviates oppositely from Raoult’s law to what we observe, as

taric acid deviate increasingly from Raoult's law as the goes the UNIFAC Dortmund parameterization (taken from

aqueous solution becomes more dilute with respect to glu{koponen et a).2007) as well as the van Laar parameteriza-
taric acid. To determine the vapor pressure of the Sutjon of Koponen et al(2007).

percooled melt X = 1), we perform a linear regression

Atmos. Chem. Phys., 10, 11758767 2010 www.atmos-chem-phys.net/10/11753/2010/
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activity (glutaric acid)
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1 1
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10° —

——— 7
. — 0.0 0.2 0.4 0.6 0.8 1.0
0.0 0.2 0.4 0.6 0.8 1.0
x (glutaric acid)

activity (glutaric acid)

Fig. 3. Vapor pressure from evaporation rates of glutaric acid plot-
Fig. 2. Glutaric acid activity versus mole fraction of glutaric acid. ted versus activity from UNIFAC-PendPéng et al.200]). Data
Data at7’=2909K: W, T=2813K: @, T=3032K: A. Dotted  at7=2813K: @, T=2909K: M, T=3032K: A. Lines are the
line: Raoult's law; Dark yellow line: UNIFAC Dortmund param-  results of one fit to all data using EQ)(
eterization taken fronKoponen et al(2007); Dark cyan line: van
Laar parmeterization bitoponen et al(2007); Green line: UNI-

FAC parameterization biing and Russel(2002; Blue line: pa- : .
rameterization byClegg and Seinfel@0063*; Red line: UNIFAC based on Eq 3 is more accurate and will be used from now

parameterization blpeng et al(2001). Mole fractions are on the ba- on. . . . .
sis of undissociated glutaric acil.The Egs. (5a) and (b) &legg We measured the evaporation rates of solid glutaric acid
and Seinfeld20063 contain several errors leading to large devia- Particles after efflorescence of liquid particles under very dry
tions especially for malonic acid. The coefficients given in Table 4 conditions. An example of such a measurement is shown in
of Clegg and Seinfeld20063 are correct as they were estimated Fig. 4.
with the correct expressions (personal communication with Simon The rates shown in the figure are deduced from the opti-
Clegg). The correct expressions are given in the AppeAdix cal resonance spectra as describedZbydini et al.(2009
2010. The precision of the vapor pressures obtained when
sizing solid particles is lower compared to those of liquid
droplets Zardini et al, 2009 2010, because of the uncer-
fainties associated with deducing equivalent radius changes
from optical resonance spectra for non-spherical particles.
Also, the evaporation rate of a non-spherical particle may
exceed that of an equivalent sphere particle because of its
larger surface area. More important, however, is a feature of
° the evaporation of effloresced solids in the micrometer size
Loy _ ol ooy (x) |:_ AHV&P(l 1 )i| range obvious when studying data as shown in Bigaf-
pH(I) = p>H(T*)a™ exp| ———= ) 9 ying 9
R ter efflorescence the particles in our experiments typically
evaporate at a rate which is more than an order of mag-
where, a¥) is the mole fraction based activity, i.e. nitude faster compared to the rate after a day of evapo-
a™ =1 for the pure organic acid, and Hy, is the stan-  ration (seeZardini et al, 2009 201Q or Fig. 9 for an-
dard enthalpy change of vaporization. A fit to all the other example). Using the data of Fig, the initial rate
data yields a vapor pressure of the supercooled melt o{blue dashed line) corresponds to a vapor pressure over the
poH(T°)=(9.3+2.7)x10~%Pa and an enthalpy change of solid of p°>S(2909 K)=(2.6+0.9)x10~4 Pa, which agrees
vaporization ofA Hy3,=99+8 kJ mol1, see Fig3. Inspec-  within error with the vapor pressure of the supercooled melt
tion of Fig. 3 shows that all data points agree with the UNI- at this temperature 0p°-(2909 K)=(3.4+1.0)x 104 Pa.
FAC Peng paramterization within error. But almost a day later the vapor pressure of the parti-
Both, p>L(T®) and AH\gp determined with a fit of all  cle has dropped tp°S5(2909 K)=(1.4+0.5)x 10> Pa (or-
data to Eq. 8) (using the UNIFAC-Peng parameterization to ange dashed line). Since equilibrium thermodynamics re-
convert concentrations to activity) agree within error with the quires the vapor pressure of the saturated solution to be
ones determined directly from the experimental data. We asthe same as the one of the corresponding crystalline solid
sume that the value obtained considering all available datat the same temperature, we can compare these pressures.

Accepting UNIFAC-Peng for the activity, neglecting any
temperature dependence of the activity and assuming
Clausius-Clapeyron relationship (E2).between vapor pres-
sure, pb, and temperaturel’, we may determine the vapor
pressure of the pure solute?"(7®), at7°=29815K, and
the enthalpy change of vaporization alternatively by using

www.atmos-chem-phys.net/10/11753/2010/ Atmos. Chem. Phys., 10, 17B3%2010
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1 ® solid Ve .
107 5 @ supercooled melt e f Lo %? 3
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e o Ribeiro da Silva et al. (1999) \\\\
. 10° 4 4 Bilde et al. (2003) v
\ M v Cappa etal. (2007) )
5.5 N e Salo et al. (2010) ﬁ
—— W0 eA————
0 10000 20000 30000 40000 50000 60000 70000 27 28 29 3.0 3.1 32 3.3 3.4 3.5 3.6
t[s] 1000/T [K]

Fig. 4. Evaporation rate"ld—’t2 of a solid glutaric acid par- Fig. 5. Vapor pressure from evaporation rates of glutaric acid ver-

ticle (of initial size 2.91um equivalent radius) after efflo- sus temperature. Our measurements for the solid, (supercooled)
rescence under dry conditions (RH%) at T=2909K. liquid, and saturated solution states are plotted as indicated in the
The rate changes with time from an initial rate (blue key. For comparison, a selection of literature data is plotted as
dashed line) of dd—’f:—l.48x10‘4 pun?s~l to a rate of  Wwell. Dotted line: extrapolation of high temperature daRébgiro

dr2 da Silva et al. 1999 to ambient temperatures. Note that the two

_ —6 —1 ;
ar =—1-82x10 . “mzs . (orgnge das.hed line) after alm(.JSt . data points of the solid at the highest and lowest vapor pressures
a day of evaporation. (Outliers in the radius data are due to noise i 1/ T=3.44x 10-3k-1 originate from the same particles, but at

the optical resonance spectra for non-spherical partigiasi{ni et

diff t ti fter effl Hagnd di ion in th
al., 2009 2010 and do not imply sudden changes in radius.) rerent imes afier eftiorescence, see Magind discussion in the

text.

The concentration of the saturated solution of glutaric acidtive also for larger particles, the time needed before measur-
at T=29815K is x5%(29815K)=0.136 (Marcolli et al, ing the relevant vapor pressure of the crystalline solid ex-
2004), taking the temperature dependence of solubility intoceeded those we often used. This becomes evident when
account Apelblat and Manzurolal989 at 7=2909K it plotting our data versus temperature as shown in &igAs

is x53(2909 K)=0.095 This allows us to calculate the va- discussed, the solid vapor pressures'at2909K span a

por pressure of the saturated solutiphL (2909 K) from considerable range, an additional data point measured with
p>L(2909K) and the activity (extrapolated from the mea- & different particle of 9.4 um radius lays somewhere in be-
surements) at$ which isa®¥)-58~0.06, using Eq. 3), see  tween.

Fig. 2. The resulting vapor pressure of the saturated solu- We calculate the enthalpy change of sublimation, from
tion, pS3L (2909 K)=(2.1+0.7) x10~° Pa, agrees within er-  the inferred vapor pressures for the saturated solutions of
ror with the one obtained for the solid particle after one day A Hg=(122+8) kImol~. This procedure is most likely

of evaporation. Thus, we conclude that the particle after efthe more accurate determination of the enthalpy change of
florescence contains a substantial amount of material whictgublimation compared to using the data of the solids, be-
evaporates at higher rate than the stable solid. For glutari€ause the ambiguities associated with the solid state do
acid, we indeed have indication of aqueous inclusions fromnot arise. While the associated error does not allow to
hygroscopicity cycles performed on particles in the EDB (seeprecisely determine the resulting enthalpy change of fu-
Fig. 5 of Zardini et al, 2008. During the main efflorescence Sion A Hgoo= AHg i~ AHg,, AHG=(23+11) kImof* is

step only a part of the water is lost. Subsequent continuoug&t least consistent with data reported in the literature, i.e.
water loss over a broad RH range is observed until the hy{17.6+1.1) kJmol~! (Roux et al, 2005. Note that thermo-
groscopicity cycles close. Because the same initial mass igynamics required Hg;, to be positive.

reached for several subsequent cycles we can exclude irre- Figure5 shows that our data of most solid particles (see
versible mass loss (e.g. by evaporation) as explanation foalso Table 2) seem to agree within error with thos€appa
this effect. The amount of crystalline material present in theet al.(2007) but disagree in both enthalpy and absolute pres-
effloresced patrticle initially may be estimated from the ex- sure with those oBilde et al.(2003 andSalo et al.(2010.
trapolation of the orange dashed line in Fgo the start of  Their data seem to agree much better with our data for the
the experiment. This implies that about 60% of the mass ofsupercooled liquid, see Sedt. For glutaric acid our vapor
the solid after efflorescence were crystalline and 40% werepressures of both, saturated solution and solid, agree within
aqueous inclusions. The implications of this observation will error, for the particle with the smallest radius and longest res-
be discussed further below. One immediate consequence fadence time of evaporation while the ones of the other solid
our own measurements is that if these ratios are representgarticles are significantly larger. Since the lowest measured

Atmos. Chem. Phys., 10, 11758767 2010 www.atmos-chem-phys.net/10/11753/2010/



V. Soonsin et al.: Vapor pressures and activities of dicarboxylic acids 11759

1.0 T T T T T T T T T 100] éoa T T T T T T T T ]
n\D\O\
10" 4 %o\ 3
0.8+
<) 107 3 E
(3]
]
£ 06 Z 4 T 10°
5 / g 1073 ﬁ\k\
© o ) T A
£ Z, . &
= Z, 107 5 X I E
2 04 E [N
= J s ® solid, this work X4
) J [/ ] 107 4 @ supercooled melt, Zardini et al. (2006) § ?*‘l
@ @ saturated solution, Zardini et al. (2006) §
/ o Ribeiro da Silva et al. (1999) f
0.2 - 10° 4 2 Bilde et al. (2003) I i
/// T T T T T T T T T
J a ] 27 28 29 30 31 32 33 34 35 36 37
1000/T [K]
0.0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
x (malonic acid) Fig. 7. Malonic acid vapor pressures versus temperature, solid sym-

bols: this work andzardini et al.(2006; Open symbols: literature
T=2738K: %, T=2810K: @, T=2910K: M, T=3000K: A. temperature dateRjbeiro da Silva et al.1999 to ambient temper-
Data fromZardini et al.(2006. Dotted line: Raoult's law; Dark ~ atures.
yellow line: UNIFAC Dortmund parameterization taken frdo-

ponen et al(2007); Dark cyan line: van Laar parmeterization by . . . .
Koponen et al(2007); Green line: UNIFAC parameterization by onic acid particles into the EDB to measure the evapora-

Ming and Russel{2002; Blue line: parameterization b9legg and tion rate of solid particles. The resulting vapor pressures
Seinfeld(20063*; Red line: UNIFAC parameterization lBeng et together with literature data and those of the supercooled
al. (2001). Mole fractions are on the basis of undissociated malonic melt extrapolated from the aqueous solution measurements
acid.* See footnote to FicR. are shown in Fig7, see also Table 2. Our vapor pressures
of the solid malonic acid are substantially lower than those
of Bilde et al. (2003 as well as those oRibeiro da Silva
vapor pressure of the solid is consistent with equilibrium et al. (1999 extrapolated to lower temperatures, however,
thermodynamics, we take this one as the one of the thermoboth agree with our vapor pressures of the supercooled melt.

dynamically stable crystalline state. This is an indication that both may have measured the su-
percooled melt instead of the crystalline solid, as was first
3.2 Malonic acid speculated byardini et al. (2006 and later supported by

Koponen et al(2007) andRiipinen et al.(2007). If we cal-
For malonic acid, we measured evaporation rates at 4 difculate the vapor pressure of the saturated solution from the
ferent temperatures (273.8 K, 281.0K, 291.0K and 300.0 K)vapor pressures of the aqueous solutions, using solubility,
spanning a range in RH from 8 to 81%. The data have beenrs2{29815 K)=0.215 (Marcolli et al, 2004 and its temper-
published previouslyZardini et al, 2006. In Fig.6 we com-  ature dependencéelblat and Manzurolal987 as well as
pare the measured activities with model predictions. the activity coefficients of UNIFAC-Peng, the resulting vapor
As with glutaric acid, UNIFAC-Peng seems to representpressures agree within error with the measured pressure of
our data best, although our data show consistently lower malthe solid (see Figr), proving the consistency of our measure-
onic acid activities at lower concentrations of malonic acid. ments of aqueous solutions and the solids. The fact that the
While the van Laar parameterizationkdponen et al(2007) vapor pressures of the saturated solutions seem to be slightly
shows low activity for the lower concentrations it by far ex- lower compared to those of the solid, may be attributed to the
ceeds the deviation from Raoult’s law compared to the ex-previously discussed uncertainties with interpreting evapora-
perimental activities. The parameterizations@iégg and tion rates of non-spherical particles.
Seinfeld (20063, Ming and Russel(2002 and UNIFAC- Fitting our vapor pressures of the solid malonic acid
Dortmund Koponen et a.2007) are close to Raoult's law to a Clausius-Clapeyron relationship yields an enthalpy
and do not describe the deviations from ideal behavior founcthange of sublimation of AHS=(1074+4) kI moft,
in our data at lower concentrations of malonic acid. We domatching that of the saturated solutions yielding
not observe any systematic dependence of activity on temA HZ, =(111+4) kJ mol-1.  Previously, we derived an
perature and conclude that the temperature dependence ehthalpy change of vaporization for the data of the su-
activity is significantly smaller in the range between 274K percooled melt: AH\gp=(10(}_l:17) kJmol? (Zardini et
and 300 K than the error associated with our measurementsal., 2006. If we combine the data oBilde et al. (2003,
Since none of our aqueous particles did effloresce in theAH\gpz (92+£15) kI mol1, and our data of the supercooled
EDB even under very dry conditions, we injected solid mal- melt we obtain a best estimate for the enthalpy change of

www.atmos-chem-phys.net/10/11753/2010/ Atmos. Chem. Phys., 10, 17B3%2010



11760 V. Soonsin et al.: Vapor pressures and activities of dicarboxylic acids

1.0 T T T T T T T T T } } } }
0.9 : 7
] e
0.8 . &"5.»
iy . b
P
= 0.7 4 - S o gl
g | e, |
T 06 - P
i} | M,
c
§ 0.5—- -. %**‘f‘ 11
£ 044 - ) 38000 40000 42000 44000 46&2)0
2 A 1 tls]
2 0.3 R
|5}
© 1 ) :
0.2 - i i
1 1 i \ ~
014/// - v T v T v T r T
/. i 0 50000 100000 150000 200000
0.0 ts]

00 04 02 03 04 05 06 07 08 09 10
X (succinic acid) Fig. 9. Evaporation rate of a succinic acid particle7at2985K,
RH=50%. Black crosses are the data obtained from optical res-

Fig. 8. Succinic acid activity versus mole fraction. Data at onance spectroscopyZgrdini et al, 2009 2010. The parti-
T=2788K: %, T=2832K: @, T=2909K: M, T=2984K: A. cle effloresces at=22000s (indicated by the vertical dashed-

Dotted line: Raoult’s law; Dark yellow line: UNIFAC Dortmund dotted line), the phase transition is determined from 2-dimensional
parameterization taken frokoponen et al(2007); Dark cyan line: ~ angular scattering data, not shown here (for details Zae

van Laar parmeterization bitoponen et al(2007); Green line:  dini et al, 2009 2010. Linear fits to data points for the
UNIFAC parameterization bivling and Russel{(2002; Blue line: liquid state yield dTrfzz,ggxlo—4 um?s—1 (dashed blue line).
parameterization blegg and Seinfel§20063*; Red line: UNI-  For the solid, the data between 38ks and 46 ks yield a rate of
FAC parameterizatioReng et al(2001). Mole fractions are on the d—’2=3.65x 105 umz s~1 (dashed red line, see inset of the figure

basis of undissociated succinic acfdSee footnote to Fig2. for details) and for the data between 150 ks and 213 ks we obtain a

rate ofdd—rf=3.l6>< 10-8 pn? s~1 (dashed orange line), see text for
vaporization OfAHVeapz (964+11) kJ mof1. Using Eg. 8), discussion. The red circle marks theto which the particle would

. . . L . shrink if it lost all the water upon efflorescence immediately, see
we obtain with this valug®*(T°)=(4.3+15) x 107" Pa ;o4

instead of p>L(T°)=(3.2+1.2) x 10~* Pa gardini et al,

2006. We consider this new value as the best estimate of

the vapor pressure of the supercooled meftat=29815 K than x = 0.35: p>-(278.8K) = (6.9£2.2) x10 °Pa,

on the basis of our data. The enthalpy change of fusiony>L(283.2K) = (1.4:0.4)x10*Pa, p°L(290.9K) =
determined from these measurements again bears a cog6.7+2.0)x10 *Pa, and p>L(298.4K) = (1.3:0.4)
siderable uncertainty, but using the enthalpy change of«10-3Pa. A fit to Clausius-Clapeyron yields the enthalpy
sublimation from the data of the saturated solutions yieldschange of vaporization oﬁ[—[veapz(lo&]:S) kdmol?! and
AHgg=AHgG~AHg,=(15+12) kImol*, which is lower poL(T®)=(1.74£05)x103Pa. The concentration de-
but still consistent with differential calorimetry data, i.e. pendence of activity indicate that again the UNIFAC-Peng
(2311.2) kI mol-* (Hansen and Beyg2004). parameterization of activity versus concentration agrees
best to our data, see Fi§. All parameterizations indicate
that assuming Raoult’s law for concentrations greater than

Since succinic acid has a significantly lower solubility than *succinic=0.5 is justified. _

the acids considered first, we were only able to supersaturate S0lid particles from both, effloresced aqueous particles
aqueous succinic acid particles to a relative humidity Ofa}nd partlcles injected as solids, showed considerable varia-
about 50% before efflorescence occurred. This restricted thHON in vapor pressure. An _example o_f th_e raw dat_a o_f an
concentration range of the aqueous solutions we could stud§vaporating aqueous succinic acid particle is shown in&ig.
from dilute solutions to a mole fraction of succinic acid of Ihe particle effloresced during the measurement with the RH

about 0.5. Hence, the uncertainty in the determination of the2nd temperature constant at ca. 50% and 298.5K, respec-
vapor pressure for the supercooled succinic acid is increasetively- )

relative to the more soluble acids. This determination is The rate of evaporatiorf% see Eq. 1), does not reduce
based on assuming Raoult’s law for extrapolating the data atirastically after the supersaturated aqueous solution droplet
Xsuccinic®0.5 10 xsuccinic= 1. We measured evaporation rates effloresced at=22 ks, but it takes more than a day for the
at four temperatures and determined the vapor pressurgsarticle with a radius of about 2.75 um at the time of efflo-
for the supercooled melts analogously to the procedurgescence to show a constant rate-4rindicative of a stable
outlined for glutaric acid, using data at concentrations largercomposition. This appears to be qualitatively similar to the

3.3 Succinic acid
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solid glutaric acid evaporation shown in Fi¢. However, T ™ L B B
there is one important difference: the concentration of the \ E
aqueous particle before efflorescence is oflycinic=0.46, 103 o 3
which means that a substantial amount of water is present 4o . 4
within the particle after efflorescence. If this water would 25 E
evaporate immediately upon crystallization of the supersat- " 3 3
urated aqueous solution, we should observe a distinct step-z 142 gy, e N
wise reduction in radius, which is absent from the data of % 1% *
Fig. 9. The equivalent radius change expected if all wa- '3 o Siecocies met Tee e
ter were lost to the gas phase immediately upon efflores- ,os] ¢ gauetedsouton {TA ]
cence isAr=0.36 um, or from an-2=7.51pun? in Fig. 9 i Riboio da Siva et al. 2001) LA
to r2=5.67 unf, marked as red circle. As shown in the 10°4] < Cappaetal (2007)
inset of Fig.9, the vapor pressure &t=2985K deduced 107 ] Saloetal. (2010)

from an apparently constant rate 20ks after the efflores- " 26 28 30 32 34 36
cence took place, yields a vapor pressure for the solid of 1000/T [K']

p>S(2985K)=(7.4+ 2.6)x10°Pa. The extrapolation of
this line to the time of efflorescence yields a radius, whichFig. 10. Succinic acid vapor pressure versus temperature. Solid
is close to the one estimated for an instantaneous water lossymbols: this work; Open symbols: literature data as indicated
However, the vapor pressure after another day of evaporain the figure; Dotted black line: extrapolation of high temper-
tion settles to a value one order of magnitude lower, i.e. toature dataDavies and Thomagl96Q to ambient temperatures,
p°~3(2985 K)=(6.4i2.6)x10‘6 Pa (orange dashed line in dashed wine line: extrapolation of high temperature dRitziro
Fig. 9). Comparing these vapor pressures with the one ofda Silva et aI.(ZOOSD. l\llotg that the two data points qf the solid
the saturated solutiom,sa“-(2985 K)=(1.3+0.6) x 105 Pa, aF 1/T=3_.35>< 10~° K™+ originate from the same partl_cle,_ but at
calculated from solubilityxS2(298 15 K)=0.014 (Apelblat dlff;arent times after efflorescence, see Fi@nd discussion in the
and Manzurolal1987), the corresponding UNIFAC-Peng ac- ot
tivity, «53=0.01, and the pressure of the supercooled
melt, p>"(2985K)=(1.3+£0.4)x10"3Pa, shows that the tude lower. It agrees with the independently measured one
lower vapor pressure agrees within error with those of theof the saturated solution at this temperature as required in
saturated solution, which proves that it takes a significanthermodynamics equilibrium. Thus, we may speculate that
time to evaporate material (solvent inclusions and defectiveg|| solids studied in the literature did not consist of the ther-
crystal structures) that has not crystallized to the thermodymodynamically stable crystalline solid, but contained amor-
namically stable crystalline solid. Itis interesting to note that phous material and/or material with a high number of crystal
in contrast to solid glutaric acid particles, evaporating solid defects.
succinic acid particles showed sudden changes in the opti- Because of the spread in solid vapor pressure data due
cal resonances spectzafdini et al, 2009 2010, whichwe  to different defect numbers and possibly also solvent inclu-
interpreted as rearrangements within the particle upon evapsions, we are not able to deduce an enthalpy change of sub-
oration, but could also be connected to the sudden exposungmation for succinic acid, from the solid data. We used
of solvent inclusions to the gas phase upon evaporation.  the data of the saturated solutions to determine the enthalpy
Figure10 shows the vapor pressures in comparison to lit- change of sublimation, which iSA(HseubZ 125+8 kJ mol1),
erature data. All literature data shovail(ie et al, 2003 consistent with what e_mappa et a|(2007) have mea-
Cappa et a).2007 Salo et al. 2010 are measurements of sured A HS,=128:2kImof?), although there pressures
the vapor pressure of the solid succinic acid and agree withiryre significantly higher than ours. Thus, the enthalpy change
error with each other as well as with the extrapolation from of fyusion isAHfﬁsle:l:ll kJ mot1, this is also consistent

high temperature dat@@vies and Thomad96Q. Our pres- ity iterature data H;o,=26.5+2.3 kJmol-! (Roux et al,
sures for the supercooled melt are larger than the literaturgggg.

data for the pressures of the solid and show a smaller change

in enthalpy, as expected. The two data points of the solid aB.4 Oxalic acid

1/T=3.35x10"3K~1 illustrate again the change in evapo-

ration rate with time after the efflorescence, see Bignd Oxalic acid is special when compared to the higher mass di-
discussion above. It is very interesting to note that our datecarboxylic acids because in this case oxalic acid dihydrate
of the solid vapor pressure immediately after efflorescencdorms in aqueous solutions and the solids exhibit polymor-
agree well with all literature data. However, our vapor pres-phism @e Villepin et al, 1982 Tanaka 1984 Camus et aJ.
sure after the particles were allowed to evaporate for anothet997). Vapor pressure data of aqueous solutions are of spe-
1.5 days with a corresponding reduction in volume of aboutcial importance here, since they do not require any knowl-
40% relative to the initial one, is about one order of magni- edge about crystalline stoichiometry nor crystalline form.
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Fig. 11. Vapor pressure of oxalic acid plotted versus activity
from UNIFAC-Peng Peng et al.200). Data atT=267.3K: @,
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all data with Eq. 8).

V. Soonsin et al.:

Vapor pressures and activities of dicarboxylic acids

p [Pa]
o

solid

supercooled melt L4
saturated solution, dihydrate
Noyes & Wobbe (1926)
Bradley & Cotson (1953)

de Wit et al. (1983) L]

ovdireee

> de Kruif et al. (1975)
Booth et al. (2009)

S I B e e . T e m e s e S e S S N
27 28 29 30 31 32 33 34 35 36

1000/T [K™]

Fig. 12. Oxalic acid vapor pressure versus temperature. Our mea-
surements for the solid, (supercooled) liquid, and saturated solution
states are plotted as indicated in the key. For comparison a selection
of literature data is plotted as well, together with extrapolations to
ambient temperature.

We were not able to cover a broad range of concentrations
with aqueous oxalic acid particles in our experiments, be-
cause the aqueous particles effloresced in our setup at RH
lower than 68%, and sometimes as high as 80% RH. This
does not allow us to draw any definite conclusions on the
activity of oxalic acid. Instead, we just took five measure-
ments of dilute agueous particles over a temperature range
of 267 K<T <290 K and used UNIFAC-Peng for the activity
to estimate the vapor pressures of the supercooled melt. Fig-
ure 11 shows the data and the fit to all data to obtain the va-
por pressure of the supercooled oxalic acifi &=298 15K,
p>H(T°)=(2.9+£1.5)x 102 Pa, and the enthalpy change of
vaporlzatlon AHZ,=(79+15 kJmolt. It is difficult to

estimate the error of the vapor pressyse-(7), resulting
from our measurement and this analysis, but we conserva-
tively state it at 50% of the measured value.

As for the other dicarboxylic acids, we also measured the
vapor pressure of solid oxalic acid particles. For oxalic acid
the exact composition of the solid particles is not known nor
is the polymorphic form. We expect that under dry conditions
in our electrodynamic balance anhydrous oxalic acid forms.
Raman spectra (not shown here) of the effloresced particle
show no significant water content, but the spectral lines dif-
fer in intensity significantly from both the reference dihy-
drate spectra as well as from the ones of the anhydrous solids.
Line positions of the effloresced particle and the dihydrate re-
semble best. From spectral evidence we can only state that
the effloresced particles under dry conditions are dehydrated
solids. Their vapor pressures as shown in Bigare how-

@ solid (this work)

@ supercooled melt (this work)

® saturated solution (this work)
—e— Bilde et al. (2003)

A Cappa et al. (2007), Cappa et al. (2008)
0O Booth et al. (2009) solid
O Booth et al. (2010) supercooled melt
O Riipinen et al. (2007) supercooled melt
7 Pope et al. (2010) supercooled melt
10" < ' ' T ' T 3
1072 4 4
£ 10° 4 jﬂ jﬂf
. 2
g i
o
[ 4 o
107 4 ?
oY
10° 4 % 3
-6
1074 T T T T T =

2 3 4
# of carbon atoms

ever very close to those of the solution saturated with respedtig. 13. Vapor pressures of dicarboxylic acids versus number of
to the dihydrate, calculated from the supercooled melt va-<carbon atoms &t =296 K. Our data and selected literature data are
por pressures and the solubility of the oxalic acid d|hydratep'°“ed as indicated in the figure. (For clarity literature data are

(Apelblat and Manzurolgal987).
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shifted slightly in carbon number).
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Table 3. Comparison of room temperature dafa£29815 K) of vapor pressures for the short chain dicarboxylic acids. The upper half of
the table shows data originally obtained at room temperature or below, the lower half data measured at higher temperatures and extrapolate!

to room temperature.

Reference T rangé (K) oxalic (Pa) malonic (Pa) succinic (Pa) glutaric (Pa)
this work (supercooled melt) 266-303  (2.9+15)x10°2 (4.3£15)x1074 (L.7+£0.5)x103 (9.3+£2.8)x10~4
this work (saturated solutiof) 266-303 (21£1.0)x10~4 (5.3£1.9)x10°° (15+£0.8)x107° (5.6£1.8)x107>
this work (solid) 266-303 (2.5+£0.9)x10~4 (8.0£2.9)x107° (6.0£2.1)x10°6 (4.8+£1.6)x10°>
Tao and McMurry (1989) (solid) 263-323 - - - (1.0440.16)x10°3
Bilde and Pandis (2001) (solid) 290-300 - - - (7.5£3.7)x10~4
Bilde et al. (2003) (solid) 290-314 - (5.3£2.7)x10~4 (4.6+£2.3)x10°° (8.8+4.4)x10~4
Chattopadhyay and Zieman (2005) (solid) 276-302 - - 374104 4.04x1074
Riipinen et al. (2006) (supercooled melt) 298 - - 04103 -
Koponen et al. (2007) (supercooled melt) ~ 297.7-301.2 - 3xI074 9.9x10~4 7.1x1074
Riipinen et al. (2007) (supercooled melt) 293-299 - (4.9+1.0)x10~4 - -
Pope et al. (2010) (supercooled melt) 280-304 - (6.7+28)x1074 - (112f2:’75) x1074
Cappa et al. (2008) (solid) 313-358 - 3104 - -
Cappa et al. (2007) (solid) 313-358 - - (3.2+0.6)x107° (1.2+0.6)x 104
Booth et al. (2009) (solid) 303-333 (2.15+1.19x1072  (5.73+114x10™% (1.13+047)x10°4 (4.21+1.66)x10~4
Booth et al. (2010) (supercooled melt) 303-333 (2.7+1.9x10°2 (3.2+2.2)x1073 (3.9+2.7)x1073 (2.0+1.3)x103
Salo et al. (2010) (solid) 299-328 - - 64729x10°° (8573 )x10*
Noyes and Wobbe (1926) (solid) 333-378 (3.1+0.1)x 1072 - - -
(sublimated)
Bradley and Cotson (1953) (solid) 311-325 .221072 (a-form) - - -

2.2x1072 (B-form)

de Kruif et al. (1975) (solid) 303-328  .10x10~2 (a-form)

de Wit et al. (1983) (solid) 312-332 .9x 1072 (a-form) - - -
Davies and Thomas (1960) (solid) 372-401 - - 1103 -
Ribeiro da Silva et al. (1999) (solid) 339-363 - (6.7+£1.9)x10* - (2.5+1.3)x1074
Ribeiro da Silva et al. (2001) (solid) 360-375 - - (3.6+2.8)x107° -

@ Temperature range of experimental daaLiterature data for solubilitiesMarcolli et al, 2004 were used for interpolating/extrapolating the vapor pressure of the measured
aqueous solutions to those of the saturated solution, using the measured activities. Temperature dependence of water-solubilities werdpak#atfesrd Manzurol§1987)

andApelblat and Manzurol§1989.

The vapor pressures of the supercooled melt agree witlsignificantly from the models aflegg and Seinfel0063,

the pressurebloyes and Wobb¢1926 measured for anhy-

Ming and Russel(2002, UNIFAC-Dortmund Koponen et

drous oxalic acid which they prepared by condensation fromal., 2007 and the van Laar parameterizationKdponen et

the gas phase. They describe their sublimed oxalic acid aal. (2007, except for glutaric acid, which is in agreement
“quite lumpy” and we speculate that it may have been anwith the Clegg and Seinfeld2006g parameterization. Fur-
amorphous solid, which would explain the agreement withthermore, there is no evidence for a temperature dependence
our supercooled melt vapor pressures. All other literatureof dicarboxylic acid activity in the investigated temperature
data are vapor pressures of the anhydrous crystalline solidange from 266 K to 303 K for all three dicarboxylic acids.

and they are approximately a factor of 2 to 5 lower as com-

pared to our data of the supercooled melt.

4 Discussion

Table 3 shows our vapor pressure data=29815 K) for

the supercooled melt, the solid and the saturated solution and
compares them to literature data. In addition, Rigshows

a direct comparison with the data Bflde et al.(2003 and
other selected data at 296 K to facilitate the following dis-
cussion of the influence of the physical state of the aerosol

Let us first discuss our results with respect to the solute acen vapor pressure.

tivities. Common to the three dicarboxylic acids (malonic, For malonic and glutaric acid our data of the solid vapor
succinic and glutaric), for which we were able to directly de- pressures are consistent with the TPD data (solid glutaric
rive solute activity data from our experiments, is that they acid) as are the supercooled melt data with the EDB data of
all deviate to lower activities relative to Raoult's law at di- Pope et al(2010 and the TDMA dataRilde et al, 2003, if

lute to moderate concentrations. Regarding the parameterive assume the physical state of the aerosol in the TDMA
zations for dicarboxylic acid activities available in the liter- experiments as supercooled melt. In the original work of
ature our data agree within error for all three acids with theBilde et al.(2003 it was assumed that all dicarboxylic acids
UNIFAC parameterization dPeng et al(2001), but deviate  were solid particles, when in fact the odd acids most probably

www.atmos-chem-phys.net/10/11753/2010/ Atmos. Chem. Phys., 10, 17B3%2010
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remained supercooled melt particles upon drying. Also, theties of the acids, with the even acids being less soluble than
more recent TDMA data of the supercooled melksfonen  their odd counterparts.

et al, 2007 Riipinen et al, 2007 agree within error with

our measurements. The supercooled melt vapor pressures

inferred from solid vapor pressures (eBqoth et al, 2010

are considerably higher compared to our and the TDMA data
This is most likely connected to a general remark we would
like to make: vapor pressures of solid particles or bulk ma-

terial is more difficult to investigate, because the solid may :
. . ; . be very different as the vapor pressures of the supercooled
contain crystalline structures with a high number of defects,

: . : : . -~ “’melts are similar. In contrast, if the partitioning occurred be-
or even solvent inclusions in their assay. For solid succinic

: . . tween the gas phase and solid dicarboxylic acids, the even
acid we were able to perform an experiment leading to a va-

por pressure consistent with the one of the saturated solutio acids would more strongly favor the condensed phase, as

This vapor pressure over the solid is lower than any data rerihelr solid state vapor pressures are typically lower. These

; : . T ._“aerosol composition and phase state related differences in
ported in the literature. This may be an indication that liter- o . ; : .
. . N ; partitioning behavior become particularly important for acids
ature data of solid succinic acid might be compromised by

. o . —2with low water-solubility, such as succinic acid.
the presence of not well crystallized material, i.e. crystalline .
. . . . Another general conclusion concerns the scatter of vapor
structures with a high defect number, or solvent inclusions.

The vapor pressure of supercooled oxalic acid is about twPressure data in the literature when measuring dicarboxylic

orders of magnitude larger than those of the other short chair{?‘CIdS in their solid state. Above we have shown that the va-

dicarboxylic acids. Our data of the supercooled melt agreePor pressure of an effloresced glutaric or succinic acid parti-

Wi eror wi bt hose s and WaboS29 and ¢ €0Ee% Y1 e Sl e o S v
Booth et al.(2010, those being only slightly higher com- b | P

is that the particle only slowly transforms during evapora-
pared to what has been measured as vapor pressures of 0X- ; . .
i o ) ion to its thermodynamically stable crystalline structure or
alic acid in its anhydrous state. Figut® shows a good

agreement between our values of the vapor pressure of th%ependlng on the water content of the efflorescing particle,

: . . . olvent inclusions increase evaporation rate. This observa-
solid and the saturated solution of oxalic acid. Such a goocf . : :
ion supports our view that the difference between different

agreement is however not expected since we determined the . .
) S measurements reported in the literature are at least partly due
vapor pressure of the saturated oxalic acid dihydrate solu: )
. ) to the lack of control of the physical state of the samples un-
tion, which should be lower than the one of the dehydrated;” . - . .
: . der investigation. We have shown for succinic and glutaric
solid, that we measured for the effloresced particle. We do_ _. . . .
: ; o : acid, that depending on the particle history of the sample, va-
not have any explanation for this coincidence. At this stage, S .
nor pressures deviating by more than one order of magnitude
we can only state that such low vapor pressures of effloresced .
. . : . . . can be obtained. If from such data vapor pressures of the su-
oxalic acid particles are consistent with observations from . ;
; . i percooled melt are derived, the error will be propagated. Va-
HTDMA experiments Prenni et al.200% Mikhailov et al, . .
. : por pressures of solids determined from vapor pressure data
2009 where oxalic acid does not show any observable evap-: . ; "
of the agueous solution at saturation conditions seems to be

oration In contrast to £.9. glutaric .aC'd' _(_)ne h_ypothe5|s Smore robust, see Fid.3. This emphasizes the special im-
that traces of ammonia present as impurities might decrease

the evaporation rate of effloresced oxalic acid partidiésr- portance of performing vapor pressure measurements in the
agueous state.

sah et al.2009.

Our data for the vapor pressures of the solid acids ap-
proach the values of the saturated solutions slowly with in-Appendix A
creasing time after efflorescence as required by equilibrium
thermodynamics. The data of the supercooled melt show n@orrect expressions for Eq. (5a—d) of
even-odd alternation in vapor pressures, but the vapor presclegg and Seinfeld(2006)
sures of the supercooled melts of thetG Cs dicarboxylic
acids are the same within a factor of 4 and of a magnitude oMcGlashan(1963 discusses an empirical thermodynamic
3x10~*Pato 1x10~2 Pa at 296 K. The even-odd alternation parameterization that is consistent with the Duhem-Margules
is clearly evident in the vapor pressures of the soligdt€  relation for the excess Gibbs energy of two-component sys-
Cs dicarboxylic acids, with the odd acids exhibiting higher tems.Clegg and Seinfel@0064 used this parameterization
vapor pressures. This is reflected in the melting temperafor dicarboxylic acid—water systems and report estimated co-
tures of the acids (see Table 1), with the odd acids showingefficients,c;, in Table 4 ofClegg and Seinfel006g. How-
lower melting temperatures than the even ones. The fact thagver, there is an error in the Eq. (5a and b) giverClagg
the acids show an alternation in vapor pressure as crystallinand Seinfeld2006g, while the coefficients reported in their
solids but not as supercooled melts is related to the solubili-Table 4 were estimated with the correct expressions. The

Conclusions

Considering the atmospheric implications of these findings,
we conclude that gas/particle partitioning of thet@ Cs di-
carboxylic acids to a liquid, organic aerosol phase will not
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Table 4. Fitted parameters atlegg and Seinfel@0063 for use with the empirical parameterization given in Appendix Al.

acid ci i ci i ci i ci i

malonic —0.149445 (1) —0.403222 (2) —0.571432 (3) 0.628461 (6)
succinic  0.291972 (2)  0.452397 (8)
glutaric  —0.209091 (1)  0.353220 (2)  0.755191 (7)

correct expressions for water and solute activities in binaryApelblat, A. and Manzurola, E.: Solubility of ascorbic, 2-

agueous solutions of the dicarboxylic acids avieGlashan furancarboxylic, glutaric, pimelic, salicylic, and o-phthalic acids
1963: in water from 279.15 to 342.15K, and apparent molar volumes
of ascorbic, glutaric, and pimelic acids in water at 298.15K, J.
e m ' Chem. Thermodyn., 21, 1005-1008, 1989.
£ _ xs(1—x5) |:c1 + Zc,- a1- 2xs)ll:| (A1) Barley, M. H. and McFiggans, G.: The critical assessment of vapour
RT i=2 pressure estimation methods for use in modelling the formation

of atmospheric organic aerosol, Atmos. Chem. Phys., 10, 749—
:| 767, doi:10.5194/acp-10-749-2010, 2010.

£ n . .
d%j) =(1—2xy) cl—}—Zc,-(l—sz)“l Ben-Hamo, M., Apelblat, A., and Manzurola, E.: Volumetric prop-

i—2 (A2) erties of aqueous solutions of glutaric acid, J. Chem. Thermo-
n . dyn., 39, 1071-1076, 2007.
+xs(L—x5) | —2c2— Zz(i —Dei(1- sz)l_z:| Bilde, M. and Pandis, S.: Evaporation rates and vapor pressures of
i=3 individual aerosol species formed in the atmospheric oxidation of

alpha- and beta-Pinene, Environ. Sci. Technol., 35, 3344-3349,
d(£) 2001.
RT . .
(A3) Bilde, M., Svenningsson, B., Mgnster, J., and Rosengrn, T.: Even-

_ 8
|n(fs)—RT+(1 Xs)

axs odd alternation of evaporation rates and vapor pressureg-ef C
. Cq dicarboxylic acid aerosols, Environ. Sci. Technol., 37, 1371
| g° d($7) Al 1378, 2003.
N(fw) = RT W dox; (A4) Bird, R. B., Stewart, W. E., and Lightfoot, E. D.: Transport Phenom-

ena, 2nd revised edn., John Wiley and Sons, New York, USA,

whereg® is the excess Gibbs energy of the solution per mole 2007 . _
of total material,x, is the mole fraction of the acid solute Booth. A. M., Markus, T., McFiggans, G., Percval, C. J.,
(on an undissociated basig)(i = 1,2,...,m) are the fitted Mcgillen, M. R., and Topping, D. O.: Design and construction

. . . of a simple Knudsen Effusion Mass Spectrometer (KEMS) sys-
parameters shown in Table 4, is the mole fraction based tem for vapour pressure measurements of low volatility organics,

aCt'V'_ty_ coefficient of the solute (acid) an, is the activity Atmos. Meas. Tech., 2, 355-361, doi:10.5194/amt-2-355-2009,
coefficient of the solvent (water). 2000.
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