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Abstract. In this work, existing and modified activity coef- 100nm organic-electrolyte particles and these predictions
ficient models are examined in order to assess their capabilwere compared to experimental data and to predictions from
ities to describe the properties of aqueous solution dropletether models.
relevant in the atmosphere. Five different water-organic- All of the newly fitted models show good agreement with
electrolyte activity coefficient models were first selected experimental water activity data in binary and ternary solu-
from the literature. Only one of these models included or-tions. One of the models is for activities of non-electrolytes
ganics and electrolytes which are common in atmospheri@nly, but the other three models show quite small deviations
aerosol particles. In the other models, organic species werfom measured electrolyte activities. Because there were not
solvents such as alcohols, and important atmospheric ionenough experimental data for organic and electrolyte activi-
like NHj{ could be missing. The predictions of these modelsties, some models show bigger deviation for mutual deliques-
were compared to experimental activity and solubility datacence relative humidities of organic-electrolyte particles, but
in agueous single electrolyte solutions with 31 different elec-calculated growth factors for liquid droplets are quite close to
trolytes. the experimental data. Even in cases with somewhat bigger
Based on the deviations from experimental data and orfleviations, the results can be considered satisfactory, because
the capabilities of the models, four predictive models werethey were calculated based mainly on the predictive proper-
selected for fitting of new parameters for binary and ternaryties of the models.
solutions of common atmospheric electrolytes and organics
New electrolytes (Fi, NH;, Na", CI~, NO3 and sci*)
and organics (dicarboxylic and some hydroxy acids) were1 |ntroduction
added and some modifications were made to the models if
it was found useful. All new and most of the existing pa- Atmospheric aerosols have a cooling effect on the climate,
rameters were fitted to experimental single electrolyte datahut the magnitude of this effect is uncertain. Aerosol compo-
as well as data for agueous organics and aqueous organigition and size distribution are the most important properties
electrolyte solutions. Unfortunately, there are very few datathat influence the magnitude of the cooling. Hygroscopic
available for organic activities in binary solutions and for or- growth of aerosols and partitioning of volatile compounds
ganic and electrolyte activities in agueous organic-electrolytebetween gas and particulate phases can be calculated with
solutions. This reduces model capabilities in predicting sol-thermodynamic models in which non-ideal behaviour of lig-
ubilities. uid phase compounds are described with modelled activity
After the parameters were fitted, deviations from measure<coefficients. Most of the activity coefficient models used in
ment data were calculated for all fitted models, and for differ-aerosol modelling are suitable only for electrolyte solutions.
ent data types. These deviations and the calculated propertjowever, atmospheric aerosols include both organic and in-
values were compared with those from other non-electrolyteorganic componentdNovakov and Penngt993 Saxena and
and organic-electrolyte models found in the literature. Fi- Hildemann 1996 Chow et al, 1994).
nally, hygroscopic growth factors were calculated for four Water and electrolyte activities are calculated in most of
the aerosol models, but the organic fraction is usually treated
Correspondence tol. Raatikainen as an ideal solute or insoluble solid phase, or organics can be
(tomi.raatikainen@uku.fi) totally ignored. These are valid approximations in solutions
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where the organic fraction is small. However, it has been eset al, 1975 is one very popular predictive non-electrolyte
timated that up to 50% of aerosol dry mass is orgaBGileov ~  activity coefficient model.

etal, 1999. Even if variations for the organic mass fractions  The first purpose of this study was to compare existing ac-
are large, ignoring the organics can cause large deviations ofivity coefficient models that might be suitable for modelling
calculated results. An activity coefficient model which is ap- of the hygroscopic properties of the atmospheric organic-
plicable for aqueous mixtures of organics and electrolytes islectrolyte particles. The second purpose was to select
needed. The problem is that there are only a few activity co-some of these models to be extended for aqueous organic-
efficient models for organic-electrolyte mixtures (eMjng electrolyte solutions of atmospheric interest by fitting new
and Russell2002). The two main reasons for this are lack of parameters. Because the experimental data needed for the
a reliable activity coefficient model for any kind of organic- fitting is very limited, we selected models that are predic-
electrolyte mixtures, and lack of experimental data for thetive. The electrolytes in these models are composed of the
atmospheric mixtures. ions H™, NH;, Na", CI~, NO; and S(j‘. The organics se-

Because electrolytes and organics have different interaclected for the parameter fitting are dicarboxylic acids (from
tions in aqueous solutions, a large fraction of all activity co- 0Xalic to adipic acid) and acids including hydroxyl groups
efficient models are applicable either for non-electrolyte so-(Citric, tartaric and malic acids). Because the fitted models
lutions (e.gFredenslund et al1975 Abrams and Prausnitz ~ are predictive, activities can be calculated for other similar
1975 or for aqueous electrolyte solutions only (e@egg ~ Multifunctional organic compounds.
et al, 1998a Pitzer, 1991). There are some methods for cal-
culating activities in mixed solutions from binary solution )
data (e.gClegg et al.2001; Topping et al,2005. However, 2 Thermodynamics

the results can be better if organic-electrolyte interactions are ) , - .
taken into account directly. In non-ideal solutions, activities:) represent the effective

. ) concentrations which should be used instead of the real con-
Most of the few organic-electrolyte models are designed

. . . centrations €). The relation between the effective and the
for industrial purposes (e.d.i et al.,, 1999, and the com- ¢

. . ._real concentration is given by the activity coefficiem):
pounds in these models are usually different from the major g y y m:(

ies found in at heri s H i a=ye Because there are different concentration scales,
SPecies found In almoSPRErIC aerosols. HOWEVeT, It & SUlty . ities and activity coefficient depend on the concentra-
able model is found, new parameters can be fitted for th

) . ) Sion scale. A common unit for expressing electrolyte con-
atm.osphenc compounds provided that experimental data 'Rentration is molalityn (mol/kg) i.e. number of electrolyte
available. moles per one kilogram of solvent, where solvent can be de-
Some activity coefficient models are designed for one pur<ined as a single compound (e.g. water) or a solvent mixture
pose only (e.g. vapour-liquid equilibrium models). However, (e.g. water-ethanol solution). The mole fractieris com-
most organics and electrolytes form a solid phase at low relamonly used for non-electrolyte solutions.
tive humidities, and some of these compounds can also evap- |t should be noted that organic compounds can, depending
orate from aqueous droplets. For these reasons, the activityn the species, be considered either solvents or solutes. Some
coefficient model should be applicable for water, organic andorganics can, for example, dissolve electrolytes, whereas oth-
eleCtrOlyte activities in dilute and in saturated solutions. ers are Sparing|y soluble in water. From the mode”ing view-
Usually the inorganic fraction in atmospheric particles is point this is an important difference, as the standard state
composed of a few different ions (e.g. sulphates, nitrate, hy{at which thermodynamic potentials are compared) and the
drogen and ammonium) whose chemical properties are welieference state (ideal solution limit) are usually different for
known. Several studies show that dicarboxylic acids aresolutes and solvents. In the following calculations, organics
among the most common atmospheric organics, however, are considered as solvents.
number of other important species exist as welihming The standard state is an ideal solutiga{1) with unit con-
and Seinfeld200]). Most of these organics have complex centration at 298.15 K. For solvents this is taken to be pure
structures, and usually they are less studied than the inorideal solvent and for solutes ideal 1 molal aqueous solution.
ganic compounds. Although there are some data sets avaiPure water can be considered as an ideal solution, but usually
able for the atmospheric organics, there are hardly any datd molal electrolyte solutions are not ideal, so this state is hy-
for the mixtures of organics and electrolytes. However, therepothetical. The selected organics are solids at room tempera-
are predictive activity coefficient models that are based onture, so also their standard states are hypothetical. The refer-
the group contribution method, in which several similar com- ence state for solvents is pure solvent and the reference state
pounds can be described with the same interaction paramder electrolytes is infinitely dilute aqueous solution. One im-
ters. Experimental data in parameter fitting can include onlyportant constant for organic species is activity coefficient at
some compounds from one group, but the fitted parametermfinite dilution (y°°). However, in this paper models are
are applicable for the whole group. Then activities of the mainly for water activities, and infinite dilution activity co-
other compounds can be predicted. UNIFAZgdenslund efficients are not considered.
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Water in a droplet is in equilibrium with ambient water Table 1. Properties of the organic acids. Melting enthalbyi,,
vapour, when the vapour pressure at droplet surface equalg jymol) and melting temperatuf, (K) for malonic acid are from
the atmospheric partial pressure. For large droplets (largefjansen and Beye2004, melting enthalpies were calculated for
than 100nm in diameter), a good approximation is thatoxalic and citric acids, and for other organics these values are from
the vapour pressure at droplet surface equals the saturatia®iST Chemistry webBookHitp://webbook.nist.gdv Molecular
vapour pressure multiplied by water activity. By combin- weight M (g/mol) and density (kg/m3) for adipic acid are from
ing these considerations with the definition of relative hu- Hori et al.(2003 and for other organics these are frétang et al.
midity (R H), we havez,,=R H/100%. However, according (2009.
to the Kelvin equation, the equilibrium vapour pressure over

a curved surface is higher than that over a flat surface. The Acid Formula  AHy, Tp M o
equilibrium relative humldlty is now oxalic GoH,04 26.87 464.45 90.04 1900
do M malonic  GH404 2494 407.46 104.06 1630
RH/100%= ay, exp( w ) 1) succiljic GHgO4  33.12 457.0 118.09 1552
RTpDy glutaric GHgOs4 23.36 371.0 132.12 1429
_ _ _ adipic = GH1004 34.85 426.4  146.14 1360
whereo (N/m) is surface tensiond,, (kg/mol) is molecular citric CeHgO7  37.52 427.15 19212 1665
weight for water,R=8.31451 J/(mol K) is gas constari, tartaric  GHgOg  32.30 4451  150.09 1759.8
(K) is temperaturep (kg/m?) is solution density and,, (m) malic C4HgOs  33.52  402.0 134.09 1609

is droplet diameter. Similarly, the vapour-liquid equilibrium
(VLE) could be calculated for all volatile species including
ammonia, some acids (e.g. HCI and H§y@nd some of the

organics. combining Eq. 8) and the equation for the temperature de-
Most organic solvents are liquids at room temperaturependence of the free energy change, we obtain an equation

(e.g. ethanol), but in this study all pure organics are solidsfor the temperature dependence of solubility products
at room temperature. The melting temperatures (Tabple o 0

can be much higher than the boiling point of water. Most i " Hiwy (1 1
electrolytes are also solids at room temperature with the exKsp(T) = Ksp(To) exp[# (F N T0> +
ception of strong acids. For example, sulphuric acid does not

have a solid phase at room temperature. Solid-liquid equi- C») = Cag) <In(E> _Io + 1) } (4)
librium (SLE) is strongly temperature dependent, and also R T T
here, solubilities are calculated as a function of temperature.

The experimental solubility data used in this work falls in the where H)?’(S) and H({ ag) (J/mol) are the enthalpies of for-
temperature range 273.15-373.15K. mation of solid salt and aqueous ions at 298.15K, respec-
Salt solubilities can be calculated using solubility productstively, andC) andC ) (J/(mol K)) are the heat capacities
K;p, i.e. the product of cation (subscripk and anion (sub-  for solid salt and aqueous ions, respectively. Solubility prod-

scripta) activities in the saturated solution. ucts at 298.15K K, (7p)) for the six salts modelled in the
fitted models are frontlegg et al(1998h and the other ther-
Kgp = (@) (a3~ (2)  modynamic constants are frowieast(1987) andAnsari and

o . ) Pandiq1999. If the solubility products at 298.15 K were not
wherev+ andv— are the stoichiometric numbers of cations gy ailable (comparison of existing models), these were calcu-
and anions in the salt. The solubility product is a function ateq from the standard state Gibbs free energies of formation
of temperature, but usually tabulat&g, values are given at yith Eq. @)
298.15K. In addition to tabulated value,;, can be calcu- There are no solubility products available for organics, but
lated from the change of the Gibbs free energy using the fregyration activitiess2) can be approximated using the en-
energies of formatiomG ¢ (J/mol) for solid @G ) and  thajpy of meltingA H,, (J/mol) and melting temperatuf,

dissolved saltsA G f,u)=(v+H)AG 5, +(vV—)AG f,4): (K)
AG - AG AH, 1 1
Kop(7) = exg S0k @ nar= S (- 7) ®)
m

These free energies of formation are tabulated at standarBecause melting enthalpy is a function of temperature, this
temperatureTp), usually 298.15 K(&G‘}). The temperature equation is more accurate if the temperatfins close to the

dependence of standard state chemical potentials can be cahelting temperature. However, most of the melting temper-
culated with an equation given ynsari and Pandi§l999. atures are higher than 400 K. There were no reliable melting
With these standard state chemical potentials we can calcuenthalpies available for oxalic and citric acids so these values
late the free energy change as a function of temperature. Byere calculated based on thermodynamic data from the NIST

www.atmos-chem-phys.org/acp/5/2475/ Atmos. Chem. Phys., 5, 24952005
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Chemistry webBook Http://webbook.nist.ggvand Knovel 3 Comparison of published activity coefficient models
databaseh(tp://www.knovel.com/knovel2/default.jsp Be-

cause these values may be inaccurate, the solubilities of oxFive different activity coefficient models were selected from
alic and citric acids were not used in the fitting process. How-the literature. All models are suitable for water-organic-
ever, the solubilities were included in the comparisons of theelectrolyte mixtures. However, in four of these models the
fitted models. Enthalpies of phase transitions between differorganic species are alcohols and other organic solvents which
ent crystalline forms were included in the melting enthalpiesare not common in atmospheric aerosols. Moreover, some of
if these values were available. Melting enthalpies and meltthe important atmospheric ions (e.g"lind NH; ) are miss-

ing temperatures for the modelled organics are given in théng from most of the models. Only the fifth model is fitted

Tablel. for organic-electrolyte mixtures relevant in the atmosphere,
however, parameters are available for a few ternary mixtures
2.1 Growth factors for organic-salt particles only.

Some of the selected models have a commonly used
Hygroscopic growth factorsF, aqueous droplet diameter name, but not all. Here, the models are called LIQUAC
divided by dry particle diameter) can be calculated for origi- (Li et al., 1994, LIFAC (Yan et al, 1999, Extended UNI-
nally dry particles (known size and organic-salt mass ratio) afQUAC (Thomsen et a).1996, Modified UNIFAC (Achard
a function of ambient relative humidity by solving the liquid et al, 1994 and Ming and Russell modeMing and Rus-
phase equilibrium concentrations. Pure component densitiesell, 2002, which is the only model fitted for atmospheric
and molecular weights, which are needed in solving molemixtures.
numbers from dry particle volume and organic-salt mass ra- These models are combinations of different parts, usu-
tio, are given in the Tablé for organics. The corresponding ally an electrolyte part, a non-electrolyte part and an addi-
electrolyte parameters can be found frivieast(1987). tional mixture part. LIQUAC has three parts, where the elec-

Droplet volume is proportional to the cube of the diameter, trolyte part is based on the Debyditkel theory Fowler
and thus the growth factor can be calculated from dry and wetind Guggenheim1949, the non-electrolyte part is UNI-
particle volumes. We can calculate the dry volume from theQUAC (Abrams and PrausnitA975 and the third part is
given dry diameter, but direct calculation of the liquid phase virial equation for solvent-ion interactions. LIFAC is sim-
volume is difficult without solution density data. For sim- ilar to LIQUAC except that all species are described with
plicity, we approximated the liquid droplet volume as sum of functional groups. For this reason the non-electrolyte part
the dry volume and the volume of condensed water. is UNIFAC (Fredenslund et gl1975 instead of UNIQUAC.

The equilibrium liquid phase concentrations can be calcu-Extended UNIQUAC is a combination of UNIQUAC as non-
lated by solving the water concentration so that the Kelvinelectrolyte part and an electrolyte part based on Debye-
equation (Eql) is satisfied. At the same time organic and Hiickel theory. Modified UNIFAC has Larsen’s UNIFAC
salt concentrations in the liquid phase must be less than ofLarsen et al. 1987 as non-electrolyte part and a Debye-
equal to their saturation concentrations. If there is a solidHiickel theory based electrolyte part. Ming and Russell
phase, the corresponding liquid phase compound must be satrodel is a combination of UNIFAC as non-electrolyte part
urated. The solid-liquid equilibrium is found by transferring and theClegg et al(1992 electrolyte model. In fact, Ming
organic compound and salt between the liquid and the solicand Russell model reduces to the Clegg model in aqueous
phases while maintaining the total concentration the same aslectrolyte solutions.
in the original dry particle. All necessary parameters for LIQUAC, LIFAC and Modi-

If a solid phase exists, there exists a single relative humid{fied UNIFAC have been published in the original articles. Pa-
ity at which both the organic compound and the salt are satrameters for Extended UNIQUAC are publishedimomsen
urated. This relative humidity, called mutual deliguescenceet al. (1996); lliuta et al. (2000; Thomsen and Rasmussen
relative humidity (MDRH), is the minimum relative humidity (1999. Parameters for the non-electrolyte part of the Ming
where the liquid phase exists. Only supersaturated solutionand Russell model are given in the original article. The elec-
can exist below the MDRH. Also, there can be a relative hu-trolyte part, i.e. the Clegg model, has temperature dependent
midity at which the solid phase dissolves completely. After parameters for four ions corresponding to four single elec-
this RH the solid phase is not possible, and the equilibriumtrolyte solutions Clegg et al, 19983. However, because pa-
water concentration is calculated by solving ED.dgnly. rameters for most of the electrolytes are available only at con-

Solution density and surface tension are needed inEg. ( stant temperature (298.15K), we decided to use these con-
but these are rarely available for multicomponent mix- stant temperature parameters for all electrolytes. The model
tures. For simplicity, we decided to use the surface tensiorparameters are froi@legg et al(1992 1998H.

(0.072N/m) and the density of pure water (997.1 k§)im Some of the models have limitations, such as vapour-
Growth factors were calculated for particles with dry diam- liquid equilibrium only, room temperature only, maximum

eter of 100 nm, so the Kelvin term has only a small effect toelectrolyte molality, etc., but in the model comparison these
the equilibrium vapour pressure. limitations are ignored. However, electrolyte molalities were

Atmos. Chem. Phys., 5, 2478495 2005 www.atmos-chem-phys.org/acp/5/2475/
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Table 2. Sources for experimental single electrolyte data. Water activity data forHMB generated from fitting @flegg and Brimble-
combe(1990. Water activities for electrolytes frotdamer and Wi(1972 were calculated from osmotic coefficients.

Mean activity coefficient as a function of salt molalify; (m)
Clegg et al(1996: (NH4)2SOy Rard and Cleg§1997: CaCbh
Hamer and W{1972: HNO3, HCI, HN4NOg3, Robinson and Stokg4959: H>SOy, NapSOy,
NH4Cl, NaNGs, NaCl, NaBr, NaOH, Nal, LiCl, L3Sy, K2SOy, Ca(NG;)2, CaBp, ZnSQy,

KCI, KBr, LiBr, KNO 3, KI, KF, LiNO 3, Lil Bal,, BaBr, ZnCh, CuCb

Water activity as a function of molality,, (m)
Albright et al.(2000: ZnSQy El Guendouzi et ali2003: (NH4)2S0Oy, NapSOy,
Clegg and Brimblecombg990: HNO3 LioSOy, K2SOy
Correa et al(1997: NaNO3, KNO3 Hamer and W(1972: NH4NO3, NaBr, NaOH,
El Guendouzi and Dinan@000: LiCl Nal, KBr, LiBr, KlI, KF, LiNO g, Lil
El Guendouzi et ali2001): HCI, NH4CI Rard and Cleg§1997: CaCbh

Robinson and Stokg4959: H2SOy, NaCl, KCI
Salt solubility as a function of temperature$a(T) (mol/kg)
Apelblat and Korin(19983: NaNO3, NaCl, NaBr  ChemDAT: (NH4)2S0O4, NH4NO3, NH4Cl,
Apelblat and Korin(19988: Li»>SOy, KNO3, K Na>S0Oy, NaNQO3, NaCl, KoSCOy, NaBr, NaOH,
Apelblat and Korin(2002: NapSCOy Nal, KCI, LiBr, KNOg3, KI, LINO 3, ZnCb, Lil
Pinho and Maced®002: KBr
Water activity in saturated solution as a function of saturation molality and temperajureSt T)
Apelblat and Korin(19983: NaNO3, NaCl, NaBr Apelblat and Korin(1998h: Li»>SOy, KNO3, Ki
Water activity in saturated solution as a function of temperauf¥ )
Apelblat and Korin(19983: NaNO3, NaCl, NaBr Greenspaif1977): (NH4)2SOy, NH4CI, NaNO;,
Apelblat and Korin(19988: Li»>SOy, KNO3, K NaCl, KoSOy, NaBr, NaOH, Nal, LiCl, KCl,
Lightstone et al(200Q: NH4NO3 KBr, LiBr, CaBry, KNOg, K, KF, Lil
Seinfeld and Pandid998: Nap,SOy

*ChemDAT — The Merck Chemical Databashtf://chemdat.merck.de/mda/iat/labtool/index.html

limited to 30 mol/kg, because some models had difficultiesNaBr, NaOH, Nal, LiCl, KCI, CaCGl, CaNOs)2, KBr, LiBr,

at very high electrolyte molalities. This same limitation was CaBnr, ZnSQ;, KNOg3, Bal,, BaBn, Kl, KF, LINO 3, ZnClp,

used in parameter fitting (Seet.3). Although most of the  CuCh and Lil.

published models are for vapour-liquid equilibrium, equa- Experimental single electrolyte data is categorized into

tions were usually given for electrolyte activities. Some of five different data types. Each data type includes at least six

these models include values that are functions of temperabut not more than 31 experimental data sets for single elec-

ture (e.g. water density, dielectric constant), but here thesérolytes. Data types and data sources for each electrolyte are

are considered constant. This approximation has very smalpresented in Tabl2.

effect to the calculated activity coefficients. Mean activity coefficient and water activity data is given
Most electrolytes dissociate completely, but one exceptiorat constant temperature, which is usually 298.15 K, but there

is sulphuric acid (HHSQy), for which the second dissocia- are some data sets measured at 293.15K and 303.15K. Elec-

tion (HSQ, = H++Soff) is not complete. The equilibrium trolyte molalities depend on the data set, but usually the mo-

could be calculated, but this is done only in the Ming and lalities range from zero to saturation molality. Solubility and

Russell (Clegg) model. In the other models, sulphuric acidwater saturation activity data is given as a function of tem-

is taken to dissociate completely into twd Hnd one S@‘ perature. Temperatures, as well as solubilities, depend on

ions. the data set, but the minimum temperature is 273.15K and

the maximum temperature is 373.15K.
3.1 Experimental single electrolyte data

3.2 Deviations from experimental data
The only common solvent for the five models is water and for

this reason, the models were tested only for aqueous singl®odel deviations were calculated for each of the five data
electrolyte solutions. Because there are only few electrolyteypes. Model deviation for one data type is calculated as
solutions for which all models are applicable, a large num-average of the deviations of its data sets. The deviation for
ber of electrolytes was selected for the model comparisonone data set is the average absolute difference between model
The 31 electrolytes are 3304, HNOg, HCI, (NH4)2S0Oy, predictions and experimental data. Because these models are
NH4NO3, NH4Cl, NaoSOus, NaNQs, NaCl, LioSOy, KoSOy, suitable for different mixtures, the number of included data

www.atmos-chem-phys.org/acp/5/2475/ Atmos. Chem. Phys., 5, 24952005
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Table 3. Experimental single electrolyte data types, number of data sets (N) and deviations for each published activity coefficient model.
The unit for deviations in solubility data:£2{7)) is mol/kg.

LIQUAC LIFAC Ext. UNIQUAC Mod. UNIFAC Ming and Russell
Data type N  deviation N deviation N deviation N deviation N deviation
Y+ (m) 26 0.3884 15 0.5768 13 0.5827 15 1.281 12 1.373
ay (m) 20 0.001941 12 0.005822 13 0.01162 16 0.02283 11 0.002188
mSa(T) 12 7.369 9 4.498 9 3.758 12 5.089 7 0.8100
apymS®T) 5 006602 5 009132 3  0.01689 5 0.08204 2 0.01801
aﬁ)at(T) 14 0.05173 8 0.04705 9 0.02077 15 0.04780 8 0.01181

sets is given for each model and data type. Results of theson, we decided to select models for fitting of new parame-
model comparisons are given in Tallle ters for common atmospheric mixtures of organics and elec-
When deviations were calculated for the Modified UNI- trolytes.
FAC, it was found that there are three mean activity coef- When selecting models for fitting, not only deviations
ficient data sets for which the average absolute deviation isn water-electrolyte mixtures, but also the suitability of the
more than 100. It was considered that the Modified UNIFAC model for water-organic-electrolyte solutions and organic-
is not suitable for these mixtures so these three average aljyater solutions need to be considered. Also, the number
solute deviations were not included in the model deviation. of fitting parameters and need for experimental data, have
Modified UNIFAC uses hydrated mole fractions, meaning great influence to the fitting. A selected model should be
that some fraction of the liquid water is assumed to be in-suitable for calculating both solvent and solute activities, and
corporated in hydrates. For this reason, it is possible that alfor solubility and vapour-liquid equilibrium calculations. All
water will be in hydrates at high electrolyte molalities result- of the previous models should be suitable for organic-water
ing in zero water mole fraction whereby activity coefficients and ternary solutions, but some principal differences exist.
can not be calculated. This characteristic makes it difficult The biggest difference is that LIFAC, Modified UNIFAC and
to use the model for very soluble electrolytes (e.g. sulphuricMing and Russell models are based on the group contribu-
acid). However, this model includes a large number of differ- tion method, and thus are predictive, whereas LIQUAC and
ent electrolytes, and most of these are not extremely solubleExtended UNIQUAC are not predictive. Because the lack
LIQUAC and Ming and Russell model both show the of experimental organic-electrolyte data for common atmo-
smallest deviations for two data types and Extended UNI-spheric mixtures is the biggest problem in parameter fitting,
QUAC for one data type. On the other hand, LIQUAC we decided to select only predictive models for the fitting
shows the biggest deviation for two data types, and Mingprocedure.
and Russell model, Modified UNIFAC and LIFAC each for
one data type. LIQUAC has parameters for most of the 314 1 Ejectrolytes and organic species selected for parameter
electrolytes, whereas the other models have parameters for fjying
less than a half of the electrolytes. It should be noted that
even if the number of applicable data sets for two models A at H+ NH+ NO;, CI-
equal, one of them may include solutions that are more dif-
ficult to fit, leading to larger average deviations even though
the model in itself is not worse than the other.

and S(j‘ are common atmo-
spheric ions, and these ions were also selected for the param-
eter fitting. Because the models should be predictive, it is
assumed that all electrolytes dissociate completely into ions,
and the activities can then be calculated for each liquid phase
ion. This means that ions are considered as functional groups
which are not parts of other compounds, just like UNIFAC
groups water (KHO) and methanol (CEDH).

Only one of the five models considered above has parame- The organic fraction of atmospheric particles can be com-
ters for common atmospheric organics. The Ming and Rusfosed of several different organics, but organics with more
sell model has parameters for e.g. dicarboxylic and hydroxythan one polar functional group are very common. For this
acids, but parameters are available only for four electrolytesstudy, we selected organics which have at least two acid
The organics described in the other four models are mainlygroups (COOH) and they may have hydroxyl groups (OH).
organic solvents, such as alcohols, but these are not commdexperimental data for fitting were available for dicarboxylic
in the atmosphere. Furthermore, some of the most commomcids (oxalic, malonic, succinic, glutaric and adipic acid) and
atmospheric ions are not included these models. For this reder citric, tartaric and malic acids which have both acid and

4 Models selected for fitting parameters for atmo-
spheric organic-electrolyte-water mixtures
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hydroxyl groups. These non-electrolytes can be describeders are given in Appendix B. From now on the term LIFAC
with the functional groups $D, CH,, OH and COOH. refers to our fitted LIFAC instead of the original model.

4.2 The selected models 4.2.3 Ming and Russell

After considering deviations of model output from experi- Ming and Russel(2002 model has parameters for mixtures
mental data as well as the predictive capabilities of the mod-of electrolytes and organics with several functional groups,
els, we selected four models for fitting of new parameters.and this model was selected as the third model for parameter
Here we outline the main features of the selected modelditting. Compared to the original model, one normalization
briefly; detailed model equations and parameters are given iterm was dropped, and again functional groups were added
appendices. Two of the selected models are nearly the sanfer the new organics and ions. The reason for ignoring the
as in the model comparison above, one model is a combinarormalization term is explained in Appendix C. This model
tion of two models considered above, and one model is acis a combination o€legg et al(1992) electrolyte model and
tually the non-electrolyte part of two of the models included the original UNIFAC. The new model reduces to UNIFAC
in the model comparison. Because the model equations hav@ non-electrolyte solutions, and to tii@egg et al.(1992
already been published elsewhere, we are not going to exanmmodel in aqueous electrolyte solutions. The model equations
ine the theory of the selected models, but refer instead to th@nd parameters are given in Appendix C. The original Ming
original articles. However, we will examine the model ac- and Russell (Clegg) model was the only model in the com-
curacies, predictive capabilities and suitability for different parison of the published models in which the equilibrium for
calculations for atmospheric organic-electrolyte mixtures. the incomplete dissociation of HGQon was calculated, and
this is done in the new model also. In addition to the selected
4.2.1 UNIFAC ions, HSQ ion was added to the model. In the other se-
lected models, HSPion is expected to dissociate intotH
The first model selected for fitting is the original UNIFAC gnd S(j_ ions. From now on the term Ming and Russell
(Fredenslund et al.1975. New functional groups were model refers to our fitted model instead of the original one.

added to the model for the selected ions. Because UNIFAGNhen the original model is used, it is called the original Ming
is a non-electrolyte model, it was not included in the model gnd Russell model.

comparison in Sect3. However, UNIFAC is used as one
component in many organic-electrolyte models, for example4.2.4 Extended UNIFAC
in LIFAC, Ming and Russell model and Modified UNIFAC,
which uses slightly different Larsen’s UNIFACdrsenetal.  The fourth model is a combination of Extended UNIQUAC
1987). In these models UNIFAC has the biggest effect to the(Thomsen et aJ1996 and Modified UNIFAC Achard et al.
activities of non-electrolytes, and other terms have control1994. Extended UNIQUAC is a combination of a simple
over ion activities. Therefore, our model is not suitable for electrolyte model and UNIQUACAbrams and Prausnitz
calculation of ion activities even if new parameters are fitted.1975 for non-electrolytes, but the UNIQUAC part makes
However, this model is applied for calculating activities of this model non-predictive. Modified UNIFAC is a combi-
organic species and water in both non-electrolyte and elecnation of a simple electrolyte model and Larsen’s UNIFAC
trolyte solutions. From now on the term UNIFAC refers to (Larsen et al.1987), but the use of the hydrated mole frac-
our fitted UNIFAC, and when other UNIFAC models (e.g. the tions reduces model capabilities for concentrated electrolyte
original UNIFAC) are used, it is stated in their names. Thesolutions. By combining the electrolyte part of Extended
model equations and parameters are given in Appendix A. UNIQUAC version oflliuta et al. (2000 and the original
UNIFAC, we have our new model. From now on, this new
4.2.2 LIFAC model is called Extended UNIFAC. Again, new groups for
the selected organics and ions were added to the model. This
Unlike LIQUAC (Li et al., 1994, LIFAC (Yan et al, 1999 is model reduces to UNIFAC in non-electrolyte solutions. The
based on the group contribution method, and for this reasomnodel equations and parameters are given in Appendix D.
the second model selected for fitting is LIFAC. Model equa-
tions remain unaltered, but functional groups were added4.3 Parameter fitting
for the new organics and ions. LIFAC is a combination of
a simple electrolyte model, original UNIFAC, and a term Because all new models reduces to UNIFAC in non-
for non-electrolyte-ion interactions. The simple electrolyte electrolyte solutions, we can use the same organic-water
model has no mixture parameters, but only pure component/NIFAC parameters. The original UNIFACG-(edenslund
properties (e.g. density). LIFAC reduces to UNIFAC in non- et al, 1975 is quite accurate for simple organics like al-
electrolyte solutions, but all three parts are included in aquecohols, but if one compound has two closely-spaced po-
ous electrolyte solutions. The model equations and paramdar groups, the intramolecular interactions may cause large

www.atmos-chem-phys.org/acp/5/2475/ Atmos. Chem. Phys., 5, 24952005



2482 T. Raatikainen and A. Laaksonen: Activity coefficient models for organic-electrolyte aerosols

Table 4. Sources for experimental non-electrolyte and organic-electrolyte data used in the parameter fitting and model comparison. In
addition to data where solubilities of oxalic and citric acids are needed, mixtures marked with asterisks were not used in the parameter fitting.

Water activity in organic-water solution as a function of mole fraction
Maffia and Meirelle§2001)  oxalic, malonic, succinic, citric, tartaric and malic acids

Peng et al(200]) oxalic*, malonic, succinic, glutaric, citric", tartaric: and mali¢ acids
Apelblat et al.(19953 citric acid®
Apelblat et al.(1995h citric* and tartari¢ acids
Levien(1955 citric acid*
Water activity in binary organic solutions as a function of mole fraction
Marcolli et al.(20049 malonic acid + malic acid

Maffia and Meirelle§2001)  citric acid + malic acid
Water activity and organic solubility as a function of temperature

Apelblat et al.(19953 citric, tartaric and malic acids
Marcolli et al.(2004 malonic, succinic, glutaric and adipic acids
Peng et al(200) oxalic acid

Srinivasakannan et d2002  oxalic acid (solubility only)
Water activity in aqueous organic-electrolyte mixture as a function of concentrations

Choi and Char§2002 (NH4)2S0Oy + malonic/succinic/glutaric/citric acid
NaCl + malonic/succinic/glutaric/citric acid
Lightstone et al(2000 NH4NO3 + succinic acid

Schunk and Maurgi2004 NapSO4/NaNOz/NaCl + citric acid
Water activity and saturation concentrations in saturated water-organic-electrolyte mixture
Brooks et al(2002 (NH4)2S0Oy + oxalic/malonic/succinic/glutaric/adipic/malic acid

errors to the calculated activity coefficients. Improved results4.3.1 Experimental data

are obtained if new UNIFAC parameters are added or exist-

ing parameters are refitted for such compounds. Because ttexperimental mixed electrolyte data can be found in the

selected organics have at least two polar groups in relativelyiterature, however, we limit ourselves to considering sin-

short carbon chain, we decided to refit all UNIFAC interac- gle electrolytes. The single electrolyte data for NajNO

tion parameters. However, pure component parameters foNaCl, NSOy, HNO3, HCI, H,SO4, NH4NO3, NH4Cl and

the solvent groups (surface and area parameters) are same @#H,),SQy, corresponding to the selected six ions, are the

in the original UNIFAC. same as in the Tabl2 except that water saturation activity
data ¢33(7)), which requires calculation of electrolyte sol-

The models treat electrolyte solutions differently, so theublhty, was not included in the fitting. Instead of electrolyte

. . olubility calculations during the minimization, we com-
rest of the mixture parameters were fitted separately for eacﬁ' y 9

model using electrolvte-water and oraanic-electrol te-waterpared solubility products and products of ion activities calcu-
g Y 9 Y lated at given saturation molalities. Because our UNIFAC is

data. Most of the mixture parameters were fitted, but in ad- o -
. . for activity coefficients of non-electrolytes, electrolyte mean
dition to the non-electrolyte parameters, some of the inter-

) activity coefficient and salt solubility data were not used in
action parameters were kept constant because of model con- e
the parameter fitting.

siderations (e.g. UNIFAC interaction parameters for ions are d mi ; | | q .
zeros in LIFAC andClegg et al(1992 model parameters in ~ S0Urces and mixtures for non-electrolyte and organic-
electrolyte data are given in Table The non-electrolyte

the electrolyte part of the Ming and Russell model were not ST e e :
gata in fitting includes water activities in aqueous single

fitted). Furthermore, surface and area parameters for the ion d bi . ut functi ¢ mole f
were given constant values. and binary organic solutions as a function of mole frac-

tions at 298.15 K. The solubility and water activity data were
used twice. In the first place, water and organic activities
Model parameters were obtained by minimizing the sumwere calculated at given saturation concentration and tem-
of squared relative deviations of every data sets with theperature. The calculated water activities were then com-
Nelder-Mead methodNelder and Mead1965. The fit- pared with experimental water activities, and organic activ-
ted non-electrolyte parameters, which are common for allities were compared with those calculated from melting en-
new models, are presented in Appendix A and the remaininghalpies. Because the melting enthalpies of oxalic and citric
model-specific parameters are presented in Appendices A—Rcids may be inaccurate, solubilities of these organics were
for each model. not included in the fitting. However, these compounds were
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Table 5. Experimental non-electrolyte data types, number of mixtures (N) and deviations for our fitted UNIFAC and three other UNIFAC
models. In addition to experimental data in the Tahlelata fromApelblat et al.(1995ab); Levien (1955; Srinivasakannan et 02002
was included.

Data type N refitted UNIFAC orig. Ming and Russell  orig. UNIFACPeng et al(200])
ay(xo) 7 0.02918 0.06483 0.07775 0.02265
xS3(T) 8 0.01618 0.06994 0.08314 0.03060
ay (xﬁat, T) 8 0.03562 0.03710 0.0452 0.01657
aSA(T) 8 0.04688 0.1043 0.1137 0.05426
aw(xe1,%02) 2 0.02011 0.06268 0.07961 0.01548

included in the model comparison, Seé4td. The temper- are compared with those of three other UNIFAC-based non-
ature interval for the solubility and activity data was from electrolyte models. The three other models are the UNIFAC
273.15K to 353.15K, but sometimes data were availablepart of the original Ming and Russell model, the original
only at 298.15K. UNIFAC, and UNIFAC fitted byPeng et al(200]). Parame-
The organic-electrolyte data includes water activities as aers for the original UNIFAC are frorilansen et al(1991).
function organic and electrolyte concentrations at constanPeng et al(2001) fitted new UNIFAC interaction parameters
temperature. The temperatures given in the different sourcefor OH, H,O and COOH, and the remaining parameters are
were between 293.15 K and 298.15 K. The last data type waghe same as in the original UNIFAC. The experimental water
water activity and concentrations in saturated water-organicactivity data inPeng et al(200J) fitting was also used in the
electrolyte solution at 297.15K. Again, instead of actually fitting of our model parameters (Tabi. Deviations for our
calculating solubilities, we calculated activities with given refitted UNIFAC model and the three other UNIFAC-based
concentrations and then compared experimental and calcunodels from the literature are given in Table
lated water activities, organic activities and activities calcu-  The original UNIFAC shows the biggest deviations for all
lated from the melting enthalpies, and product of ion activi- data types, but the original Ming and Russell model performs
ties and solubility products. Oxalic acid saturation activities only slightly better. The present UNIFAC as well as that of
were not included in the fitting, because the melting enthalpyPeng et al(2001) have deviations that are usually less than

may be inaccurate. half of the deviations of the original UNIFACReng et al.
o _ (2001) UNIFAC has the smallest deviations for three data
4.4 Deviations from experimental data types and our model for two data types. Experimental and

] ) ) ) ] calculated water activities and organic solubilities for four
In this section we examine the accuracies of the fitted mOdel%rganic species are presented in Fig.

by comparing experimental and calculated water activities,
solubilities and mean activity coefficients. Most of the ex- L : .
; . - 4.4.2 Deviations in electrolyte and organic-electrolyte so-
perimental data was already used in the fitting, but also some .
) o : lutions
new data sets are introduced. Deviations from experimental

values were calculated for different data types as means of ) ) _
average absolute deviations of the data sets, similarly as P2t types for the nine possible electrolyte-water mixtures

Sect3.2 are the same as in the comparison of the previously published
models (Table2). The only water-organic-electrolyte data
4.4.1 Deviations for non-electrolyte solutions type in this model comparison is water activity in organic-

electrolyte-water mixtures as a function of mole fractions and

The data types for non-electrolyte solutions are water activ-salt molality @, (x, m)). The data sources and mixtures are
ity in organic-water solution as a function of organic mole given in the Tablet.
fraction @, (x,)), organic solubility as a function of tem- Model deviations and number of data sets are given in Ta-
perature £52(T)), water saturation activity as a function of ble 6. Because the fitted UNIFAC is not suitable for ion ac-
solubility and temperature:(, (x$2%, T)), water saturation ac- tivities, it was not used for the three data types in which ion
tivity as a function of temperaturezja‘(T)) and water ac-  activities are required. The number of experimental data sets
tivity in binary organic solution as a function of mole frac- is the same for all models except that LIFAC failed:§3{(7")
tions (@ (x01, X02)). Mixtures and data sources for these datacalculation for(NH4)2S0O4. Originally, there were six data
types are given in the Table sets for solubility 252{(7')), but LIFAC failed to calculate the
Because all fitted models have the same UNIFAC pa-solubility of (NH4)2SOy at temperatures below 4@ (which
rameters in non-electrolyte solutions, our model deviationsalso prevented the calculation of th?‘(T) of (NH4)2SOy).
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Table 6. Experimental single electrolyte and organic-electrolyte data types, number of mixtures (N) and deviations for the fitted models.
Sources for experimental single electrolyte data are given in the Zairid sources for organic-electrolyte data are given in the Balilibe

unit for deviations in solubility datas(S3(T')) is mol/kg.

Data type N  UNIFAC LIFAC Ming and Russell  Ext. UNIFAC

Y+ (m) 9 0.1279 0.07168 0.5023
ay (m) 9 0.02509 0.009838 0.001104 0.01390
mS3(T) 5 5.323 1.019 1512
ay(mSAT) 2 0.01152  0.01582 0.01801 0.02421
aS3(T) 6 0.01744 0.01219 0.02521
ay (x, m) 11 0.02824 0.01798 0.05555 0.04546

Water—citric écid Water—glutaric acid | - =
0.8 0.8 =
' P ;ek
0.6 e
7
& < 0.6 PR
0.4 A7 * Experimental data
'y — Fitted UNIFAC
0.2 0.4p%. — - Original Ming & Russell |
' Original UNIFAC
- Peng et al. (2001)
0 : : 0.2 : :
0.4 0.6 0.8 1 0.4 0.6 0.8 1
X X
w w
‘ —— 0.2 ——— ‘ ‘
Water-malic acid Water-citric acid % T
0.9¢ 1 0.15
%2 08} 88 o1

0.7} 0.05 _ -
0.6 . 0E— ‘ ‘
0.76 078 0.8 082 084 086 0.8 10 20 30 40 50
sat T (°C)

XW
Fig. 1. Experimental and calculated water activities,J in agueous citric acid and glutaric acid solutions as a function of water mole
fraction (x,,) at 298.15K, experimental and calculated water activities in saturated water-malic acid soiﬁ,ﬁ‘))ai a function of water
mole fraction (cﬁf“) at temperatures from 8C to 15°C with 5°C intervals, and saturation mole fraction of citric ao@?ﬁ) as a function
of temperature®). Experimental water activity data for citric acid is fravaffia and Meirelleg2001); Peng et al(2001); Apelblat et al.
(1995ab); Levien (1955 and data for glutaric acid is frofeng et al(2007). Solubility and water saturation activity data is fréxpelblat
et al.(19953.

On the other hand, the other models failed to calculate then the single electrolyte solutions, so it is no surprise that
solubility of NH4NOs at temperatures above 4D. the model deviations are the smallest for four of the five
single electrolyte data types. Extended UNIFAC has only

The fitted (and the original) Ming and Russell model re- a simple Debye-Hckel part for electrolytes, so considering
duce to the accurat€legg et al.(1992 electrolyte model
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Fig. 2. Experimental and calculated water activitieg ) in aqueous
NaCl solution as a function of molalityx() at 298.15 K, and water
activities in saturated water-NaNGolution ¢52) as a function of
saturation molality 52) at temperatures from°& to 5¢°C with Fig. 3. Experimental and calculated NBI solubilities @52 as
5°C intervals. Experimental data for NaCl is froRobinson and  a function of temperaturel(), and NH{NO3 mean activity coeffi-
Stokeg(1959 and for NaN@ from Apelblat and Korin(19983. cients §-+) as a function of molalitys¢) at 298.15 K. Experimental
solubility data is from ChemDAT — The Merck Chemical Databases
(http://chemdat.merck.de/mdaliat/labtool/index.htmland mean

. . . . activity coefficient data is frorlamer and Wy1972).
the simplicity of the model, the deviations for water and ion y {1973

activities are surprisingly small. UNIFAC shows the small-

est deviation for one single electrolyte data type and LIFAC
shows the smallest deviation for the one organic-electrolyte
data type. For comparison, deviation for the original Ming

and Russell model ia,, (x, m) data type is 0.07414, which

is bigger than the deviations for the fitted models. Moreover,
the original model has parameters only for nine of the eleven 4|
mixtures. o5l

Even if both the original and the fitted Ming and Russell « o4l
models are accurate for electrolyte solutions, their deviations | |
in organic-electrolyte mixtures are quite big compared to the Water—citric acid-NaCl
deviations of the other models. The main reason for thisis % o1 02 o3 Solu(:?mass fgfmon 06 07 08 09
that the original and the fitted Ming and Russell models have

few fitting parameters for organic-electrolyte interactions. Y————

The MR part of LIFAC is somewhat problgmatic for con- . Experimentl data
centrated mixtures. In the MR part, the logarithms of activity _ os — UNIFac
coefficients are calculated as sums of terms which are pro-" o - Ming& Russel

. - . . . . Extended UNIFAC
portional to the fitting parameters, ion molalities and ionic  ,,| — original Ming & Russel
strength. Because these terms have quite large numerical val | Watercitic acid-(NH,),S0, ‘ ‘

1 1 1 - 0 0. 0.2 0.3 0. 0. 0.6 0. 0.8 0.9
ues, a small change in the interaction parameters or molal ! e o racte 07 !
ity can cause very big change to activity coefficients. This
was the main reason for limiting electrolyte molalities to Fig. 4. Experimental and calculated water activitieg, ) in water-
30 mol/kg. organic-electrolyte mixtures as a function of solute mass fraction
. - when organic and salt mole fractions are equal. Experimental data is
Experimental and calculated water activities, electrolyte 98 . Are €9 P

from Choi and Charf2002. This data is measured at temperatures

solubilities gnd mean aCt'V'ty,Coemc'ems In smgle elec- between 293.15 and 296.15K, and activities were calculated using
trolyte solutions are presented in Figsand3. Experimental 595«

and calculated water activities in aqueous organic-electrolyte
solutions are presented in F#.where the original Ming and
Russell model is included for comparison.

20 25 30

15
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Fig. 5. Experimental and calculated hygroscopic growth factors as a function of relative humidity for four dry 100 nm organic-salt particles.
Experimental data for malonic acitiH,) 2SO, is fromHameri et al(2002 and data for other systems is frdbnuz and Pandi€2000. The
temperature is 298.15 K iHameri et al(2002 data and 297.15 K i€ruz and Pandi€000 data.

4.5 Growth factors for organic-salt particles Because there were few experimental data for electrolyte
and organic activities, some deviations were expected to oc-

The accuracies and predictive capabilities of the fitted mod-Culr ml the SOIbe'“ty Eaflculatlons. r;l’he rlnoTt Q|ff|cuflt part in
els are tested by calculating growth factors for organic-sal€@/culating of growth factors is the calculation of MDRH,

particles. For comparison, growth factors were also calcu-Where both the electrolyte and the organic species are sat-

lated with the original Ming and Russell model and AD- urated. It seems that most of the fitted models predict too

DEM (Topping et al, 2005. Our UNIFAC and ADDEM low MDRH, put this depends very much on.thg organic-
(Aerosol Diameter Dependent Equilibrium Model) are not _electrolyte mixture. ,At MDRH, when the liquid phasg
suitable for solubility calculations, so growth factors were is formed, some fraction of the electrolyte or the organic

calculated as if particles were dissolved at all relative humidi-SPeci€s usually stays in the solid phase. When the relative
ties (supersaturated solutions). In ADDEM, the water Con_humldlty increases, condensing water dissolves part of the

tent in mixed organic-electrolyte solutions is calculated from SClid Phase and this is balanced by further condensation of
the water contents in organic-water and electrolyte-water so!Vater resulting in faster growth compared to the pure liquid
lutions by using the ZSRStokes and Robinsorl966 ap- droplets. This kind of behaviour can be seen in the calculated
proach, in which organic-electrolyte interactions are ignored 9rOWth factors. However, this behaviour is not seen in the
The organic-water and electrolyte-water solutions are mod£XPerimental data, because variations in measurement data
elled with UNIFAC parameters fromeng et al(2007) and can be bigger than the effect of the .d|ssolvmg solid phase
Clegg et al(1992 model respectively. Experimental and cal- ©© the growth factors. After the deliquescence, the mod-

culated growth factors for four different 100 nm organic-salt els predict quite similar growth factors for three mixtures.

. . . . L. 1 1 0 1 id — 0, IX-
particles are plotted in Fich. The dry particle composition The one excep_t|o_n is 80% g_lutarlc acid — 20% NaCl mix
is given as weight fractions. ture, where variations are quite large. However, the average

Atmos. Chem. Phys., 5, 2478495 2005 www.atmos-chem-phys.org/acp/5/2475/



T. Raatikainen and A. Laaksonen: Activity coefficient models for organic-electrolyte aerosols 2487

of the predictions is quite close to the experimental valuestions for growth factors of organic-electrolyte particles were
In the case of 50% glutaric acid — 5004H4)2SOy mixture, compared to experimental data (F&).
all predicted growth factors are smaller than the experimental Our results indicate that if experimental data is available,
values at relative humidities above 85%. most of the predictive organic-electrolyte models can be suc-
Compared to the experimental accuracies of the other dataessfully extended to atmospheric mixtures by fitting of new
types used in the model comparisons, there are much morparameters. Because the organic fraction in atmospheric
uncertainties in the experimental growth facto3ruz and  mixtures can be composed of many different compounds and
Pandis(2000 data include few experimental values, and for there are few experimental data available for fitting, predic-
example, in the case of 80% glutaric acid — 2Q%b14)2,SOy tive models are especially useful in atmospheric modelling.
particles, there seems to be a local maximum in the growtH-or these reasons, only predictive models were selected for
factors between 80 and 90% relative humidities, but thisfitting.
should not be possible. Data fromameri et al.(2002 The biggest problem in the fitting is lack of experimental
is fairly smooth, howeverPrenni et al.(2003 measured data for organic activities in all solutions and electrolyte ac-
smaller growth factors for the same mixture at 303.15K attivities in organic-electrolyte solutions. The only organic ac-
RH'’s above 85%. These values would have been closer tdivity data type was organic solubilities. Similarly, the only
the model predictions. electrolyte activity data in ternary solutions was electrolyte
Other causes for the observed deviations between modedolubilities. The biggest problem with this kind of data is that
predictions and experimental data are errors caused by apve have activities only at one single concentration. Another
proximation of solution densities and surface tensions. Theproblem for organics was that melting enthalpies needed in
density approximation can cause deviations to calculatedolubility calculations were not found for all organics, but
droplet volume and to the Kelvin effect, where also the sur-had to be estimated from other thermodynamic constants.
face tension is needed. Because the diameters of the solid There are several accurate activity coefficient models for
particles are 100 nm, the Kelvin term has only a small ef-electrolytes and some of them are suitable for atmospheric
fect on the growth factors and MDRH. The volume approx- mixtures. However, without fitting of new parameters, few
imation would be accurate for insoluble particles, and in theof the non-electrolyte models are actually suitable for atmo-
case of soluble particles, the effect of predicted water activityspheric organics. For example, the original UNIFAC showed
to liquid water content and through this to liquid volume is much bigger deviations than our and tReng et al(200])
much bigger than the effect of solution density. UNIFAC versions. There are very few models that are suit-
able for organic-electrolyte mixtures of atmospheric interest.
We used one modeMing and Russejl2002 not fitted by
5 Summary and conclusions us in the model comparison, and this model had bigger devi-
ations for water activities in organic-electrolyte solution than
In the first part of this paper we selected five different water-our fitted models. There are some methods in which fitting
organic-electrolyte activity coefficient models from the lit- parameters are not needed, for example ZSRKes and
erature. Only one of these models includes organics andRobinson 1966 based ADDEM Topping et al. 2005 and
electrolytes that are relevant in atmospheric modelling. Or-the Clegg et al(2001) method, but deviations were not cal-
ganics in the other models were organic solvents, such asulated for them. However, ADDEM was used in predicting
alcohols. Furthermore, important atmospheric electrolytesgrowth factors for organic-electrolyte particles. Compared
(e.g. H") were missing form some of the models. Model with the predictions of our models and experimental data,
deviations were calculated for different types of experimen-ADDEM overestimates growth factors in the systems stud-
tal single electrolyte data (Tab8) in order to assess model ied.
accuracy and suitability for atmospheric modelling. If only water activities are needed, the simplest fitted
In the second part of this paper four of the tested mod-model, i.e. UNIFAC, is reasonably accurate. For example, in
els were selected to be extended for organic-electrolyte mixthe growth factor calculations, our UNIFAC performs better
tures relevant in the atmosphere (e.g. ammonia, sulphate, dthan most of the other models. In addition to good accuracy,
carboxylic acids and citric acid). The model selection wasUNIFAC is also very fast in computer simulations. In ad-
based on the model deviations and the predictive capabilitiesdition to the UNIFAC part, Extended UNIFAC has a simple
Some of the selected models were modified if it was foundelectrolyte part, which makes this model suitable for calcu-
useful, and both new and existing mixture parameters werdating electrolyte activities in dilute single electrolyte solu-
fitted to experimental data. Model deviations were calcu-tions. However, because electrolyte activities were included
lated for different non-electrolyte and electrolyte data typesin the fitting, deviations in organic-electrolyte solutions are
(Tables5 and6). For comparison, deviations were calculated bigger than those of UNIFAC. In addition to the simple elec-
also for some other models, which are suitable for these mix{rolyte model and UNIFAC, LIFAC has a part describing
tures. Furthermore, model predictions and experimental dataon-electrolyte-ion interactions. This improves model ac-
are presented in Fig4, 2, 3 and4. Finally, model predic- curacy in both electrolyte and organic-electrolyte solutions,
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where LIFAC has the smallest deviation. Because the fittedvhereI'; describes the effect of sub groépon the activ-
(and original) Ming and Russell model has few fitting pa- ity coefficient of component. The latter term in the sum
rameters for the organic-electrolyte interactions, the modelescribes the effect of sub growpn the reference state of

is close to an electrolyte model. For this reason, model decomponeni, making the activity coefficient unity at the ref-
viations are the biggest in organic-electrolyte solutions, buterence state. The reference state for non-electrolytes is liquid
small in single electrolyte solutions. Thanks to the accurateof pure componenit In our electrolyte models, the reference
Clegg et al(1992 electrolyte part, this model is suitable for state for ion is infinitely dilute aqueous solution. The equa-

complex mixtures of electrolytes. tion for I'y is

There are very few activity coefficient models for ternary
water-organic-electrolyte mixtures of atmospheric interest,|nr, = 0, |1 — In Xin Om U,k
and when predictions of our fitted models were compared o’ 2on XnQOn

to experimental data and to predictions of other models, our X, O

models performed well. Most of the published organic- Z <M>:| (A4)

electrolyte models are fitted for a few different mixtures, but ' \ 20 Xn Qn Y

our models had relatively large database in the fitting. In ad- T _ _

dition to species in the fitting, our predictive models can bewhere X;===.+—— is mole fraction of grougk in the

used to predict activities for other similar compounds as well. . 5 2o Ui X,‘l’ . . .
mixture, Wy, = exp(— %) anday,, is the group interaction

Because there are few experimental data and other models for . .
these mixtures, the fitted models can be very useful. parameter for main groupsandm. Most of the functional

groups (main groups) have sub groups which have the same
interaction parameters, but differe@} andR;. For example
Appendix A: UNIFAC the main group CHhas sub groups G CH,, CH and C.
The group volume and surface area parameters can be cal-

The first model is the same as the original UNIFARd- culated from the molecular sizes of the functional groups.
denslund et a).1975, except that we introduced new func- This is difficult for ions because for example thé tibn is
tional groups for ions and organics. This has no effect tovery small compared to the sizes of organic groups. These
the model equations, but new model parameters are needegdarameters could also be fitted, but this can lead to very
Because this new model is not used for ion activities, the refsmall or high values. In the new UNIFAC model, the group
erence states are the same as in the original UNIFAC. Howvolume and surface area parameters for non-electrolytes are
ever, in the other three fitted models in which ion activities the same as in the original UNIFAC, and parameters for ions
are calculated, ions have different reference states than nomwere taken from the literature. Group volume and surface
electrolytes. area parameters for all functional groups are given in Table

UNIFAC (Fredenslund et al1975 is so called group con-  Fitted interaction parameters for non-electrolytes are in Ta-
tribution method, where chemical species are constructedble 8. These interaction, surface area and volume parame-
from functional groups. This reduces the number of fitting ters are the same for all fitted models where parameters are
parameters and makes the model predictive. Activity coef-needed. lon-organic interaction parameters were also fitted
ficient for species is calculated as a sum of combinatorial for this model and are given in Tab8 lon-ion interaction
and residual contributions parameters were set to zero.

Iny; =InyC +InyR (A1)

Appendix B: LIFAC
The combinatorial contribution is calculated with the equa- PP

tion The second model is the same as the original LIFAGN(
c z V; V; et al, 1999, with the addition of new functional groups for
Iny”=1-Vi+InV, - i (1 T + |n<F>) (A2 electrolytes and organics. The main and the sub groups are
l l same as in our UNIFAC model. Activity coefficients in LI-
whereV,=yt—, Fi=y=f— andz=10. x; is mole frac-  FAC (Yan et al, 1999 are calculated as a sum of three con-
k Tk Xk k 9kXk

tion, gi= 3", l)]Ei)Qk is area parameter,= Y, UIEi)Rk is vol- tributio(nssl:q)long range (LR), middle range (MR) and short
range .

ume parameter am;i” is the number of functional groupin
species. The only parameters in the combinatorial part are Iny; = In R 4 In yMR 4 In 3R (B1)
the pure component are@f) and volume R;) parameters
for sub groups.

The residual contribution is calculated with the equation

The LR contribution is calculated with a Debyditkel term,
the MR contribution is calculated with virial equation and
the SR contribution is calculated with UNIFAC. When elec-
In y!_R _ Z vlii) [In It —1In F}({ref,i)] (A3) trolyte con_centration is zero, the LR and MR contributions
T for all species are zeros and the model reduces to UNIFAC.
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Table 7. UNIFAC group volumeR; and surface are@; parame-

Table 8. Fitted UNIFAC interaction parametess; (K) for the mod-

ters for the modelled electrolytes and non-electrolytes. Parameterslled non-electrolytes.

for the non-electrolytes are the same as in the original UNIFAC
from Hansen et al(1991). Parameters for N, NH', CI- and

NOj3 are fromYan et al(1999. Parameters for H are the same as
for most cations irivan et al.(1999 and parameters for %O are
the same as for ND.

Main group  Sub group Ry Ok

H,O H,O 0.9200 1.400
CHn CHy 0.6744 0.540
CHn CH 0.4469 0.228
CHn C 0.2195 0.000
OH OH 1.0000 1.200
COOH COOCH 1.3010 1.224
Nat Nat 3.0000 3.000
NH, NHZ 3.0000 3.000
HT HT 1.0000 1.000
ClI— CI~ 0.9861 0.992
NO; NO; 1.6400 1.600
SO23 5023 1.6400 1.600

The long range contribution is calculated with Debye-

Huckel theory. This part has no fitting parameters, but only

I ] ajj aji

HoO CHy 170.22 2650.8
H,O OH —1.3932 —407.50
H,O COOH —-437.73 271.04
CH, OH 143.48 19.236
CHh, COOH —-150.91 2693.3
OH COOH —-492.09 238.13

perature and: (m) is the closest approach parameter, here
a=10"19m. Dielectric constant is calculated with equation
D=4rge,, Whereeg (C2/(Im)) is permittivity of vacuum
ande, is relative permittivity. In the original modelD is
dielectric constant of solvent mixture, but because dielectric
constants were not available for all organics, we use that of
pure water instead.

The middle range contribution is calculated using func-
tional groups, which are the same as in the UNIFAC part.
The equations for solvent grodpand ion; are

pure solvent properties. The solvent is a mixture of water

and organic compound, and its properties are calculated from
pure component properties weighted with salt free volume

x! My
#/M, where M, (kg/mol) is molecular
i#salt X i pj
weight, p, (kg/m?) is density and:/ is salt free mole fraction
of pure solvenk. Solvent §) and ion () activity coefficients

are calculated with the equations

fraction ¢, =

2AM;p 1
| LRz_A(Hb\/-___
s b3p; 14 b1
2|n(1+bﬁ)> (B2)
2
—2AVT
I LR i f (BB)

ny. =
i 1+bVT
where p=)" ¢;p, is density of the solvent mixture; is
charge magnitude of ionand /=0.5Y"; m;z? (mol/kg) is
ionic strength in the molality#) scale. The Debye-ttkel
parametersA (,/kg/mol) andb (,/kg/mol) are calculated

with equations
3 (21 Nyp)t/?

8reaN.
b= q.| reNAP (B5)
DkT

whereeg (C) is elementary chargd/, (1/mol) is Avogadro’s
constant,k (J/K) is Boltzmann constantl (K) is tem-

www.atmos-chem-phys.org/acp/5/2475/

InyMR — Z Bum; —
M Z Z [ Bui + 1B} [ximi -
My Z Z [Bea + zB,ga]mcma (B6)
InyMR = ZB,kxk + 5 ZZBk,ka,
> Bjmi + %f 33 Biamem ®7)

where B (kg/mol) is interaction coefficient for groups
andk, B (kg?/moP) is derivative of B with respect to
ionic stréngth,M: Y, x;M, is molecular weight of sol-
vent mixture andM; is molecular weight of solvent group
k, which were calculated from atomic weights. Subscripts

i, ¢ anda denote solvent group, any ion, cation and anion
respectively. SymmetricHj=By;) interaction coefficients
are functions of ionic strength

Bea(I) = beg + ceq €X—~/T + 0.131)
Bii(I) = b + cxi exg—1.2v/1 + 0.131)

(B8)
(B9)
where bj; and cj; are interaction parameters for main
groups;j andk. lon activity coefficients must be normal-

ized to infinite dilution reference state by subtracting the
first term in Eq. B7) calculated with correct reference state

Atmos. Chem. Phys., 5, 24952005
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Table 9. Fitted UNIFAC non-electrolyte-ion interaction parametgrs(K). Some parameters are zeros because of lack of experimental data.
Water-organic interaction parameters are in the T8p&nd all ion-ion interaction parameters were set to zero.

j ajj aji i j ajj aji i j ajj aji
H,O Ht —1998 7354 Ch NHI —2.452 4478 OH S@ —1877 4062
H,O Na' 48.27 —287.7 CH, CI~ —640.5 39.66 OH NQ  39.43 189.8
H,O NHX —558.6 2817 CH SO‘%_ 640.5 —21.18 COOH 0 0
H,O CI™ 48.31 132.0 CH NOg 17.73 3382 COOH Na 1440 636
H>O SO}l_ —1818 1620 OH H 0 0 COOH Nl'ﬂ— —632.9 -—-167.6
HO NO;  367.6 1368 OH N& 1.804 —-12.22 COOH Cf 2135 —234.9
CHn H¥ 0 0 OH NHf —2009 7973 COOH sp -1970 -5266
CH, Nat —473.0 11.07 OH Ct 0.2297 —423.1 COOH NQ  563.8 2533

Table 10.Fitted MR non-electrolyte-ion and cation-anion interaction parameétgr&g/mol) andc;; (kg/mol) for LIFAC. Some parameters
are zeros because of lack of experimental data.

i k bix Cik i k bix Cik i k bix Cik

H,O Na' —0.02272 7.5e-6 CH 50?1_ 0.04104 —0.09337 COOH N 0.1014 0.00019
H-,O NHI —0.02522 0.00107 OH Na  —0.00059 —0.00038 COOH Sg 0.01679 —0.1489
H,O HT —1.098 0.00154 OH NEﬂ —0.2618 —1.486 Na ClI— 0.2138 —0.4265
H,O CI~ 0.00073 —0.00683 OH H 0 0 Nat NO; 0.07377 -0.3340
H,O NO; -0.00276 -0.00272 OH Cr 5.6e-6 0.2264 N&a SOE?_ —0.2365 1.938
HO SO~ —0.04705 0.02376 OH N —0.01297 -0.00134 NI—]lF Cl— 0.0506 —0.0381
CHn Nat —0.1891 4.2e-7 OH S§ 0.00302 0.01801 Nfﬂ NO; 0.00028 6.7e-5
CHn NHX 0.01523 —0.01184 COOH Na& 0.4478 0.00064 NEﬂ 50437 0.2566 -1.277
CHn HT 0 0 COOH NI—H —0.1706 —0.09065 H Cl— 0.3294 0.00030
CHh CI™ —0.3260 2.781 COOH H# 0 0 Ht NO;  0.2091 —0.3806
CHn NO;  —0.04466 0.00036 COOH CI 0.03495 —0.00022 H Sof‘ 0.1401 —0.00343

concentrations. The MR activity coefficient of solvenis

calculated as a sum of group activity coefficients

In yxMR — Z v[gs) In ykMR
k

Some of the MR interaction parameters could have beerf\Ppendix C: Ming and Russell model
taken directly from the original model, but because two of

the six ions were new, all parameters were fitted. The fitte
MR ion-solvent group and cation-anion parameters are giverfjl

in Table10.

(see Appendix A), but now the infinite dilution reference

(B10)

part UNIFAC parameters are given in the Tablend8. All
non-electrolyte-ion and ion-ion UNIFAC interaction param-
eters are set to zeros.

dThe third model is nearly the same as the origiivtihg
nd Russel(2002 model, but one normalization term was

dropped and new groups for ions and organics were added.
The short range contribution is calculated with UNIFAC Activity coefficients are calculated as a sum of ion-water

state is selected for the ions. Because UNIFAC equationéOW/OI)'

give activity coefficients in mole fraction scale, ion activity Iny; =Iny,
coefficients are converted to molality scale with equation

Iny™ =Iny™ — In(

Atmos. Chem. Phys., 5, 2478495 2005

M, /M + M, th>

1

(B11)

W tiny,

ow/ol

1

interactions (IW) and organic-water/organic-ion interactions

(C1)

lon-water interactions are calculated with tGéegg et al.

(1992 model and organic-water/organic-ion interactions are
calculated with UNIFAC. If the organic concentration is zero,
the new model is reduced legg et al.(1992 model and

whereM, is molecular weight of the reference state solventif the ion concentration is zero the model is reduced to UNI-
and M is molecular weight of the solvent mixture. The SR FAC.

www.atmos-chem-phys.org/acp/5/2475/
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lon-water interaction are calculated with equations from 2 E| / Vi
: . Z; Ax n(1l+ 1Y Ix +
Clegg et al(1992 as a sum of LR and SR contributions Iy 1+ pIx

1 1
In y_IW —1In V'LR +1In y-SR (C2) ij (Bij g(a,:;@) + Bij g(aij\/z)) —
l 1 1 j;él

Ming and Russell calculated the LR and SR activity coef- Z1,2

ficients using inorganic-only mole fractiong® (LR* and o7 szcxa Bea I:g<aca\/g) -
SR¥*), where organics (subscrip} are ignored. The activ- Toeoa

ity coefficients were then normalized to the solution mole eXp(—aca\/E” 4

fractions with the equation

B8 [s(obT) - e(-atT)] | cco

Iy =Iny R 4 inyS% -2 '”(1 - ZXU) (3)
o

. . ) ) ) where constant=13.0 and the temperature dependent mole
Even if we use these inorganic-only mole fractions in our fraction scale Debye-iitkel parametes . has a value 2.917

modified version, the correction term is ignored. The rea-at 298.15K.1, is ionic strength in mole fraction scale and
son for this is that for non-electrolyte solutions;E1 and  §,nction g(x)=2<1—(1+x%exn—x>)_ Most of the symmetric
x* =0) the original model does not reduce to UNIFAC, be- x 11

ion - . L rgBi:Bj) parameters are zerosB..=B,,=B..=B;,=0
cause the correction term is not zero although it is based o né R _0. The rem;inin model parame-
the difference in mole fractions calculated with and with- ters?‘l(;crl_jolzla;?tcar_e(;aa_lai ando? 9 P
out organics. In factMing and Russel{2002 had an error P car Fear ca Yea- . )
in their computer code which fortuitously ensured that the The HOE contrlbutlon for watew a”O! ioni is needed if
model reduced to the UNIFAC in non-electrolyte solutions Y& have more than two ions (here only in the case of aqueous
(Y. Ming, personal communication, 2003). sulphuric acid). The equations are

AI! mole fractions in the IW part are morgamc—only mole n yHOE _ 5 Z

fractions, so for clarity, the superscript * is dropped from w
mole fractions in following model equations. T@&gg et al. ¢ )
(1992 model equations are given in condensed form and all 23> xaxa (Paar + L0y (C7)
terms that include ternary parameters were ignored. Thus, a <a

3 ok (e 10 -

<c’

these equations are valid only if ternary parameters are zeros |, , Ziz
as is the case e.g. in aqueous sulphuric acid system and in ahvi = 2ij Vij = xi | Vij + 03 | Le — P -
binary systems. The complete model equations are given in J#
Clegg et al(1992. . z2
The long range contribution is a sum of Deby&dkel ZZ Z.xcxc/ Ve + 0 \ e = 5 | | —
(DH) contribution and a higher order electrostatic (HOE) CF <cF
contribution to the Debye-titkel expression. ZZ Z ox /<l9 4
ara aa
InyR = In yPH 4+ InHOE (Ca) a#i <a'#i
2
Z5
The DH contribution for watew and ioni are calculated O <1x - E’) > (C8)
with equations
3/2 where subscripy includes all cations if is a cation or all
InyPH = AL anions ifi is a anion, and
Y 1+ VI '
XeXa| B exp(—oz 1 ) + ZiZj 1 1
BY exp(—acla\/Z) ] €5 ) = LTI
44 Clxij2 eXQngij“)
o 24,132 Xij = GZiZij\/E
InyPf = == —
1+ pVI The constants ar€;=4581, C;=—0.7237, C3=—0.012
Z Zxcxa [Bm exp(—aw\/ﬁ) + and C4=0.528. Derivatives ~ are o/ jz%f and
o J/()Cij)zagi):;j). The HOE part has no fitting parame-

Bga exp(—acla Ix) - ters.
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Table 11.Clegg et al(1992 model parameterB.,, aca, Wea, Ucas Veas B}a, acl.a for the IW part of the Ming and Russell model. Parameters
for HoSO4 and HCI are fronTClegg and Brimblecombgl995 andClegg et al(1992 respectively, and the remaining parameters are from
Clegg et al(1998h.

Bca Aca Wea Uca Vea B(}a ac:!-a
H+—SO‘2( —46.7149774 9.5 -—-9.88620169 -—-5.45640111 -5.98318162 O 0
H+—HSOZ 38.2460542 17.0 —11.1152714 —-1.03606797 —3.58228743 O 0
H+—NO§ 13.5342 17.0 —-3.07186 1.96582 —-1.41191 0 0
Ht—CI— 20.009 13.0 —13.026 —8.806 0 0 0
NH+—SO‘21_ —2.858988 13.0 —0.740149 0.940860 —2.587430 0 0
NH, —NOg  24.7529 7.0 0.900729 0.379736 —1.42646 —29.9961 13.0
NH, —CI™ 4.65969 15.0 -0.568291 2.07244 —1.25000 0 0
Na+—SO£2f 34.4660 13.0 —3.72596 —1.95916 —4.86057 0 0
Na*—NO3_ 26.9994 5.0 0.0526908 0.266644 —2.30288 —21.6050 13.0
Nat—CI— 19.9338 5.0 -5.64608 —3.60925 —2.45982 0 0
ibuti ' (ze +24)?
The short range COI’]tI’.IbUIIOHS for water, cationC and Xypko—C Uop + 4x5) X Vop —
anionA are calculated with equations 2cZA
Ex ze+2z
Ec(l - _A) ‘ A WCA:| (Cll)
1 2w
SR _ Ze + Za ) .
Iny,™ = Z Z (fECEa ZeZa (A= xuw)Wea + where lower case letters refer to any other cation and anion,
c“ 5 EC:fﬁzﬁ Eazzxajaz . Fitting parameters for the SR part
XoXg M(l — 2% Uea + are symmetrid¥,,, U, andV,,.
ZcZa These equations give ion activity coefficients in mole frac-
Axo Xy x0 (2 — %) Vea (C9) tion scale, so these must be converted to molallty scale with
Eq. B11). Parameters for IW part were not fitted, but

SR ¢, et B these are fronClegg et al(1992); Clegg and Brimblecombe
Inyc™ = Z Z Ea 2 Ec 7z Wea (1995; Clegg et al(1998g. Parameters are presented in Ta-
a c#C o ble11.
zc | 1\zetza OWI/OI interactions are calculated with UNIFAC. Also
ZZ[wacEa <_+_) Wea + . .. .. . e
— 2 F) Zca here, the ion activity coefficients are normalized to infinite
(2o + 24)2 dilution reference state and from mole fraction scale to mo-
20 XeXg = Upy + 1262 xex4 Vw} + lality scale with Eq. B11). In the original Ming and Russell
ZcZa model, surface area and volume parameters for ions were the
Z [ wEa 2C + Za Wea + same as for water, and all ion-water and ion-ion interaction
- Za parameters were zeros. For this reason, the OW/OI contribu-
(zc + 24)2 5 tion for water and electrolytes is zero if the organic fraction is
XyXg—————Ucq + 43X Vea — zero. The same values were selected to our modified model.
ZC2a Organic-water UNIFAC parameters are the same as in the
E,(1— E)ZC t WCu] (C10)  other fitted models (Tablesand8). Organic-ion interaction
2 Za parameters were fitted and these are given in Tahle
In foR = Z Z EC[%Ea ZCZ_Z “a Wca] —
¢ aFd o Appendix D: Extended UNIFAC
ZZ[XWECEG (Z_A'i‘i) Zc—i_—ZQWC(l—i— . g
— 2  F) Zzza The fourth model, called Extended UNIFAC, is a modifi-
(2o + 24)2 , catio_n_ of Extended UNIQUACThomsen et a_,l._199® an_d
20y X Xg———Ueq + 12x X X4 Vca} + Modified UNIFAC (Achard et al. 1994). Activity coeffi-
Z“j_“ cients are calculated as a sum of LR and SR contributions
Zc ZA
XC: ["’”EC Ze Wea + Iny; = InyR + InySR (D1)
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Table 12. Fitted UNIFAC organic-ion interaction parametess (K) for the Ming and Russell model. Some parameters are zeros because
of lack of experimental data. Water-organic interaction parameters are in theSTalplé ion-ion and water-ion interaction parameters were
set to zero.

i ] a,-j aj,- i ] al-j ajl- i j aij Llj,'
CHn H* 0 0 OH HF 0 0 COOH HF 0 0
CHn NH; 1076 1235 OH NH  -2412 -3854 COOH NH  -1889 -1958
CHn Na®  -7152 -3814 OH Na&  -517.1 -4805 COOH Nd 2305  —603.6
CHn SO~ 1085  9.192 OH S§& 1552 456.8 COOH S§  —40.39 —924.3
CH, HSO, © 0 OH HSg © 0 COOH HS@ 0 0
CHn NO; 6015 —256.2 OH NG  -7221 -229.4 COOH NG -1228 -5668
CHy, ClI=  -790.4 164.2 OH cCt 2814 7383 COOH CI 3442 5473

Table 13. Fitted UNIFAC non-electrolyte-ion and cation-anion interaction parameter&) for the Extended UNIFAC. Some parameters
are zeros because of lack of experimental data. Water-organic interaction parameters are in $ie Table

i j ajj aji i i ajj aji i j ajj aji
H,O Na' —-174.6 13.0 CH SOﬁ’ 0.537 —0.019 COOH N —-54.38 -161.1
H,O NHX —2.326 -0.581 OH Na 6.235 4.452 COOH S% —2122  0.009
H,O Ht —2157 —-355.6 OH NI—};r 0.968 =277.7 Na Cl— —10.59 -640.4
H,O CI™ —7.833 —538.6 OH H- 0 0 Nat NO;, —-1269 36.91
HO NO; —-8345 -192.7 OH Cr 0.018 2005 Na so}f 0.158 —686.1
H,O sog —1983 0.001 OH N —-3.648 1.714 Nlj —894.0 1841
CHn NaJr 2.549 —-3.737 OH S(g_ 0.045 —17.60 NI—Q NO_ —685.4 —-489.0
CHn NHI —24.48 0.099 COOH Nha 6.684 —0.002 NI—Q Sé 2.168 —438.8
CHy HT 0 0 COOH NH 1620 -278.1 HF C 5281 —3.361
CHy, CI™ 5.390 19.54 COOH H 0 0 Ht NO3 —0.001 -391.1
CHn  NO; —1123 0.002 COOH cCi 0.025 5006 H SO§ 143.0 92.51
The LR part is the same as the Debyaekel part inlliuta 1.164- 10°5(T/K — 27315)? (D4)

et al.(2000 version of Extended UNIQUAC, and the SR part
is the UNIFAC with new functional groups for ions and or-
ganics.

The LR contribution is always zero for organics, but mo-
lality scale equations for watew( and ion () activity coef-
ficients fromlliuta et al. (2000 are

This equation is valid at temperatures
273.15K<T <383.15K. These constants are also used
in the Extended UNIFAC.

The SR part is the same as in the three other models.
Again, ion activity coefficients are normalized to infinite
dilution reference state and to molality scale. Organic-water

InytR = 2AM, <1 b — — = interaction parameters (Tablé), and surface and area
v b3 1+ bﬁ parameters for all species (Tal8g are the same as in the
other models. lon-solvent and cation-anion interaction
2|n<1+bﬁ>> (D2) parameters for Extended UNIFAC are given in Tahl@
24T Because we had only single electrolyte data, cation-cation
Iny R J (D3) and anion-anion interaction parameters were not fitted.

T T

In the Extended UNIQUAC, the constahthas the value Edited by: M. Kulmala
1.50 kg/2 mol~1/2 and molality scale Debye-litkel param-

eterA (kg'/2 mol~1/2) is given as a function of temperature

based on the temperature dependence of density and dielec-

tric constant of pure water:

A =1131+1.335-10 3(T/K — 27315) +

www.atmos-chem-phys.org/acp/5/2475/ Atmos. Chem. Phys., 5, 24952005
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