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Abstract

Fatty acids (CH3(CH2)n−2COOH) and their salts are an important class of at-

mospheric surfactants. Here, we use COSMOtherm to predict solubility and activ-

ity coefficients for C2–C12 fatty acids with even number of carbon atoms and their

sodium salts in binary water solutions and also in ternary water–inorganic salt solu-

tions. COSMOtherm is a continuum solvent model implementation which can calculate

properties of complex systems using quantum chemistry and thermodynamics. Calcu-

lated solubility values of the organic acids in pure water are in good agreement with re-

ported experimental values. The comparison of the COSMOtherm derived Setschenow

constants for ternary solutions comprising NaCl with the corresponding experimental

values from literature shows that COSMOtherm overpredicts the salting out effect in

all cases except for the solutions of acetic acid. The calculated activity and mean activ-

ity coefficients of fatty acids and fatty acid sodium salts, respectively, show deviation

of the systems from ideal solution. The computed mean activity coefficients of the

fatty acid salts in binary systems are in better agreement with experimentally derived

values for the organic salts with longer aliphatic chain (C8–C10). The deviation of the

solutions from ideality could lead to biased estimations of cloud condensation nuclei

number concentrations if not considered in Köhler calculations and cloud microphysics.

Introduction

Atmospheric aerosols have both direct and indirect effects on the radiating forcing of the

atmosphere. The direct effects include the absorption and scattering of solar radiation while

the indirect effects of aerosols are related to their role in cloud formation, acting as cloud

condensation nuclei (CCN).1 Organic compounds are a significant fraction of atmospheric

aerosols and, depending on the geographical location, can cover 20 to 90% of their total

mass.2–4

Fatty acids (CH3(CH2)n−2COOH) are common constituents of organic aerosols and they
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have been found in concentrations up to a few µgm−3 in urban regions,5,6 in concentrations

of several ngm−3 in continental regions7–9, and in lower concentrations in marine environ-

ments.10,11 In marine environments, they can be emitted, for example, into the marine air

during bubble bursting processes (sea spray)12–14 and are typically in their ionic forms15 as

they can dissociate in water (pKa < pHwater). The carboxylate anion (CH3(CH2)n−2COO−)

can be bound to a sodium cation, resulting in fatty acid sodium salts (CH3(CH2)n−2COONa).

In addition to being a common and abundant class of atmospheric organic aerosol, both

fatty acids and their salts are known to act as surfactants in aqueous solutions and they are

relatively well–characterized in terms of their amphiphilic behaviour16,17 and cloud forming

properties.18–22 They are therefore often used as model system for atmospheric surface active

aerosol, although the extent of how well they represent all of these remains to be firmly

established.23 Amphiphilic compounds are partly hydrophobic (the aliphatic chain of a fatty

acid) and partly hydrophilic (the carboxylic acid group) and they can affect the surface

tension of aqueous solutions.19,24 Surface activity can affect water uptake and cloud droplet

activation, introducing uncertainty in climate predictions. Köhler theory25 describes the

CCN activation in terms of the properties of the droplet bulk solution, among them the

water activity and the surface tension. For a better understanding of the role of surfactants

in cloud microphysics, experimental and theoretical studies have investigated the physico-

chemical properties of these compounds.18,24

When organic surfactants and inorganic salts are in an aqueous solution, salting in/out

interactions between the organic and inorganic components can occur. Salting in/out phe-

nomena in aqueous solutions are here defined as changes in the solubility of the organic

compound due to the presence of the inorganic salt in the solution.26–28 Most studies have

considered the water-surfactant solutions as ideal, such that all the activity coefficients have

been assumed to be 1. Activity coefficients can be used to illustrate the deviation from ide-

ality but they cannot be measured easily for atmospherically relevant aqueous mixtures and

they are not typically available in literature. This limits the understanding of microscopic
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interactions in solutions of higher order than binary, where Gibbs-Duhem relation cannot

be used to infer organic activity from water activity measurements that are easier to be

determined experimentally. COSMOtherm,29 combining quantum chemistry and thermody-

namics, can predict thermodynamic properties of molecules in liquid environments. Here we

use COSMOtherm to calculate the solubilities and activity coefficients of fatty acids in bi-

nary aqueous solutions and ternary solutions comprising inorganic salts in order to examine

the salting in/out interactions between the components and to investigate the deviation of

the solutions from the ideal solution behavior. Solubilities and activity coefficients were also

calculated for the corresponding sodium salts. We present calculated solubility and activity

coefficient data over a range of aqueous solution compositions, and discuss the implications

of the predicted deviations from ideality for aerosol and cloud activation properties.

Methods

We calculate the solubilities and activity coefficients of C2–C12 fatty acids with even num-

ber of carbon atoms and their sodium salts in pure water and ternary aqueous mixtures

comprising different inorganic salts using the COSMOtherm program release 19.29 The inor-

ganic salts in the aqueous ternary systems are sodium chloride (NaCl), ammonium chloride

(NH4Cl), ammonium sulfate ((NH4)2SO4), sodium sulfate (Na2SO4) and ammonium nitrate

(NH4NO3). The chemical formulae of the organic acids are presented in Table 1.

Table (1) Summarized studied organic acids.

Compound Formula
Acetic acid CH3COOH
Butanoic acid CH3(CH2)2COOH
Hexanoic acid CH3(CH2)4COOH
Octanoic acid CH3(CH2)6COOH
Decanoic acid CH3(CH2)8COOH
Dodecanoic acid CH3(CH2)10COOH

The input files for the COSMOtherm calculations were generated using the systematic

calculation scheme described by Kurtén et al.30 In the calculation scheme, a systematic
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conformer sampling was performed using the Spartan ’14 program31 and the MMFF94 force

field. The COSMOconf program, version 4.132 was used for the geometry optimizations and

identifying, for example, duplicate conformers. All of the initial conformers from Spartan

were optimized at the BP/def-SV(P) level of theory, after which duplicate conformers and

conformers with similar chemical potentials were removed, and the number of conformers was

limited to 600. The remaining conformers were further optimized at the BP/def-TZVP level

of theory and again similar conformers based on their geometries and chemical potentials

were removed. Up to 500 lowest energy conformers were selected for the final single-point

calculation at the BP/def2-TZVPD-FINE level of theory. In COSMOtherm calculations we

used the fifty lowest energy conformers of each compound due to computational limitations.

Aqueous solubility

To calculate organic solubility, COSMOtherm finds the liquid-liquid or solid-liquid equilib-

rium of each solute in the solution using the solid-liquid equilibrium solver (SLESOL). To

find the liquid-liquid equilibrium, COSMOtherm solves the equation:

x1jγ
1
j = x2jγ

2
j (1)

where x1j , γ
1
j and x2j , γ

2
j are the mole fractions and activity coefficients of two liquid phases

(1 and 2) for a compound j, respectively.

In a system with pressure P and temperature T , the solubility of a solid solute j in a

solvent is defined as:

log10(x
SOL
j ) =

µ
∗(I,◦)
j (T, P )− µ∗(I)j (T, P, xSOLj )−max(0,∆Gfus(T ))

RT ln(10)
(2)

where µ
∗(I,◦)
j is the calculated pseudo-chemical potential of the pure compound j, µ

∗(I)
j is

the pseudo-chemical potential of the solute j at the solubility limit composition (xSOLj ),

∆Gfus the free energy of fusion of the solute and R is the gas constant. In this study, the

5
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temperature was set to 298.15 K for all the calculations.

For solid solutes, either the ∆Gfus, or the melting point (Tmelt) and the enthalpy of fusion

(∆Hfus) of the solute must be given as input. In our calculations we used the Tmelt and ∆Hfus

values for the solid solutes, i.e. decanoic and dodecanoic acid as well as the sodium organic

salts of the fatty acids (Table 2). To the best of our knowledge, experimental ∆Hfus values

for sodium hexanoate, sodium octanoate, sodium decanoate and sodium dodecanoate are not

reported in the literature, and we made the approximation that these values are identical to

that of sodium butanoate. In case of liquid pure solutes (C2–C8 fatty acids) COSMOtherm

assumes that ∆Gfus = 0.

Table (2) Melting point (Tmelt in ◦C) and enthalpy of fusion (∆Hfus in kJ/mol)
of the studied solid organics.

Organic Tmelt [◦C] ∆Hfus [kJ/mol]

CH3(CH2)8COOH 31.4 a 28.05 b

CH3(CH2)10COOH 43.8 a 36.03 b

CH3COONa 328.2 a 17.95 c

CH3(CH2)2COONa 252 d 10.418 c

CH3(CH2)4COONa 232 e -
CH3(CH2)6COONa 243-245 f -
CH3(CH2)8COONa 248-250 f -
CH3(CH2)10COONa 244-246 f -

a CRC Handbook of Chemistry and Physics (2004)33 b Arpe et al. (1992)34 c Ferloni et al.
(1975)35 d Duruz et al. (1971)36 e Michels et al. (1972)37 f Zacharie et al. (2009)38

Dissociation correction

When fatty acids are dissolved in water, they dissociate partially into their constituent ions.

The dissociation can affect the solubility of the compound. For comparison, the dissociation

corrected solubilities of pure fatty acids in water were calculated by taking into account the

acid dissociation constant (pKa) and were compared to the corresponding COSMOtherm

derived solubilities without the dissociation correction and experimental values from liter-

ature. Due to lack of experimental values for these binary mixtures at 298.15 K, all the

above-mentioned solubilities were calculated at 293.15 K in order to be comparable with the

6
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experimental values.

The experimental solubilities and the acid dissociation constants of the compounds are

summarized in Table 3.

Table (3) Experimental solubility values (S0) [g/100g of water] of fatty acids in
water at 293.15 K and acid dissociation constants (pKa) of the solutions.

Acid S0 [g/100g] pKa

CH3COOH soluble a 4.756 (298.15 K) b

CH3(CH2)2COOH soluble a 4.83 (298.15 K) b

CH3(CH2)4COOH 0.967 b 4.85 (298.15 K) b

CH3(CH2)6COOH 0.08 b 4.89 (298.15 K) b

CH3(CH2)8COOH 0.015 b 4.9 (298.15 K) c

CH3(CH2)10COOH 0.0055 b 5.3 (293.15 K) d

a Perry’s Chemical Engineers’ Handbook39 b CRC Handbook of Chemistry and Physics
(2004)33 c Barratt et al. (1996)40 d Serjeant and Dempsey (1979)41

The dissociation corrected (DC) solubility in mole fraction is:

xDC = xSOL
j + xA− , (3)

where xA− is the mole fraction of the dissociated ionic species, given from the equation:

xA− =
cA− ·M

ρ
(4)

M and ρ are the molecular weight (g/mol) and density of water (g/l), respectively, and:

cA− = −1

2
10−pH +

√
1

4
10−2pH + cSOL

j 10−pKa (5)

The pH corresponds to the aqueous phase and the mole fractions xSOLj are converted to

molar concentration cSOLj :

cSOLj = xSOLj

ρ

M
(6)
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Ternary solutions

In ternary systems, we consider the mixture of water and an inorganic salt as one solvent,

as opposed to solvent water and an inorganic salt solute. The mole fraction of the inorganic

salt (Mν+Xν−) in the solvent is defined by the mole fractions of its anion (xX−) and cation

(xM+) and not by the mole fraction of the formula unit of the salt. This means that the total

molar size of the system in the COSMOtherm framework is larger than the size of a system

where the inorganic salt is considered as entity in the solvent. In order to calculate the

solubility x′j of the latter solvent-solute system, we scale the solubility of the COSMOtherm

framework with the molar size of this system at the solubility limit:

x′j =
xSOLj

1− (1− xSOLj )xM+

(7)

Here we assume that the number of negative ions (ν−) is 1.

Setschenow constants

Salting-in or -out of the organic by presence of inorganic salts can be described using the

Setschenow constant (Ks in units of l/mol):

log(
S0

S
) = KscMX (8)

where S0 and S are the solubilities of the organic compound in pure water and in aqueous

inorganic salt mixture, respectively, and cMX is the concentration of the salt. Negative

and positive values of the Setschenow constants indicate a salting-in and salting-out effect,

respectively.

To the best of our knowledge, from the ternary solutions of the fatty acids that we study

here, the available experimental values of Ks in literature are limited to acetic, butanoic and

hexanoic acid with NaCl. To evaluate our results we translated the computed solubility to

the Setschenow constants and we compared them to the experimental Ks values. The mole

8
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fraction of salt (xMX) was converted to molar concentration (mol/l):

cMX = xMX
ρ

M
, (9)

where ρ here is the density of the binary water-sodium chloride solution and M is the average

molecular mass of the binary solution. The binary salt solution density ρ was estimated at

the temperature of 298.15 K and pressure of 1 atm from the formula given by Rowe et

al.42 (description is provided in the Supporting Information). This formula is valid for mole

fraction of NaCl up to 9.32% (25% mass fraction of salt in water) and for that reason we

only calculated the Ks for 1% and 5% mole fraction of NaCl.

Relative solubility of sodium salts

In the ternary systems, the solubilities of the fatty acid salts were calculated using the relative

screening method of COSMOtherm. With this approach, the solubility of the solute in a

solvent mixture is calculated relative to the solubility in a reference solvent, as opposed to

an absolute value. With the relative solubilities it is possible to estimate the salting effect of

the different inorganic salts for the solutes that are otherwise fully miscible with the solvent.

In addition, the relative solubilities are calculated using the zeroth order approximation of

the solubility, where the free energy of fusion cancels out. In the zeroth order approximation

the solubility is given as:

log10(x
SOL(0)
j ) =

µ
∗(I,◦)
j (T, P )− µ∗(I)j (T, P, xj → 0)−max(0,∆Gfus)

RT ln(10)
(10)

The solubility of the solute in the solvent is assumed to be small enough to justify the use

of the chemical potential of the solute at infinity dilution (µ
∗(I)
j (T, P, xj → 0)) instead of the

chemical potential in the solubility limit (µ
∗(I)
j (T, P, xSOLj )).

To estimate the absolute solubility of the solute in mixed binary solvents, the values were

referenced to the absolute SLESOL solubility of the solute in 0.09 mole fraction of inorganic

9
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salt. We selected a high mole fraction of salt as some of the fatty acids are fully miscible

in solutions with lower mole fractions of the inorganic salts. Using 0.09 mole fraction of the

inorganic salts in the solvent, none of the fatty acids are fully miscible, so COSMOtherm

could give an absolute value of solubility. After the above process, the values of solubility

are re-calculated relative to the solubility of the solute in pure water.

Hydrated sodium

In COSMOtherm, solute salts are described as individual ions. For example, the fatty acid

sodium salts require separate cosmo-files for the sodium cation (Na+) and the carboxylate

anion (CH3(CH2)n−2COO−). Previous studies43,44 have shown that COSMOtherm cannot

predict the properties of a solution that contains strong electrolytes, such as the sodium

cation. Toure et al. have used hydrated forms of strong monoatomic ions to better predict

the ion–molecule and molecule–molecule interactions in electrolyte solutions.43,44 Here, we

tested the effect of solvating sodium cation of the organic salts with up to five water molecules

(Na · (H2O)k, with k = 0, 1, 2, 3, 4 or 5) on the relative solubilities of the organic salts.

An additional correction should be applied for the calculation of the solubility value (x′j) as

the water molecules of the hydrated sodium cation change the mole fraction of water and

therefore of inorganic salt in the solvent. With the addition of the hydrated solute to the

system, the amount of solution increases from 1 to 1 + k ·x′j and the solubility x′′j of the dry

fatty acid sodium salt is:

x′′j =
x′j

1 + kx′j
(11)

In binary solutions, x′j = xSOLj .
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Activity coefficients

For the calculation of activity coefficients on mole fraction scale for each solute (fatty

acid/fatty acid salt) in a hypothetical infinite dilution state, the mole fraction of the solute

is set to zero in the composition of the solution and the reference state is the pure solute.

COSMOtherm calculates the natural logarithmic values of the activity coefficient using the

pseudo-chemical potentials of the compound both in its pure form, and fully dissolved in a

solvent.

ln(γIj) =
µ
∗(I)
j (T, P, xj)− µ∗(I,◦)j (T, P )

RT
(12)

where µ
∗(I)
j (T, P, xj) the chemical potential of compound j in the solution and µ

∗(I,◦)
j (T, P )

the chemical potential of the pure compound j.

Activity coefficients are normalized using the symmetric convention or convention I.45

In this convention the reference state is an ideal solution where the activity coefficient of

any species in the solution tends to the unity when its mole fraction tends to unity. Since

electrolytes cannot exist as pure liquids at the solution temperature, activity coefficients

in its aqueous solutions are normalized using the unsymmetric convention or convention

II.45 In this convention the reference state is an ideal dilute solution where the activity

coefficients are equal to the unity when the molar fraction of the solvent and solute tends

to one and zero, respectively. In this condition, the solute activity coefficient is referred as

the activity coefficient at infinite dilution. Convention II is easy to use to describe binary

systems but requires careful assumptions when it is applied to multicomponent solutions.46

Here, we will use COSMOtherm to calculate activity coefficients on convention I below

solubility limits and at infinite dilution. Then we will transform their values to convention II

in order to compare them against experimental values. Even when the procedure to switch

activity coefficients between conventions is widely known45,47,48 we must show here how to

use the pseudochemical potential from COSMOtherm as an equivalent form of expression
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of the chemical potential. In convention I the chemical potential of a compound j at the

temperature, pressure and composition xj of the solution can be written as:45

µ
(I)
j (T, P, xj)−RT lnxj = µ

(I,◦)
j (T, P ) +RT ln γIj (13)

where µ
(I,◦)
j (T, P ) is the chemical potential of j as a pure compound at the same tempera-

ture, pressure and aggregation state of the solution and γIj is the activity coefficient of the

compound at the state xj. In Convention II the chemical potential of j at an equivalent set

of conditions can be written as:

µ
(II)
j (T, P, xj)−RT lnxj = µ

(II,◦)
j (T, P ) +RT ln γIIj (14)

where µ
(II,◦)
j (T, P ) is the chemical potential of compound j at the same temperature, pressure

and aggregation state of the solution but in a hypothetical dilute ideal state and γIIj is

its activity coefficient normalized to convention II. The pseudo-chemical potentials µ∗ for

conventions I and II are defined as:

µ
∗(I)
j (T, P, xj) = µ

(I)
j (T, P, xj)−RT lnxj (15)

and

µ
∗(II)
j (T, P, xj) = µ

(II)
j (T, P, xj)−RT lnxj (16)

respectively. From the eqs 13 and 14 the pseudo-chemical potential for the two conventions

can also be expressed as:

µ
∗(I)
j (T, P, xj) = µ

(I,◦)
j (T, P ) +RT ln γIj (17)

and

µ
∗(II)
j (T, P, xj) = µ

(II,◦)
j (T, P ) +RT ln γIIj (18)

12
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The activity coefficient calculated in the convention I γIj is numerically different from the

activity coefficient calculated on the convention II γIIj , but the chemical potential of j in a

solution of composition xj at temperature T and pressure P is independent of the convention

chosen48,49 and then:

µ
(II)
j (T, P, xj) = µ

(I)
j (T, P, xj) (19)

µ
(II)
j (T, P, xj)−RT lnxj = µ

(I)
j (T, P, xj)−RT lnxj (20)

µ
∗(II)
j = µ

∗(I)
j (21)

µ
(II,◦)
j (T, P ) +RT ln γIIj = µ

(I,◦)
j (T, P ) +RT ln γIj (22)

Both conventions must be identical at the limit of infinite dilution when xj → 0, γII,◦j = 1

and γIj = γI,∞j .

When the solute (compound j) is infinitely dilute (xj → 0), the pseudo-chemical potential

in convention I is:

µ∗(I)(T, P, xj → 0) = µ
(I,◦)
j (T, P ) +RT ln γI,∞j (23)

and in convention II the pseudo-chemical potential is:

µ∗(II)(T, P, xj → 0) = µ
(II,◦)
j (T, P ) +RT ln γIIj (24)

From the eqs 23 and 24 and because by definition the chemical potentials of a compound

at the same state are equal (µ∗(I)(T, P, xj → 0) = µ∗(II)(T, P, xj → 0)):

µ
(II,◦)
j (T, P ) = µ

(I,◦)
j (T, P ) +RT ln γI,∞j (25)

Therefore, the eq 18 can be written as:

µ
∗(II)
j (T, P, xj) = µ

(I,◦)
j (T, P ) +RT ln γI,∞j +RT ln γIIj (26)

13

Page 13 of 55

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



The equation that relates the activity coefficient of the infinite dilution reference state

to the pure-substance reference state can be derived from the eqs 17 and 26:

ln γI,∞j + ln γIIj = ln γIIj (27)

Since,
µ
∗(II)
j (T, P, xj)− µ(I,◦)

j (T, P )

RT
= ln(γI,∞j · γIIj ) (28)

and
µ
∗(I)
j (T, P, xj)− µ(I,◦)

j (T, P )

RT
= ln γIj (29)

are equal, we finally get the equation:

ln γIIj = ln
γIj

γI,∞j
(30)

Ternary solutions

In solutions containing salts, in order to be consistent to the experimental mole fractions of

the components, we consider the salt as an entity and not as individual ions. The molar

size of the system in COSMOtherm framework can be scaled to the experimental one by

applying a correction for the salt fraction in the solute-solvent system. The mole fraction of

a compound j after the correction, is given by:

x′j =
xj

1− xM+

(31)

where xj and x′j are the mole fractions of the compound in the COSMOtherm and experi-

mental framework, respectively.

The activity of the compound j is the same for the two different solute-solvent systems:

αj = x′j · γ′j = xj · γj (32)
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From eqs 31 and 32, the activity coefficient γ′j was calculated as:

γ′j = (1− xM+)γj (33)

Mean ionic activity coefficients

A strong electrolyte Aν+Bν− , with ν+ the number of cations A and ν− the number of anions

B, and Z+ and Z− the charge of A and B, respectively, dissociates in water:

Aν+Bν−
H2O−−→ ν+AZ+ + ν−BZ− (34)

For ionic compounds such as CH3(CH2)n−2COONa, it is difficult to experimentally estimate

the activity coefficient of the anion and cation separately as they dissolve in water. In this

case, the deviation from the ideal solution of the electrolyte Aν+Bν− can be described by the

mean ionic activity coefficient γ±:

γ± = ν++ν−
√
γ+ · γ− (35)

To be consistent with the common experimental approach, we calculated the mean ionic

activity coefficients of the fatty acid sodium salts (C2–C12) using eq 35, where ν+ and ν−

are equal to unity.

In case of sodium decanoate, we calculated the mean ionic activity coefficients of the

salt in aqueous solutions and compared them with experimentally derived values at 25 ◦C

from the studies of Smith et al.,50 De Lisi et al.51 and Sharma et al.52 Smith et al. applied

isopiestic vapour pressure method to calculate osmotic and mean activity coefficients of fatty

acid sodium salts. De Lisi et al. calculated the mean activity coefficients from experimentally

derived osmotic coefficients using the freezing point technique and available thermodynamic

data from previous studies, and Sharma et al. applied mass analysis. In order for our results
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to be comparable with the above-mentioned experimental studies, we calculated the mean

activity coefficients of sodium decanoate in several states, with the fraction of the sodium

decanoate salt set to be within the molal range of these studies, and in infinite dilution state.

For the conversion of the γ± values from the pure compound reference state (convention I)

to the infinite dilution reference state (convention II), we used eq 30. We first calculated the

mean ionic activity coefficients having the pure sodium decanoate as the reference state and

a state xi using eq 35. After scaling the mean ionic activity coefficients to the experimental

framework by applying eq 33, we divided them with the calculated value with the infinite

dilution state mean ionic activity coefficient with pure compound reference state. To scale

the mole fractions from COSMOtherm to the mole fractions of the experimental framework,

we apply eq 31.

In order to compare activity coefficients, all of them should be in the same concentration

scale. Here, the experimentally derived activity coefficients were in molal basis and we

converted them to a mole fraction basis using the equation reported by Prausnitz et al.:47

γ(x) = γ(m)(1 + 0.001 ·M ·m), (36)

where γ(x) is the activity coefficient in molal basis, γ(m) the activity coefficient in mole

fraction basis, M the molecular weight (g/mol) and m the concentration of sodium decanoate

in mol · kg−1.

Following the same process, we compared the calculated mean ionic activity coefficients of

sodium acetate, sodium butyrate, sodium hexanoate and sodium octanoate with the values

determined by Smith et al.50

Ionic strength

Some of the inorganic salts are uni-univalent (e.g. NaCl), while some are divalent-univalent

(e.g. Na2SO4). The ionic strength of the inorganic salts in the ternary solvents was calculated

in order to see the effect of the concentration of dissolved ionic species rather than the
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concentration of the salt on the solubility of the studied solutions. The molal ionic strength

is given by:

I =
1

2

n∑
i=1

bi(zi)
2 (37)

where bi is the molal concentration of ion i and zi is its charge.

Results and discussion

Fatty acids

Solubility

In Figures 1 a-f we present the solubilities (mole fraction) of the organic fatty acids in the

studied binary and ternary solutions. In ternary systems (fatty acid–water–inorganic salt),

the highest mole fractions of the inorganic salts in the solvent are chosen based on their

experimental solubilities in pure water at 20 ◦C.33 The numerical solubility values of the

fatty acids are presented in Table S1 of the Supporting Information. For all fatty acids,

the solubility in pure water is higher than for any of the ternary solutions and shows an

increasingly pronounced salting out effect as the mole fraction of the inorganic salt increases.

Due to the low solubility of Na2SO4 in water, the solubilities of the fatty acids were calculated

only for 0.01 mole fraction of the inorganic salt. In the 0.01 mole fraction solvents, Na2SO4

gives the lowest solubility of the studied acids compared to the other inorganic salts. For

higher inorganic salt mole fractions, solvents with (NH4)2SO4 show the strongest salting

out effect compared to any of the other inorganic salts. Decanoic and dodecanoic acid

are insoluble in 0.1 mole fraction of Na2SO4 and dodecanoic acid is insoluble in 0.15 and

0.2 mole fraction of NH4NO3. We observe that the salting out effect is getting stronger

with the sequence Na2SO4, (NH4)2SO4, NaCl, NH4Cl and NH4NO3. The same sequence

has been observed by Wang et al.53 when they measured Setschenow constants of organic
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compounds in salt solutions. This indicates that COSMOtherm can capture the effect of

specific ion-water interactions in a solution with organic solute. The solubility of the fatty

acids decreases with the presence of inorganic salts in the aqueous solution and the salting

out effect is stronger, on a mole fraction basis, for inorganic salts comprising polyvalent

ions. For a specific mole fraction of an inorganic salt that dissolves in a solvent, the ionic

strength of the solution is higher when the salt is composed of polyvalent ions than when

it is composed of univalent ions because of the increase of the ionic charge of the solution.

Polyvalent ions tend to strongly attract the pair ions that surrounds them and that can lead

to stronger interactions between the ions and the polar water molecules. Thus, the lower

solubility of the acids in water solutions containing Na2SO4 and (NH4)2SO4 can be due to

less interactions between the water molecules and the molecules of the acid. The solubilities

of the fatty acids in the solutions were plotted as a function of the ionic strength (and

molal concentration) of the inorganic salts and are presented in Figure S2 of the Supporting

Information.
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Figure (1) Solubility of a) acetic, b) butanoic, c) hexanoic, d) octanoic e) decanoic and f)
dodecanoic acid in neat water and in aqueous solutions with different salt mole fractions,
presented on a logarithmic scale.
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COSMOtherm calculates the liquid-liquid and solid-liquid equilibria as the amount of the

solute in both the solvent-rich (xSOL
j ) and the solute-rich phase x′SOL

j . The solubility of the

solvent in the solute-rich phase (here the solubility of the aqueous solvent in the fatty acid)

is equal to 1 − x′SOL
j . The solubilities of the aqueous solvents (pure water/water–inorganic

salt mixtures) in the fatty acids are presented in Figures 2 a-f (the respective values are in

Table S2 of the Supporting Information). Similar to the solubilities of the fatty acids in the

solvents, the solubilities of the solvents in the fatty acids decrease when the mole fraction

of the inorganic salt in the solvent increases. However, the mole fraction based solubilities

of the solvent mixtures in the fatty acids are higher than of the fatty acids in the solvent

mixtures.
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Figure (2) Solubilities of the studied aqueous solvents in a) acetic, b) butanoic, c) hexanoic,
d) octanoic e) decanoic and f) dodecanoic acid, on a logarithmic scale.
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In Figure 3, we compare the calculated solubilities of the fatty acids in pure water to

experimental solubilities measured at 293.15 K.33,39 The calculated solubilities follow a log-

arithmic trend with respect to the number of carbon atoms in the acid. COSMOtherm

overestimates the solubilities of hexanoic and octanoic acid compared to the experimental

solubilities, while for decanoic and dodecanoic acid, COSMOtherm predicts lower solubilities

compared to the experimental values. The experimental solubilities for acetic and butanoic

acid are not shown in the figure as they are fully soluble in water. COSMOtherm also pre-

dicts that acetic acid is infinitely soluble in water while the estimated solubility of butanoic

acid in water is xbut = 25.09g/100g of H2O. The solubilities of the fatty acids in water were

also calculated taking the acid dissociation constant into account. The results did not show

any significant difference compared to the values calculated without the pKa except in case

of dodecanoic acid, which has the lowest and most uncertain solubility estimate.
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Figure (3) Experimental and calculated (with and without the pKa) solubility values of
the studied acids in water at 293.15 K, with y-axis on a logarithmic scale.

The computed Setschenow constants (Ks) of acetic, butanoic and hexanoic acids in aque-
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ous NaCl solutions were compared to the experimental values of Ks reported by Xie et al.54

and they are presented in Table 4. The Setschenow constants were expressed in l/mol and

for the conversion of the mole fraction of NaCl to molar concentration we used the density

of the binary water–NaCl solutions presented also in Table 4.

Table (4) Setschenow constants Ks of acetic, butanoic and hexanoic acid in
aqueous solutions with sodium chloride derived from experimental studies and
COSMOtherm calculations and densities ρ of the aqueous solutions of NaCl with
1% and 5% mole fraction of inorganic salt.

Aqueous solution Ks (exp.) [M−1] Ks (COSMO) [M−1] ρ [g/cm3]
NaCl 1% NaCl 5% NaCl 1% NaCl 5%

CH3COOH - NaCl 0.064 a 0 0 - -
CH3(CH2)2COOH - NaCl 0.166 a 0.292 0.258 - -
CH3(CH2)4COOH - NaCl 0.22 a 0.3 0.302 - -
NaCl - - - 1.0198 b 1.1042 b

a Xie et al. (1985)54 b Rowe et al. (1970)42

Figure 4 shows that, COSMOtherm can correctly predict a salting out effect (positive

Ks values) for acetic, butanoic and hexanoic acid when they are dissolved in water with

1% and 5% of mole fraction of NaCl. Compared to the experimental results, COSMOtherm

underestimates the salting out effect for acetic acid, for which the calculated solubility values

result in Ks= 0, as it was found completely soluble in water and in the solutions with small

fractions of NaCl. For all other cases COSMOtherm overestimates the experimentally de-

termined salting out. Previous studies have also reported overestimation of experimentally

predicted salting out effects by COSMOtherm in aqueous organic–inorganic salt mixtures

with sodium chloride55,56 and ammonium sulfate.55,57 Toivola et al.55 attributed this devi-

ation to the overestimation of the molecular interactions in the solution. Here, the Ks of

butanoic acid deviates more from the corresponding experimental value. Both computed and

experimental values of Ks in Figure 4 show that fatty acids with longer aliphatic chains are

salting out more strongly than the fatty acids with shorter carbon chains, which is in agree-

ment with other reported salting effects in solutions of organic compounds (e.g. ketones and

alkyl benzenes) with increasing carbon atoms.56,57 The length of the carbon chain will not
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substantially directly affect the polarity of the carboxylic group, and thus the actual specific

interactions between the polar head and the water molecules and/or ions. This indicates

that the increase/decrease of the volume of the acid can enhance or weaken, respectively,

the interactions between the ions of NaCl and the water molecules. Thus, we can expect

also for the larger organic fatty acids (C8–C12) to salt out, but likely to a lesser extent than

predicted by COSMOtherm.
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Figure (4) COSMOtherm and experimental Setschenow constants of acetic (blue), butanoic
(purple) and hexanoic (green) acid in mixed aqueous solutions with different amounts of
dissolved NaCl.

Activity coefficients

We calculated the mole fractions based activity coefficients γ of the fatty acids at infinite

dilution state in the solvent mixtures with respect to pure component reference state. The

calculated activity coefficients are shown in Figures 5 a-f as a function of the inorganic salt

mole fraction. The values are also presented in Table S3 of the Supporting Information. In
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all cases, the γ values are higher than 1, and we observe that when the length of the carbon

chain of the fatty acid increases, the ternary systems deviate more strongly from ideality

(γ = 1). The activity coefficients of the fatty acid increases when the mole fraction of the

salt in the solvent increases, which is consistent with a salting out effect of the salts. The

γ values of the fatty acids are higher for mixtures with polyvalent salt ions (Na2SO4 and

(NH4)2SO4) indicating stronger ion-ion and ion-water interactions. The trend in deviation

of activity from ideal solution supports the trend in decreasing solubility of the acids. The

computed activity coefficients of the acids have also been plotted as function of the ionic

strength of the salt and is presented in Figure S3 of the Supporting Information. The activity

coefficient are the lowest in aqueous solutions of NH4NO3 compared to the other inorganic

salts.
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Figure (5) Activity coefficients of the fatty acids C2–C12, corresponding to the plots a-f,
respectively, at infinite dilution state in aqueous solutions of inorganic salts, at 298.15 K.
The values of activity coefficients (y-axis) are on a logarithmic scale.
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Fatty acid sodium salts

Solubility

Next we calculated the solubilities of the fatty acid sodium salts. According to solid-liquid

equilibrium (SLE) calculations, all of the fatty acid sodium salts are fully miscible with

pure water and even with aqueous inorganic salt solutions with high mole fractions of in-

organic salt. We therefore calculated the SLE for the ternary systems containing the fatty

acid sodium salt and 0.09 mole fraction aqueous solution of inorganic salt. The solubilities

of organic sodium salts were calculated using hydrated sodium cations with up to 5 H2O

molecules as the sodium ion of the organic salt. The dependency of the solubility to the

number of water molecules is shown in Figure S3. The hydrated Na+ with 5 H2O was con-

sidered as the best option since in cases with fewer water molecules a salting in effect was

observed for small mole fractions.

The relative solubility of fatty acid sodium salts was scaled with respect to the absolute

(SLE) solubility of the organic salts in aqueous solutions with 0.09 mole fraction of inorganic

salt.

The results are presented in Figure 6. In case of solutions with (NH4)2SO4, COSMOtherm

could calculate the absolute solubility of all the organic salts mixed with water and 0.09 mole

fraction of inorganic salt and thus we were able to estimate the solubility of the organic salts

for all the solutions containing (NH4)2SO4. For all the mole fractions of (NH4)2SO4 in the

solvent, we observe a salting out effect which is more pronounced as the mole fraction of the

inorganic salt increases.
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Figure (6) Relative solubility of C2–C12 fatty acid sodium salts (CH3(CH2)n−2COONa)
in mixtures with water and (NH4)2SO4. In each case, the sodium of the organic salt was
hydrated with 5 water molecules.

In Figures 7 a-b we present the relative solubility of sodium decanoate and sodium do-

decanoate in three different solvent systems: water–(NH4)2SO4, water–NH4NO3 and water–

NH4Cl. For solutions with (NH4)2SO4 and NH4Cl we observe a steady salting out effect

with increasing inorganic salt fraction but in case of NH4NO3 COSMOtherm predicts a sig-

nificant salting in effect for both sodium decanoate and sodium dodecanoate. The salting-in

effect on sodium decanoate in ternary solutions with NH4NO3 increases continually with

increasing mole fraction of the inorganic salt. For sodium dodecanoate the effect peaks at

small mole fractions of the inorganic salt and decreases moderately for higher mole fractions.

This behavior is similar to what we observed for solutions with (NH4)2SO4 when less than

five water molecules were in the hydrated Na+ and we therefore suspect it can be related

to poor estimation of molecular interactions from COSMOtherm, rather than a physical

phenomenon.
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Figure (7) Relative solubility of a) sodium decanoate and b) sodium dodecanoate, when
in ternary (water–inorganic salt) solutions. The reference solubility is that of the binary
system fatty acid sodium salt–water.

Mean ionic activity coefficients

The calculated mean ionic activity coefficients of the fatty acid sodium salts at the infinite

dilution of the solvents are presented in Figures 8 a-f. We observe that the mean activity

coefficients are lower than 1 (ideal behaviour) in all cases. The values of binary aqueous

solutions are the highest (closer to ideal behaviour) and increasing of the mole fraction of

the inorganic salt leads to the decrease of the mean ionic activity coefficients with respect

to the binary solution. The only exceptions are solutions of sodium octanoate, sodium
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decanoate and sodium dodecanoate with 0.1 mole fraction of (NH4)2SO4, where the mean

ionic activity coefficient is higher compared to the above-mentioned solutions with lower

mole fraction of the inorganic salt. The results of mean ionic activity coefficients contradict

the results from the solubility calculations, where we observed a salting out effect. Note here

that as the solute is an electrolyte, it is considered in COSMOtherm as a separate anion and

cation in the solution as opposed to a single entity, like neutral fatty acids. This approach

increases the complexity of the intermolecular interactions as all of the ions interact with

both the water molecules but also with each other. The interactions are now stronger than

in the case of acids, since Coulomb (and not dispersion) forces dominate. The mean ionic

activity coefficients were calculated without solvating the sodium cation of the fatty acid salt

and the results show that COSMOtherm overpredicts these interactions, and cannot capture

the salting out effect.

We also observe a clear dependence of the alkyl chain length of the fatty acid salts on the

mean activity coefficient. The charge density of the fatty acid salt in the solution decreases as

its molecular size increases and that results in weaker solute–solvent interactions. The values

of the mean activity coefficients are presented in Table S5 of the Supporting Information.
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Figure (8) Calculated mean ionic activity coefficients of a) sodium acetate, b) sodium
butanoate, c) sodium hexanoate, d) sodium octanoate, e) sodium decanoate and f) sodium
dodecanoate in aqueous mixtures with inorganic salts. The x-axis is linear while the y-axis
is on logarithmic scale.
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The mean ionic activity coefficients of sodium decanoate in aqueous sodium decanote

mixtures were also calculated with infinite dilution reference state (asymmetric convention)

for the compositions studied by De Lisi et al.51 and Sharma et al.52 The comparison of the

calculated mean activity coefficients of sodium decanoate in water from COSMOtherm and

the experimentally derived values are presented in Figure 9. According to Debye-Hückel

theory the mean ionic activity coefficient at infinite dilution of sodium decanoate is 1. For

very small fractions of the organic salt, the calculated values by COSMOtherm are lower

than these that were derived experimentally, while after 0.005 mole fraction of sodium de-

canoate there is a better correlation between the two. We observe though that in the binary

solutions, the mean ionic activity coefficients are close to the experimental values, which

shows that COSMOtherm estimates better the γ± values for the binary solutions compared

to the ternary.
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Figure (9) Comparison of COSMOtherm and experimentally derived mean activity coeffi-
cients of sodium decanoate.

The computed mean activity coefficients of the C2–C8 fatty acid sodium salts were com-
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pared with the reported values in the experimental study of Smith et al.50 and the results

are presented in Figure 10. We observe that for the smaller organic salts (C2–C6) there is

no good agreement between the compared values, while the agreement is better in the case

of sodium octanoate. This can be related to overestimation of the surface charge density of

small ions by COSMOtherm which leads to overestimated intermolecular interactions with

the solvent molecules.
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Figure (10) Calculated mean activity coefficients of C2–C8 fatty acid sodium salts
(CH3(CH2)n−2COONa) in aqueous mixtures and comparison with the values given by Smith
et al.50
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The contribution of surfactants to cloud formation by organic aerosol can be estimated

from the critical saturation ratio of a droplet solution using Köhler theory, which takes into

account the activity of water in solution and the surface tension of the droplet. In an aque-

ous solution, increase of the organic activity coefficient can decrease the solubility of the

organic compound and promote surface partitioning of surfactants. Activity coefficients of

complex systems are exceedingly difficult to determine experimentally. Most droplet acti-

vation and cloud microphysics models therefore assume ideal activities equal to the mole

fraction concentration of the component. In case of surfactants, these approximations can

lead to underestimation of the bulk–surface partitioning (ratio of the concentration of the

surfactant in the bulk to the concentration of the surfactant in the surface) and thereby

to overestimation of the surface tension of the droplet.18,19 Both effects would bias predic-

tion of cloud droplet activation towards lower critical saturation ratios and larger activated

droplets.19

Conclusions

We used COSMOtherm to calculate the solubility and activity coefficients of even C2–C12

fatty acids and their sodium salts in binary aqueous and mixed aqueous–inorganic salt sol-

vents. Fatty acids are major components of organic aerosol fractions and have atmospheric

relevance as they alter the water phase equilibrium of rain drops, cloud droplets, and cloud

condensation nuclei (CCN).

We found a good agreement between the estimated and experimental solubilities of binary

aqueous solutions of the fatty acids, with COSMOtherm giving slightly lower solubility values

for organic acids with longer aliphatic chains (decanoic and dodecanoic acid) compared

to experiments. For ternary systems containing water, a fatty acid and an inorganic salt

(NaCl, NH4Cl, (NH4)2SO4, Na2SO4 and NH4NO3), we observed a salting out effect. In

aqueous solutions of acetic, butanoic and hexanoic acid with NaCl, the comparison between
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the computed and experimentally observed Setschenow constants show that COSMOtherm

correctly predicts the existence of a salting out effect, but tends to overestimate its magnitude

(butanoic and hexanoic acid), in agreement with the studies of Toivola et al.55 and Wang

et al.57 We observed an enhancement of the salting out effect with increase of the aliphatic

chain length of the fatty acid.

The fatty acid sodium salts were found miscible in both pure water and aqueous–inorganic

salt mixtures. However, the computed relative solubilities of the fatty acid sodium salts in

the ternary mixtures were lower than in water in all cases, again revealing a salting out effect.

In addition, we observed that the interactions in ionic solutions can be better estimated by

COSMOtherm when the sodium cation of the organic salt is surrounded by 5 water molecules.

The calculated activity coefficients of the fatty acids in water and water–salt solutions

show positive deviation of the solutions from ideality. This deviation becomes more pro-

nounced with increasing mole fraction of the inorganic salt in the solvent mixture, and with

increasing alkyl chain length of the organic compound. The computed mean ionic activity

coefficients of the binary water–fatty acid salt systems were in good agreement with ex-

perimentally determined values for the larger organic salts (sodium octanoate and sodium

decanoate), indicating that COSMOtherm may overpredict the intermolecular interactions

in solutions with smaller solute molecules. The addition of inorganic salts in the activity

coefficient calculations resulted in a salting-in effect, as opposed to the results on solubil-

ity. This is attributed to overestimation of the long-range intermolecular interactions by

COSMOtherm when the sodium of the fatty acid salt is not hydrated.

The calculated activity coefficients of acids suggest that the common assumption of

ideal droplet solutions in cloud microphysics could lead to overestimating the cloud con-

densation nucleus (CCN) activity of surface active organic aerosol. Our results show that

COSMOtherm could provide a viable route to obtain experimentally inaccessible activity

data for organic aerosol components. This would enable more accurate considerations of

surfactant effects to be taken into account in cloud microphysics and atmospheric models.
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Solubility of a) acetic, b) butanoic, c) hexanoic, d) octanoic e) decanoic and f) dodecanoic acid in neat water 
and in aqueous solutions with different salt mole fractions, presented on a logarithmic scale. 
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Solubilities of the studied aqueous solvents in a) acetic, b) butanoic, c) hexanoic, d) octanoic e) decanoic 
and f) dodecanoic acid, on a logarithmic scale. 

304x381mm (150 x 150 DPI) 

Page 47 of 55

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Experimental and calculated (with and without the pKa) solubility values of the studied acids in water at 
293.15 K, with y-axis on a logarithmic scale. 
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COSMOtherm and experimental Setschenow constants of acetic (blue), butanoic (purple) and hexanoic 
(green) acid in mixed aqueous solutions with different amounts of dissolved NaCl. 
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Activity coefficients of the fatty acids C2-C12, corresponding to the plots a-f, respectively, at infinite dilution 
state in aqueous solutions of inorganic salts, at 298.15 K. The values of activity coefficients (y-axis) are on a 

logarithmic scale. 
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Relative solubility of C2-C12 fatty acid sodium salts (CH3(CH2)n-2COONa) in mixtures with water and 
(NH4)2SO4. In each case, the sodium of the organic salt was hydrated with 5 water molecules. 
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Relative solubility of a) sodium decanoate and b) sodium dodecanoate, when in ternary (water-inorganic 
salt) solutions. The reference solubility is that of the binary system fatty acid sodium salt-water. 

185x169mm (150 x 150 DPI) 

Page 52 of 55

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Calculated mean ionic activity coefficients of a) sodium acetate, b) sodium butanoate, c) sodium hexanoate, 
d) sodium octanoate, e) sodium decanoate and f) sodium dodecanoate in aqueous mixtures with inorganic 

salts. The x-axis is linear while the y-axis is on logarithmic scale. 
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Comparison of COSMOtherm and experimentally derived mean activity coefficients of sodium decanoate. 
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Calculated mean activity coefficients of C2-C8 fatty acid sodium salts (CH3(CH2)n-2COONa) in aqueous 
mixtures and comparison with the values given by Smith et al.50</> 
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