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Despite the fact that the surface tension of liquid mixtures is of great importance in numerous fields and
applications, there are no accurate models for calculating the surface tension of solutions containing
water, salts, organic, and amphiphilic substances in a mixture. This study presents such a model and
demonstrates its capabilities by modelling surface tension data from the literature. The presented
equations not only allow to model solutions with ideal mixing behaviour but also non-idealities and
synergistic effects can be identified and largely reproduced. In total, 22 ternary systems comprising
1842 data points could be modelled with an overall root mean squared error (RMSE) of 3.09 mN m~% In
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addition, based on the modelling of ternary systems, the surface tension of two quaternary systems
could be well predicted with RMSEs of 1.66 mN m™ and 3.44 mN m™.. Besides its ability to accurately

DOI: 10.1039/d4cp00678; fit and predict multi-component surface tension data, the model also allows to analyze the nature and
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magnitude of bulk and surface non-idealities,
physicochemical mechanisms that influence surface tension.
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1 Introduction

The surface tension between an aqueous solution and a gas
phase is a fundamental physical property of high importance in
numerous fields dealing with porous structures, droplets,
capillaries, bubbles, or other disperse systems involving a gas
and a liquid phase. In the field of carbon capture and storage,
for example, the interfacial tension between the aqueous
brine and the CO,-rich gas phase in underground reservoirs
influences the storage capacity and the reliability of CO,-
sequestration without leakage." In fire-fighting, the surface
tensions of the aqueous foam formulations informs the foam
spreading, stability and fire extinction.?

In atmospheric sciences, the formation of liquid clouds
depends on the water uptake of tiny, mostly liquid aerosol
particles, which in turn depends on the surface tension of these
particles.*™ Since the measurement of the surface tension of
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helping to improve our understanding of the

sub-micron atmospheric aerosol particles is still challenging,
most current approaches rely on bulk surface tension measure-
ments and theoretical models to predict the surface tension of
smaller sized droplets.®® The composition of atmospheric
aerosol particles is very complex. Besides water, a broad variety
of inorganic and organic substances were found to be internally
mixed.*'® Furthermore, recent studies show evidence for the
presence of strongly surface active amphiphilic substances
(surfactants) in atmospheric aerosol particles."'™**> Therefore,
to assess the critical supersaturation for cloud droplet activa-
tion depending on aerosol composition, a model is needed that
allows to calculate the surface tension of complex aqueous
solutions containing surfactants, organic, and inorganic
solutes in one mixture.

For binary aqueous mixtures (water + one solute), many
surface tension models have been formulated in the past.
While some models are only applicable to certain groups of
substances, a model based on a sigmoidal function (Sigmoid
model), the Eberhart model,® and the Connors-Wright
model’” were found to be applicable to salts, organics and
surfactants."®

A number of models have also been formulated for ternary
(water + two solutes) or multi-component (more than two solutes)
aqueous solutions. However, many of these come with certain
limitations. The Butler equation,"**® the model by Li and Lu,
and a model based on statistical thermodynamics*>* can be used
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to model the surface tension of multi-component mixtures with
high solubility. However, these models can be inaccurate when
applied to systems containing surfactants.’® Variations of the
Szyszkowski-Langmuir equation®?® suggested in the literature
are limited to ternary systems of certain compounds and often
only valid for dilute solutions.>’*° The model by Chunxi et al.*' and
the mathematically equivalent Connors-Wright model'”** can be
generally applied to multi-component solutions but have never
been tested for ternary or multi-component solutions containing
surfactants.

In summary, no model has thus far been able to describe the
surface tension of ternary and multi-component complex aqu-
eous solutions consisting of salts, organics and surfactants. In
this study, we present a simple model for this purpose. It is
based on the binary Eberhart model'® and derived from the
multi-component Connors-Wright model by Shardt et al.** We
demonstrate the capabilities and limitations of the model by
testing it on experimental surface tension data of a large
number of ternary systems and two quaternary systems.

2 Theory
2.1 The binary Eberhart model

In 1966, a simple model for the surface tension of binary liquid
mixtures was derived by Eberhart'® based on the following
three assumptions:

(1) The surface tension of the mixture o is the average of the
pure liquid surface tensions o; weighted by the surface mole

fractions x5

f

o = o+ gyt (1)

(2) Substances adsorb to and desorb from the surface which
is described at equilibrium by the distribution constant
K; = &i""/a;, where a; and a"™ are bulk and surface activity of

substance i, respectively. The separation factor S;, is defined as
S15 = Ky/K;. (2)

(3) Ideal mixing is assumed in the bulk and at the surface
such that

surf _

a =%, a"=x 3)

with x; being the mole fraction in the bulk of substance i.
The resulting model for binary mixtures reads as

_ 01X + 025122
X1 + S12x2

4

where the separation factor S;, is determined by fitting to
experimental data. According to the definition above, S, is a
positive number and S;, = 1/S,;. Setting Sy, = 1 results in a
simple linear equation (o = g,x; + g,%,).

The pure component surface tensions o; in eqn (4) are
temperature dependent. Shardt et al** and Tahery et al>!
showed that fit parameters of the Connors-Wright model and
Shereshefsky model®” are approximately temperature indepen-
dent for many binary aqueous systems with organic solutes.
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Since the Eberhart model is mathematically equivalent to the
Shereshefsky model,*® it can be concluded that S;, is also
constant with temperature for many systems. For the remain-
der of this study, we focus on modelling the surface tension at
room temperature.

The Eberhart model is a simplified version of the Sigmoid
model, which was derived by Kleinheins et al.'® as

d
X5

_ d
oc=o01— (01 — 02)(10” + 1)10!’0’—+x‘217

(5)

where the fit parameter p is related to the inflection point in
surface tension when a logarithmic x,-axis is used and the fit
parameter d is related to the slope at that inflection point. If d =
1, the Sigmoid model simplifies to the Eberhart model with
107 = 1/(S;2 — 1) (a detailed derivation is provided in the ESI{ in
Section S1). It follows that the Eberhart model produces sig-
moidal surface tension curves on a logarithmic x,-axis, which
are characterized by an inflection point at x, = 1/(S1, — 1).

2.2 The ideal multi-component Eberhart model

The Eberhart model has been recently found to be a simple case
of the Connors-Wright model with a;; = b;; =1 — 1/Sy,
and bj; are the fit parameters of the Connors-Wright mode
This relationship was used to derive a multi-component Eber-
hart model from the existing multi-component Connors—
Wright model.*> The Connors-Wright model, in turn, was
found to be mathematically equivalent to the Chunxi
model,*! which was derived from a Gibbs free energy expres-
sion of the bulk and surface phases. A more detailed derivation
is described in the ESI{ in Section S2. The resulting multi-
component Eberhart model reads as

where a;;
118,33

n n X )
o= oty TjL—E:%ﬁU—W) (6)
i=1 =1 |3 xj/sﬁ =1 =i

=1
with

S,'l' = 1, Sji = 1/Sy (7)

The multi-component equation consists of a linear mixing term
of the pure component surface tensions (first sum over i) and a
second term for the binary interactions (second sum over 7). For
n = 2 (binary mixture), eqn (6) reduces to eqn (4). For n = 3
(ternary mixture), eqn (6) gives:

0 = 01X] + 02X2 + 03X3

—Slz + SZl
X1+ x2812 +x3813 X1821 + X2 4 x3.523]

+ x1x2(01 — 02)

7513 S3I
X1 +x2812 +x3813  X1831 + X283 + X3

+X1X3(O'1 — 0'3)

-8 n S32
[ X1521 + X2 + X353 X1831 + X253 + X3 ’

(8)

+ x2x3(02 — 03)
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As before, for a binary system where x; = 0, eqn (8) reduces to
eqn (4).

In principle, eqn (4), (6) and (8) are symmetrical, in the sense
that the mixture components can be numbered in any order,
and the relationship between the separation factor S; for
differently-ordered binary mixtures is given by eqn (7). The
model is applicable to any solution containing water, salts,
organic and/or amphiphilic substances. In the following, we
will restrict the validation to data of aqueous solutions because
of their relevance for atmospheric systems. For consistency
throughout this study, we will refer to water as subscript 1
and number the solutes based on their surface partitioning Sy,
from high S;; (strong partitioning) to low S;; (weak
partitioning).

2.3 Consideration of non-ideality and synergism

In the literature the keywords non-ideality and synergism are
often used when describing the surface tension data of systems
with more than one solute. Multiple definitions of these terms
can be found that may relate to very different phenomena. For
example, synergistic effects in lowering the surface tension of a
mixture should not be confused with synergism in wetting
properties®® or synergism in foam stability.>” In this study we
define the following terms:

Bulk non-ideality. Solute molecules in the bulk interact non-
ideally, as typically represented by activity coefficients to
account for deviation from Raoult’s law. That is, the solute-
solute interactions may be stronger or weaker than the solute—
solvent interactions, resulting in important changes in equili-
brium properties and partitioning. Due to the non-ideal inter-
action in the bulk, the adsorption-desorption equilibrium of
the solutes is affected and thus their surface partitioning also
changes.

Partitioning synergism. Following the definitions by Hua
and Rosen,*® here, partitioning synergism describes the phe-
nomenon if, in order to reach a certain decrease in surface
tension, a mixture requires a lower solute concentration than
any of the pure components do. An example of strong bulk non-
ideality leading to partitioning synergism is the mixture of an
organic substance and a salt. Due to the phenomenon known
as salting-out, the organic substance partitions more readily to
the surface and a certain surface tension lowering is reached at
lower solute concentration of the organic substance than with-
out salt. Partitioning synergism can also be observed in mix-
tures with two surfactants. In this case, the enhanced
partitioning of the surfactant molecules might also be driven
by processes at the surface, where the concentration of surfac-
tants is high compared to the bulk, rather than by bulk phase
non-ideality alone.

Surface non-ideality. Solute molecules at the surface reorient
or change packing depending on the composition, as described
by Fainerman et al.*° Here, we understand surface non-ideality
as a deviation from eqn (1).

Surface synergism. Following the definitions by Hua and
Rosen®® and the previous definition of surface non-ideality,
here, surface synergism describes the phenomenon of a

This journal is © the Owner Societies 2024
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mixture having a lower surface tension than any of its pure
components, which can be considered an extreme case of
surface non-ideality.

As a result of the inherent assumptions made in the deriva-
tion of eqn (6) (i.e., eqn (1)-(3)), this model cannot be expected
to model any of the described non-idealities or synergistic
effects. Due to the strong non-ideality found in systems con-
taining surfactants and salts and due to the high relevance of
such systems, e.g. for atmospheric sciences, here we explore the
possibility to extend eqn (6) to capture non-ideality related to
salting-out.

To model bulk non-ideality and partitioning synergism
caused by salting-out, we suggest the following simple semi-
empirical approach. Depending on the concentration of salt
(here x;), the partitioning of less polar co-solutes (here e.g. a
surfactant 7) in water (1) is changed, which can be expressed by
sperideal - f(x.S,,). We formulate this dependency as a simple
linear equation

Srlllg)n-ideal _ Sli(l + ij;O)’ (9)

where Bj is the bulk non-ideality factor for a salting-out (SO)
system containing a solute i mixed with a salt j. The resulting
values for S7¥™19¢a! replace Sy, in eqn (6) or eqn (8) in order to
calculate the surface tension of the non-ideal mixture. To
satisfy spemideal > o BZQ must be limited to values > —1. The
higher the value of B3, the stronger the salting out. If Bi° = 0,
no salting-out is occurring. Values of Bi between —1 and 0
represent salting-in behaviour.

Experimental data show that the presence of salts also
results in surface non-ideality and slight surface synergism.*°
In water-surfactant mixtures, a minimum surface tension is
reached at the so-called critical micelle concentration (CMC)
which is typically marked by a sudden change in slope in the
surface tension-concentration curves, followed by constant
surface tension. At the CMC, the surface reaches its maximum
coverage in surfactant molecules. Further increasing the
concentration of surfactant in the bulk leads to the formation
of micelles. If salts are present, the CMC is not only shifted to
lower concentrations (partitioning synergism) but also, a lower
surface tension can be reached at the CMC, potentially due to
reorientation or change in packing of the surfactant molecules
at the surface.

To model this effect with the Eberhart model, eqn (1) has to
be modified. Under the simple assumptions of the Eberhart
model, a hypothetical complete coverage of the surface with
surfactant molecules results in a surface mole fraction of the
surfactant of x{*" = 1, independent of the orientation or
packing density of the surfactant molecules at the surface.
Therefore, to achieve a lower surface tension than the surface
tension of the pure surfactant ¢; with eqn (1), we suggest to
perturb o; as a function of composition. To represent surface
synergism caused by salts we make o; a function of the salt
concentration and a fit parameter. Analogously to eqn (9), we
suggest the linear equation

O_?on-ideal — O'l'(l _ XJAZO)’ (10)
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where A3 is the surface non-ideality factor for a salting-out
system containing a solute i/ mixed with a salt .

Surface synergism and partitioning synergism have also
been observed in mixtures of two surfactants in water.***!
For such systems, the processes leading to synergism are
different to the ones of surfactant-salt mixtures. While the salt
is supposed to remain mainly in the bulk, the two surfactants
are expected to partition both to the surface leading to syner-
gistic (or competitive, or antagonistic) surface non-ideality. At
full coverage of the surface, mixed micelles start to form in the
bulk. Therefore, in the following we distinguish salting-out (SO)
non-ideality from mixed-micelle (MM) non-ideality.

To model non-ideality and synergism of a system with two
MM forming solutes 7 and j, we suggest to perturb Sy;, Sy;, a;,
and o; as a function of composition. We further assume that the
perturbation is largest when x; = x;, i.e. when the number of
paired surfactant molecules is maximized. We define a new
molar fraction xj ', which expresses the fraction of paired
surfactant molecules in the total number of surfactant mole-
cules:

xiij
xi+xj

MM _ | _

Xz/

. (11)

With this definition of ™™, we suggest that the degree of non-
ideality is not a function of dilution in the solvent but scales
with the relative ratio of the solutes. Analogously to eqn (9) and
(10), we model bulk non-ideality and partitioning synergism of
MM systems with

gnonideal _ S|,-(1 +X${IMBE/[M)7
(12)
S?/pn-ideal _ SI./'<1 n x}\/_/IMB}}/IM)

where Bj™ is the bulk non-ideality factor for two MM forming
substances i and j, which must be >—1. Analogously, for
surface non-ideality and surface synergism of MM forming
systems, we suggest

non-ideal
i

= 1),
(1 - Ay "

O.;lon-ideal

= Gj(l — xg-/[MAZ-\/.AM)
where A}™ is the surface non-ideality factor for two MM
forming substance i and j.

For both SO non-ideality and MM non-ideality, 4; > 0 and
B; > 0 represent synergistic non-ideality, while a 4; < 0 and B;;
< 0 represent competitive or antagonistic behaviour. In this
study, we determine A; and B; by fitting to ternary surface
tension data, as described next in Section 3.

To consider non-ideality in systems containing more than
two solutes, all pairwise solute-solute interactions following
the equations in this section should be taken into account. It is
assumed that interactions involving three or more solute
species are of minor importance and therefore such multi-
solute interactions are not considered in this model. Two
examples of modelling quaternary systems will be shown in
Section 4.6.
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3 Methods: determination of
parameters

The model described in Section 2 was tested on experimental
surface tension data from literature. An overview of all surface
tension data of ternary and multi-component aqueous solu-
tions found in the literature is given in the Tables S1-S7 in the
ESLf The measurement technique, temperature, and source
data format of the systems that were modelled in this study are
reported in Table S10 in the ESL{ To calculate the surface
tension of a multi-component mixture with eqn (6), (9), and (10)
the following quantities are needed:

(1) The mole fraction x; of all mixture constituents for which
o should be calculated

(2) The pure liquid surface tension o¢; of all mixture
constituents

(3) The separation factors S;; of all pairwise combinations of
all mixture constituents, noting that S; = 1 when there is a
simple linear surface tension relationship with mole fraction

(4) The bulk non-ideality factor B; and the surface non-
ideality factor A; for all relevant pairwise combinations for non-
ideal mixtures, noting that B; and A; are equal to 0 in the
absence of non-idealities or synergisms.

For the conversion between different concentration units
(e.g. molar concentration in mol L™ " to unitless mole fraction)
the molecular weight of the substances and the density of the
solution must be known. For the calculation of the density of
the solution, ideal mixing of the volume V was assumed
(V' =>_V,), except for the system water-CTAB-ethanol, where
the density of the water-ethanol mixture was used** and for the
systems containing only surfactants as solutes, where the
volume of the surfactants was neglected (dilute solution
assumption). Table S11 in the ESIf summarizes the molar
masses and densities that have been used for the investigated
mixtures in this study.

The quality of the surface tension fits and predictions
depends strongly on the choice of o;. It was found that a better
fit or prediction was achieved when taking the ¢; values from
the same source as the surface tension values ¢ of the mixed
systems, since the measurement of ¢; may be subject to the
same biases as the rest of the data (e.g. temperature biases). As
aresult, g; of a substance can exhibit different values when data
from different sources are used. If Gyaeer Was not reported in the
source publication, it was calculated for the measurement tem-
perature with IAPWS-IF97.** For NaCl, oyaci = 169.73 mN m ™ * was
used, based on a temperature extrapolation to 25 °C from molten
NaCl measurements.** Analogously, ke = 153.74 mN m™~ ' and
O(ni,),50, = 184.97 mN m™ " were used for KCI*> and (NH,),SO,,"
respectively. The surface tension of pure glutaric and oxalic acid
was determined by fitting the binary Eberhart model (eqn (4)) to
binary water-glutaric acid and water-oxalic acid data. For surfac-
tants, the lowest measured value in binary water-surfactant mix-
tures was taken for o;.

The binary separation factors S; were determined by fitting
eqn (4) to binary data, if available. If possible, binary data was
taken from the same source as the ternary data to be modelled.

This journal is © the Owner Societies 2024
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The binary fits for all systems analyzed in this study are shown
in Section S5 in the ESIL.{ For the prediction of the surface
tension of a ternary water (1) + solute (2) + solute (3) mixture,
the multi-component Eberhart equation (eqn (6)) requires not
only the separation factors with water S;;, but also the separa-
tion factor of the water-free solute-solute mixture S,;. Many
solutes analyzed in this study are solid substances at room
temperature. In this case, the surface tension of the water-free
binary mixture refers to a hypothetical supercooled liquid state
and thus cannot be measured in bulk measurements. In this
case when no binary data to fit S,; was available it was
determined by fitting to ternary surface tension data. In many
cases, the ternary surface tension data of these systems covers
only the dilute concentration range and as a result S,3 is hardly
constrained by experimental data, which leads to a large fit
parameter uncertainty. If the choice of S,; had no noticeable
influence on the fit or prediction quality, it was set to S,; = 1
corresponding to a simple linear surface tension relationship.
Lastly, when applicable, B; and A; require fitting to ternary
surface tension data, too.

To conclude, depending on the system and the availability of
data, the following fitting steps are required:

e Fitting to binary data: all S; parameters (and o;, if
unknown).

e Fitting to ternary data: if the system is behaving non-
ideally, fitting of A; and B;; (or set A; and Bj; to zero if ideality is
assumed). If binary data i — j is not available, fit S;; to ternary
data (or set to unity if linear mixing can be assumed).

Fit parameters were determined by minimizing nonlinear
least squares using the curve_fit() function (with default set-
tings) of the module optimize of the Python package SciPy."”
For each fit parameter 7, the 95% confidence interval (Clys ;) was
estimated by

Clos; = £10.975,m-nV Cii, (14)

where t is the t-value from the Student’s ¢-distribution with m —
n degrees of freedom, m is the number of experimental data
points, n is the number of fit parameters, and Cj; is the ii-th
element of the covariance matrix which is returned by
curve_fit(). Clys describes the 95% probability that the true
parameter is within +Clgs of the parameter found by fitting. A
large value of Clys means that based on the given data the
parameter is weakly constrained with the available data.

4 Results and discussion

Fig. 1 gives an overview of the structure of the following
sections. Solutes were grouped into salts (inorganic electro-
lytes), organics (small organic substances), and surfactants
(large amphiphilic substances).

Not all data sets found in literature are equally complete.
Therefore, in the following, we show results for selected sys-
tems that cover a broad range of substance types and composi-
tions with a large number of data points that showcase the
strengths and limitations of the model well. An overview of all
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Section Section Section Section Section Section

41 4.2 43 44 45 4.6
organic . surfactant .salt

Fig. 1 Illustration of the structure of the results sections. For example,
Section 4.1 shows results of ternary mixtures of water with two organic
solutes.

water

modelled ternary systems, the fit parameters and the model
accuracy is given in Table 1.

4.1 Water-organic-organic systems

Liquid mixtures containing organic substances, whether atmo-
spheric aerosol particles, crude oil or alcoholic beverages,
typically contain a mixture of different organic substances
rather than a single species. The surface tension of such
mixtures plays an important role in various applications, such
as the efficient operation of distillation trays.®® Here, we
analyze the surface tension of solutions containing water and
two organic species.

In Fig. 2, the results for the system water-acetonitrile-1,2-
ethanediol are shown. Due to the full solubility of this system,
the data covers the whole concentration range including all
binary boundaries. Fitting the separation factors S; to the
binary data with eqn (4) allows to predict the ternary data
points without any additional fit parameter. As can be seen
from the low root mean squared error (RMSE) of 1.14 mN m ™"
and the low maximum error in surface tension Ao, =
2.53 mN m ™", the prediction of the ternary data points is very
accurate for this system.

Fig. 3 shows a system with a solubility gap and therefore
incomplete data. N-Butyl acetate (2) has a very low solubility in
water (1) and therefore the separation factor Sy, could not be
determined from fitting to binary data. Instead, it was fitted to
the ternary data. The resulting binary water-n-butyl acetate
surface tension is shown as a dashed line in Fig. 3. With this
approach, the ternary data could be modelled very accurately.

In Shardt and Elliott®® and Kleinheins et al.'® it was found
that the Connors-Wright model yielded slightly better surface
tension fits than the Eberhart and Shereshefsky models for a
number of binary aqueous solutions of water soluble organic
substances. Therefore, we tested if the multi-component Con-
nors-Wright model®*? also is more accurate than the multi-
component Eberhart model for the ternary systems shown in
this section. It was found that the RMSE of the system water—
acetonitrile-1,2-ethanediol could be further lowered from 1.14
mN m~* to 1.00 mN m ' by the Connors-Wright model, partly
due to a better binary acetonitrile-1,2-ethanediol fit, and the
RMSE of the system water-n-butyl acetate-methanol could
be further lowered from 0.41 mN m™" to 0.33 mN m™ ', mostly
due to a better binary water-methanol fit (more details are
given in Section S4 in the ESIf). The fact that the binary
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Fig. 2 Surface tension of the ternary system water (1) + acetonitrile (2) + 1,2-ethanediol (3) at 25 °C as a function of the mole fractions x;. Left: Symbols
show measurements by Rafati et al.,*® thick black lines: binary fits (eqn (4)), thin black lines: ternary prediction (eqn (8)). Right: Error plot showing the
predicted vs. measured surface tension of the ternary data points, the root mean squared error (RMSE), and the maximum error in ¢ (Aomax). Colors show

the dry mole fraction of acetonitrile as xo/(x» + x3).
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Fig. 3 Surface tension of the ternary system water (1) + n-butyl acetate (2) + methanol (3) at 30 °C as a function of the mole fractions x;. Left: Symbols

show measurements by Santos et al.,*°

thick solid black lines: binary fits (egn (4)), thick black dashed line: fitted to ternary data, thin black lines: ternary

prediction (egn (8)). Right: Error plot showing the predicted vs. measured surface tension of the ternary data points, the root mean squared error (RMSE),
and the maximum error in o (Aomax). Colors show the dry mole fraction of n-butyl acetate as xo/(x> + x3).

Connors-Wright model has one fit parameter more than the
binary Eberhart model allows for better fits for some organic
substances. However, no better performance was found for
surfactant solutions, neither in binary mixtures'® nor in the
ternary systems examined in this study. Furthermore, the
additional fit parameter makes the Connors-Wright model less
robust against scatter in experimental data. For these reasons,
the Eberhart model was considered more appropriate and the
multi-component Connors-Wright model was not investigated
further.

4.2 Water-surfactant-surfactant systems

Mixtures of surfactants are often found in consumer and
industrial formulations, from household cleaning products to
large scale spray coating mixtures. For example, emerging

This journal is © the Owner Societies 2024

fluorine-free fire fighting foams would benefit from synergistic
mixtures of surfactants.” In this section, we present results for
the surface tension of various pairs of surfactants in water,
including nonionic (Brij35, TX100, TX114), anionic (SDS),
cationic (CTAB, CTAC), and zwitterionic surfactants (DDAO).
The full names and the structures of all surfactants in this
study are shown in Table 2.

Fig. 4 shows results of four different types of water-surfac-
tant-surfactant systems. For each system, S;, and S;; were
obtained from binary water-surfactant fits shown in Section
S5.2 in the ESI.} It can be noticed that the slope in the surface
tension before the CMC of some pure surfactants (e.g., CTAB)
and the typical abrupt change in slope around the CMC cannot
be reproduced well with the Eberhart model, due to its sigmoi-
dal nature and due to the lack of a parameter influencing the

Phys. Chem. Chem. Phys., 2024, 26,17521-17538 | 17527
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Table 2 Abbreviation, IUPAC name, type of surfactant, separation factor S, critical micelle concentration (CMC) in mol L™, surface tension at CMC in mN m~* at
room temperature and structure of the surfactants used in this study. Since values for S, CMC and acmc vary between experimental data sources (see Table 1),

approximate values are given for S and CMC, and a value range for ocmc

Abbr. TUPAC name Type S CMC ocmc  Structure
" L 6 4 OH
Brij35 2-(Dodecyloxy)ethan-1-ol Nonionic 2 x 10° 1 x 107" 30-45 /\/\/W\/\fo“ts
HsC HsG CHa
HsC
TX100 2-[4-(2,4,4-Trimethylpentan-2-yl)phenoxylethanol Nonionic 2 x 10° 2 x 10™* 32-33 HaC %Vo}
o H
n ,n=9-10
HoG HsG CHs
HaC
TX114 2-[4-(2,4,4-Trimethylpentan-2-yl)phenoxylethanol Nonionic 2 x10° 2x107* 30 HiC {,\/o}
0 H
n ,n=7-8
o
SDS Sodium dodecyl sulfate Anionic 4 x 10" 8 x10~° 33-39 i O/\\S//\OO Na®
3]
\’4\»‘/
CTAB N,N,N-Trimethylhexadecan-1-aminium bromide Cationic 2 x10° 1x107% 37-38 =
Br
Yt
. . . .. _ I N N Y N
CTAC N,N,N-Trimethylhexadecan-1-aminium chloride ~ Cationic 1x10° 1x10° 39 HaC \ C"]@
CHz
DDAO N,N-Dimethyldodecan-1-amine N-oxide Zwitterionic 3 x 10> 1 x 10° 32 e \i¢

slope (see also Section S1 in the ESIt). This leads to errors of up
to ~10 mN m ™' in the binary fits and systematic errors from
the sigmoidal shape that propagate to the ternary surface
tension modelling (e.g., right panel, second row in Fig. 4 and
Fig. S12 in the ESI¥).

We tried to fit S,; to the ternary data, yet, this fitting
parameter proved to be completely unconstrained, since experi-
mental data in this concentration range is lacking. Therefore,
S,3 = 1 was chosen for all systems, corresponding to a linear
mixing of the water-free surface tension.

For the nonionic-anionic system water-Brij35-SDS, the
ternary surface tension could be predicted closely without
non-ideality factors (see first row in Fig. 4). A second ternary
mixture containing a nonionic and an anionic surfactant
(water-TX114-SDS, see Fig. S12 in the ESIt) confirmed the
capability of the Eberhart model to predict surface tensions
for ternary water-nonionic-anionic systems from binary data
alone. The fact that the ideal Eberhart model is used without
additional parameters means that these systems show ideal
behaviour following the definitions given in Section 2.3. Yet,
plotting the CMC versus the surfactant dry mole fraction « does
not result in a linear relationship as shown in El Haber et al.,*
which in that study is referred to as non-ideality. Analyzing the
system with the Eberhart model shows that the CMC of the
mixed systems can be described without taking any interac-
tions between the two surfactants into consideration, which we
judge as ideal behavior here.

In contrast to these ideal systems, the other three systems in
Fig. 4 could not be predicted well when assuming ideality, as
shown in Fig. S13 in the ESIL.{ The non-ideal behaviour of these
system could, however, be modelled by using eqn (12) and (13).
The parameters A55" and B3 that were obtained by fitting to
the ternary data are shown in the left panels of Fig. 4. The

17528 | Phys. Chem. Chem. Phys., 2024, 26, 17521-17538

negative sign of 433" for the water-TX100-CTAB mixture

indicates a slight competitive surface non-ideality for this
nonionic-cationic system. In contrast, the cationic-anionic
water-CTAC-SDS and the zwitterionic-anionic water-DDAO-
SDS systems show surface synergism as indicated by the
positive sign of A}3". Partitioning synergism is observed for
water-TX100-CTAB and water-DDAO-SDS, while water—-CTAC-
SDS shows partitioning antagonism, as reflected by the positive
and negative B35 values, respectively.

These findings are confirmed by studies showing that solu-
tions containing vesicle forming mixtures of cationic and
anionic (‘catanionic’) surfactants behave strongly non-ideally,
compared to solutions of the cationic or the anionic surfactant
alone.®*%® Also, mixtures with zwitterionic surfactants have
been found to behave non-ideally before.** In contrast, solu-
tions with cationic and nonionic surfactants, like water-TX100-
CTAB in our case, are less known to be non-ideal. This example
highlights the strength of the model as an analytical tool for the
examination of mixtures for non-ideality.

4.3 Water-organic-salt systems

Water-organic-salt systems are of particular interest in atmo-
spheric sciences, where mixtures of dicarboxylic acids and
inorganic salts are often chosen as model systems to represent
complex atmospheric aerosol particles. Therefore, surface ten-
sion data of water-organic-salt systems available in the litera-
ture is dominated by dicarboxylic acid-salt mixtures. The
results for four such systems are shown in Fig. 5. They contain
a dicarboxylic acid (malonic, succinic, or glutaric acid) and
NaCl or (NH,4),SO,.

Since the data cover mostly only the dilute concentration
range, S,3 is barely constrained and therefore set to unity. The
choice of S,; = 1 leads to the strong upticks in the modelled

This journal is © the Owner Societies 2024
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Fig. 4 Surface tension of four water—surfactant—surfactant systems as a function of the solute mole fraction x; + xs. Left panels show experimental data
(symbols) and model results (solid lines) from eqn (4), (8), (12), and (13). Right panels show the error in predicted surface tension for all ternary data points.
The dry mole fraction o is defined as xs/(x» + x3). First row: Water (1) + Brij35 (2) + SDS (3), T = 25 °C, data from Zakharova et al.*° Second row: Water (1) +
TX100 (2) + CTAB (3), T = 20 °C, data from Szymczyk and Janczuk.>* Third row: Water (1) + CTAC (2) + SDS (3), T = 24 °C, data from El Haber et al.*°
Fourth row: Water (1) + DDAO (2) + SDS (3), T = 25 °C, data from Tyagi et al.** Binary fits are shown in Fig. S7 in the ESL.t

This journal is © the Owner Societies 2024

Phys. Chem. Chem. Phys., 2024, 26, 17521-17538

| 17529


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp00678j

Open Access Article. Published on 06 2024. Downloaded on 2025/10/30 4:31:18.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

1072

107t

10°

1072

10°

107t

Paper
804 B39 =34.0%123
E 75
dicarboxylic =
acid E
o = 70 -
o
NacCl @
$ 654
3 glutaric acid (2)
g 6071 o p.-05
) ¢ B2=02
559 ¢ B,=0.0588
W NaCl (3)
50 T
10~ 1073
804 B9 =197x19
£ 751
dicarboxylic E
acid E
o = 70 -
NaCl 2
G 65 A
[]
® 60 4 succinic acid (2)
"g ® x3=0.02
(2] ¢ x3=0.04
557 @ x3=006
B NaCl(3)
50 T
10~ 1073
804 B39 =191.5=+90.4
E 75
dicarboxylic =z
acid £
= < 701
(NH4)2S04 2
$ 654
[0}
® 60
E glutaric acid (2)
) ® C:;=07M
5519 ¢ c=15M
—— (NH4)2S04 (3) fit
50 T
10~ 1073
80 - ng’ =39.0 = 15.8
E 751
dicarboxylic =
acid £
o < 70
(NH4)2S04 @
$ 654
; malonic acid (2)
Q | ® xs=0.0018
g 80 ¢ x3=0.009
) ® x3=0.018
551 % x3=0.036
—— (NH4);S04 (3) fit
50 T
10~ 1073

T
1072
X2 + X3

107!

10°

Modelled surface tension (mN/m) Modelled surface tension (mN/m) Modelled surface tension (mN/m)

Modelled surface tension (mN/m)

80

75

70

65

60

55

50

80

75

70

65

60

55

50

80

75

70

65

60

55

50

80

75

70

65

60

55

50

View Article Online

PCCP

- RMSE = 2.24 mN/m

AOmax = 6.44 mN/m
| 84

¢

50 60 70 80
E RMSE = 0.30 mN/m

AOmax = 0.63 mN/m
50 60 70 80
4 RMSE = 3.19 mN/m

AOmax = 6.54 mN/
| ¢

»
[ ]
1 ®
'

1 ¢
50 60 70 80
g RMSE = 1.14 mN/m

AOmax = 2.42 mN/m
B *
T
50 60 70 80

Measured surface tension (mN/m)

Fig. 5 Surface tension of four water—organic-salt systems as a function of the solute mole fraction x, + xz. Left panels show experimental data
(symbols) and model results (solid lines) from eqgn (4), (8) and (9). Right panels show the error in predicted surface tension for all ternary data points. The
dry mass fraction . is defined as m,/(m, + ms) where m is the mass. Cs is the molar concentration of substance 3 in mol Leoiution + (M). First row: Water (1)
+ glutaric acid (2) + NaCl (3), T = 25 °C, data from Miles et al.> Second row: Water (1) + succinic acid (2) + NaCl (3), T = 25 °C, data from Vanhanen et al.>*
Third row: Water (1) + glutaric acid (2) + (NH,)SO, (3), T = 24 °C, data from El Haber et al.*° Fourth row: Water (1) + malonic acid (2) + (NH4),504 (3), T =
21 °C, data from Booth et al.>° Binary fits are shown in Fig. S8 in the ESI.t
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curves that can be seen at high solute concentrations in the
systems containing glutaric acid. Choosing a lower value of S,3
instead would lead to less of an uptick, a lower B33 value and a
slightly worse fit quality for water—glutaric acid-NacCl, as shown
in Fig. S14 in the ESI.¥ However, since not enough experimental
data are available at high solute concentrations, it is not clear
which value of S,; represents this system best.

Due to the presence of salts in these systems, the bulk non-
ideality factor for salting-out B35 was fitted to the ternary data.
The resulting value is shown in Fig. 5 in the upper left corner of
the left plots. For comparison, Fig. S15 in the ESI{ displays the
results with B33 = 0 showing that the fit quality could be
strongly improved by adding the non-ideality parameterization
to the model.

Comparing the salting-out factors for systems with the same
salt, it can be seen that a higher B9 was found for the
dicarboxylic acid with the longer hydrocarbon chain. This
makes sense since the longer non-polar hydrocarbon chain is
expected to experience a stronger repulsion by the ions leading
to a stronger salting-out of the organic molecules. Furthermore,
for glutaric acid, a higher B5S was found in mixture with
(NH,4),SO, than with NaCl. It is well known that activity
coefficients in bulk phases containing electrolytes depend on
the ionic strength of the solution, which is proportional to the
square of the ion charge. (NH4),SO, in aqueous solution
produces double charged sulfate ions, while NaCl only pro-
duces single charged sodium and chloride ions. This might
explain why a higher B33 was found for (NH,),SO, than for NaCl
containing systems.

The modelled water-glutaric acid-NaCl system shows large
deviations at low concentrations. This has also been observed
by Miles et al®* and was explained by challenges in the
experimental setup. The water-succinic acid-NaCl system
could be modelled very accurately, but the data are limited to
a very small concentration range due to the low solubility of
succinic acid in water. Also in the two systems with (NH,),SO,4
only limited experimental data were available. In the system
water-glutaric acid-(NH,4),SO,, the right panel shows systema-
tic errors of the modelled surface tension. The two experi-
mental data points with x, = 0 reported by El Haber et al.*°
are lower than the binary data measured by Hyvarinen et al.,>*
which was used for the binary (NH,),SO,-water fit. This dis-
crepancy in the experimental data leads to the higher modelled
surface tension in the upper part of the right panel of that
system. The bias in the experimental data translates to a fitted
B3$ that is too high, leading to the lower modelled surface
tension in the lower part of the right panel. Clearly, more
ternary water-organic-salt surface tension data including sys-
tems with liquid soluble organic substances (e.g. alcohols)
would help to further test the potential of this model approach
and to constrain S,; and B33 better.

4.4 Water-surfactant-salt systems

Mixtures of surfactants and salts are of high importance for
atmospheric aerosol sciences as well as for a number of
industrial applications. Marine aerosol particles produced by
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sea spray were found to contain nonionic and ionic surfactants
in addition to sea salt, which consists mostly of NaCL.'***%* In
line with the interest in surfactant-NaCl systems, in this
section we present results of a nonionic (TX100), an anionic
(SDS), and a cationic (CTAB) surfactant each in solution with
NaCl. In addition, we show CTAB in mixture with KCl and
TX100 with (NH,4),SO,. The experimental and modelling results
for the NaCl and KCI containing systems are shown in Fig. 6
and the system with (NH,4),SO, is presented in Fig. S18 in the
ESI. T In contrast to the systems shown before, these systems are
plotted with x, along the x-axis, as the data lines of constant salt
concentration would appear as vertical lines on a x, + x5 scale.
For a better representation of the vertically-aligned data in the
water-CTAB-KCI system, Fig. S16 in the ESI{ shows the same
data plotted once with x, and once with x; as the x-axis.
Furthermore, the system water-CTAB-NacCl is shown enlarged
and with a different coloring in Fig. S17 in the ESI{ for a better
differentiation between the data series.

S,3 was set to 1 for all systems except water-CTAB-NacCl,
since the binary surfactant-salt surface tension of those sys-
tems could not be constrained with the given data. In contrast,
the data points with 5.5 M NaCl of the water-CTAB-NaCl
system were sufficiently concentrated to constrain S,; to a value
of 3.6 x 1077 for this system, although with a high uncertainty
(see respective panel in Fig. 6). The small value of S,; means
that in concentrated NaCl solutions, the presence of only small
amounts of CTAB determine the surface tension of the
solution. This is most likely the case for all water-surfactant-
salt systems, leading to very small S,; values also for the other
investigated systems; yet, as data to constrain this parameter
are missing, S,; = 1 was chosen. More measurements at high
salt concentrations might allow to determine generic or even
parameterized S,; values for such systems.

For all systems, the addition of salt shifts the surface tension
curve of the respective surfactant to lower concentrations. This
salting-out effect is reflected in the model by a bulk non-ideality
factor B5S > 0, which was retrieved by fitting to the ternary data
and is displayed in the upper left of the panels in the left
column. While for the nonionic surfactant (TX100) the salting-
out is moderate (B33 = 29 + 9), it is much stronger for the
anionic and the cationic surfactants for the same salt (ng =
2811 = 420 and B33 = 2.7 x 10* & 1.7 x 10°). As KCl and NaCl
are both alkali chlorides, adding either of them to CTAB leads
to a similar salting-out effect as reflected by B33 having similar
values. The addition of (NH,),SO, instead of NaCl to TX100
leads to a slightly higher salting-out factor of B33 = 58 + 31 as
shown in Fig. S18 in the ESI,f which is in line with the
observations for the water-organic-salt systems. Neglecting
non-ideality for this systems leads to poor model predictions
(see Fig. S19 in the ESIf). For a general correlation of the
salting-out factor with surfactant and salt type, more experi-
mental data would need to be examined.

Besides the strong salting-out effect, surface synergism can
be observed in all of the systems with NaCl evidenced by a
lowering of the surface tension below the surface tension of the
pure surfactant, which becomes more pronounced the more
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Fig. 6 Surface tension of four water—surfactant-salt systems as a function of the surfactant mole fraction x,. Left panels show experimental data
(symbols) and model results (solid lines) from egn (4), (8), (9), and (10). Right panels show the error in predicted surface tension for all ternary data points.
C; is the molar concentration of substance i in mol Leowtion ~ (M). First row: Water (1) + TX100 (2) + NaCl (3), T = 24 °C, data from El Haber et al.*® Second
row: Water (1) + SDS (2) + NaCl (3), T = 25 °C, data from Nakahara et al.>” Third row: Water (1) + CTAB (2) + NaCl (3), T = 21 °C, data from Qazi et al.>®
Fourth row: Water (1) + CTAB (2) + KCL (3), T = 22 °C, data from Para et al.>° Binary fits are shown in Fig. S9 in the ESI.t
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salt is present. To model the combined effect of salting-out and
surface synergism, both eqn (9) and (10) were used together
with eqn (8) to achieve the fit quality shown in Fig. 6. The
surface non-ideality factor A55 was adjusted in such a way that
the model reproduces the experimental data of the lowest
plateau, except for water-CTAB-KCI, where A5S was fitted, since
the C, =1 x 10 > mol L * and C; = 0.1 mol L™ data are not self-
consistent and show conflicting trends. In this system, a
negative value was found for A55, but with a large uncertainty.
While for the systems with NaCl the addition of the A9
parameter improved the RMSE noticeably, no improvement
was found for the last system, so that ASQ could also be set to
zero (see Fig. S20 in the ESIt).

As for the systems in the previous sections, the binary fit to
the water-surfactant data cannot reproduce the sharp bend at
the CMC and the steep slope observed for the surface tension
curves of SDS and CTAB. This leads to an error that propagates
to the ternary modelling. Despite the limitations in reprodu-
cing the sharp bend at the CMC, the model captures the general
trends in the surface tension curves well including the salting-
out effects so that maximum errors remain below 10 mN m™*
for all systems. In addition, the model parameters can be used
to inform the degree of salting out and synergism present for a
given system.

4.5 Water-surfactant-organic systems

The surfactants found in atmospheric aerosol particles are
usually in mixtures with other organic substances. Therefore,
from an atmospheric science perspective, the interactions
between surfactants and other organic solutes need to be
understood. In Fig. 7, experimental data and model results of
four water-surfactant-organic systems are shown. The first two
rows show systems of the nonionic surfactant TX100 with a
dicarboxylic acid (glutaric acid or oxalic acid). The third row
shows the anionic surfactant SDS with oxalic acid. The last
system contains a cationic surfactant (CTAB) and an alcohol
(ethanol). For a better representation of the data at constant
acid concentration (vertical lines) of the water-TX100-glutaric
acid system, additional plots with x, and x; on the x-axis are
shown in Fig. S21 in the ESL{ The strong upticks noticeable at
high solute concentration in the first three systems shown in
Fig. 7 are, again, a result of choosing S,; = 1, as discussed
before in Section 4.3.

The surface tension of the system water-TX100-glutaric acid
can be predicted well from the binary fits and with S,; = 1
without any fitting to the ternary data over most of the
concentration range. At the highest measured solute concen-
tration, the model predicts a lower surface tension than what
has been measured, which could be caused by competitive
surface non-ideality. Applying eqn (10) to model the surface
non-ideality of the water-TX100-glutaric acid leads to a nega-
tive A; value, supporting the hypothesis of competitive surface
behaviour. However, similar to the water—surfactant-surfactant
systems, the model with non-ideality predicts unrealistic values
at high concentrations and is not recommended to be used
outside the measured data range (shown in Fig. S22 in ESI¥).
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For comparison to the water-TX100-glutaric acid system, Fig.
S23 in the ESIt shows the system water-Brij35-glutaric acid.
This system could also be predicted well for most of the
concentration range, but in contrast to the system with
TX100, here a slight surface synergism was observed at high
solute concentrations.

Furthermore, three systems containing oxalic acid were
modelled: one with a nonionic surfactant (water-TX100-oxalic
acid, Fig. 7), one with an anionic surfactant (water-SDS-oxalic
acid, Fig. 7), and one with a cationic surfactant (water-CTAC-
oxalic acid, Fig. S24 in ESIt). All three systems were found to
exhibit salting-out bulk non-ideality, reflected by positive values
for the fitted B parameter. Assuming ideality instead (see Fig.
S25 in ESIt) yielded a worse fit quality. Oxalic acid is a much
stronger acid than glutaric acid and partly deprotonates in
solution with water. The formed H" and HC,0O,  ions increase
the ionic strength of the aqueous solution which might explain
a salting-out behaviour in surface tension. The dissociation of
oxalic acid is expected to be stronger at higher dilution while at
high concentration, oxalic acid is not expected to deprotonate.
Consequently, the salting-out effect must scale with dilution,
an effect that cannot be modelled with the equations in this
study. As a result, the surface tension is under- and over-
estimated at high and low oxalic acid concentration, respec-
tively, which can be seen in the plots for water-SDS-oxalic acid
(Fig. 7) and water-CTAC-oxalic acid (Fig. S24 in ESIY). These
systems were found to display a stronger bulk non-ideality than
the one with TX100 and in addition, the data seems to hint at
slight surface synergism. Fitting A5° to ternary data yielded
positive values and improved the RMSE in all systems with
oxalic acid (Fig. S22 and S24 in ESI{), but for high solute
concentrations outside the data range, the model predicts very
low and even unphysical negative ¢ values.

Lastly, the system water-CTAB-ethanol is shown in Fig. 7.
For this system, the experimental data covers high ethanol-
concentrations including pure ethanol but CTAB is limited to
low concentrations (C, < 1 x 10~° mol L™"). Therefore, again
no information is available for the surface tension of the water-
free binary mixture and S,; was therefore set to one. The largest
deviations of the model predictions from the measured values
are found at low CTAB and high ethanol concentration. In
Bielawska et al.," the formation of mixed micelles is discussed
for this system. Modelling with eqn (12) and (13) considering
non-ideality due to mixed micelle formation did not improve
the model performance. However, fitting the salting-out non-
ideality factors A7 and Bj° results in positive values for both
parameters and allows to reduce the RMSE from 3.30 mN m "
to 2.54 mN m™ ' (see Fig. S22 in the ESIt). However, since no
salt is present in this system, the physical meaning of the
values obtained for A; and Bj; is not clear.

Overall, these examples show that water-surfactant-organic
systems behave non-ideally in different ways depending on the
type of surfactant and the type of organic substance. Since only
few such systems have been measured over a broad range of
concentrations so far, further measurements would help
explaining better the non-idealities in future studies.
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Fig. 7 Surface tension of four water—surfactant—organic systems as a function of the solute mole fraction x, + xs. Left panels show experimental data
(symbols) and model results (solid lines) from eqgn (4), (8), and (9). Right panels show the error in predicted surface tension for all ternary data points. The
dry mole fraction u, is defined as x»/(x> + x3). C; is the molar concentration of substance i in mol Leoution + (M). First row: Water (1) + TX100 (2) + glutaric
acid (3), T = 24 °C, data from El Haber et al.*® Second row: Water (1) + TX100 (2) + oxalic acid (3), T = 24 °C, data from El Haber et al.*® Third row: Water (1)
+ SDS (2) + oxalic acid (3), T = 24 °C, data from El Haber et al.*® Fourth row: Water (1) + CTAB (2) + ethanol (3), T = 20 °C, data from Bielawska et al.*>

Binary fits are shown in Fig. S10

in the ESL.{
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Table 3 Parameters used for the modelling of the quaternary systems shown in Fig. 8, the RMSE and the maximum error from modelling the quaternary
data points. System gl: water (1) + FC1 (2) + TX100 (3) + CTAB (4). System g2: water (1) + TX100 (2) + glutaric acid (3) + NaCl (4). Superscripts MM and SO
for Aj and Bj; values refer to mixed micelle forming non-ideality (eqn (12) and (13)) and salting out non-ideality (eqn (9) and (10)), respectively. ¢;, RMSE, and

AGmax are given in mN m~—*

01 (<) 03 04 S12 S13 S1a Sz3 Sza Sza Ana By, Aza Bz, RMSE  AGpmax
ql 72.8 23.7 333 37.8 1.2x107 2.9 x 10° 2.4 x 10’ i1 o 0o  —0as™  233"™ 344 7.0
q2 73.7 315 502 169.7 1.6 x 10° 76.95 0.877 11 4.09%° 20845 o 34.00°°  1.66  2.53

4.6 Quaternary systems

In addition to the ternary systems shown in the previous
sections, the modelling of the surface tension of quaternary
systems was tested. In the literature, experimental surface
tension data of systems with more than two solutes is scarce
and often limited to a few data points only (see Table S7 in the
ESIT). Therefore, in this section only two quaternary systems
are analyzed.

The first quaternary system is a mixture of two nonionic
surfactants (FC1 and TX100) and a cationic surfactant (CTAB)
in water. To model the surface tension of this system, the
following procedure was applied. Based on experimental binary
water-surfactant data the separation factors S;; were fitted (see

Fig. S11 in the ESIf). Since the quaternary data covers only
dilute solutions, all water-free separation factors were set to
unity. For the interaction of CTAB and TX100, the mixed
micelle (MM) forming non-ideality factors 4}, = —0.15 and
B3 = 2.33 from the ternary system modelled previously (Fig. 4)
were used. Ideal interaction between CTAB and FC1, and TX100
and FC1 was assumed. The parameters used to model this
quaternary system are summarized in Table 3 under “q1” and
the resulting surface tension curves are shown in Fig. 8. The
model predicts the quaternary surface tension accurately with
an RMSE of 2.13 mN m™'. Small deviations appear for the dark
red data line at low concentration of FC1. This line represents a
molar ratio of CTAB to TX100 of o, = x,/(x3 + x,) = 0.2, which
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Fig. 8 Surface tension of two quaternary systems. Left panels show experimental data (symbols) and model results (solid lines) from egn (6), (9), (10), (12),
and (13) for the quaternary system and ternary and binary subsystems. Right panels show the error in predicted surface tension for all quaternary data
points. First row: Water (1) + FC1 (2) + TX100 (3) + CTAB (4), T = 20 °C, data from Janczuk et al.%® Second row: Water (1) + TX100 (2) + glutaric acid (3) +
NaCl (4), T = 24 °C, data from this study.
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corresponds to the gray circles in the water-TX100-CTAB
system in Fig. 4. It can be seen that already for the ternary
water-TX100-CTAB system the model deviates from the experi-
mental data by ~3 mN m™~* which explains the error in the
quaternary system.

To test if the model can be applied to an atmospherically
relevant system containing water, a surfactant, an organic
substance and a salt, the surface tension of TX100 in an
aqueous solution of 0.65 M glutaric acid and 0.8 M NaCl in
water was measured by pendant drop tensiometry at 24 °C. The
experimental data was obtained from Manuella El Haber by
personal communication and the measurement procedure was
identical to that described in El Haber et al.*® The experimental
data is shown in Fig. 8 in the lower left panel as black circles. To
model this quaternary systems, the same o¢; values and binary
water—solute separation factors S;; were taken as for the sys-
tems water-TX100-NaCl and water-TX100-glutaric acid mod-
elled previously (Fig. S9 and S10 in ESI respectively).
Parameters A5y, B>g, and B35 for the salting-out of glutaric acid
and TX100 by NaCl were taken from the previously modelled
systems water-glutaric acid-NaCl and water-TX100-Nacl (Fig.
5 and 6, respectively). Water-free separation factors S; were all
set to unity. Based on these parameters, which are summarized
in Table 3 under “q2”, the predicted quaternary surface tension
resulted in a very good agreement with the experimental data
with a maximum deviation of only 2.53 mN m ™.

Given the simplicity of the model approach, it might be
surprising how well the quaternary systems were predicted
using binary and ternary solution data only. Yet, as the Eber-
hart model can be derived from the Chunxi model,® it has a
strong thermodynamic background. Moreover, the physical
and chemical properties of multi-component mixtures usually
stem from binary and ternary interactions between the system
components. In the absence of binary interactions between the
solute molecules, the ternary system can indeed be predicted
from the respective binary systems. While binary molecular
interactions are of high importance to determine bulk proper-
ties, ternary or higher-order molecular interactions contribute
relatively little to physical properties of mixtures and are often
truncated in theoretical descriptions (e.g., Pitzer activity coeffi-
cients, virial coefficients, etc.). The thermodynamic background
of the modelling approach and the absence of higher-order
interactions between solutes in the quaternary systems there-
fore allowed us to predict the quaternary systems and should
also result in successful predictions of more complex mixtures.

5 Summary and conclusions

In this study, a multi-component model based on the Eberhart
equation is presented and tested on experimental surface
tension data of 22 ternary systems and two quaternary systems
with solutes covering inorganic salts, organic substances and
amphiphilic surfactants. A total of 1842 data points of ternary

solutions were modelled with an overall RMSE of 3.09 mN m *.
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To model the surface tension of ternary mixtures, the model
requires binary surface tension data to fit the separation factors
S. If the system behaves ideally, the ternary surface tensions
can be predicted with eqn (6) knowing only the binary para-
meters. If the separation factor of a binary system is missing,
the ternary system can be modelled by fitting the missing
parameter to ternary surface tension data. In aqueous systems,
ternary data are often only available for dilute aqueous solu-
tions. As a result, the separation factor between the solutes is
unconstrained, in which case we set it to 1. In this case, the
predicted surface tension values can become unreliable outside
the fitted data range.

To accurately model systems that exhibit non-ideal behavior,
additional parameters A; and B;; were introduced that need to
be fitted to ternary data. Two different cases were distinguished: in
systems with salts or other ionic substances, non-ideality is driven
by salting-out, which is modelled with eqn (9) and (10). Non-ideality
related to the formation of mixed micelles is modelled with
eqn (12) and (13). All parameters used to model the ternary systems
shown in this study are summarized in Table 1, as well as the
RMSE and maximum error.

The model showed excellent performance for ternary water-
organic-organic systems (RMSEs < 1.14 mN m™'). Water-
surfactant-surfactant systems including strongly non-ideal cat-
anionic and zwitterionic surfactant mixtures could be modelled
with good accuracy (RMSEs < 3.82 mN m™ '), when fitting non-
ideality factors. Salting-out was found to be important for
water-organic-salt systems, which could be modelled well in
the dilute concentration range where data was available
(RMSEs < 3.19 mN m'). Besides bulk non-ideality induced
by salting-out, water-surfactant-salt systems also showed sur-
face synergistic behaviour, both of which could be captured by
the model and RMSEs remained below 3.83 mN m ‘. The
model could also reproduce the surface tension data of five
water-surfactant-organic systems with RMSEs ranging from
2.33 mN m ' to 8.57 mN m ', and it was found that systems
containing oxalic acid show salting-out driven non-ideal beha-
viour that depends on the dilution with water. To conclude, the
model proved to be able to describe aqueous solutions contain-
ing salts, organics, and amphiphilic surfactants and their
ternary mixtures, which, to our knowledge, has not been
achieved by any previous model.

One of the strengths of the presented model is that it can
predict quaternary surface tension data without additional fit
parameters, given that all parameters of the ternary subsystems
are known. This was illustrated for two different systems with
very good performance (see Fig. 8). The fit parameters, the
RMSE and the maximum error of these systems are shown in
Table 3. The surface tension of a quaternary mixture containing
a surfactant, a water-soluble organic substance, a salt and water
was well predicted, which has not been achieved before. This
system can therefore be used to estimate the surface tension of
atmospheric aerosol particles, that contain water, salts, organ-
ics and surfactants.

Since binary water-solute surface tension data is broadly
available in the literature but water-free binary data and ternary

This journal is © the Owner Societies 2024
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data is more scarce, the model could be further improved if the
water-free separation factor and the non-ideality factors could
be estimated based on the molecular structures of the solutes.
As could be seen from the systems containing salts, the salting-
out related bulk non-ideality factor B35 seems to depend on the
ionic strength of the bulk phase as well as on the hydrophobi-
city of the organic molecule. In order to explore the relationship
between these factors and the solute types, clearly more experi-
mental surface tension data is required covering a broader
variety of mixtures and a larger concentration range, including
high solute concentrations.

Further studies should focus on measuring more ternary
systems, which might allow to get a better understanding of the
physical and chemical processes in such complex mixtures. In
particular, measurements of salt-alcohol-water systems, sur-
factant-alcohol-water systems and measurements at high
solute concentrations would be most helpful. Furthermore,
temperature dependence could be analyzed, and the predictive
capabilities of the model could be investigated further, e.g. by
correlating non-ideality factors with solute properties.

Data availability

Data for this paper, including the experimental surface tension
data and fit parameters are available at https://doi.org/10.5281/
zenodo.10550607 and a python code of the Eberhart model at
https://doi.org/10.5281/zenodo.10889512.
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