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ABSTRACT: The affinity of amphiphiles to the water/air surface
was modeled by adapting Eberhart’s equation. The proposed
method successfully describes surface tension for all amphiphilic
structures, including alkanols, carboxylic acids, nonionic, ionic, and
Gemini surfactants. The model is more effective than conventional
analysis for amphiphiles with multiple ionic states. The prediction
was consistently validated at different temperatures and non-
aqueous solvents. The modeling results show a linear correlation
between surface affinity and hydrophobicity/hydrophilicity. For
alkanols, the affinity increment is 2.84 kJ/mol per CH2 group, the
same as the reported hydrophobic energy from monomer to
aggregate for nonionic surfactants. For carboxylic acids, the affinity increment per CH2 group is 3.18 kJ/mol, incorporating the
degree of acid dissociation. The affinity−hydrophilicity correlation is approximately −0.22 kJ/mol per oxyethylene group. The
affinity constant can be obtained for all classes of amphiphiles to clarify the relationship between the molecular structure and surface
activity.

1. INTRODUCTION
The interfacial layer of aqueous solutions plays a central role in
many processes, including evaporation,1 cloud aerosol stability,2

dewetting/wetting,3 and mass transfer on surface flow.4 The
classical treatment of surface tension by the Young−Laplace-
Gauss equation considers the interface between solution and air
as a capillary surface,5 with a zero thickness. Recent advances,
including molecular simulations, have provided new insights
into the molecular arrangement within the interfacial layer, with
a thickness of ∼1 nm.6 However, the gap between nanoscaled
simulation and macroscopic data remains substantial.7

In the literature, the surface tension data are often modeled by
the Gibbs adsorption equation. The most common approach is
integrating the Gibbs adsorption with Langmuir isotherm to
provide the Szyszkowski equation8
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where γ and γw are the surface tension at concentration Cb and
water surface tension, respectively, and R and T are gas constant
and absolute temperature. The two fitting parameters are Γm and
A, defined by Langmuir’s adsorption equation. The value of n is
assumed independent of concentration and depends on the
ionic state of the surfactant (n = 1 for nonionic surfactants, n = 2
for ionic surfactants).
Industrial surfactants, including detergents, are characterized

by a long alkyl group with very low solubility (less than 0.01% by
mole). The above equation has been applied to hundreds of
industrial surfactants, as reviewed by Rosen.8 In addition to

fitting the surface tension data to eq 1,9 the surface adsorption
can be experimentally obtained from neutron reflectometry.
Recently, Penfold and co-workers re-examined the method by
combining tension data with neutron reflectometry for three
types of deuterated surfactants. They found that the application
of the Gibbs equation is valid for nonionic surfactants,10 while
being limited to a specific range for anionic11 and cationic12

surfactants. However, they showed that the approach could not
be applied to surfactants that undergo ion association such as
carboxylic acids and Gemini surfactants.
In addition to the industrial amphiphiles, there is another

group of much weaker amphiphiles, which are fully soluble in
water, such as ethanol and 1-propanol. The application of Gibb
adsorption isotherm to these molecules requires a quantification
of the activity coefficient.13,14 For these fully miscible
amphiphiles, many alternative models have been proposed in
the literature.15−17While these models can be applied to specific
aqueous mixtures, a systematic description remains unclear.
Between the strong surfactants and fully miscible short-chain
organics, there is another group of amphiphiles with
intermediate strength: the medium-chain carboxylic acids.
This group is characterized by partial dissociation and partial
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solubility (from 0.01 to 0.1% by mole).18 These molecules are
found naturally and play an important role in cloud aerosols and
climate science.19 The modeling of carboxylic acids, especially
with partial dissociation near the surface, is mathematically
complicated.20

In summary, all current modeling approaches are limited to a
specific group of amphiphiles. The theoretical connection
between the weak and completely soluble (e.g., methanol) and
strong and partially soluble (e.g., alkyl trimethylammonium
halide) amphiphile is unavailable. This study presents a new
modeling approach, based on the thermodynamic equilibrium,
to predict the surface tension and interfacial layer. The model
aims to universally correlate the molecular structure and surface
activity.

2. THEORY
In this model, the interfacial layer is considered a separate phase,
limited by bulk liquid and air phases (Figure 1). The amphiphilic
molecules have two processes: adsorption and desorption. The
rates of the processes are

=k Xrate of adsorption a b (2)

=k Xrate of desorption d s (3)

where Xb and Xs are molar fractions within the interfacial layer
and the bulk.
The equilibrium constant, Ka, is obtained by

= =K
k
k

X
Xa

a

d

s

b (4)

Thermodynamics requires that chemical potential is the same
between the two phases

= + = +kT X kT Xlog( ) log( )b
0

b s
0

s (5)

where μb
0 and μs

0 are the standard part of the chemical potential in
the bulk and interfacial layer.
The above framework has been validated for equilibrium

between bulk monomers and aggregates (micelles, invert
micelles, bilayer membrane, and vesicles) of soluble surfac-
tants.21 In this case, the interfacial layer in Figure 1 can be
considered to be a monolayer with infinite area. Combining the
above equations leads to

= =K
X
X kT
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s

b

b
0
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0

(6)

The surface tension of the aqueous solution is the sum of the
two-component surface tensions and is given by

= + [ ]X X X( ) 1b a s w s (7)

where γ(Xb), γa, and γw are the surface tension of the mixture,
pure organic compound, and pure water, respectively.
Recent molecular simulation22 and neutron reflectometry23

with water/ethanol have validated eq 7. The key challenge is the
linkage between the interfacial and bulk compositions via a
thermodynamic equation. The following equations are
developed to address that gap.
The model requires the equilibrium constant of water, Kw (Kw

is defined in the same form as in eq 4). Subsequently, a binary
ratio between the two components is defined24
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With this constant, the surface molar fraction is related to the
bulk molar fraction

=
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Consequently, eq 7 becomes
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Equation 10, also known as Eberhart’s equation,a has been
successfully applied to water/ethanol16 and many miscible
systems, including aqueous and organic solvents.25 The model
implies that S is independent of Xb. For fully miscible liquids, the
value of γa is experimentally obtainable. Consequently, eq 10 has
only one fitting parameter, S. The pure solute surface tension
condition is limited to small organic compounds.
For the molecules with limited solubility or that exist in solid

form, the value of γa is physically unobtainable.26 A new
modeling approach allows a hypothetical value, γa*. As a result,
the equation has two fitting parameters. The physical
interpretation and values of γa* are discussed later.

Figure 1. Equilibrium between the interfacial and bulk. Solvent molecules are omitted for clarity.
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3. RESULTS AND DISCUSSION

First, eq 10 is applied, by least-squares fitting in Excel Solver, to
six n-alkanols (Figure 2) and six carboxylic acids (Figure 3). The
obtained best-fit values are tabulated in Table 1. The equation
fits all data consistently. The fitting of fully miscible molecules
(Figures 2a and 3a) has been discussed in the literature15,16 and
is presented for completeness. As the alkyl-chain length
increases, the data shift to a surfactant-liked curve showing a
gradual reduction in solubility (Figures 2b and 3b).

Subsequently, the model is applied to the surface tension39 of
three nonionic surfactants (Figure 4). This group of surfactants
contains multiple groups of oxyethylene (−C2H4O−), which
controls the “hydrophilicity” and “hydrophilic−lipophilic
balance”. The Triton X and other polyoxyethylenated series
(Tween and Brij) are extensively used in many industries.8 The
values of the two fitting parameters are presented in Table 2. It
should be noted that themodel can predict the surface tension to
the critical aggregate concentration (CAC) as with the
conventional model.40 A thermodynamic equilibrium can

Figure 2. Modeling surface tension of n-alkanols (a) fully miscible13,27−31 and (b) partially miscible30,32−35 to solubility. All curves were generated by
eq 10. Adapted from ref 46. Copyright (2019), Elsevier.
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explain the transition at the CAC, as discussed with micellar
formation later.
Figures 3 and 4 show that eq 10 can predict the surface tension

of partially soluble amphiphiles with an accuracy similar to that
of the conventional model. Yet, the critical advantage of the
equation over the conventional model is its applicability to other
conditions. The main extensions are (1) changing temperature,
(2) nonaqueous solvents, (3) the structure-surface affinity
relationship, and (4) the degree of surfactant dissociation and

surfactants with multiple-charged groups. These implications
are discussed in the following sections.
Before proceeding, the new term, specific surface affinity, is

defined for each molecule

=Aa b
0

s
0

(11)

The affinity has a unit of kJ/mol,b similar to the Gibbs free
energy of adsorption25 or phase transferring energy21 and

Figure 3. Modeling surface tension of carboxylic acids (a) fully miscible36−38 and (b) partially miscible.36 All curves were generated by eq 10.
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quantitatively represents the tendency of the specific molecule
to be exposed to the air. With the new quantity, eq 8 can be
rearranged

=kT S A Aln( ) w a (12)

where Aw is the specific surface affinity of water.
3.1. Influence of Temperature. With increasing temper-

ature, both the μb
0 and μs

0 increase. Being the difference between
the two potentials, the affinity (Aa in eq 11) is less dependent on
the temperature. Furthermore, both Aw and Aa should change in
the same direction with increasing temperature. Consequently,
it can be assumed that the net impact of changing temperature
on the right-hand side of eq 12 is negligible. The value of S at any
temperature can be linked to S at 25 °C by

=
+

°S T
T

Sln( ( ))
298.15

273.15
ln( (25 C))

(13)

An example of the extension can be found in Figure 5. The
predictions are obtained from S of formic acid/water at 25 °C
(Table 1) without further fitting. The predictions are consistent
with the experimental data at all temperatures. Applying the
same predictions to other data provides a similar consistency.37

Predicting the interfacial composition at elevated temperatures
is essential to calculate the evaporation rate of the binary
droplet.41,42

3.2. Nonaqueous Solvents. Since ln(S) is a difference
between two affinities, a complementary rule can be applied to

the three related binary mixtures.24 To validate the rule, an
intermediate molecule, ethylene glycol (EG), is considered.
Ethylene glycol has a surface tension of 48 mN/m, almost the
average value between that of water and ethanol. The surface
tension of EG−water34 and EG−ethanol43 has already been
reported.
The complementary rule from eq 12 gives

=S S Sln( ) ln( ) ln( )ethanol EG water EG water ethanol (14)

where Sethanol−EG, Swater−EG, and Swater−ethanol are the coefficients of
ethanol/EG, water/EG, and water/ethanol, respectively.
Since the value of Swater−ethanol is already known, the data of

EG−ethanol and EG−water can be fitted simultaneously, as

Table 1. Best-Fitted Adsorption for n-Alkanols and
Carboxylic Acids (*: Fitted Values)

n-alkanol carboxylic acid

number of carbons S γa (mN/m) S γa (mN/m)
1 0.150 22.33 0.184 37.60
2 0.0447 22.02 0.0679 27.10
3 0.0103 23.39 0.0181 26.17
4 0.00401 17.63* 0.00419 26.20
5 0.00135 14.57* 0.00110 25.40*
6 0.000476 8.62* 0.000366 20.89*

Figure 4.Modeling surface tension of nonionic surfactants (ref 39). The broken lines represent the extension of the model above CAC. Adapted from
ref 39. Copyright (2018), John Wiley and Sons.

Table 2. Best-Fitted Adsorption for the Triton-X Surfactants

surfactant average number of C2H4O group S × 106 γa (mN/m)
Triton X-100 9.5 0.180 24.92
Triton X-405 35 5.159 25.68
Triton X-705 55 8.526 23.37

Figure 5. Surface tension of the formic acid solutions at different
temperatures (data are obtained from ref 37). All prediction curves are
generated from the obtained S at 25 °C. Adapted with permission from
ref 37. Copyright (1997), American Chemical Society.
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shown in Figure 6. The best-fit value of Swater−EG is 0.148. The
data validate the rule in eq 14 and the consistency of the
modeling approach.
3.3. Affinity-Hydrophobicity Correlation. From the data

in Table 1, the relative affinity is plotted as a function of the
carbon length (Figure 7). Both homologous series show clear
linearity.
The slopes in Figure 7 represent the affinity increments per

CH2 group. For alkanols, this value is 2.84 kJ/mol per CH2
group. The value is the same as Tahery’s regression (which
contains only three miscible alcohols).25 In surfactant studies,

the hydrophobic energy increment, from the bulk to aggregate,
has been summarized by Israelachvili (in Table 19.2 of ref 21).21

For homologous straight-chain nonionic surfactants (alkyl
polyoxyethylene monoethers), the reported increment was 2.9
kJ/mol per CH2 group. The consistency between the two affinity
increments validates the hydrophobic energy of the alkyl groups
and the model.
The surface activity−alkyl relationship of surfactants has been

central in surface science.44 The author attempted to renew
Langmuir’s 1925 “principle of independent surface action”45 via
a multiple-component empirical model for alkanols.46 While the

Figure 6. Simultaneous prediction of the surface tension of ethylene glycol mixtures with water and ethanol.

Figure 7. Relative affinity as a function of carbon length for n-alkanols and carboxylic acids (lines are linear regression).
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multiple-component model revealed a linearity similar to that in
Figure 7, it was too complicated and incomplete. Equation 10
quantifies the alkyl hydrophobicity exceptionally well with a
simple parameter.
The data can also be extrapolated to a lower limit of S. As the

carbon length increases, S approaches zero, and the interfacial
layer is more dominated by amphiphiles. It is well known that
longer alkanoic acids, such as stearic acid, form a monolayer on
an air/water surface (also known as Langmuir’s monolayer).
The layer is often considered insoluble and is widely used in
surface studies.21

3.4. Partial Dissociation. Carboxylic compounds are weak
acids with a low degree of dissociation. The increasing alkyl
length reduces acidity and increases pKa.

47 Thermodynamically,
the degrees of acid dissociation differ between those of the bulk
and the interfacial layer. For example, it has been shown that the
surface-pKa of medium-chain carboxylic acids is substantially
higher than the bulk- pKa.

48 A full adsorption modeling of all
species (protonated/deprotonated acids and protons in both
phases) would require a complicated mathematical model.49,50

As the data in Figure 3 were obtained without pH adjustment,
eq 10 accounts for partial dissociation degrees in both the bulk
and interfacial layers. The linearity of carboxylic data in Figure 7
indicates that the affinity incorporates partial dissociation very
well. The increment for carboxylic acids is 3.18 kJ/mol per CH2
group. The dissociation of acids and protons attributes the
deviation from the alkanols value. For acids, the values of μs

0 and
μb
0 represent the weighted average potential of the dissociated/

associated species, which is also determined via thermodynamic
equilibrium. The model can even provide a critical method to
calculate the pKa of short-chain acids, which are important for
the cloud formation process and atmospheric chemistry.51

3.5. Affinity-Hydrophilicity Correlation. The affinity of
nonionic surfactants in Table 2 is plotted in Figure 8.

It shows a negative correlation, with an energy of −0.22 kJ/
mol per oxyethylene group. It should be noted that three Triton
samples are industrial surfactants with mixtures of different
numbers of oxyethylene. The reported numbers of oxyethylene
in Table 2 are the average values. The impurities of the industrial
products might lead to nonlinearity. Further study with precise
control of the hydrophilic groups can clarify the increment
energy.
3.6. Ionic Surfactants. The model can be easily applied to

ionic surfactant solutions by converting the bulk concentration
to the bulk molar fraction. Figure 9 shows examples of two

cationic surfactants,52 cetyltrimethylammonium bromide
(C16TAB) and tetradecyltrimethylammonium bromide
(C14TAB), and a Gemini cationic surfactant (C12H25N-
(CH3)2−(CH2)3−N(CH3)2C12H25 Br2).

53

The affinity increment of CnTAB in Figure 9 is 1.51 kJ/mol
per CH2 group, which is smaller than the increment to the
micelles (1.8 kJ/mol).21 In this case, the affinity includes the full
dissociation of − (CH3)3N+/Br − pair and the hydration shell of
Br −, which is far stronger than a proton.54 It should be noted
that the two-parameter Szyszkowski equation, eq 1, produced a
similar fitting quality with n = 2.50 However, eq 1 assumes that
CnTA+/Br− is fully dissociated in the bulk and interfacial layers.
The full dissociation is not supported by a recent study with
combined NR/X-ray reflectometry on C16TAB, which revealed
that Br− is closely condensed at the surface.55 The condensation
indicates a strong association of C16TA+ and Br− within the
interfacial layer. In this instance, the new model is more
appropriate than the conventional approach.
The modeling of the Gemini surfactant is particularly

effective. The Gemini surfactants form many diffident ionic
states within the interfacial layer.56 As discussed by Penfolds and
co-workers, the Gibbs equation cannot be applied to Gemini
surfactants.11 Since thermodynamic rules also control the
equilibria between these ionic states, eq 10 captures them all
in a single parameter, as with the partial dissociation of
carboxylic acids. The new model provides huge advantages over
the conventional model, requiring many parameters for ionic
states.57,58

The proposed modeling of ionic surfactant is more reliable
than the conventional method59 and overcomes the con-
troversial saturated surface excess.9 The obtained values of Xs
can be combined with Gibbs’s surface excess via the thickness of
the interfacial layer.23 Conversely, the interfacial molar
composition might be more relevant to surface chemistry. For
instance, the interfacial composition is easier to collaborate with
molecular dynamics6 or density gradient theory60 simulations.
The obtained Xs can provide critical information to neutron
reflectometry61 for predicting the thickness of the interfacial
layer. Themolar water composition, 1− Xs, can complement the
vibrational sum-frequency generation62 to understand the
molecular orientation. The predicted composition can be

Figure 8. Affinity-hydrophilicity correlations for Triton-X surfactants.

Figure 9. Modeling surface tension of CnTAB (ref 53) and a Gemini
surfactant (ref 54). Best-fitted parameters, C16TAB: 2.54 × 10−5 and
−16.3 mN/m, C14TAB: 8.62× 10−5 and−28.7 mN/m, Gemini: 9.04×
10−6 and 10.4 mN/m. Adapted with permission from ref 53. Copyright
(2013), American Chemical Society.
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combined with surface potential data63 to calculate the
capacitance of the surfactant layer.
The thermodynamic equation can also explain the break in the

surface tension data near the critical micelle concentration
(CMC) or CAC, such as in Figures 4 and 9. At a high
concentration, the surfactant molecules coexist in three states:
the bulk, the interfacial layer, and micelles/aggregates.64 The
equilibrium in eq 4 is extended to

i
k
jjj y

{
zzz

= + = +

= +

kT X kT X

kT
M

X
M

log( ) log( )

log

b
0

b s
0

s

m
0 m

(15)

where μm
0, M, and Xm are the standard potential, aggregate

number, and concentration of micelles/aggregates, respectively.
The thermodynamic equilibrium between Xb and Xm has led

to the well-established calculation of the critical micelle
concentration21

i
k
jjjjjj

y
{
zzzzzz=X

kT
( ) CMC expb critical

m
0

b
0

(16)

The same rule can apply to the surface molar fraction

i
k
jjjjjj

y
{
zzzzzzX

kT
( ) exps critical

m
0

s
0

(17)

Equation 17 indicates a maximum value of Xs, which is
determined by the potentials of surface and micelle phases. The
limit of Xs explains why a strong surfactant, such as C16TAB, can
only reduce the water surface tension to ∼36 mN/m.65

Conversely, butyric acid can reduce the water tension to 22
mN/m, despite being a “weak” surfactant.
3.7. Interpretation of γa for Surfactants. The value of γa

for longmolecules can be justified by considering the value ofKa.
Mathematically, the value of γa corresponds to the composition
of Xs = 1. The data in Table 1 show that S decreases, and Ka
increases, with increasing alkyl length. The value corresponds to
the replacement ratio between the surface and the bulk. The
smaller S indicates that more water molecules are being replaced
by a surfactant molecule. Consequently, γa decreases with an
increasing alkyl-chain length (Table 1). For ionic surfactants,
replacement is massively increased and, thus, γa becomes
negative. For polyoxyethylene surfactants (Table 2), the relative
water/surfactant ratio is large (oxyethylene can form H-bonds
with water). As a result, the value of γa for nonionic surfactant is
closer to the surface tension at CAC.
3.8. Affinity of Solvents. Two important observations can

be made regarding the relative affinity (eq 12). First, the
extension of alkanols regression (Figure 7) indicates that the
water affinity is small but nonzero.c The small affinity (less than
the affinity of all amphiphiles) is consistent with the notion of
strong water−water bonds,21 which generates higher boiling
point and surface tension than other liquids. The nonzero value
of affinity indicates that water also has a tendency to be exposed
to air, as evidenced by the free−OH group.66 Second, the water-
based affinity can be transferred to another solvent via the
complementary rule in eq 14. Indeed, the rule can predict the
surface composition of two molecules with similar surface
tension, such as methanol/propanol mixtures or a Triton
surfactant in oil. As a result, the obtained relative affinity is as
useful as the absolute affinity, Aa.

4. CONCLUSIONS
A new model applies to the surface tension data of all
amphiphiles over many orders of concentration. The modeling
framework is quantitatively validated for changing temperature,
alkyl hydrophobicity, oxyethylene hydrophilicity, and non-
aqueous solvents. The affinity of carboxylic acids can capture
the dissociation effect and lay a foundation to model the surface
affinity of ionic surfactants. The modeling approach is applicable
to the oil/water interfacial tension as well.
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■ ADDITIONAL NOTES
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5 in ref 24).
bConventional surfactant studies often used a “free energy of
adsorption”, which has the same unit. However, it has different
physical meanings and mathematic definitions, for instance, eq
(2.32) in ref 8.
cThis model allows solvent to have a nonzero affinity. The Gibbs
equation assumes chemical potential is the same between the
bulk and surface.
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