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The effective charge of hydrophobic surfaces and in particular of the air-water interface is a crucial
parameter for electrochemistry, colloidal chemistry and interfacial science, but different experiments
give conflicting estimates. Zeta-potential and disjoining-pressure measurements point to a strongly
negative surface charge, often interpreted as being due to adsorbing hydroxide ions. In contrast,
surface tension measurements of acids and bases suggest the hydronium ion to be surface active, in
agreement with some surface-specific non-linear spectroscopy results. The air-electrolyte interfacial
tension exhibits a characteristic minimum at millimolar electrolyte concentration for all salts, the
so-called Jones-Ray effect, which points to competitive adsorption mechanisms present in dilute
electrolyte solutions. We show that all these puzzling experimental findings can be explained by the
presence of trace amounts of surface-active charged impurities, most likely anionic surfactants.

INTRODUCTION

The interface between electrolytes and air, oil or other
hydrophobic materials is a very popular experimental
model system since it lacks complications due to dissocia-
ble surface groups. Consequently, it has been intensely
investigated in studies of the surface tension [1–6] and its
dynamics [7, 8], zeta potential [9–12], bubble coalescence
[13, 14], stability of nano-bubbles [15–17], and disjoining
pressure [18–21]. Although the air-electrolyte interface
is the simplest possible electrochemical system, its effec-
tive surface charge is still debated [22–33]. Since a long
time it has been known that the electrophoretic mobil-
ity of gas bubbles in pure water is negative, which led
to the conclusion that OH− ions adsorb at the air-water
interface [9, 10]. The negative sign of the air-water in-
terface charge is also supported by the stability of thin
water films on negatively charged silica surfaces [18–21],
whereas surface-sensitive nonlinear spectroscopy suggests
H3O+ ions to be present at the air-water interface [22, 23]
instead. From the molecular modeling side, the situation
is also not clear; some simulations support hydroxide ad-
sorption [25, 28] and others not [24, 29–32]. So while
the interface between electrolytes and hydrophobic sur-
faces is conceptually simple, its basics properties seem
surprisingly complex. This review summarizes puzzling
experimental measurements of the surface tension, the
zeta potential, and the disjoining pressure of electrolyte-
hydrophobe interfaces and provides an interpretation in
terms of the presence of trace amounts of charged surface-
active impurities.

ELECTROLYTE SURFACE TENSION

Basic insight is provided by surface tension studies
of the air-electrolyte interface. The Gibbs adsorption

isotherm,

dγ = −
∑
i

Γidµi, (1)

relates the change of the surface tension γ to the sum of
the surface excesses of molecules of type i multiplied by
changes of the respective chemical potentials µi. Fig. 1a
shows the experimental surface tension increment ∆γ [1,
3] as a function of added salt concentration cbsalt together
with linear fits according to ∆γ = Acbsalt [3, 4, 14]. Most
salts, except the acids, increase the surface tension in an
ion-specific fashion. For ideal solutions Eq. (1) predicts
the total ionic surface excess to be proportional to −A;
Fig. 1a thus implies that most ions are repelled from
the interface while acids exhibit a net attraction. The
ionic repulsion from the air-electrolyte interface is partly
due to dielectric image charge repulsion [2], while the ion
specificity is caused by interfacial hydration effects [36].

Fig. 1b shows the experimental coefficients A of dif-
ferent electrolytes [4, 14] sorted in columns with respect
to the anionic surface affinity, which increases according
to the Hofmeister series (from left to right) and basically
reflects the anion size (with OH− constituting a note-
worthy and debated anomaly). The surface affinities of
the cations are rather similar, except for H3O+, which
stands out and gives rise to a net positive interface excess
for all anions (except in combination with OH− where
the surface affinity is zero by virtue of chemical equilib-
rium). Neglecting correlated adsorption of H3O+ with
anions and incomplete acid dissociation at surfaces [37],
this suggests that H3O+ has a strong affinity to the air-
water interface, while OH− is repelled. This contrasts
with many other interpretations [24–28, 30–33, 37], so
microscopic insight is direly needed.

Figs. 2a/c show snapshots of force-field based molecu-
lar dynamics simulations of HCl and NaOH solution-air
interfaces and Figs. 2b/d present the extracted poten-
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FIG. 1. (a) Surface tension increment of different electrolyte solutions with respect to pure water at relatively large salt
concentrations, the lines are linear fit functions according to ∆γ = Acbsalt. The experimental data of NaOH, LiBr, LiI, HCl,
and HNO3 are taken from Ref. 1, whereas the data of NaClO4 is taken from Ref. 3. (b) Experimental linear coefficients A are
sorted with respect to the anions [4, 14]. Anions exhibits pronounced ion specificity according to the anionic Hofmeister series;
except for the acids, the cations are rather similar. (c) Surface tension of NaCl, KCl, CsCl, and NaF solutions. The points are
the experimental data [5], the lines follow from the mean-field model Eq. (2) using ε = 78, T = 298 K, and z∗ = 0.5 nm. The
ionic surface affinities αNa = 1.2 and αCl = 1.0 are extracted from previous simulations of the potentials of mean force of Na+

and Cl– at the air-water interface [34, 35]. αK = 1.2, αCs = 1.2, and αF = 1.3 are obtained by fits to the experimental data.
The black solid line shows the model result for α+ = α− = 0.8 for comparison.

tials of mean force for the H3O+, Cl−, Na+, and OH−

ions [32]. Of all the ions, only H3O+ has a small but sig-
nificant affinity for the interface, which is caused by its
favorable orientation at the interface, in agreement with
ab initio simulation results [32]. As shown in Fig. 2e,
the simulations reproduce the experimental surface ten-
sion of NaCl, NaOH, and HCl solutions quantitatively
[32]. For this the ion force fields must be very accu-
rate, which is achieved by thermodynamic force-field op-
timization [34, 38]. It can be concluded that the negative
surface tension of acids is indeed caused by a significant
H3O+ affinity to the electrolyte-air interface.

JONES-RAY EFFECT

A closer look at experimental NaCl surface tension
data from different labs in H2O and D2O (data points
[39, 40]) for ultra-low electrolyte concentration in Fig. 3a
is revealing. The surface tension exhibits a pronounced
minimum in the concentration range of cbsalt = 0.01 −
0.001 M, with similar results being obtained for all elec-
trolytes [39–44]. Various explanations for this so-called
Jones-Ray effect have been offered, involving instrumen-
tal wetting artifacts [45], anion adsorption [46, 47] and
OH− adsorption [48, 49], but its mechanism is still de-
bated [35, 47, 50]. Clearly, OH− ions cannot cause the
surface tension minimum since they are repelled from the
interface, as demonstrated in Fig. 1b and Fig. 2d; also the
rather weak surface affinity of H3O+ ions is not sufficient
to explain the experimental data in Fig. 3a [35]. How-
ever, the assumption of trace amounts of surface-active
charged impurities allows reproduction of the Jones-Ray

effect: the solid lines in Fig. 3a are modeling results for
impurity concentrations in the nM range with a surface
affinity of typical surfactants such as sodium dodecyl-
sulfate (SDS) [35]. This is not unreasonable, as it is
difficult to experimentally detect charged impurities at
lower concentration than the inevitable water ions, which
is 100 nM at neutral pH, by conductivity measurements.
Thus even when using ultrapure water, purified salts, and
cleaned glassware, impurities are unavoidable and have
been previously invoked to explain dynamic features of
air-water interfaces [51–55].

In the theoretical model used for Fig. 3, the Gibbs di-
viding surface is located at z = 0 and all ionic potentials
of mean force are approximated by box profiles. The ion
distribution in the water phase (z > 0) is assumed to
follow the mean-field Poisson-Boltzmann equation

εε0
d2ψ(z)

dz2
= −e

∑
i

qic
b
i e−eqiψ(z)/kBT−αiθ(z

∗−z), (2)

where ε is the solution dielectric constant, ε0 the vac-
uum dielectric permittivity, ψ(z) the local electrostatic
potential, e the elementary charge, qi the valency of the
i-th ion type, cbi the bulk concentration of the i-th ion
type, kBT the thermal energy, αi the surface affinity of
the i-th ion type, θ(z) the Heaviside function, and z∗

the thickness of the surface adsorption potential. The
boundary conditions for an intrinsically neutral interface
are dψ(z)/dz|z=0 = 0 and ψ(z)|z→∞ = 0. The ionic sur-
face excess Γi is defined by Γi =

∫∞
0

(
ci(z)− cbi

)
dz where

ci(z) = cbi e−eqiψ(z)/kBT−αiθ(z
∗−z) is the local concentra-

tion of ion type i and ψ(z) follows from the solution of eq.
(2). Finally, the electrolyte surface tension is obtained
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FIG. 2. (a,c) Snapshots of force-field based molecular dynamics simulations of 0.5 M HCl and NaOH solutions [32]. Oxygen
and hydrogen atoms of H3O+ and OH− are colored in red and white, Cl− and Na+ in orange and blue, respectively, water
molecules are transparent. The water Gibbs dividing surface at z = 0 is indicated by dashed lines. H3O+ is weakly attracted
to the interface and its favorable orientation is illustrated, whereas Cl−, Na+, and OH− are depleted from the interface. (b,d)
Potentials of mean force for H3O+, Cl−, Na+, and OH− [32]. (e) Comparison of linear fits to experimental surface tension data
(lines and color shaded areas which indicate the 90% confidence intervals) [4, 14] and molecular dynamics simulation results
(points with error bars) [32].

by integrating Eq. (1) using the ideal-gas approximation
dµi = kBTdc

b
i /c

b
i . For experiments in ambient air the so-

lution pH is around 5.6 due to CO2 dissolution [21, 56].
In the model, H3O+, OH−, and HCO−3 are included
with bulk concentrations given as cbH3O

= 10−pH M,

cbOH = 10pH−14 M, and cbHCO3
= cbH3O

− cbOH. In ad-
dition, we consider impurities which completely dissoci-
ate into surface-active anions and their counterions. The
surface affinities αNa = 1.2 and αCl = 1.0 are extracted
from previous simulations [34] and reproduce the exper-
imental surface tension of NaCl in Fig. 1c. The values
αH3O = −0.9, αOH = 1.6, αHCO3

= −0.4 are taken from
fits to experimental surface tension data of HCl, NaOH,
and NaHCO3 solutions [35], and the impurity surface
affinity αimp = −15.6 is extracted from surface tension
data of SDS [35].

For the modeling results in Fig. 3a the fitted impu-
rity concentrations are cbimp = 1.6 nM, 18 nM, and 34 nM
(black, red and blue lines) and are all well below the
water ion concentration. The convincing agreement be-
tween the model results and the experimental data over
the entire salt concentration range, together with the rea-
sonable fit parameters, suggest contamination of water
with surface-active charged impurities to be the cause of
the Jones-Ray effect. This conclusion is corroborated by
the fact that this hypothesis also explains zeta potential

and disjoining pressure data, as will be explained below.
Figs. 3b and c show the impurity surface excess Γimp

and the surface potential ψ0 = ψ(z)|z=0 as a function of
the added salt concentration for the same parameters as
in Fig. 3a. It is the increase of Γimp with cbsalt, caused by
screening of the electrostatic repulsion between adsorbed
impurity molecules, which produces the minimum in the
surface tension [35]. The typical surface area per impu-
rity is of the order of 100 nm2, in agreement with recent
experimental estimates [52–54]. The adsorption of di-
lute impurities takes a few minutes [57], which elegantly
explains why the Jones-Ray effect shows slow dynamics
[43]. Interestingly, even though the impurity concentra-
tion is nano-molar, the resultant surface potential ψ0 is
substantial, in particular at low salt concentrations.

DISJOINING PRESSURE

The disjoining pressure data of a thin water film on
a negatively charged silica surface (shown in Fig. 4a for
different fluoride electrolytes) is positive, decays roughly
exponential as a function of film thickness D and exhibits
significant ion-specificity [21]. This immediately suggests
that the air-electrolyte interface possesses a significant
negative charge [59]. To model these data, the surface
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potential width z∗ = 0.5 nm and ionic surface affinities in units of kBT of αNa = 1.2, αCl = 1.0, αH3O = −0.9, αOH = 1.6,
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affinities of K+, Cs+, and F− ions are extracted from fits
to the experimental surface tension data of NaCl, KCl,
and CsCl solutions in Fig. 1c [5], resulting in the same
surface affinity αNa = αK = αCs = 1.2. This suggests
that the cation specificity of the disjoining pressure in
Fig. 4a does not originate from cation specific surface
affinities. For F− we obtain αF = 1.3 from the data
in Fig. 1c. The model results in Fig. 4a are obtained
for 0.1 mM added salt assuming pH=5.6 in the presence
of H3O+, OH− and HCO−3 ions and for a fixed silica
surface potential of ψSi = −135 mV, which is the zeta
potential of silica in 0.1 mM KCl solution [58]. In the ab-
sence of charged impurities, a very small repulsive pres-
sure is obtained (shown as a black solid line in the inset
of Fig. 4a) which is due to the compression of the counte-
rion layer at the silica surface. The fits to the experimen-
tal data yield impurity concentrations of cbimp = 553 nM,
219 nM, and 76 nM for NaF, KF, CsF solutions, respec-
tively. These concentration are somewhat larger than the
ones obtained for the Jones-Ray effect, but are still very
dilute and not unreasonable.

ZETA POTENTIAL

Air bubbles and oil droplets in an electric field move
towards the anode, which indicates a negative effec-
tive charge [10–12]. A relation between zeta potentials
and the presence of impurities was fist suggested for oil
droplets in water [12]; alternative mechanisms involving
the surface potential of the pure air-water interface were
shown to be inconsistent [60, 61]. Fig. 4b shows the ex-
perimental zeta potential of hydrophobic planar polymer
films [11] as a function of pH for different concentrations
of added KCl. This experimental geometry has the ad-
vantage that complications due to surface curvature are
absent [62, 63]. In the experiments, the pH was adjusted
by adding KOH and HCl [11]. Since the zeta potential
of gas bubbles and hydrophobic surfaces is strongly pH
sensitive, impurity charge regulation is included in the
modeling according to imp− + H3O+ −−⇀↽−− impH + H2O,
described by an acidic dissociation constant Ka. Near the
interface, the impurity dissociation equilibrium is per-
turbed in the presence of a finite surface potential, which
is fully accounted for in the model. Because the experi-
ment was performed in nitrogen atmosphere [11], HCO−3
is not included in the model.

Fig. 4b compares the experimental zeta potential data
with the calculated surface potential ψ0 as a function
of added KCl concentration and for different pH values.
The same parameters as in Fig. 3, extracted from the
experimental data in Fig. 1d, are used for the interface
affinities of all ions. The bulk impurity concentration for
the modeling results in Fig. 4b is set to cbimp = 500 nM,
similar to the one used in the fits to the disjoining pres-
sure data in Fig. 4a. For an impurity dissociation con-

stant of pKa = 7 (solid lines) the model describes the ex-
perimental data better than for pKa = 5 (broken lines),
which points to a very weak acidic character of the impu-
rities, even weaker than carboxyl groups, for which the
experimental value of pKa is around 5 [12, 64]. In this
context it is interesting to note that pKa values are ex-
pected to be shifted to higher values at low-dielectric sur-
faces [64, 65]. The experimental data in Fig. 4b exhibits
an isoelectric point around pH = 4, the value of which
sensitively depends on the surface type [66]. The model
predicts slightly positive surface potentials for pH < 2
due to weak adsorption of H3O+; the larger positive ex-
perimental zeta potentials at low pH might point to the
additional presence of cationic impurities.

For a hydrophobic surface as used in the experiment in
Fig. 4b, the hydrodynamic boundary condition is com-
plex and the experimentally measured zeta potential not
necessarily coincides with the electrostatic surface po-
tential [67]. In fact, the hydrodynamic boundary condi-
tion at an air-water interface depends on the presence of
absorbed molecules and changes smoothly from perfect
slip to no slip with rising adsorbent concentration [9, 52–
54, 68–72], leading to a number of side effects [55, 68, 71].
The comparison of the experimentally measured zeta po-
tential and the calculated electrostatic surface potential
in Fig. 4b is, therefore, only tentative.

SUMMARY AND OUTLOOK

Assuming the presence of negatively charged surface-
active impurities, a simple mean-field description can be
used to explain a number of hitherto puzzling experi-
mental observations, namely the presence of stable wa-
ter films on silica surfaces, the observation of negative
zeta potentials at hydrophobic surfaces, and finally the
Jones-Ray effect. The impurity concentrations that are
obtained from fits to experimental data are in the nM
range, they differ for different measurement techniques
and even for the same measurement done in different labs.
This is not surprising, considering the different cleaning
procedures and varying purity of used chemicals and lab
water in different labs.

It is not clear at present what the chemical character
of the impurities is, and it seems likely that experimental
impurities consist of a broad mixture of different species
that most likely varies from experiment to experiment.
Water might become contaminated during preparation
or during experiments, impurities might be present in
added salts or might be ionic surfactants from detergents
used for washing glassware and will most likely consist of
a mixture of cationic and anionic surfactants with differ-
ent surface affinities. We could explain experimental data
by assuming negative impurities with a surface affinity
similar to SDS; future experiments should strive to iden-
tify impurities in lab water and in chemical compounds
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by modern techniques such as high performance liquid
chromatography and mass spectrometry [73]. Careful ex-
periments with added trace amounts of surfactants have
already given important clues about the chemical iden-
tity of impurities [12, 54, 69–72].

Trace amounts of impurities presumably play essential
roles also in other anomalies, such as the boundary dy-
namics of air-water interfaces [51–55], the inverse Jones-
Ray effect [44, 74, 75], and the anomalous nanobub-
ble stability [15–17]. In conclusion, the interface be-
tween electrolytes and hydrophobic surfaces is concep-
tually simple but in reality rather complex, since the ef-
fects of trace amounts of surfactants are amplified due to
strong adsorption at the hydrophobic interface.
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