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The surface tension of dilute salt water is a fundamental property that is crucial to understanding
the complexity of many aqueous phase processes. Small ions are known to be repelled from the air-
water surface leading to an increase in the surface tension in accordance with the Gibbs adsorption
isotherm. The Jones-Ray effect refers to the observation that at extremely low salt concentration,
the surface tension decreases. Determining the mechanism that is responsible for this Jones-Ray
effect is important for theoretically predicting the distribution of ions near surfaces. Here we use
both experimental surface tension measurements and numerical solution of the Poisson-Boltzmann
equation to demonstrate that very low concentrations of surfactant in water create a Jones-Ray effect.
We also demonstrate that the low concentrations of the surfactant necessary to create the Jones-Ray
effect are too small to be detectable by surface sensitive spectroscopic measurements. The effect of
surface curvature on this behavior is also examined, and the implications for unexplained bubble
phenomena are discussed. This work suggests that the purity standards for water may be inadequate
and that the interactions between ions with background impurities are important to incorporate into
our understanding of the driving forces that give rise to the speciation of ions at interfaces. Published
by AIP Publishing. https://doi.org/10.1063/1.5050421

l. INTRODUCTION

Understanding the distribution of ions at the air-water
interface has been a central problem of physical chemistry
for nearly a century'-? and the subject of renewed interest in
recent years.>™ It is known that small ions such as sodium
and fluoride are repelled from the air-water interface. This is
experimentally evident from the increase in surface tension
at moderate concentrations of added salt and from molecular
dynamics simulations.®” The theoretical explanation is ascer-
tained through Debye-Hiickel® theory (DHT). Applying DHT
to ions near the air-water surface leads to a screened image
charge repulsion that gives rise to the Wagner Onsager Sama-
ras (WOS) theory.!>° There is also an analogous dispersion
interaction with the interface,'? although we do not explicitly
include this here. The interactions can be further partitioned
at short distances from the air-water interface where there will
be attractive cavity and polarisation contributions. These will
be compensated by the dehydration energy.'!-1?

The aforementioned arguments appear to fail when
applied to very dilute salt solutions. The surface tensions
decrease until ~2 mM."3 According to the Gibbs adsorption
isotherm, this requires that there is an adsorption of solutes to
the interface. This effect was first described over 80 years ago,
but no theoretical description that is widely accepted has been
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provided. The inability to achieve a theoretical consensus for
this simple and fundamental experiment potentially exposes
flaws in our current understanding of the driving forces of ions
to the air-water interface. Langmuir called this effect “extraor-
dinary,” and both he and Onsager attempted to attribute it
to an experimental artifact.'*!> However, the effect was sub-
sequently reproduced with a different technique,'® and more
recently, surface sensitive spectroscopy'”!8 has confirmed that
the surface water is in fact altered by adding small amounts of
salt ruling out this explanation. References 19 and 17 provide
excellent overviews of the proposed explanations of this effect.
Most treatments of the Jones-Ray effect rely on assuming a
small number of binding sites for ions at the air-water surface.
More sophisticated arguments were recently made by Chen
et al.®® and Okur et al.,?! where it was argued that the Jones-
Ray effect is caused by a remarkable long-range ordering of
water involving nuclear quantum effects.

Because the Jones-Ray effect contradicts fundamental
theory, and there is some experimental variation in the mea-
surement of this effect, theorists have hypothesized that impu-
rities in water might play a role in the explanation. Experi-
mentalists have been justifiably skeptical of this as stringent
precautions are taken to prevent contamination.'”?! Here,
we demonstrate that trace surfactant impurities adsorbed to
the air-water surface will create a large negative electrostatic
potential at the air-water interface. This potential will attract
the added cations to the surface, lowering the surface ten-
sion. This effect disappears at higher concentration as the

Published by AIP Publishing.
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electrostatic potential is screened as a result of the cation
adsorption. The explanation relies on a simple and direct
application of the Gibbs adsorption isotherm combined with a
numerical solution to the Poisson-Boltzmann (PB) equation.
The model is verified by comparison with experimental surface
tension measurements on a system with a small concentra-
tion of surfactant deliberately added. We then demonstrate
that the original Jones-Ray measurements can be reproduced
using physically reasonable values for both free energies of
binding and surfactant impurity concentrations and that surfac-
tant impurities at these low concentrations cannot be observed
with surface sensitive spectroscopic measurements. This work
is independent of the very recent demonstration by Uematsu
et al.?? of the Jones-Ray effect using an analytical solution of
the Poisson-Boltzmann (PB) equation with simplified surface
interactions where the same conclusions regarding the origins
of the Jones-Ray effect are reached. In this work, we go fur-
ther by experimentally demonstrating that this behavior can
be enhanced by the deliberate addition of low concentrations
of surfactant molecules consistent with the theory. We also
examine the behavior of the Jones-Ray effect in the context
of spherical bubbles. A curvature dependent surface tension is
believed to play a role in explaining nano-bubble stability.??
This work provides an additional plausible mechanism for
a curvature dependent surface tension. The Jones-Ray effect
may therefore be playing an important role in nano-bubble
stability.

Il. THEORY

To model this system, we consider a salt solution com-
prising cations (A*) and anions (B™) in water. We then assume
that the water also contains some impurities (AC or CB) that
form At and C~ or C* and B~, where C is a surface active
contaminant molecule. A plausible candidate for AC would
be sodium dodecyl sulfate (SDS), which is a ubiquitous neg-
atively charged ionic surfactant often found and studied in
trace quantities in water.>*?> For simplicity, we assume that
the counter ion of the surfactant impurity is the same as that in
the added salt. This is not a significant assumption as the inter-
actions of small alkali ions with the surface are fairly similar,'?
and the surfactant counter ion is present at a very low concen-
tration. We assume a square well potential for the interaction
of the ionic surfactant (C) with the interface. The depth of this
square well is treated as a fitted parameter. We assume a width
of the binding minima of 5 A as a rough estimate of the size of
the surfactant at the interface. This model of ion adsorption is
essentially the same as the one used by dos Santos and LevinZ®
to model hydronium ion adsorption to the air-water interface.
For the monoatomic ions, we take the Wagner form!»? for the
image charge repulsion from the air-water interface

2

GWagner(Z’ p)= eXP_ZKZ, (1)

drey e, 4z

2¢2p

where « is the inverse of the Debye Length (k = ereokBT)’
€, is the relative dielectric function of water (78.3), and p is
the density. This expression only applies to monovalent ions;
although this is sufficiently accurate for our purposes, it would
be more accurate to use the more rigorous expression given by
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Levin et al.”’” We will not attempt a quantitative comparison

with multivalent ions. However, the Jones-Ray effect exhibits
similar qualitative behavior for multivalent ions. We combine
this with a hard sphere repulsion between the ion and the inter-
face at a short range. The size of this repulsion is taken as an
adjustable parameter, which can be determined from the sur-
face tension at higher salt concentrations. Simulation could be
used to compute the adsorption free energies of the ions and
surfactant molecules directly. This would remove the need to
rely on fitted parameters to determine the depth and width of
the adsorption free energy. Additionally the role of surfactant-
surfactant and ion-surfactant short range interactions could be
examined which have been neglected in this model. A con-
tinuum solvent model that includes the long-range dispersion
interaction between the ion and the surface could also be used.
This dispersion interaction is only weakly dependent of con-
centration and can therefore be approximately captured by the
adjusted hard sphere repulsion. The concentration of the impu-
rity species is also treated as a fitted parameter in order to fit the
original Jones-Ray experiments. To calculate the ionic surface
excesses, we use Mathematica® to numerically solve the PB
equation and so determine the electrostatic potential (¢(z)) at
various concentrations,

d2
e 52 = Y i @
where
pi() = pil)exp [-AGu@ +aid@)]. ()

Here, G,45(z) is the sum of the Wagner potential and the square
well potential. The boundary conditions are that the electro-
static potential goes to zero infinitely far into the water and
the electric field is zero at the vacuum water interface, which
is equivalent to the electro-neutrality condition. The surface
excess is then integrated from 0.1 mM in order to deter-
mine the surface tension change using the Gibbs adsorption
isotherm

Ty Ty
Ly = g+ Iy @
Na PA* PB-

where the surface excess is given by

r= /0 dz(p(z) — p(0)) + /O dzp(z). Q)

We do not solve the PB equation at lower concentrations as
0.1 mM is the lowest concentration probed experimentally, and
in the limit of the infinite dilution finite system, size effects
can become important as the Debye length approaches macro-
scopic length scales and the thermodynamic limit is no longer
valid.? We therefore adjust the surface tension at 0.1 mM to
be equal to the experimental value.

As the salt concentration increases, the adsorbing counter
ion screens the electrostatic potential at the surface. This allows
more surfactant ions to adsorb to the interface. Mathematically
this effect does not contribute to lowering the surface tension as
the term associated with the surfactant molecules in the Gibbs
adsorption isotherm is zero as it is multiplied by the change in
bulk concentration, which is zero. The effect of this adsorp-
tion on the surface tensions is captured implicitly through an
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increased adsorption of the added counter ion to neutralize the
surface charge.

A. Bubble systems

We can also apply this theory to the spherical bubbles
in water by solving the PB equation and Gibbs adsorption
isotherm in spherical coordinates. These expressions are given

by
1 d d
—ereor—za(ﬂ "’(”) = Zm(r). ©6)

dr

The Gibbs adsorption isotherm is the same with I replaced by

00 Rpub
r= RZL(/ drr*(p(r) — p(c0)) +/ drr2p(r)). @)
Bub ‘Y RBub 0

The Wagner image charge repulsion term is neglected in the
case of spherical bubble calculations as the equivalent form
of this interaction in spherical coordinates has not been cal-
culated before to the best of our knowledge, and it does not
appear to qualitatively change any behaviors in the case of the
flat surface. An analytical or numerical determination of this
interaction should be possible and would be helpful for more
quantitatively understanding this problem.

lll. EXPERIMENTAL DETAILS

The details of the sum frequency generation (SFG) mea-
surements have been provided in previous studies.>*3? But
in short, a 1064 nm laser input was generated by a Nd:YAG
crystal. This laser combined with a harmonic unit generates a
visible (VIS) green laser at 532 nm and a ultraviolet (UV) laser
at 355 nm. An optical parametric generator then produces the
tuneable infrared (IR) laser. The IR and VIS beams overlap
at the air-liquid interface where the sum frequency genera-
tion (SFG) signal is produced. A set of spatial filters and a
monochromator were used to ensure the purity of the SFG
signal, and then the signal intensity was measured by the pho-
tomultiplier tubes. For this experiment, the incident angles of
the IR beam and VIS beam are 55° and 60°, respectively. The
whole system was optimised in the range from 2800 cm™!
to 3000 cm~! by calibrating with pure ethanol. Before each
measurement, 10 min was allowed for the sample to reach
adsorption equilibrium. The humidity (50%) and temperature
(21 °C) were carefully controlled, and the daily fluctuation for
both is lower than 5%.

The equilibrium surface tension of all mixtures was mea-
sured using the Wilhelmy plate method. The glass liquid
holder and the platinum plate were cleaned thoroughly using
a hydroxide solution (12.5KOH:16H,0:80C,HsOH) and then
flushed with DI water from the Milli-Q water purification sys-
tem with a resistivity at 18.2 MQ cm. The platinum plate was
burned using a hand torch to remove organic contamination.
The cleanness of the system was double checked by comparing
the SFG spectra of purified water from the holder with the stan-
dard spectra of DI water. Since the surfactant/salt mixture has a
long equilibrium time, multiple measurements were taken for
each sample until the surface tension measured became con-
stant. The temperature of each sample was measured, and the
final surface tension was normalised to the surface tension of
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water at 25 °C. Dodecylammonium chloride (DAC) was used
as the surfactant added to solution.

IV. RESULTS AND DISCUSSION
A. Controlled surfactant addition

Figure 1 gives the surface tension of a solution of 3 M
DAC as NaClis added, and an enhanced Jones-Ray-like behav-
ior is observable with an initial drop in surface tension followed
by an increase at higher salt concentrations, differing dramat-
ically from the linear increase in surface tension observed
in distilled NaCl. The red points are data from the original
Jones-Ray experiments®® using distilled water. The minima
originally observed by Jones and Ray are too small to be
resolved at this scale. The surface tensions at higher concen-
trations measured by Jones and Ray are consistent with more
recent surface tension measurements on NaCl.>* The position
and depth of the minima depend on the concentration of the
surfactant. It can therefore be made deeper and moved to a
higher concentration by deliberately adding a surfactant. The
theory outlined above is used to calculate the surface tension
with this concentration of the surfactant. The good agree-
ment demonstrates that the theory is accurately capturing a
real physical mechanism. To the best of our knowledge, this
is the first experimental demonstration of a controllable non-
monotonic surface tension change upon the addition of NaCl
to solution. This result demonstrates that the Jones-Ray effect
can be predictably controlled to enhance the magnitude of this
effect.

The parameters used for the NaCl interaction with the sur-
face are the same as in Table I. The DAC adsorption free energy
is fitted to be —13.6 kgT. In order to verify this adsorption
energy, the same Poisson-Boltzmann model described above
can be applied to predict the surface tension of DAC with no
background salt. A surface tension of 69 mJ m~2 for water
with 1 mM of DAC can be calculated. This is at the upper
end of experimental measurements of this quantity in the lit-
erature which lie in the range 45-70 mJ m~2.% It is also at
the high end of the range of our own measurements that indi-
cate a value in the range 58—68 mJ m~2. As impurities tend to
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FIG. 1. Comparison of experimental and predicted surface tension measure-
ments for distilled water and 3 uM DAC solution as NaCl is added. The
non-monotonic surface tension behavior that characterises the Jones-Ray
effect is observed when the surfactant is added but enhanced and observable
at much higher concentrations.
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TABLE 1. Values for parameters used in the Poisson-Boltzmann equation.
They are adjusted to reproduce the experimental surface tension measurements
of Jones and Ray.!33337 R, is the hard sphere repulsion size for the cation.
R_ is the hard sphere repulsion size for the anion. p- is the concentration of
contaminant surfactant molecules. The surfactant adsorption is a fixed square
well potential of depth —13 kT and width 5 A.

Salt Ri (A) R_(A) pc- (M)
LiF 5.66 6.28 0.075
NaCl 3.19 4.04 0.05
Csl 3.19 4.04 0.1
KCIO 3.19 4.04 0.08
KClI 3.19 4.04 0.1
CsNO;3 3.19 4.04 0.1
KSCN 3.19 0 0.1

lower the surface tension of solution, it is reasonable to expect
the values at the higher end of the range to be more accurate.
The large variation of these measurements in the literature
highlights how trace contaminants can have large effects on
the surface tension when charged surfactants are involved and
is consistent with the large error bars in the surface tension
measurements given in Fig. 1. Additionally, the adsorption of
the surfactant at higher bulk concentrations may be enhanced
by surfactant-surfactant interactions which will not occur at
lower concentrations.>

B. Jones-Ray measurements

Table I shows the values for the fitted parameters adjusted
to reproduce the original experimental data of Jones and
Ray.'33337 The strength of the adsorption free energy of
the contaminant molecule is taken to be —13 kg7. This is a
reasonable value for an ionic surfactant.’

Figure 2 compares the fitted surface tension changes for
some ions with the experimentally measured values of Jones
and Ray. The potassium thiocyanate salt has a minima at
slightly higher concentration than the other potassium salts.
Our model reproduces this effect when the hard sphere repul-
sion size of the thiocyanate ion is zero. This is consistent with

L | L |
0.004 0.006 0.008 0.01
Salt concentration (M)

-0.02 '

|
0 0.002

FIG. 2. Experimental measurements of the Jones-Ray effect!>3337 compared
with the solutions to the Poisson-Boltzmann equation using the parameter
values given in Table I. The different salts are offset by a constant for clarity.
The theoretical curves agree well with the experimental data using physically
reasonable choices for the parameters.
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FIG. 3. Comparison of three different measurements'>1640 of the surface

tension of dilute potassium chloride solution. In principle, all these mea-
surements should agree. All three can be reproduced by assuming different
concentrations of background surfactant impurities, indicating that these are
playing an important role in this effect.

the observation that thiocyanate is present at the air-water inter-
face in contrast to the smaller anions.>® Qualitatively, what is
occurring is that the presence of the thiocyanate ion at the sur-
face impairs the ability of the added salt to reduce the size of
the surface potential. The experimental agreement at higher
concentrations is poor for thiocyanate as the experimental sur-
face tensions behave non-linearly in contrast to the other salts.
This can be attributed to the formation of thiocyanate ion pairs
with the added cations that adsorb to the interface. We have
not attempted to model this effect explicitly here.

A second observation supporting this hypothesis is that
there is substantial experimental variation in this effect.
Figure 3 gives the surface tension of potassium chloride, as
measured by three different groups.!>!64 There are qualita-
tive differences between the three measurements which can be
adequately reproduced with this model by simply assuming a
different concentration of impurities (Table II). Surprisingly,
the same surface binding free energies can be used for all three
cases, suggesting that the same impurity could be responsi-
ble for this effect in all of these experiments. The adsorption
free energy of surfactants such as the stearate anion is in this
range. Sodium stearate is a ubiquitous compound found in
soap and is therefore a plausible candidate for this impurity.
This mechanism will also require a non-negligible equilibra-
tion time. This is consistent with the results of Ref. 41 that
finds a Jones-Ray effect appearing only at longer bubble life-
time. Although this behavior is not always observed.** The
presence of trace surfactant impurities in supposedly purified
water has been observed before in the context of bubble slip
length measurements.***> These show that trace surfactant
impurities are present in sufficient quantities to alter the slip
behavior of bubbles.

TABLE II. Parameter values fit to reproduce the three separate experimental
measurements of KCl surface tensions.

Reference R. (A) R_ (A) po- (M)
Long and Nutting** 3.19 4.04 0
Jones and Ray!? 3.19 4.04 0.1
Dole and Swartout !0 3.19 4.04 0.15
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FIG. 4. SFG measurements of the air-water surface in the C—H stretch region with small concentrations of DAC surfactant molecules with (a) no background
salt and (b) background salt. These demonstrate that the concentration of the surfactant necessary to explain the Jone-Ray effect is too low to be detected with

surface sensitive spectroscopy.

C. Surface sensitive spectroscopy

One objection to the notion that surface contamination
could be the explanation for the Jones-Ray effect is that these
contaminants should be observable using surface sensitive
spectroscopic measurements. To test this, we have performed
SFG measurements on systems deliberately contaminated with
low concentrations of DAC. The resulting spectra, shown in
Fig. 4, demonstrate negligible differences compared with puri-
fied water samples in the C—H stretch region at concentrations
around 0.1 pM, even with the addition of background salt.
This demonstrates that surface sensitive spectroscopy is not
sensitive enough to resolve the presence of the surfactant at
such low concentrations. When salt is added to the 10 uM
DAC solution, the C—H stretch peak becomes observable. This
is because the salt screens the electrostatic surface poten-
tial created by the adsorbed surfactants, thereby reducing the
repulsion and increasing the concentration of the adsorbed sur-
factant. The linear increase in the signal observed in Fig. 4(a)
is due to the effect of the electrostatic surface potential on
the background water signal, which can be seen at higher fre-
quencies in the supplementary material. See earlier work for an
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extensive analysis of this effect and the SFG signal associated
with surfactant-salt mixtures more generally.3-3?

D. Mechanism

The mechanism of this effect is clear from Fig. 5 which
plots the electrostatic surface potential for the case of 0M,
0.002M, and 0.2M of NaCl with and without 0.1 uM of
the surfactant with the adsorption properties described above.
Figure 5 demonstrates that the surfactant impurities create
a very long range large negative electrostatic potential. This
potential extends far into bulk due to the large Debye length at
low concentrations. It is extraordinarily difficult to remove this
effect experimentally. Reducing the surfactant concentration
results in a longer Debye length, which compensates for the
decreased surfactant concentration. For the case of no added
salt, the potential is close to —0.075 V which is similar to
the commonly observed negative zeta potential of bubbles in
water.*® Surfactant impurity adsorption has already been iden-
tified as a plausible mechanism behind this effect.*®*” This
potential is much larger than the potential created by the salt
ions adsorbing on their own to the interface and is the driving

0.005 : ‘ ‘
=
s °C
5 I =0 uM =02M ]
% — Pgurt. = Y UM Ppge = Y-
% .0.005|- Paurs, = O UM, Py, = 0.002 M |
g — Py, =01 UM, P =0.2 M
S [ == Py =0.1uM, o, =0.002M ]
8 o0t -7 7
[T L

) ‘ ‘ ‘ ‘ |

0.015; — L )

FIG. 5. Surface potentials calculated with the Poisson-Boltzmann equation as a function of salt and surfactant concentration. A large surface potential is created
in water containing only trace surfactant impurities. This is rapidly screened as salt is added to the solution.
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force that attracts the added cations to the air-water interface
at very low concentrations. At higher salt concentration, this
potential is screened and significantly reduced in size consis-
tent with the fact that the Jones-Ray effect is only observed at
very low concentrations. Interestingly this difference in poten-
tial between pure salt and salt with trace surfactants persists
even at 0.2M.

E. Alternative explanations

The observation that adding salt to a solution of the ionic
surfactant further lowers the surface tension has been estab-
lished.*®*° An earlier explanation of Jones-Ray-like behavior
was proposed by Nichols and Pratt,® who predicted a lower-
ing of the surface tension if salt is added to a system with two
phases where the salt is soluble in both. Although this study
employs a similar physical mechanism, in the case of the air-
water interface, it is the difference in the solvation free energy
of the ions and surfactant in the interfacial layer that gives rise
to the surface potential rather than the solubility of salt in two
separate phases.

The extent to which ion-pairing might play a role in the
Jones-Ray effect, as suggested by Otten et al.,’' can also be
considered. In particular, it is possible that the added ions are
forming ion-pairs with ionic impurities and then subsequently
adsorbing to the air-water interface as a neutral hydropho-
bic species. This mechanism can reproduce the experimental
measurements well, but it requires binding free energies of ion-
pairing on the order of —10 kg T and even larger for multivalent
ions which are significantly beyond the accepted values for
ion-pair formation with common surfactant head groups.’%>?
These binding free energies would also have to show almost
no ion-specificity.

Pioneering surface sensitive spectroscopic measurements
of the Jones-Ray effect have been interpreted in terms of
anionic adsorption.'®#? However, these experiments require
an assignment of the details of water’s response to differen-
tiate between ions and surfactant impurities. Given that the
surfactant adsorption will increase as the surface electrostatic
potential decreases with added salt, it seems reasonable to
assume that the measured signals may be attributable to the sur-
factant impurities themselves adsorbing to the interface rather
than the salt anions. Additional complexities are encountered
with reactive salts where observations suggest the absence of
a Jones-Ray effect.”’

Okur et al.’! also observed a Jones-Ray effect for NaCl
in water. However, their experiment behaves differently to
the older experiments discussed above. The minimum pre-
sented in Ref. 21 is an order of magnitude larger, and a sharp
increase is observed in the surface tension at higher concen-
trations. For this reason, it is not possible to accurately fit
these data using the model outlined here, suggesting that a
different mechanism may be at play. The authors attribute
this difference to a lower ionic strength of the “ultrapure”
water used in the modern experiments.”! These researchers
also observed a large shift in the position of this minimum of
the surface tension increment in heavy water.”>! Okur ez al.”!
proposed a long range ordering effect of dilute ions in water
that gives rise to this Jones-Ray-like behavior. This mecha-
nism is the subject of ongoing discussion in the literature >+’
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CO; dissolving in the surface layer may also be playing a
role as the water equilibrates with air during the course of the
experiment. We do not attempt to account for all variations
of the observed experimental results of the Jones-Ray effect.
Rather, we stipulate that our model contains a clear corre-
lation between surfactant impurities and decreasing surface
tension increments at low concentrations of added salt that
captures the salient phenomena associated with the Jones-Ray
effect.

F. Bubbles

The effect of surface curvature on the Jones-Ray effect
can also be examined by solving the relevant PB equations
in spherical coordinates. The results are shown in Fig. 6. The
first clear result is that the surface potential is reduced as the
bubble size decreases. This provides additional evidence that
the negative zeta potential is caused by the adsorption of neg-
atively charged surfactant impurities as there is experimental
evidence that the zeta potential of bubbles becomes smaller in
magnitude as the bubble size decreases.”®

A direct implication of this reduced surface potential is
that the Jones-Ray effect will be diminished for small bub-
bles. This is demonstrated in Fig. 7. Moreover, the reduction
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FIG. 6. The electrostatic potential created by a solution of the surfactant with
a concentration of 1077M as the size of the bubble decreases. For very large
bubbles, the surface potential agrees with the calculation using the Poisson-
Boltzmann equation in Cartesian coordinates. For a very small bubble, the
surface potential vanishes.
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FIG. 7. The Jones-Ray effect for sodium chloride salt as the size of the bubble
decreases with a surfactant concentration of 10~7M. This demonstrates that
the Jones-Ray effect does not occur for small bubbles due to the reduced size
of the surface potential.
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as the bubble size decreases, showing that surfactants have an enhanced effect
on the surface tension of nanobubbles.

in the surface potential at curved interfaces means that addi-
tional surfactant ions will be able to adsorb and the surface
tension effects of surfactant molecules will be enhanced. This
is shown in Fig. 8 where the surface tension of surfactant sys-
tems with no added salt is shown as a function of bubble sizes.
Figure 8 depicts a sharp decrease in surface tension as the bub-
bles decrease in size. A curvature dependent surface tension
is believed to play a role in explaining nano-bubble stabil-
ity.>> This work provides an additional plausible mechanism
for a curvature dependent surface tension, and so the Jones-
Ray effect may therefore be playing a role in nano-bubble
stability.

An additional puzzling observation regarding the behav-
ior of bubbles is that bubble-bubble coalescence is inhibited
by the addition of certain salts to water.>* Bubbles in elec-
trolyte solution approaching at low velocities are known to
coalesce.®! The mechanism of coalesce inhibition must there-
fore be dynamic in nature and related to thin film drainage pro-
cesses.? Intuitively, if the collision time of the bubbles is less
than the time required to drain the thin film of liquid between
them, then the bubbles will bounce instead of coalescing. The
bubbles in these experiments are generally too large for surface
curvature effects on the surface potential to be important. How-
ever, the surface potential created by trace surfactant impuri-
ties can in principle provide a long-range repulsion between
approaching bubbles. This long-range repulsion may explain
the apparent stability of thin films of purified water that disap-
pears with added salt.> We can also conjecture a potential
role of this repulsion in facilitating bubble-bubble coales-
cence. Bubble-bubble coalescence inhibition occurs because
the drainage time of the thin film between the two colliding
bubbles is larger than their contact time leading to a hydro-
dynamic repulsion. This long-range repulsion may reduce the
relative velocities of the two approaching bubbles so that the
collision time is increased, allowing enough time for thin film
drainage and thus coalescence to occur. The addition of salt to
water will screen this long range repulsion which will reduce
the collision time because the bubbles will approach each other
faster. As a result, there will not be sufficient time for thin film
drainage to occur and hydrodynamic repulsion will result in
coalescence inhibition. This inhibition may not occur for salts
where one ion is surface active and the other is not as these
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salts create an electrostatic surface potential and hence repul-
sion will occur due to the formation of a double layer in the
vicinity of the interface even with the addition of salt. This
is consistent with the observation that salts with one surface
active ion do not inhibit coalescence.**

V. CONCLUSION

The analysis put forth in this study provides the theoret-
ical foundation that can incorporate the effects of surfactant
impurities into models of the air-water interface and thus pro-
vides a new possible mechanism for explaining long-standing
puzzles regarding the properties of the air-water interface at
both large and small curvatures. Experimental confirmation of
the theory is provided by the deliberate addition of the sur-
factant to water demonstrating that Jones-Ray type behavior
can be enhanced. The low concentrations of surfactant impu-
rity sufficient to cause the Jones-Ray effect are shown to be
too small to be detectable with surface sensitive spectroscopic
techniques. This establishes surfactant impurities as the most
plausible explanation of the Jones-Ray effect.

SUPPLEMENTARY MATERIAL

See supplementary material for additional SFG spectra
for various concentrations and at higher frequencies.
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