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ABSTRACT

This review article reports the effect of the counter-ions on the ionic surfactant adsorption layer and its relation to
the stability of foams and emulsions. The adsorption theory of Davies about the ionic surfactant monolayer was revisit-
ed and it is shown how to account for the type of the counter-ions. The experimental validation of this theory on thin
liquid films was shown as well, thus explaining the effect of Hofmeister. However, their effect on foams and emulsions
is more complex. Furthermore, it is shown how the counter-ions affect in complex way the stability of foams and emul-
sions via the surfactant adsorption layer in the light of the newest theory. To elucidate the nature of this effect, further

investigation is called for.
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1. Introduction

Hofmeister was the first to report how the solubility of the pro-
teins depends on the added salt™™. Hence, he established that some
salts are stronger precipitators than other ones. He found out that both
cations and anions act together but the effect of the anions is stronger.
Thus, the anions and cations were ordered according to their precipita-
tion ability:

Cations: Li*<Na"<NH,"<K*<Cs"

Anions: OH <F <CH;COO <Cl <Br <NO; <I| <CIlO,

The ion sequence in the above series is independent of the pro-
tein, but their precipitation strength depends on the sign of the protein’s
net charge as well. Since that time, it was established that the salts pre-
cipitate in the same manner surfactants, colloidal particles and other
more complex systems®. Evidently, the difference between the ionic
parameters (size, polarizability, and ionization potential)® make them
act differently on proteins, surfactants, colloidal particles, etc. A more
detailed analysis on the effect of Hofmeister reveals that the ions ad-
sorb on the surfaces of the colloids on different levels, thus affecting
differently the interaction between the colloids (protein molecules,
solid particles, surfactants, bubbles, oil droplet, etc.). For example,
Ninham et al.'*? accounted for the van der Waals in teraction be-
tween inorganic ions and the bubble, thus determing concentration pro-
files of the different ions, but further met difficulties™*®. Tavares et
al.’® studied theoretically the Hofmeister effect on the interaction of
charged proteins and established that van der Waals interaction causes
strong attraction between the molecules. Warszynski et al.*"*°! and
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Aratono et al.”®?% clearly showed experimentally
the specific effect of the counter-ions on the state of
the adsorption layer of ionic surfactants, but Da-
vies®®?¥ and Borwankar and Wasan®®! showed the
way for their theoretical interpretation. Later on
Ivanov et al.®*?! combined the approaches of
Ninham[®*2 and Davies!”**! to produce a relatively
simple theory on the specific adsorption of coun-
ter-ions within adsorption layer of ionic surfactant.
This theory accounts for KCI major factors control-
ling the ion specific adsorption: the ion polarizabil-
ity and ionization potential, the radius of the hy-
drated ion and the possible deformation of the hy-
dration shell upon ion adsorption at the interface.
Ref.[®! successfully applied this theory to model
disjoining pressure of thin liquid films, and emul-
sion stability between the film surface. We will
present here after the basis of this theory along with
its attempt to predict the foam and emulsion stabil-

ity.

2. lon-specific effects on the ad-
sorption layers of ionic surfactants
from dilute solutions

2.1. Adsorption in the absence of ion specific
effects

It is well-known that adsorption I'os of nonionic
surfactant with concentration Cs in scarce adsorp-
tion layer is described by Henry adsorption iso-
therm:

FOs: Kscs (1)
Accordingly, the Henry equation of state is as

following:

o =0p— RTT 2

Where, ¢ and gy are the surface tensions of the
surfactant solution and the solvent, R and T are the
gas constant and temperature.

If we assume that the adsorption layer be-
comes ionized equation (1) gets the form:

T = KsCoexp(— =) ©)
Where, F and ., are the Farady constant
and the surface potential of the adsorption layer
with excluded counter-ions.
Next, we regard the Poisson-Boltzmann equa-
tion in rectangular reference of state along the axis

Z:

d? ¥y —z;F
o—dzz0 = — iz FCyexp (—2;) (4)

Where, z; is valency of the ion of species i, and
¢ and g are dielectric permitivities of the aqueous
medium and the free space, while Cy; is the electro-
lyte concentration of type i.

In this equation, the variables ¥and d ¥/dz = —
E (electric field) can be separated, by using the
identity 2d* ¥/dz* = d(E?)/d ¥. This leads to:

d(E?) = —%ZiniCoiexp () w )

A first integral of the Poisson-Boltzmann equa-
tion is obtained by integrating equation (5) in limits
Z = © to z, using as a first boundary condition E = 0
and ¥=0atz=oo:

E@) = 2% Coi [exp () — 1] (6)

The second boundary condition (at z = 0) is the
electro neutrality condition:
eeoEls=0= FIos )

We will denote the surface potential ¥(0) by
Ve Setting z = 0, Wand ¥ into equation (6), and
eliminating E(z = 0) from the electroneutrality con-
dition (7), the Gouy equation is obtained:

&&

k2 —ziF ¥y
B =% Cor |exp (2 - 1) (8)
Here,
2 — 2F?
kO T egoRT (9)

Equation (9) is the concentration independent
part of Debye parameter: k*= k3C,. In the case of
1:1 electrolyte, Gouy’s equation (7) simplifies to:
%FOS = \/Ftsinh (%) (20)

Here, C; is the total electrolyte concentration
(in units [m*]) and
Dps = 22 (11)
is the dimensionless positively defined surface po-
tential. At high surface potentials (@ >> 1), a good
approximation of Gouy equation (10) is:

Tos = = [Crexp (22) (12)

The ion distribution in the electrical double
layer depends on the local potential @&(z). Hence,
the ion adsorption 77°" of any ion i in the diffuse
layer can be calculated by using Gibbs definition of
adsorption as an excess:

Pt = ¢y fooo[exp(—zi N(z)) — 1]dz (13)

Where, the superscript “DL” indicates coun-
ter-ions, co-ions and surfactant ions in the diffuse
layer only. Generally, the total surfactant adsorption
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is a sum of I;’X and the surface concentration 77
(adsorption in the adsorption layer). The surfactant
ions in the diffuse layer are repelled by the interface
since they have the same charge and the surface
potential @, is enough high. Hence, the surfactant
concentration in the diffuse layer tends to zero and
can be neglected. The same refers to the co-ions.
Therefore, only the adsorption of the counter-ions
in the diffuse layer is important. In order to calcu-
late the integrals defined by equation (13), it is
convenient to change the integration variable to
@, by using the relation dz = d@/(d@/dz), and ne-
glecting the co-ions in DL, equation (13) can be
reduced to:

DL — 0 [exp(P(2))-1]
[P = Cy fp P T  d o (14)

By using Poisson-Boltzmann equation (4) to
obtain expression for d @/dz:

2D = —koy/Celexp((2)) — exp(— ()] (15)
One can obtain explicit expression for the ad-
sorptions I;P*:

I—vDL —

gelew () -1 =5 5o () 09)
To calculate the surface tension, the Gibbs

isotherm is used. If only one counterion of concen-

tration Cy; is present in the system, and the bulk so-

lution is assumed ideal, one has:

do = —RTIdInCs— RTIPEdINCy; (17)
For high surface potential, one has I;°*= I

Then, the Gibbs isotherm (17) simplifies to:

do = —2RTrdInC (18)
Where, C is the mean ionic activity of the sur-

factant®**, defined by:

c =c}/*cl” (19)
If the solution is not ideal, the mean ionic ac-

tivity C in equation (19) will include activity coef-

ficient:

C =vyc,*c}? (20)
Meanwhile, the combination of equations (3)

(Henry adsorption isotherm for ionic surfactants)

and (12) (Gouy equation) produce the following

important relation®2!;

3= IS 4 ln—z = 6ln <o @1)
Equation (21) shows that the surface potential

@; increases with C, and K (due to the increased
adsorption) and decreases with the total electrolyte

KoKo c?

+In

concentration C; (due to the additional screening
effect of the electrolyte on the surface charge). In-
serting back, the surface potential (21) into the iso-
therm (3), one obtains a generalization of Henry
isotherm for adsorption of ionic surfactants:
Tos = KoC?? (22)
Where, C is given by equation (19), and K, is
adsorption constant of the ionic surfactant. It is re-
lated to Henry constant Ki:
Ko = (4Ky/Kc3)"? (23)
The fact is that, according to equation (22), 7
depends only on the mean ionic activity. C is an
explicit formulation of what is known as salting out
effect on ionic surfactant adsorption®. Equation
(22) has been first derived and confirmed by ex-
perimental data for C,H..1SO4Na at air/water in-
terface by Davies®. We will refer to it as Davies
isotherm. By using the procedure of Borwankar and
Wasan'?®!, and Ivanov et al. derived equation (22)
and obtained the explicit expression (23) for K.
According to equation (23), Ko should not depend
on the electrolyte concentration, at least for moder-
ate concentrations. Substituting equation (22) in the
Gibbs isotherm (18) and integrating, one obtains
Davies equation of state®?:
o = go— 3RTK,C*? (24)
Equation (24) does not account for the specific
effect of the counter-ions. Hence, according to this
equation, if the counter-ion of one ionic surfactant
is replaced by another counter-ion, its surface activ-
ity will not change. The latter controversies to the
experimental datal®®. For this reason, the real equi-
librium adsorption constant K, in which the specific
adsorption of counter-ions is accounted for,
has been modelled® by the following relation:

K = Koexp(— - 2o) (25)

Where, kgis the Boltzmann constant, and uy is
the specific adsorption energy of the surfactant’s
counter-ion.

2.2. Adsorption in the presence of
ion-specific effects

To account for the specific adsorption of the
counter-ions into the surfactant adsorption layer,
one should account for the correction, which they
cause to the electric potential in the Poisson-
Boltzmann equation:
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d2o

sooyg = = SizFCoeap [-7:2) - (F52)] (26)
Where, ui(z) is the specific interaction between
the ion and the interface®?® given by the relation:
3
WD) = Gz vio (27)
Here, R; is the ionic radius and uj, is the van
der Waals energy of an ion in the plane z = 0 situ-
ated at distance R; from the interface as shown in
Figure 1. This equation can be integrated by anal-
ogy with the derivation of Gouy equation (10), by
using 2d°@/dz* = d(E%)/d @ and Gauss condition (7):

F2TE = —2¢e¢, lelFColexp( o T)

Pos ui(z)—ujo
Jy? expl—z; &(2)lexp | - :«T]d@ (28)
air R
water
0
r
J4 -
+RJ‘J Qﬂ )
= ar
dz

Figure 1. lllustration of the integration procedure applied to
derive the energy of interaction of surface ion with the
whole bulk of water?®],

At high surface potentials, only the counteri-
ons need to be taken into account in the sum in the
right-hand side of this equation. This approximation
is of crucial importance for this theory to simplify
all following calculations. It can be used also in the
case of ionized proteins and polymers as well, but
not for the adsorption of simple electrolytes. In such
a case, both cations and anions have comparable
participation in the diffuse layer, whose local poten-
tial depends, in fact, on the small difference of their
local concentrations. With this approximation, the
integrals in the right hand side of equation (28)
can be reduced to a generalized Gouy equation, ac-
counting for the ion specific effect:

I = 5 X Coiexp (— %) exp(ys) (29)
Where, ko is the Debye parameter which is
given by equation (9), and @xis surface potential of

adsorption layer situated on the phase boundary, not
containing counter-ions. If only one counter-ion is

present in the system equation (29) simplifies to:

1% = 1 Ceexp (= 22) exp(os) (30)
Substltutlng here, the expression for @&, equa-

tion (23), one obtains expression of Davies adsorp-

tion isotherm (22), I'vx = KoC??, accounting for ion
specific interactions:

Ios= Koexp( - 7122-)C* = KC*° (31)

Here, C is the mean activity. Therefore, one
can obtain the following expression for the equilib-
rium adsorption constant accounting for the ion-

specific effects:
1/3

K= KOeXp( le::T) =(i<_§s) / exp (_ ZIIZ:T) (32)

This procedure allows also the determination
of the first iteration for the real surface potential @..
To do so, the equation of state (3) is used, with I
given by equation (31). After solving the result with
respect to @;, one obtains:
@s=§1n$—§1n§+% (33)

Considering the above equations, one can ob-
tain the foIIowing relations:

Uio (34)

I5= FOSeXp( 2kg T) D= Dost 2kpT

Where, I and I are surfactant adsorption
containing and not containing counter-ions, and @,
and @y dimensionless surface potentials containing
and not containing correction from the adsorption
of counter-ions. Hence, equation (24) gets the form:
o = go— 3RTKC*? (35)

Equation (35) is valid for liquid expanded state
of the adsorption layer, which is medium term level
of occupation of the latter. Moreover, the constant
oo 1S not anymore the surface tension of the solvent
(water), but cohesion constant.

The next step is modelling the specific adsorp-
tion energy uj, of the counter-ions onto the air/water
interface.

2.3 Theory on adsorption of ions on the
air/water interface

The adsorption of inorganic ion on the
air/water interface may seem inappropriate at first
glance due to the image repulsion®!, but one should
account for the displaced surface water mole-
cules by the adsorbed inorganic ion. The latter can
make this adsorption energetically favorable. For
this reason, the effect of Ray-Jones™! appears at
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small salt concentrations (up to 0.1 M).

(1) air
water surface
ion
EXCHANGE
pr——

= @

3
®

Figure 2. Energetical states prior and after the adsorption of ion
on air/water interface.

We assume that one ion displaces N, water
molecules from the air/water interface, and the lat-
ter dive into the bulk. Shown in Figure 2 are the
energetical states 1 and 2 of the adsorption of inor-
ganic ion on the air/water interface. Energetical
state 1 consists of inorganic ion in the bulk and N,,
water molecules at the air/water interface. Both of
them interact with the whole bulk of water mole-
cules. Energetical state 2 consists of inorganic ion at
the air/water interface and the displaced N,, water
molecules being already into the bulk. Again both
of them interact with the whole bulk of water mol-
ecules. The energy of the very process is the differ-
ence between the energies of the two states:

Up = (uisw + u\l/’vw) - (ulbw + u\fvw) = Au; —
Au,, (36)

Where, u;,, is the energy of interaction of the
surface ion with the whole bulk of water, u,, is
the energy of interaction of N,, water molecules lo-
cated in the bulk with the whole bulk of water mol-
ecules, u?, is the energy of interaction of one in-
organic ion located in the bulk with the whole bulk
of water, us,, is the energy of interaction of N
water molecules located on the air/water interface
with the whole bulk of water, Au; is the differ-
ence between energetical states of ion on the sur-
face referred to the bulk, and finally Au; is the dif-
ference of the energetical states of N,, water mole-
cules on the surface referred to the bulk. To calcu-
late the specific energy of adsorption u, of one ion
on the air/water interface, one needs to calculate
each of the above mentioned quantities®®?®!, More-
over, a special accent®*" is put on the compressi-
bility of the hydration shells — there are certain ions,

called kosmotrops®=" (or structure making, e.g.
Li*, Na*, F), whose hydration shell does not deform
upon their adsorption on the air/water interface,
while the hydration shells of all the other ions
called chaotrops®®®*™ (or structure breaking, e.g. K,
CI', Br, NOg, etc.), redistribute in such a way dur-
ing their adsorption on the air/water interface that
the upper part (toward air) of the ion becomes bare,
while the lower part (toward the bulk) becomes
over-occupied with hydrated water molecules (see
Figure 3). The calculation of the energy uj was
performed, using the London expression for the
intermolecular potential u; between molecules of
type i and j at a distance r;***:
Uj = —Lij/1 (37)
Where, the London constant L;; is related to the
static polarizabilities o and o, and the ionization
potentials I; and I; of the interacting species:

3apiapj Iilj
Lij — pi’7p,j J (38)
2 Ii+Ij

Figure 3. Redistribution of the hydration shell during the ad-
sorption of ion on the air/water interface. Reprinted with per-
mission from ref.[?!. Copyright 2007 Elsevier.

We will calculate first the energy of interaction
u; of the chaotropic type of ions situated on the
air/water interface with the whole bulk of water.
Toward this aim, the London potential (36) is inte-
grated over the volume of the water phase exclud-
ing the hydration shell, with r; being the dis-
tance between the volume element dr and the ion
positioned at r = 0, z = 0 (that is, the integration is
over z > —R, and r®+ 7 < R2). The integration is
performed in cylindrical coordinates (see Figure 1):
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_ f f LLWpWZm”drdz
J (r2+z2)3
© Liywpw2rrdrdz 27 Liw pw 3 Rb
~Jels Mo = 3 (1435 (9

Here, p,, is the particle density of water. Simi-
larly, the energy u? of interaction of ion located in
the bulk with the whole bulk of water (integration
in spherical coordinates):

LlW

4m Liwpw
= Jr e X pyATrt,dry, = ——-Y (40)

3 Rp

The respectlve energies of the ensemble of
water molecules (assumed a sphere of radius Ry, or
a part of it) are:

2 L 3R
ujy =~ (1453
h h
B _ 4T LywPw
Uy = _? R3 (41)
h

Substituting equations (39)-(41) into the ex-
pression (34) for uj, one obtains an explicit relation
of the adsorption energy of the chaotropic ions
(called here ions of type I):

3 Rp\ 27 py
o = (1= 2722) 5% (Law = L) (42)

To calculate ujo for the kosmotrops (called here
ions of type Il), one must set R, = R, in equation,
which simplifies the expression to:

_TThw
Ujp = ER_?l (Liw - wa) (43)
N, water molecules
replaced by the ion

R,
R,

ion Ln‘d\(ifﬂ.’.’UH

n, water molecules %

in the hydration shell

Figure 4. Scheme of the process of adsorption of a type | ion.
Left: ion in the bulk. Right: ion at the surface. The n,, hydrating
water molecules might be pushed away by the interface, so that
the shortest distance of approach of the ion to the interface is
the bare ion radius R,. Upon adsorption, the ion replaces an
ensemble of N,, water molecules. For type Il ions, the shortest
distance of approach of the ion to the interface is the hydrated
ion radius Ry,

For monovalent ions, Marcus®® found that the
hydration number n,, of the ions can be represent-
ed by the empirical relation:

w = AJR; (44)

Where, A, = 3.6 A for all ions. He further as-

sumed that the hydrating n,, water molecules, con-
sidered as spheres with radius R, = 1.38 A and
volume v, = 11 A3, are squeezed around the ion,
forming a layer of thickness R, — R, and volume:
= (R} — R}) (45)

The last relation can be used to calculate Ry,
The values of n,, and R, calculated in this way?38*]
are shown in Table 1. Robinson and Stokes®®” used
similar approach, but with water molecular volume
vy, = 30 A3, which follows from the density of water.
They also used different values of the hydration
number n,, which were calculated from the ion dif-
fusivity.

The London constants L;, for the interaction
ion-water molecule, and L, for the interaction of
N, water molecules with a single water molecule

are calculated directly from equation:
L. = 3%i%. lilw
w 2 L+,

Lyw = N az wlw (46)
For the calculation of L, the ensemble of N,,
water molecules is regarded as a sphere with polar-
izability Nyopw?®. The number N,, was assumed
equal to the ratio between the volume of the bare
ion and the volume of one water molecule®”:
Ny = R3/R3, (47)
Where, Ry, is the radius of the water molecule.
For the value of R, two possibilities were tested in
Ref.®®l: (i) the average volume per molecule (30
A%), based on the water density, yields R, = 1.93 A;
and (ii) the proper volume of a water molecule, 11
A%, corresponds to R, = 1.38 A. Better agreement
with the experimental data was obtained with the
second option, Ry, = 1.38 A. The used value of the
static polarizability of water was o, = 1.48 A% and
of the ionization potential was I,, = 2.02x10™8 Ji*!,
For the cations, we used the second ionization
potential, since the first one corresponds to ioniza-
tion of the respective atom, not ion. Since the ani-
ons have already accepted one extra electron, their
ionization potential must be equal to the negative
value of the electron affinity.

nWVW =
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Table 1. Specific adsorption energies of the considered ions (T = 25°C)

ion Ry [A] M R [A] Ny Iéww 68 gi i IEWi 68 uiO/kBlT um/kBlTl
cation RolAl g (66) Eq. (67) EG. (69) [oh{ o AT (10 P09 o, el el
Li* 0.69' 522 2.41 0.13 415 0.03' 1212 115 -0.09
Na*  1.02! 353 2.18 0.40 134 0.15° 7.582 53.1 -0.33
NH,%* 1.53* 235 2.14 1.36 453 1.641 2.13? 378 -0.61
K* 1.41* 255 2.12 1.07 354 0.79% 5.072 253 -0.90
Rb*  1.65° 2.18 2.17 1.71 568 1.4 4.412 431 -0.98
NMe," 2.80 1.29 2.94 8.36 2770 0.08! 2.43? 2220 -1.05

|_ .

g I—ww Di 18 wi u iOlkBT Uio/kBT
anion Ry [A] Ny Rn [A] Ny [mGJ] ><]_080 [A3] Ii [‘]] =10 [ErEGJ(:lG?leBO typel typell
Ac  165' 218 2.17 1.71 568 550 0.544! 545 -0.185
OH 133 271 211 0.90 297 2.04! 0.345! 134 -0.736
F 1338 271 2.11 0.90 297 1.04%> 0.545! 99.1 -0.891
cl 1.641 2.20 2.17 1.68 557 3.592 0.580* 359 ~1.43
Br- 1.95' 1.85 2.31 2.82 937 5.07° 0.540' 480 -2.32
NO; 2.00' 1.80 2.33 3.05 1010 393! 0.631! 420 -2.83
N3 1.95' 1.85 2.31 2.82 937 4.45' 0.444} 360 -2.93
Clo, 240 150 2.61 5.26 1750 5.252 0.758 642 -3.28
BF, 2.30% 157 253 4.63 1540 2.80' 0.902! 388 -3.84

Note: R, — bare ion radius; n, — hydration number, Eq. (44); R, — hydrated ion radius, Eq. (45); N,, — number of water molecules in

the ensemble, replaced by the ion upon adsorption, Eq. (47); Ly — London constant of this ensemble, Eq. (46); a,,; — polarizability of
the ion; I; — second ionization potential of the cations and negative electron affinity of the anions; uj, — ion specific adsorption energy,
Eq. (42) for type | ions (no deformation of the hydration shell) and Eq. (43) for type Il ions (with deformation of the hydration shell).
The ions in the Table are ordered by increasing absolute values of u;,. The sequence of both cations and anions is the same as in
Hofmeister series, but for the cations this order corresponds to increasing efficiency as opposite to the series. Source data: *Marcus®®!;

Nikolskij*Y: *Tavares™®: *Dietricht?; SLidel**!

3. Comparison with experiment

3.1. Experimental verification of the theory
of K

Experiment on surface tension isotherms of 0.5
mM sodium dodecyl sulfate (SDS)*¥ at varying
excess concentration of LiCl, NaCl and KCI
showed significant differences due to the specific
adsorptions of Li*, Na*, and K* counter-ions.

70
A A0.5mM SDS +Licl
g65
> C.) A 00.5 mM 5DS + Nacl
A
E60 | o A, 0.5mM SDS + KCI
8 o A
25 [ ] 0 A
ol [ ]
- (0]
850 } L o]
£ )
3 [ ]
@45 |
°
40 L 1 L L L
0 10 20 30 40 50 60

Concentration of added salt, mM
Figure 5. Surface tension isotherms of 0.5 mM SDS + added
salts; The relative experimental error is #0.2 mN/m.

The first experimental check will be the linear-
ity of equation (35). We present hereafter the three
adsorption isotherms in the scale of equation (35)
and in CGS system. The concentration is converted

in activity as well. The mean concentration is con-

verted in mean activity.

75
DS surfactant anions + Li* counterions
DS surfactant anions + Na* counterions
A
65 > S D5 surfactant anions + K* counterions
- T
LJe e . &k~ A
E Seg - A
S | L Tea R
£ AN ~ e
B hat® N T A
~o. ~<e
L
a5 o
L]
35
9E+11 1.4E+12 1.9E+12 2.4E+12
2t mlefs

Figure 6. Surface tension isotherms of 0.5 mM SDS + added
salts; The relative experimental error is 0.2 mN/m.

One can see that Figure 6 shows linear de-
pendencies of the surface tension on the mean ac-
tivity on 2/3 power (a*®). Therefore, equation (35)
(o = ao— 3RTKC?®) is validated by the experiment.
Moreover, one can calculate the equilibrium ad-
sorption constants K for each of the cases from the
slope (see equation (35)). Furthermore, equation (32)
can be presented in the form:

InK = InK, — ZIZL—"T (48)
B

As far as the equilibrium adsorption constant K
can be obtained experimentally by means of equa-
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tion (35) and experimental surface tension isotherm,
and up/ksT can be calculated independently by
means of equations (42) and (43) (see Table 1), InK
can be presented as a function of uy/kgT. Figure 7
shows that InK depends linearly on the specific ad-
sorption energy of the counterions uy/kgT and the
slope is close to %2, which is of validation of equa-
tion (48).

5.4

K+
5.3

5.2+

y =0.4464x + 4.8615

48 T T T T T
0.00 0.20 0.40 0.60 0.80 1.00 1.20
-up/KeT
Figure 7. InK as a function of -ug/kgT for the cases SDS +
LiCl, SDS + NaCl and SDS + KCI. In all of the cases the salt is

added in great excess.

6

DS BE,
5.5 1 K, -
Nt y=0.4431x+4.8299 . DTA*
5 1 ')./. DmPS~
. NH, . :
45 Li v =0.5427x+ 33441 _AQBL* clo,
- NO;
y=0.589x +2.9797
L 4 +C
F
3.5 1 e
3 4
2.5 4
2 T T T v
0.0 1.0 2.0 3.0 4.0 5.0

-y 1K, T

Figure 8. InK as a function of —U, /KT for the cases (1)

SDS + LiCl, SDS + NaCl, SDS + NH,CI, SDS + KCI; (2)
DmPSCI + NaF, DmPSCI + NaCl, and DmPSCI + NaBr; and (3)
DTAB + NaF, DTAB + NaCl, DTAB + NaNO; DTAB +
NaClO,, and DTABF,%.

Shown in Figure 8 is presented InK vs. -
u/ksT for three types of surface active ions in pres-
ence of different counter-ions. In all of the cases,
the slope of the line is close to Y%, which validates
well the presented above theory. The main question
remaining is if this theory can predict the stability
of dispersed systems.

3.2 lon-specific effects on the stability of
dispersed systems and relation to state of the
adsorption layer?®44

3.2.1 lon-specific effects on thin films and
emulsions

The ion-specific effects on the state of the ad-
sorbed surfactant layer influence the stability of
foams and emulsions. This section is devoted to the
investigation of the type of the surfactants coun-
ter-ion on the stability of the dispersed systems. It
presents the experimental data of Ref.*”! and such
one conducted in the present work.

Ref.”! presents experimental data on the dis-
joining pressure of water films in air (foam films)
stabilized by 1 mM solutions of hexadecyltrime-
thylammonium bromide (CisH33sNMesBr) and 9
mM added salt (NaF, NaCl, NaBr).

The disjoining pressure, stabilizing the films,
was measured on a thin film pressure balance by
using the Mysels-Jones porous plate technique (see
Figure 9).

to pressure

control
objective Q ﬂ

film

air

T capilla
/ surfactant solution ) prary
pressure
pgra()tgs transducer

Figure 9. Schematic presentation of the porous plate cell.

The main question, which we raise, is how the
type of the counter-ions affects the stability of
foams and emulsions. We know from the previous
sections that the counter-ions with a higher absolute
value of the specific adsorption on air/water or
oil/water interfaces are integrated onto the surfac-
tant adsorption layer in larger degree and vice versa.
Hence, at a higher level of counter-ion adsorption,
the surface potential should be decreased more and
vice versa. The theory of the electrostatic disjoining
pressure has been developed by many authors,
above all by Derjaguin and associates. Their results
are summarized in the excellent book of Churaev et
al.”®. According to their theory (neglecting the ion
specific effects), the electrostatic disjoining pres-
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sure, 77, in a planar film of low surface potential or
large thickness is given by the following expres-
sion:
I1,; = 64kyTC tanh? (%) exp(—kh) =
Iyexp(—kh) (49)
Where, C.is total salt concentration, x is the
Debye constant, k = /2F?C;/RTeg, and h is the
thicknss of the thin liquid film. Since during the
derivation of equation (49) in Ref.*! no other as-
sumptions about the surface potential were done,
we decided that in order to account for the specific
effects, it should be sufficient merely to replace @y,
with @&, by means of the following equation:

D, = Dy, + Z% (50)

Equation (49) suggests that the dependence of
the experimental disjoining pressure /7 on the
thickness h should be close to linear in coordinating
with In 77vs. h. Figure 10 shows that indeed this is
the case. Since the films are rather thick, one can
disregard the contribution of the van der Waals dis-
joining pressure (direct numerical calculations con-
firmed this). This permits identifying 77 with 77,
and using equation (49) for the calculation of 77, but
with @;replacing @y. The lines in Figure 10 are
almost parallel and obey the equation.

In/Zy=Inll, — xh (51)

The obtained intercepts In/% and slopes « are
shown in Table 2.

0 20 40 60 80 100
h, nm
Figure 10. Plot of In/7 vs. h for foam films stabilized with
CisH3isNMezBrand NaX (X =F, CI7, Br).

Table 2. Intercepts, Inf1, and slopes, «, of the lines in Figure
10.

lon F CI~ Br-
Inf;, [Pa] 879 825 7.65
0.0485 0.0451 0.0386

& [nm™]

The almost parallel, but shifted, lines suggest
that the specific ion interactions (if any) are affected

mostly the surface potential @,. By means of equa-
tion (49), we calculated the experimental values of
@; from the obtained data for 77, (see Table 3) and
plotted in Figure 11 the results as @, vs. —U/kgT.
The relatively good linearity and close value of the
experimental slope, 0.4, to the theoretical one, %,
(cf. Equation (50)) seem to confirm the role of the
ion specific effect.

2
18 |
16 |

g A

14

12

1

0.5 1 15 2 25
Ug/ksT

Figure 11. Combined surface potential @ vs. —ug/kgT for foam
films stabilized with CigH33sNMesBr + NaX (X = F, CI, Br).
The slope is —0.4.

The Hofmeister effect on the surface potential
and the disjoining pressure, /7, is by no means neg-
ligible. To estimate it for films closer to reality, in
Figure 12, we present the results (obtained in
Ref.®)) for the total disjoining pressure /Zow (in-
cluding also the van der Waals contribution with
Hamaker constant Ay = 410 % J) of foam films
with 0.5 mM of the halide counter-ions. The
maxima of 74(h) around h = 5 nm control the stabil-
ity and the coalescence of the bubbles. The maxi-
mum is more than 4 times lower in the presence of
only 0.5 mM Br than it would have been with the
same electrolyte concentration if the ion specific
effects were disregarded.

€ 100} % - ugllkg?)
© ; .............. 0.00
5 807 ——— 09L,F
§ l/\ . — — —— 149,Cr
o 607 f \ 2.33,8r))
o :
£ ~
£ 40}
o
7}
T 201
3
S o
0 5 10 15 20 25 30

Film thickness (nm)
Figure 12. Total disjoining pressure Il calculated with
Hamaker constant Ay = 4x10%° J for 0.5 mM counterions F,
CI and Br~ (from Ref.?),
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Ref.”l reports the emulsion stability meas-
ured by means of two types of techniques — Film
Trapping Technique (FTT) and Centrifugation.
They used the same surfactant (CisHssNMesBr) and
salts (NaF, NaCl or NaBr). The concentrations of
the surfactant and the added salts for FTT were the
same as in the thin film studies described here
above, but for the centrifugation, the emulsions
with 1 mM salts were too unstable, so that the con-
centrations of the added salts were increased to 30
mM. Soybean oil, purified by passing it through a
glass column filled with Silicagel 60 adsorbent, was
used as oil phase.

The film trapping technique (FTT), developed
in Refs.[**% js a useful method for determining the
coalescence stability of single emulsion drops. The
principle of the FTT is as following: A vertical ca-
pillary, partially filled with oil, is held at a small
distance above the flat bottom of a glass vessel,
Figure 13. The lower edge of the capillary is im-
mersed in the working solution, which contains
dispersed micron-size oil drops. The capillary is
connected to a pressure control system, which al-
lows one to vary and to measure precisely the dif-
ference, APy, between the air pressure in the capil-
lary, Pa, and the atmospheric pressure, P). The
pressure is measured by a pressure transducer con-
nected to a personal computer. Upon the increase of
Pa, the oil-water meniscus in the capillary moves
downward against the substrate. When the dis-
tance between the oil-water meniscus and the glass
substrate becomes smaller than the drop diameter,
some of the drops remain entrapped in the formed
glass-water-oil layer. The pressure P, is increased
until the coalescence of the entrapped oil drops with
the upper oil phase is observed. The capillary pres-
sure in the moment of drop coalescence, PSR, rep-
resents the coalescence barrier and is called critical
capillary pressure. It is related to AP, in the mo-
ment of drop breakage and can be calculated from
the equation:

PgR = APy — APy, — pgz (52)

Where, APg,_ is the pressure that jumps across
the oil column in the capillary. It includes contribu-
tions from the hydrostatic pressure of the oil col-
umn and the capillary pressure of the air/oil menis-
cus. It is measured after filling the FTT capillary

with oil, but before immersing the capillary into the
water pool. In the hydrostatic term, z is the depth of
the water (see Figure 13), p is the water mass den-
sity and g is gravity acceleration. The trapped oil
drops and the coalescence process were observed
from above with an optical microscope.

Pressure

Capillary
\

Microscope
Stage b
¥ ™~ Objective

Figure 13. Scheme of the film trapping apparatus and of the
droplets trapped between the oil-water and the substrate (see
the magnification lens), from Ref.[*!.

The test of the emulsion stability by means of
centrifugation is described in details in Ref.!*%).
Oil-in water emulsions were prepared by stirring for
4 min a mixture of 40 mL water phase and 10 mL
soybean oil (20 vol. % SBO) with a rotor-stator
homogenizer, Ultra Turrax T25 (Janke & Kunkel
GmbH & Co, IKA-Labortechnik), operating at 13
500 rpm. The drop size ds, was determined by op-
tical microscopy of specimens of the studied emul-
sions in transmitting light with a microscope. After
30 min storage, the fresh emulsions were trans-
ferred into several centrifugal tubes and centrifuged
at 25 °C in 3K15 centrifuge. The emulsion stability
is characterized by the critical osmotic pressure,
PSR, at which a continuous oil layer is released at
the top of the emulsion cream in the centrifuge tube.
P§R,is calculated from the experimental data by
using the equation:

PSRy = A gV — VFEY/A
— Apgk(HO"‘ _ HREL) (53)

Where, Ap is the difference between the mass
densities of the aqueous and the oil phases; gx is the
centrifugal acceleration (g« = L, where L is the
distance between the axis of rotation and the center
of the cream, w is the angular velocity); Vo is the
total volume of oil used for preparation of the
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emulsion; Vge. is the volume of released oil at the
end of centrifugation; and A is the cross-sectional
area of the centrifuge test tube.

The results from both tests are presented in
Table 3 and Figure 14.
Table 3. Critical pressures and drop sizes of SBO-in-water

emulsions, stabilized with 1 mM CgH33sNMesBr with added
NaF, NaCl and NaBr

FTT, Centrifuge,

Ct C C d

[mM] [rrS1M] [newlM] Electrolyte [é]z] PSR PSR,
[Pa] [Pa]

10 1 9 NaF 252 360 -

10 1 9 NaCl 285 1100 -

10 1 9 NaBr 27.0 1320 -

31 1 30 NaF 20.7 - 360

31 1 30 NaCl 22.4 - 640

31 1 30 NaBr 215 - 917

The systems parameters and the measured
values of the critical pressures PSR and PSE, are
tabulated in Table 3 and plotted in Figure 14 as
PER (solid line) and PSE, (dashed line) vs. —
Uo/kgT. These critical pressures are proportional to
IT and the higher their values are, the more stable
the emulsions.

We do not dispose of enough information to
carry out the same detailed analysis of these phe-
nomena as we did with the electrostatic disjoining
pressure. For example, we have no idea what the
film thickness is; it is not quite clear whether a pla-
nar film forms or how much the disjoining pressure
is affected by the curvature of the very small drops
— these effects make problematic the calculation
of the electrostatic disjoining pressure by means of
equation (49). Still, some qualitative conclusions
are possible. The linear dependence of PSR and
PSR, on —uy/ksT confirms the presence of specific
effects. However, instead of decreasing with the
increase of —uy/ksT (as the electrostatic disjoining
pressure does), the critical pressures are increasing.
Therefore, the electrostatic disjoining pressure 77y,
is not the repulsive pressure to be overcome in or-
der for the coalescence to occur. But then, what is
the reason for the ion specific effect, demonstrated
in Figure 14? It is not possible to answer with cer-
titude this question without detailed studies of the
phenomena accompanying the coalescence process.
Nevertheless, we dare suggesting a hypothesis. The
role of the specific effect of the counter-ions is
twofold. On one side, it decreases the height of the

maxima of the disjoining pressure (see Figure 15),
thus, making easier for the thin film to avoid the
electrostatic repulsive pressure and from thin to
thinner (metastable) Newton black film, where an-
other, short range repulsive disjoining pressure
(most probably steric or osmotic) might be opera-
tive.

7.5

Inper

55

5

0.5 1 1.5 2 2.5
-Ug/ksT

Figure 14. Critical pressures PSR (by FTT, solid line) and
PSR, (oy centrifugation, dashed line) vs. —ug/ksT of
oil-in-water emulsions stabilized by CigH3sNMesBr + NaX (X
= F, Cl, Br). (O) P§E, of oil-in-water emulsion films
stabilized by 10° M CigHgsNMesBr + 9x10° M NaX (X = F,
Cl , Br ) obtained by FTT (slope = 0.85); (s) PSR of
oil-in-water emulsion films stabilized by 10° M C;gHssNMesBr
+ 3x102 M NaX (X = F', Cl", Br’) obtained by centrifuge
(slope = 0.63).

12

In Hlolal(Pa)
= —
o =
[N} o
S

[y
o
o

=
I
~

10
0 0.5 1 15 2 2.5
-ug/ksT
Figure 15. Total disjoining pressure [T, in the maxima in
Figure 12 vs. —uy/kgT. This is in fact the coalescence barrier,
according to DLVO theory.

It must be overcome for the thin film to rup-
ture. On the other side, no matter what the nature of
this disjoining pressure is, it must increase with the
surfactant adsorption, /. However, unlike the elec-
trostatic disjoining pressure, the surfactant adsorp-
tion, 7, increases (for a given bulk surfactant con-
centration) with —u/ksT . This brings us to the sec-
ond role of the ion specific effects — it is to increase
the short range repulsive pressure created by the
surfactant, thus stabilizing the thin film. This ex-

63



plains why the slopes of the lines in Figure 14 are
positive. They should have been negative if only the
electrostatic disjoining pressure 77, were stabilizing
the film. To support this opinion in Figure 15, we
have plotted the maxima of [Z.y from Figure 12
(which are in fact the coalescence barriers), vs. —
Uo/ksT indeed, the slope is negative. This means that
the short range repulsive pressure involved in the
stability of the emulsion drops is not directly related
to ion specific effects. The theoretical and experi-
mental verification of this hypothesis is feasible, but
it is time consuming and beyond the scope of this

paper.
3.2.2 lon-specific effects on foams

We have established that the stability of the
emulsions increases upon enhancing the specific
adsorption energy of the counter-ions. This tenden-
Ccy was not expected.

For this reason, we were challenged to inves-
tigate this scientific “intrigue” deeper. We have
chosen another system — foam stabilized by sodium
dodecyl sulfate (SDS) and LiCl, NaCl and KCI as
salts, which were meant to be added in an amount
significantly exceeding this one of the surfactant.

We clearly showed hereafter that the electro-
static repulsion between the bubbles, which is con-
trolled by the added counter-ions, is only one of the
factors contributing to foam stabilization. The
counter-ions strongly affect the level of surfactant
adsorption as well. The latter appears to be decisive
for the stabilization of the foam and the foam films.
We show as well some new effects originating from
the counter-ions, which have practical significance.

Sodium dodecyl sulfate (SDS) with molecular
weight M,, = 288.38 Da, an anionic surfactant, lith-
ium chloride (LiCl) with molecular weight M,, =
42.29 Da, sodium chloride (NaCl) with molecular
weight M,, = 58.44 Da, and potassium chloride
(KCI) with molecular weight M,, = 74.55 Da were
purchased from Sigma Aldrich. The surfactant was
purified by threefold recrystallization in ethanol.

SDS salt mixture solutions were prepared as
follows. Initially, using SDS, 0.5 mM aqueous solu-
tion was prepared. Then, LiCl, NaCl and KCI, were
added, thus forming salt solutions with concentra-

tions in the range of 2.5 mM, to 50 mM. As far as
the foaming ability of every surfactant solution is
expressed in both the initial foam volume upon the
very generation of foam and the lifetime of the lat-
ter, we chose to work with the ratio between the two
values, called foam production®™. The foam was
produced by means of the Bartsch method ex-
pressed in energetical tenfold shaking of Bartsch
column containing 50 ml of the surfactant solution.
Each experiment was repeated at least 3 times for
statistical certainty, the averaged initial foam vol-
ume and lifetimes were determined. Thus, the foam
production for every particular case was calculated.
The basic results are presented in Figure 16.

One can see that the foam production increases
linearly upon the increase of the specific energy of
counter-ions adsorption in the range of 2.5 mM to
11 mM added salt (see Figure 16A). Moreover, this
linear dependence is violated by K* counter-ion at
concentrations of added salt above 11 mM (see
Figure 16B, 16C, 16D). The foam production de-
creases significantly abruptly at 25 mM KCI. This
low value of the foam production remains at a larg-
er concentration of KCI. They correspond to both
low initial foam volume and fast foam decay.

This abnormal effect of KCI on the foam pro-
duction is worthy of further investigation. Possible
way for such an investigation to explore the proper-
ties of single foam films with the same contents as
these ones was shown in Figure 16. Moreover, it is
curious to know if the critical concentration at
which the K* ion acts as defoamer depends on the
method of foam generation.

The experimental data presented in Figure
16A are in line with the experimental data reported
in Ref.*®!. The stability of the dispersed system in-
creases upon the increase of the absolute value of
the specific adsorption energy of the counter-ions
on the air/water interface. Most possibly, this is due
to the increased level of the surfactant adsorption
when more counter-ions are integrated in the sur-
factant adsorption layer. However, to investigate
this effect on deeper level further investigations are
needed.
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Figure 16. Foam production versus specific energy of coun-
ter-ion adsorption at concentrations of added salt in the range of
2.5 mM —25 mM.

4. Conclusions

The ion-specific effects on the adsorption of
ionic surfactants are known effect. There is a
large body of literature on this topic, but it is spread
out in many papers and books at present. It is
known as well that the counter-ions affect the state
of the adsorbed layers, which influences the stabil-
ity of the colloidal dispersions, but the effect is not
studied completely. This manuscript gathers togeth-
er a detailed description of the theory on the ion-
specific effects on the adsorption of ionic surfac-
tants in its first approximation (Davies adsorption
isotherm) and some initial experimental studies of
the Hofmeister effect on the stability of foams and
emulsions. Thus, we show the nature of the effect of
the counter-ions on the state of the equilibrated sur-
factant adsorption layer, while we stress that their
effect on the stability of colloidal dispersions can be
non-equilibrated, thus giving an origin of new
tendencies. It was shown that the counter-ions can
have a dual effect on the stability of foams and
emulsions, depending on the concentration of the
added salt. We call for further investigations on this
interesting effect, which might be used for control-
ling the stability of foams and emulsions for indus-
trial needs.
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