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The electrophoretic mobilities of silver iodide sol particles
have been measured as a function of pAg in the presence of various
concentrations of Cj, Cg, Cjig, Ci2 and Cy4 sodium alkyl sulfonates
at constant ionic strength and temperature. Contact angles in the
solid-air-solution system both in the absence and in the presence
of the Cy4 sulfonate have also been determined. These results have
been compared with previously reported work on the effect of
alkyl sulfonates on the electrokinetic and wetting behavior of alu-
mina. Application of the Stern-Grahame model of the electrical
double layer allows delineation of the various mechanisms con-
tributing to the adsorption phenomena. In the case of the alumina-
sulfonate system the adsorption process is purely physical, viz.
electrostatic and hydrocarbon chain-chain interactions, while for
the Agl-sulfonate system both physical and chemical processes are
involved, viz. electrostatic, hydrocarbon chain-solid, chain-chain,
and solid-polar head interactions.

INTRODUCTION

Adsorption phenomena at solid—water interfaces are dependent on the
physico-chemical properties of the adsorbing species, the composition of the
aqueous solution and the nature of the solid. The adsorption behavior of a
surfactant results essentially from its amphipathic nature, namely the presence
in the same species of both polar (the headgroup) and non-polar (the hydro-
phobic chain) character. The nature, of the polar head on the adsorbing ion
or molecule determines whether there is any coulombic or chemical inter-
action with the solid, while the structure of the hydrocarbon chain con-
trols the extent of the interaction of the species with the aqueous medium.
The nature of the solid may enter into the adsorption process in a number
of different ways. Chemisorption may result if there is direct chemical reaction
between the adsorbing species and metal ions in the surface. If the surfactant
is ionic, the electrical double layer at the interface may significantly affect
adsorption, and the concentration of potential-determining ions in the aqueous
solution then controls adsorption because these ions determine the sign and
magnitude of the surface charge. In terms of wettability, surfaces such as
those of oxides and the salt-type minerals are basically hydrophilic while
others such as graphite and polyethylene are hydrophobic. In general, a given
material may exhibit both hydrophobic and hydrophilic characteristics, with

* Based on a lecture presented at the III International Summer School on the
Chemistry of Solid/Liquid Interfaces, Rovinj, Yugoslavia, July 1—5, 1972.
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the result being that the adsorption of surfactants at the solid—water inter-
face may involve a complex interplay of electrostatic, chemical and hydro-
phobic interactions.

This paper is a contribution to the study of the inter-relationship between
these various interactions. New results on the effect of alkyl sulfonates on
the electrokinetic and wetting behavior of silver iodide are presented and these
are compared with previous results for the alkyl sulfonate-alumina system!™3.

Background

Hydrogen and hydroxyl ions are potential-determining ions for oxides,
such as alumina. Somasundaran' has clearly demonstrated that adsorption of
alkyl sulfonates only occurs at pH values less than 9, the point of zero charge
(pzc), i.e. under conditions when the solid surface is positively charged.
Further, infrared spectroscopy shows no evidence of chemical bond formation
between sulfonate ions and the alumina surface. The adsorption process has
been satisfactorily analyzed in terms of electrostatic interaction between the
alkyl sulfonate ions and the positively charged alumina surface coupled with
chain-chain (hemimicelle) interactions at high surfactant concentrations!:2. The
contact angle of alumina in water is found to be zero3 and thus the hydrophilic
nature of the solid rules out the possibility of chain-solid interactions. In
contrast to alumina, silver iodide is recognized to be partially hydrophobic*;
Billett and Ottewill® observed advancing contact angles as large as 47° on Agl
in water. It will therefore be expected that chain-solid interactions should
play a prominent role in this system. The potential-determining ions for Agl
are Ag" and I with the pzc occurring at pAg 5.5. In this system, pAg rather
than pH is the most important variable. At pI 5 (pAg 11), Pravdi¢ and Mirnik?”
found that C; andC, amines reverse the zeta potential of negatively charged
Agl. This can be interpreted in terms of hydrophobic bonding of the chains
with the solid surface. The results of Ottewill and Watanabe® clearly show
that even at low concentrations, sodium dodecyl sulfate and sulfonate have
a marked effect on the zeta potential of silver iodide. In addition, it now
appears that the Agl surface may exhibit some chemisorption. Recent electron-
micrographs indicate that a new chemical compound is created at the AgI
surface when alkyl pyridinium bromides adsorb on silver iodide®. Thus, in
the Agl system, adsorption may be affected by electrostatic, chemical, and
hydrophobic bonding phenomena.

EXPERIMENTAL

Alumina-sulfonate system. — Details about the material characterization and
experimental techniques of the alumina-alkyl sulfonate system are available in
previous publications'™. The specific surface of the alpha alumina particles (Linde
A alumina) is 14 m? per gram, giving an average diameter in the range of 10 cm.
All measurements were conducted at 25°C and 2 X 102 M NaCl ionic strength,
pH being adjusted with HCI or NaOH.

Silver iodide-sulfonate system. — Silver nitrate and potassium iodide of A.R.
grade were used to prepare the AgI sol. For making Agl slides iodine was obtained
as resublimed crystals from Mallinckrodt and silver wire of 99.5 to 99.8 purity
was obtained from Sargent-Welch. The sodium salts of Ci4, Cy2, Cyy and Ce sulfonic
acids were supplied by Aldrich Chemical Co. while the C; salt was obtained from
K & K Laboratories.

For the electrophoresis studies, a stock sol was prepared by adding 50 ml
of 102 M KI solution to an equal volume of 102 M AgNO; solution with stirring.
This was further aged in the dark for 12 to 18 hours. The final sol used for electro-



SULFONATE ADSORPTION AND WETTING BEHAVIOR 151

phoresis studies always contained 10* M Agl, with 10> M KNO;s to control the ionic
strength. The mobility measurements were conducted using the Riddick Zetameter??,
a product of Zetameter Inc., New York.

The controlled ionic strength of 103 M KNO; gave a Debye-Huckel reciprocal
length 1/x of 95 A. The average diameter of the particles, 2a, was found by electron-
microscopy to be 200 A; consequently x a = 1. Using the results of Wiersema et al.l},
for »a =1, (provided an error of 2.5 mV in the zeta potentials is tolerable), the
conversion from mobilities to zeta potentials can be expressed as

U, =0.049 7 o))

where { is the zeta potential in millivolts and U, is the electrophoretic mobility
in micron/sec per volt/cm.

Following the method of Billett and Ottewill®, thin films of Agl were prepared
by evaporating silver onto glass microscope slides under vacuum (~ 5 X 107¢ torr).
From the vacuum evaporator, the silver mirrors were quickly immersed in a 0.0025 N
solution of iodine in 0.01 M XKI solution for 20 to 20 seconds. The films were then
aged in 10~ M KI solution for 1.5 hours and kept under distilled water until used.
The captive bubble technique® was used to measure the contact angles. The Agl-plated
slide was kept in the solution to be studied for about 15 minutes before taking
measurements. An air bubble was placed on the film surface by a gentle increase
in pressure, then after sitting on the film for about 15 seconds, it was given an®
additional increase in pressure. This yields the receding angle, (*)H. The pressure
was then released until the contact boundary on the plate just moved, and the
resulting angle was designated F)J\, the advancing angle.

All experiments were conducted at 20°C % 2°C and the water used for the
solutions was triply distilled, the final distillate being kept under purified nitrogen
until used.

RESULTS

Electrophoresis

Fig. 1 represents the zeta potential of alumina as a function of pH in the
presence of different amounts of sodium dodecyl sulfonate and at an ionic
strength of 2 X 1073 M controlled with KNO,. These results show that the
zeta potential of alumina is essentially independent of the presence of sur-
factant above pH 9 (the pzc of alumina). With decreases in the pH, the zeta
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Fig. 1. The effect of pH on the zeta potential of alumina in the presence of sodium dodecyl
sulfonate at 2 X 103 M ionic strength controlled with NaCl as the indifferent electrolytels.
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potential increases until a point is reached where the pH-zeta potential curve
sharply reverses its slope. This point seems to be concentration dependent,
occurring at lower pH values the lower the surfactant concentration. After
the zeta potential has been reversed in sign upon further lowering of pH,,
there is another change in the slope of the curves. These same data are
represented in a different way in Fig. 2 with the zeta potential plotted as a
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Fig. 2. The effect of the concentration of sodium dodecyl sulfonate on the zeta potential of
alumina at various pH values!s,

function of the concentration of dodecyl sulfonate at different pH values. At
low pH’s where the surface carries a high positive charge, alkyl sulfonate
adsorption seems to have a marked effect on the zeta potential, and the higher
the surface charge, i.e. lower pH, the lower the surfactant concentration
required to reverse the zeta potential. However, when the pH exceeds the
pze, e.g. pH 9.5, increasing the surfactant concentration does not appear to
affect the zeta potential significantly.

Fig. 3 shows the zeta potential of Agl as a function of pAg for various
concentrations of tetradecyl sulfonate. On comparing these results with those
given in Fig. 1, one finds a rather striking contrast to the alumina-dodecyl
sulfonate system where the surfactant ions have little or no effect on the zeta
potential once the pzc is reached. It can be seen in Fig. 3 that the pAg must
be raised to about pAg 7, which is 1.5 units above the pzc, before the surfactant
ions cease to have any effect on the zeta potential of Agl. It should be noted
that all the curves appear to coincide in the neighborhood of pAg 7 independent
of surfactant concentration. As the pAg is decreased below this point, the zeta
potential increases and finally goes through a maximum, the higher the sur-
factant concentration, the higher the pAg at which this maximum occurs.
Figs. 4 to 6 further show that the pAg at which the surfactant seems to lose
its effect on the zeta potential of Agl is independent of chain length. These
results show that even for a surfactant containing but 5 carbon atoms, an
alkyl sulfonate is surface active on Agl. In contrast, alkyl sulfonates lose their
surface activity on alumina® when the number of carbon atoms is less than
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sulfonate.

10. The difference between the alumina and Agl systems is further illustrated
by Fig. 7 where the zeta potential for Agl is plotted as a function of dodecyl
sulfonate concentration at different pAg values. Contrary to what was observed
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in the alumina system, it is seen here that the lower the pAg, i. e. the higher
the surface charge, the higher the surfactant concentration required to reverse
the zeta potential.
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Fig. 7. The effect of the concentration of sodium dodecyl sulfonate on the zeta potential of
silver iodide at various pAg values.

Wetting

The effect of dodecyl sulfonate on the »equilibrium« contact angles of
alumina as a function of pH is illustrated in Fig. 8. (This angle is that of a
free bubble on the surface and it approximates the receding angle on alumina3.
At pH values above 9, the contact angle is zero, independent of surfactant con-
centration. Below pH 9, the contact angle increases steadily with pH, higher
concentrations of surfactant resulting in larger angles, though at about pH 3 a
leveling off of the contact angle at about 80 degrees is descernible.
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Fig. 8. The contact angle on alumina in the presence of sodium dodecyl sulfonate as a function
of pHS3.
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The wetting behavior of Agl is presented in Figs. 9 and 10. In the absence
of surfactant, i. e. Fig. 9, both receding and advancing contact angles go through
a maximum at about pAg 5.4. These curves are drawn through the weighted
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average of the experimentally determined contact angle values for each pAg.
Ottewill? has also reported similar results including the maximum at about
pAg 5.4 which is close to the pze. The effect of tetradecyl sulfonate concentration
on the wettability for different values of pAg are shown in Fig. 10. When the
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bulk concentration of the surfactant is low, the wetting behavior is very similar
to that of the surfactant free system except at higher positive surface charge
(low pAg) where a significant rise in contact angle is observed. As the con-
centration of surfactant increases, a corresponding increase in the contact angle

is also observed.
DISCUSSION

In general, the electrochemical free energy of adsorption, AGags cOnsists
of many terms:
AGus=AG, +A G\,p (2)

where AG,, is the free energy change due to electrostatic interactions experien-
ced by the adsorbing species at the Stern plane (= zF 5 ), AG:p is the free
energy change due to specific interactions at the surface and in this system may
include the following terms: AGgy,, AGey,. and AGehem - AG gy, represents the
free energy change due to Van der Waals association of the hydrocarbon chains
with each other forming hemimicelles, AGey, is the free energy change asso-
ciated with the Van der Waals interaction of the hydrocarbon chains with the
solid surface, and AGZhem is the standard free energy change contributed by
chemical bonding of the adsorbing species with the solid surface.

The hydrophobic bonding contributions to the specific free energy i.e.

AGE*H, and AG’E;H,2 depend on the chain length — the larger the number of CH,
groups, the larger their negative value:

AGgy, = NOG,,
3)

A G:

— b*
CH: — N DCH:

where @E*H , e, represent the molar cohesive free energy associated with
each CH, group for chain-chain and chain-solid surface interactions, respecti-
vely, and N is the number of CH, groups interacting per hydrocarbon chain of
the surfactant. The process of adsorption is termed »physical« if the electrostatic
and Van der Waals interactions constitute the driving force for adsorption.
On the other hand, when the adsorbing species form chemical bonds with ions
or atoms in the solid surface, the process is termed »chemisorption««.

Fig. 11 gives a schematic illustration of the effect of these various interact-
ions on the zeta potential of any given solid. In systems in which the solid is
hydrophilic, if the specific adsorption is due solely to hydrophobic chain-chain
interactions, then at the pzc., i. e. point A, the mobility versus pPD curve (where
PD is the activity of the appropriate potential-determining ion) should coincide
with that obtained in the presence of only indifferent electrolyte. The alumina-
-dodecyl sulfonate system represents this condition. The fact that the zeta
potential versus pH curves coincide above pH 9, the pze, (see Fig. 1) indicates
that the sulfonate ions are not adsorbed under these conditions. Further support
for this conclusion is provided by Figure 8 which shows that above pH 9,
alumina gives zero contact angle in the presence of dodecyl sulfonate. This
latter result also confirms the hydrophilic nature of alumina, since the presence
of chain-solid interaction should result in non zero contact angles above pH 9.



SULFONATE ADSORPTION AND WETTING BEHAVIOR 157
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Fig. 11. Schematic representation of the effect of surface active agents on y;h:a zeta potential
of various kinds of solids at different concentrations of potential determining ions.

“As has already been developed elsewhere'?, at low concentrations of sur-
factants or at low surface potentials, the surfactant ions are adsorbed indivi-
dually and adsorption results primarily from electrostatic forces between the
surfactant ions and the charged solid surface. As the pH decreases, the surface
charge increases; the consequent rise in surfactant adsorption encourages
chain-chain interactions (hemimicelle formation) wich in turn increases the
adsorption energy so that at some point (say D of Fig. 11), the zeta potential
reverses its slope and finally reverses its sign at C, which we have termed the
point of zeta reversal, or the pzr. With higher surfactant concentration, point
D shifts to higher pH values. For example, at pH 7, the break in the slope
occurs with about 107 M sulfonate while at pHS6, only 107 M is required, thus
showing that to cause sufficient adsorption for hemimicelle formation in dilute
surfactant solutions, the pH must be lowered in order to increase the surface
charge density. This is exactly what is shown in Fig. 2 where for pH 3.2 about
1075 M sulfonate seems adequate to reverse the zeta potential whereas at pH 7.2,
the surfactant requirement exceeds 10 M. The second change in the slope of
the (-pH curves of Fig. 1 must be attributed to the fact that at this stage,
monolayer adsorption of surfactant ions has been attained and consequently,
lowering the pH now affects the zeta potential primarily because of the resul-
tant increase in surface charge. The potential in the Stern plane must be
negative, therefore further adsorption would be discouraged since any new
adsorbing sulfonate ions will be subjected to electrostatic repulsion. Thus,
in Fig. 8, with 10 M dodecyl sulfonate the contact angle seems independent
of pH at values less than pH 5 indicating that perhaps the increasing positive
surface charge is able to induce only little additional surfactant adsorption,
the fact that it is around pH 5 that the {-pH curve for 10 M dodecyl sulfonate
(see Fig. 1) undergoes its secondary reversal of slope lends further support
to this analysis.
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In contrast to the alumina-sulfonate system, when the solid is hydrophobic,
for sufficiently strong chain- solid interactions, it should be possible to reverse
the zeta potential at some point B’ before finally meeting the surfactant free
curve at E’. Similarly, in systems in which chemisorption plays an important
role, e. g. in the adsorption of sodium dodecyl sulfate on hematite!3, the mobility
versus pH curve crosses the pH axis at some point B” and it is not until it
reaches a pH value, say point E”, above the pzc that the curve finally coincides
with that obtained for indifferent electrolytes.

The results for the Agl-sulfonate system shall now be analyzed in the
light of the above discussion. Following the Stern-Grahame treatment of the
electrical double layer, the concentration of ions adsorbed in the Stern layer,
I's , is given by

I's=2rcexp(—AG,, . [RT) 4

ads

where r is the effective radius of the ionic head, c¢ is the bulk concentration
of the adsorbed ion in mole/cm3, R is the gas constant and T the absolute tem-

perature. In order to evaluate the magnitude of AGZdS , two different approaches
shall be used, based on the following:

(1) At the condition where the surfactant reverses the zeta potential (the
pzr), e. g. B' and B” of Fig. 11, the electrical contribution to the adsorption free
energy is nil.

(2) At the condition where the (-pPD curve for the surfactant system
meets the indifferent electrolyte curve, e. g. at E" and E” of Fig. 11, the specific
adsorption of the surfactant is nil. This means that the electrical and specific
adsorption contributions to the free energy of adsorption are oppositely equal.

Evaluation of Adsorption Free Energy at the PZR

At the pzr, { = ys = 0, so that AG, = 0; therefore the double layer can

be considered to be a molecular condenser with AG,q = /_\GSp . Under these
conditions, the Stern-Grahame relation can be expressed as

o

—AG
y, C,, = 05 = —27rc, zF exp W?B 5)

where v, is the total double layer potential, C,, is the capacitance of the mole-
cular condenser, o; is the charge in the Stern plane, r is the effective radius of
the ionic head of the adsorbed ion, c, is the concentration in mole per cm?
when { = 0, z is the charge on the adsorbed ion, and F is Faraday’s constant
For a given activity of potential determining ions, viz ;- and ay.+, v,
obtained from the well known relation

RT 0, RT -
wl,z——ln(i&) :———ln(al) (6)
F

0
ag* F U

where aig+ and a;_ are the activities of Ag* and I" respectively at the pzc.
For these calculations, C,, is assumed constant and equal to 15 u f/cm?® with
being 2.9 A.

Table I summarizes the results obtained for AG,,, using Equation 5. In the
case of the C,, sulfonate, the ¢, values used in these calculations can be read
off the [ wersus log c¢ curve shown in Fig. 7; the corresponding curves for
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TABLE I
Calculation of A Gg,

Using the molecular condenser model with, C = 15 uffem?; r =29 A

A G"sp (in units of RT)

Alkyl
Sulfonate pAg 3 I pAg 4 PAg 5
C5 4.1 I 4 4.6
C8 5.0 | 5.0 6.2
C10 8.0 . 8.0 8.1
C12 9.4 E 9.4 8.9
Cl14 10.9 i 10.6 10.0

the C,, C,, Cyy, and C,, sulfonates are given elsewhere!4, but the results are
given here for the sake of completeness. There is a strong dependence on chain
length, the values of AG;p increasing from 4.7 RT for C; to 10.9 RT for C,,;
the effect of pAg however does not seem as pronounced.

Evaluation of Adsorption Free Energy at the Point where { vs. pAg Curves
Coincide
At point E (see Fig. 11) specific adsorption at the Stern plane must be
nil and the specific adsorption potential is just counterbalanced by the electro-
static contribution:
AG, = AGSI, = zF Ylﬁ W)

Since the curves in Figs. 3 to 6 all meet the surfactant-free curve at about pAg
7, then for this condition,

¥, =—70mV and AG_,~—28RT ®

In addition, the fact that all the curves seem to coincide at pAg 7 inde-
pendent of chain length, means that this adsorption phenomenon does not
exhibit any chain length dependency, and it cannot therefore be attributed to
chain-chain or chain-solid interactions. It is therefore suggested that this beha-
vior is caused solely by the specificity of the polar head of the surfactant. In
particular, the interaction of the sulfonate head with Ag* in the lattice gives
rise to a chemisorption bond and this latter calculation estimates its magni-

tude, i.e.,
°
chem

AG = —2.8RT.

Therefore taking the AG;p value calculated with Equation 7 as AG gpem = — 2-8
RT, the hydrophobic contribution to the total specific adsorption free energy
can be calculated by subtracting AGZhem = — 2.8RT from the AG:p values
given by Equation 5. These have been tabulated in Table II.

There is a striking similarity between the values of AG;p — 2.8 RT and
the numbers obtained by dividing the respective chain lengths by 2, especially
for the longer chain surfactants.
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TABLE II

Calculotion of AG;p for Hydrophobic Interaction

o

From calculations at point E, AGgy,,, = — 2.8 RT idependent of chain length.
Alkyl A G,
Sulfonate P AG —AG . )| No. C atoms/2
C5 46 RT | 1.8 RT 2.5
C8 6.2 RT 34 RT 4
C10 8.1 RT 53 RT 5
c12 8.9 RT 6.1 RT 6
Cl4 10.0 RT 7.2 RT 7

The free energy decrease accompanying the removal of a hydrocarbon
chain from water is about 1 RT per mole. If on the other hand, the adsorbed
surfactant consists of horizontally oriented chains, then the accompanying
decrease in free energy might be 1/2 RT per mole of CH, groups (instead of
1 RT) since even though half of the chain surface is next to the solid surface,
the other half is still exposed to the water. On this basis therefore, the free
energy associated with complete horizontal orientation of the chains will
be 2.5 RT, 4 RT, 5 RT, 6 RT, and 7 RT, respectively, for C;, C,, C,,, C,,, C,,. On
comparing these values with the corresponding (AG;p — 2.8 RT) values (Table
II), viz. 1.8 RT, 3.4 RT, 5.3 RT, 6.1 RT, 7.2 RT respectively for C,, C,, C,, C,.,
and C,,, it seems reasonable to conclude that the adsorbed sulfonate ions orient
their chains parallel to the solid surface indicating the presence of chain-solid
hydrophobic interactions. This hydrophobic nature of the Agl surface has
already been demonstrated in Fig. 9 which shows finite contact angles in sur-
factant-free solution which is as should be expected. The increase of the contact
angles with decreasing pAg as shown in Fig. 10 is due to the fact that the
amount of surfactant adsorbed increases with higher positive charge. The

result that C, and C,; have values of (AG;p —2.8 RT) which are below their
respective 1/2 RT X (chain length) values shows that C., and C, are less surface
active than their longer chain counterparts. It appears therefore that in the
Agl-alkyl sulfonate system, electrostatic, chain-solid and chemical interactions
may all contribute to the adsorption driving force.
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I1ZVOD
Adsorpcija sulfonata i pejave kvasSenja na granici faza ¢évrsto-voda
K. Osseo-Asare i D. W. Fuerstenau

Mjerene su elektroforetske pokretljivosti AgJ solova u prisutnosti alkil sulfonata
i kutevi kvasSenja za planarne povrSine AgJ, a rezultati su usporedeni s onima za
Al;O5. Pokazano je, da kod Al,Oj dolazi samo do fizikalne interakcije izmedu sulfonata
i povrsine, dok kod AgJ ima indikacija i za fizikalnu i za kemijsku interakciju.
IzraCtunate su standardne slobdne energije za specificnu adsorpciju, kao i one za
kemijsku interakciju koja se pokazuje neovisnom o duljini alifatskog lanca. Adsorp-
cija surfaktanata moZe se najbolje predstaviti modelom kod kojeg alifatski lanci leze
duz povrsSine AglJ, a kvantitativni termodinamic¢ki podaci su ujedno mjera za stupanj
hidrofobnosti povrsine.
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