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ABSTRACT

The depletion of surfactants in contact with mineral systems can be due to many phenomena
such as adsorption, precipitation with inorganics, or complexation with other chemicals. In many
systems containing sparingly soluble oxide or silicates as the substrate, surfactant depletion has
been assumed in the past to be solely due to adsorption. In this study, the solubility of kaolinite
and alumina is investigated and the contribution of surfactant precipitation with dissolved min-
eral species is determined.

The solubility of kaolinite is studied as a function of pH, and aluminum was observed to occur
in significant amounts under certain pH conditions. Precipitation of dodecylbenzenesulfonate
with these dissolved mineral species results in an adsorption maximum in sulfonate micellar solu-
tions. A minimum in residual aluminum concentrations is observed and this coincides with the
adsorption maximum. Increase of pH to the alkaline range results in the disappearance of. the
adsorption maximum. Most importantly, thermodynamic calculations show that incongruent dis-
solution of kaolinite can occur above pH 4.7 and lead to the formation of a new gibbsite phase
which strongly influences the surface properties of the kaolinite, and in turn, the adsorption of
dodecylbe nze nesulf 0 na te.

Tests were also conducted with alumina and the dissolution of alumina was found to produce
similar effects like kaolinite, particularly precipitation of sulfonate and micellar solubilization in
the acidic region. Analysis of sulfonate depletion at low pH resulted in almost half of the adsorp-
tion being attributed to aluminum sulfonate precipitation. Adsorption, with precipitation iso-
lated, shows the alumina surface to be covered with only a monolayer of the sulfonate.

INTRODUCTION

In investigations of mineral-surfactant interactions, surfactant depletion is
usually measured from the difference in solution concentration of the surfac-
tant before and after contact with the substrate and then attributed to the
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Gibbs surface excess or adsorption [3]. The measured losses are usually
assumed to be solely due to adsorption, whether physical or chemical, when
indeed substantial losses can occur from precipitation. Precipitation of surfac-
tants can arise from interactions with dissolved mineral species, which are
often neglected in mineral-surfactant systems studied previously due to the
assumed insignificant solubility of substrates [ 4-6] . Adsorption of surfactants
on minerals has been shown in the past to depend on the structure of the sur-
factant [7] and the type of mineral [8] as well as the physico-chemical prop-
erties of solution such as pH [4,6,9,10], temperature [11,12], ionic strength
[ 13-15] , and electrolyte [15]. These physico-chemical solution properties can
also affect the dissolution behavior of minerals and can result in significant
changes in the precipitation behavior of the surfactant.

In this study, the adsorption of dodecylbenzenesulfonate on kaolinite and
alumina is investigated. Mineral solubility is simultaneously investigated and
the various mechanisms responsible for surfactant loss, adsorption versus pre-
cipitation, are isolated.

EXPERIMENTAL

Materials

Dodecy lbe nze ne s ulf 0 note
Samples of dodecylbenzenesulfonate were supplied by Exxon Research and

En~neering Co. and specified to contain a mixture of 2t/) to 6t/) dodecylbenze-
nesulfonate isomers. The high pressure liquid chromatogram (HPLC) for the
sample is given in Fig. 1 where four of the five isomers are detected Also pres-
ent is a trace of impurities.

Surface tension results as a function of sulfonate concentration given in Fig.
2 indicate that there is no apparent minimum in micellar solutions with the
CMC determined to be 9.7 X 10 -5 kmol m -3, Calculation of Gibbs adsorption

excess results in r DDBS=3.52 X 10-10 mol cm-2 and an area per molecule of
47.2 A 2. Considering the sample to be a mixture of branched hydrophobes, the
value is in agreement with the values cited in the literature [1].

Kaolinite
A well-crystallized sample of Georgia kaolinite purchased from the clay

repository at the University of Missouri was subjected to an ion-exchange
treatment described elsewhere [2] to produce the mono-ionic sodium kaolinite
(Na-kaolinite) used in this study. BET surface area of the treated sample was
determined by N2 adsorption (Quantasorb) to be' 9.8 m2 g-l.
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OOBS(EX-t)

Fig.

ELUTION (min.) -
AnalytiCal liquid chromatogram of synthetic dodecylbenzenesulfonate [DDBS (EX) )

Alumina
Alumina used was a Linde A high purity sample purchased from Union Car-

bide Corp. BET surface area was determined to be 15 m2 g-l.
Inorganic salts used to adjust ionic strength and pH were of A.R. grade.

Triple distilled water was used for all tests.

Adsorption procedure
Adsorption experiments were conducted in centrifuge tubes subjected to

wrist-action shaking for 72 h with kaolinite samples and 24 h with alumina
samples. At the end of the test, the suspension was centrifuged for 1 h at 2500g
and the supernatant was analyzed for residual sulfonate. The adsorption den-
sity is calculated from the difference between initial and residual sulfonate
concentration.

Analytical methods

Sulfonate concentrations
Sulfonate concentrations were detennined either by two-phase titration using

dimidium bromide/disulphine blue mixed indicator with 10-3 kmol m -3 hexa-



68

decyltributylammonium bromide [16,17], or by UV absorbance at 223 nm.
Titrations were conducted for samples of sulfonate concentration greater than
10-4 kmol m-3 with optical methods employed for dilute solutions.

Aluminium analysis
Aluminium concentrations were analyzed by colorimetry using Aluminon

(aurin tricarboxylic acid) [3] at 527 nm using a Beckman DU-8
spectrophotometer.

R&';ULTS AND DISCUSSION

Kaolinite solubility

The interfacial properties as well as bulk reactions of surfactant-mineral
systems can be expected to be influenced by the presence of dissolved mineral
species. Investigation of surfactant-dissolved species interactions requires a
quantitative knowledge of the various ionic species present, the coordinated
complexes arising from ion-solution interactions, and the effect of solution
properties such as pH and ionic strength on these interactions. Kaolinite sol-
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ubility is studied here as a function of pH and modelled with thermodynamic
constants and the relevant dissolved species, which can interact with the sur-
factant to form either soluble complexes or insoluble precipitates, are identified

Kaolinite solubility equilibria

The solubility equilibrium reaction for kaolinite can be written as follows:

A12Si2Os(OH).(s) +6H+ ~2Al3+ +2H.SiO.(aq) +H2O (1)
pKsp = -6.761 *

Assuming the activities of H2O and Al2Si2O5 (OH). solid to be 1:

Ksp =alI3+ a~.SiO~/a~+ (2)

The dissolution of kaolinite consumes H+ while releasing aluminum and sili-
con species and is therefore pH dependent. The released aluminum and silicon
species can also undergo hydrolysis reactions that must be considered:

H3SiOi + H+
H2SiO~- +2H+
Al(OH)2+ +H+
AI(OH)i +2H+
AI(OH)g +3H+
Al(OH)i +4H+

pKl = 9.838
pK2 = 22.938
pKa = 5.005
pK4 = 9.249
pKs = 14.936
p~ = 23.255

(3)
(4)
(5)
(6)
(7)
(8)

The above equilibria can be' expressed in terms of H+, A13+ and H.SiO~,
grouped in a mass balance equation, and substituted in the simplified solubility
product Eqn (2) which results in the following equation:

- K~2 a~+ (1 + K1/aH+ +K2/a~+) (9)
aAlT -1+K3/aH+ +K./a~+ +K5/a~+ +K6/at.+

The activity of Al3 + can now be computed at each pH with all other species
determined once Al3 + is known. Kaolinite solubility can also be determined in

various supporting electrolyte concentrations by determining the activity coef-
ficients as a function of ionic strength, and then the concentrations of the
various species. The activity coefficients are computed using either the Scat-
chard or the Davies equations.

Due to the possible precipitation of various solid phases, i.e. SiO2 ( c) and
Al ( 0 H) 3 ( C ) , other restrictions must be considered in determining the kaolin-
ite solubility. Bulk precipitation can occur under appropriate conditions of pH
and H.SiO~ or Al3+ levels as depicted by the following equilibria:

.Equilibrium constants calculated from thermodynamic data gathered in Refs r 19-21
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pH
Fig. 3. Total aluminum concentration as a function for pH for Na-kaolinite dissolved in 10 -I kmol

m-:1 NaCI for 72 h. Curve 1 calculated considering the formation of both quartz and gibbsite.
Curve 2 calculated considering amorphous silica formation rather than quartz.

(10)
(11)

pK7= -4.051
pKs = + 8.052

Experimental determination of kaolinite solubility

Kaolinite solubility was determined at 25°C in 10-1 kmol m-3 NaCI by con-
tacting 2 grams of Na-kaolinite with 20 cm3 of electrolyte, centrifuging to sep-
arate solids from liquid, and analyzing for aluminum concentration
colorimetrically.

The solubility of kaolinite, as measured by aluminum concentrations, is
shown in Fig. 3 as a function of pH. The computed total aluminum concentra-
tion as a function of pH is also given. A free energy of formation value for
kaolinite, AG9, of - 906.6 kcal mol- 1 was obtained from curve fitting of the
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experimental data (a value well within the range mentioned in the literature
[ 19] ). The computed values for AIT versus pH (curve 1) were obtained, with
the precipitation of Al ( 0 H) 3 (s) included in the equilibria used to solve the
above equations. For pH values less than 4.2, agreement between computed
and experimental AIT values was obtained by omitting the equilibria for quartz
formation. Siever [22] has reported the rate of crystallization of quartz to be
very slow in the low temperature range with the solubility of amorphous silica
representing the upper limit of dissolved aqueous silicic acid. Under the con-
ditions of the solubility tests here, an excellent fit between computed and
measured aluminum concentrations resulted when amorphous silica precipi-
tate rather than crystalline quartz was assumed as the solid phase resulting
from incongruent kaolinite dissolution (see curve 2 in Fig. 3).

Analysis of the above data leads to the following concerning the kaolinite
solubility:

(1) A value of - 906.6 kcal mol- 1 for the free energy of formation of kaolin-
ite is appropriate for modelling solubility as a function of pH; this is in agree-
ment with literature values of ,,-906.4 and -906.1 kcal mol-l for Georgia
kaolinites as determined by Kittrick [23,24].

(2) The solubility results obtained at 72 h indicate a metastable condition
since amorphous silica seems to govern kaolinite solubility rather than the
slower forming, more thermodynamically stable crystalline quartz.

( 3) Formation of gibbsite may result from incongruent dissolution of
kaolinite above pH 4.7 and this could produce marked effects on the surface
charge characteristics of the suspension.

Based on the above, the concentrations of the species present for kaolinite
dissolved in 10-1 kmol m-3 NaCI at 25°C were calculated and the resultant
species distribution diagram is shown in Fig. 4. Interestingly, the high concen-
trations of A13+ around and below neutral pH suggest that it can be important
in a kaolinite system contacted with anionic surfactants because of the possi-
bilities for either complexation, precipitation, or adsorption activation.

Depletion of dodecylbenzenesulfonate in kaolinite systems

Adsorption isotherms of sulfonates on minerals such as kaolinite have been
shown to exhibit special features such as maximum in the critical micelle con-
centration (CMC) region. The interactions proposed for such behavior have
been discussed extensively in the literature [25-29] and in many systems, a
combination of interactions are involved. Precipitation of surfactant mole-
cules by inorganic ions and subsequent redissolution of the precipitate in
micellar solutions has been identified as a significant factor for surfactant
depletion and the appearance of an adsorption maximum. Isolation of the con-
tribution of precipitation to the overall surfactant depletion in a mineral sys:.
tem must be accomplished before actual adsorption mechanisms can be
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pH
Fig. 4. Dissolved kaolinite species as a function of pH in 10 -I kmol m ~ 3 NaCl calculated consid~

ering the formation of gibbsite and amorphous silica as a result of the incongruent dissolution of
kaolinite.

detennined. For the present adsorption studies, sulfonate depletion is meas-
ured while simultaneously monitoring the residual aluminum concentrations.

Sulfonate abstraction* and residual aluminum concentrations obtained for
kaolinite/dodecylbenzenesulfonate, DDBS(EX), are shown in Fig. 5. An
adsorption maximum is not obtained for this surfactant. The CMC of the sys-
tem as measured by dye solubilization of the sulfonate-kaolinite supernatants
was found to be approximately 9.5 X 10-6 kmol m -3, which agrees with the
value as determined by surface tension measurements (9. 7X 10-6) and coin-
cides with the onset of plateau adsorption.

Examination of the sulfonate uptake only would indicate the absence of any
aluminum sulfonate precipitation in this system since an adsorption maximum
is not obtained. The measured total aluminum in solution can, however, be

. Abstraction includes both adsorption and precipitation of sulfonate.



63

14 112

80

.

.

4

12

12;r-o'....
'0
E

~10

~
~
u
C
E
.-
'"
.
C

10
10-4 10-5 10-2

RESIDUAl. SULFONATE CONCENTRATION [..01/.3]

Fig. 5. Abstraction isotherDl and measured total aluminum concentrations for the
DDBS(EX)-kaolinite system at pH 4.4.

~'

seen to exhibit a minimum near the CMC, indicative of precipita-
tion-redissolution. Evidently, even though some precipitation occurred, the
amount of sulfonate precipitated is small compared to that of the sulfonate
depleted due to adsorption, and therefote, the adsorption maximum was not
detected.

Indeed if precipitation-redissolution of aluminum sulfonate leads to an
adsorption maximum, an increase in the level of the dissolved aluminum spe-
cies should result in higher precipitation levels and a ~ore pronounced maxi-
mum. Kaolinite dissolution results in dlog AIT/dpH of approximately - 2;
therefore a decrease in the system pH should result in enhanced sulfonate
depletion due to increased precipitation, in addition to increased electrostatic
adsorption. Results of tests at pH 3.7+0.3 for the DDBS(EX)/kaolinite sys-
tem are given in Fig. 6. Lowering the pH from 4.4 to 3.7 resulted in increased
sulfonate depletion, and also produced a very sharp adsorption maximum,
indicating the increased contribution of precipitation-redissolution in this
system. The residual aluminum levels also demonstrated larger changes in the
CMC region corresponding to increased precipitation.

The presence of a pronounced adsorption maximum at the lower pH values
(with an increase in dissolved aluminum species) clearly supports the hypoth-
esis that the change in aluminum concentration is the result of precipita-
tion-redissolution of aluminum sulfonate complexes. A comparison of the
measured aluminum concentration with aluminum depletion is given in Fig. 7
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Fig. 6. Abstraction isotherm and measured total aluminum concentrations for the
DDBS (EX) -kaolinite system at pH 3.7.

for two different pH levels, with the initial aluminum concentration obtained
from tests conducted under the same conditions but in the absence of sulfo-
nate. The system at the lower pH (3.7) not only has a higher measured residual
concentrations but also exhibits larger depletion in aluminum concentration
as the sulfonate concentration is increased. At pH 3.7, LlA1T reaches values of
3.8X10-4 kmol m-3 whereas in the case of the system at pH 4.4., LlA1T values
approach only 9.6X 10-5 kmol m-3. The contribution of precipitation to over-
all sulfonate depletion was determined by assuming the precipitate formed to
be Al(DDBS)3. The results are given in Table 1 and show that a residual sul-
fonate concentration near the CMC (10-4 kmol m-3), the maximum contri-
bution of precipitation is 12% for the system at pH 4.4 whereas the contribution
is 30.5% at pH 3.7. Although precipitation does appear to exist in the system
at pH 4.4, this was not sufficient to produce an abstraction maximum. How-
ever, clearly at these precipitation levels, its contribution must be accounted

008S (EX-1) No-KAOLINITE (0-1)
T = 25j; 1°C

pH = 3.7:t 0.3
S/L = 0.2

1= 10-1kmol/m3 NoCI

~/~
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Fig. 7. Comparison of residual concentrations and calculated aluminum depletion for the
DDBS(EX)-kaolinite systems at pH 3.7 and pH 4.4.

for at any pH values while developing an accurate understanding of the adsorp-
tion phenomenon.

Precipitation of aluminum sulfonate complexes

Precipitation of dodecylbenzenesulfonate with cationic aluminum species
will occur if the respective concentrations meet the solubility product require-
ments. To substantiate the existence of aluminum sulfonate precipitates in the
kaolinite system, solubility tests were conducted with solutions of aluminum
chloride contacted with dodecylbenzenesulfonate at varying concentration. The
results are presented in Fig. 8 as the ratio of the residual to initial concentra-
tion as a function of residual dodecylbenzenesulfonate concentration for both
the sulfonate and aluminum ions. For both ions, precipitation is evident in the
pre micellar concentration range as the ratios decrease from 1 to < 0.2, with an
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TABLE 1

Contribution of precipitation in the DDBS (EX) -kaolinite systems at two pH levels considering
the formation of Al(DDBS)3"

pHd

3.98 X 10-4
8.50 X 10-6
3.13X 10-6
9.39 X 10-4
3.08XIO-3
2.14X 10-3

30.5

1. AlT Initial8
2. ~ Residual'
3.~Depletion (1-2)
4. DDBS Precipitatedb
5. Total DDBS Depletion'
6. DDBS Adsorption (5-4)
7. Percent Precipitation

"Measured in the absence of sulfonate.
b'}1lree times AIT depletion.
cMeasured at residual DDBS concentration of 10-4 kmol m-3.
dConcentration given in kmol m -3.

apparent redissolution in micellar solutions as indicated by the ratios re-
approaching 1.0. The minimum in each curve occurs in the CMC region and
thus further supports the precipitation-micellar redissolution model. The shape
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Fig. 8. Ratio of residual to initial concentrations of sulfonate and aluminum versus residual sul-
fonate concentration for the DDBS(EX)-AlCI3 system at pH 3.7.
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of the curves for aluminum sulfonate precipitation also correlate to the
abstraction and aluminum concentration isotherms in Fig. 6; a sharp increase
in sulfonate depletion as concentrations approach 10-4 kmol m-3 DDBS, fol-
lowed by a gradual decrease in abstraction as DDBS concentrations approach
10-2 kmol m -3, the same concentration where complete redissolution is evi-
.dent in the solubility tests. Thus at pH 3.7, it is quite clear that precipitation
and subsequent micellar redissolution of aluminum sulfonate is indeed a phe-
nomenon that can contribute to the abstraction maximum observed in this
study.

Adsorption of kaolinite at pH levels above point of zero charge

The high abstraction of dodecylbenzenesulfonate on kaolinite at low pH lev-
els resulted from precipitation due to the release of aluminum into solution in
cationic form under the acidic conditions studied. Increase of the pH above the
PZC of kaolinite into the neutral pH region should result in decreased abstrac-
tion of sulfonate due to a reduction in the electrostatic interactions between
the kaolinite surface and sulfonate, as well as reduced precipitation owing to a
decrease in the cationic dissolved aluminum species.

Results obtained for DBBS(EX) abstraction at pH 7.9:t0.2 are given in
Fig. 9 and it can be seen that there is no adsorption maximum in this case. At
this pH, aluminum was not detectable by colorimetric analysis, but based on
the solubility curve in Fig. 4, the aluminum present would predominate as
Al ( 0 H) 3 (aq) or Al ( 0 H) .- . There should be no sulfonate precipitation under
these conditions and the abstraction can be assumed to be just adsorption.

Abstraction tests were also conducted under alkaline pH conditions in order
to investigate the role of dissolved anionic aluminum species, if any, on the
surfactant abstraction. The results obtained at pH 10.8 given in Fig. 10 suggest
the following:

(1) Increase of pH reduces the adsorption ofDDBS on kaolinite, as expected,
but the magnitude of adsorption is much higher than that expected based on
electrostatic considerations (zero adsorption since the PZC of kaolinite is in
the pH range 4.5-5.0) .

(2) The concentration of dissolved aluminum also increases as the pH is
increased but is independent of the residual sulfonate concentration (or
adsorption) at this pH.

A question arises as to why sulfonate adsorbs at all at pH levels well above
the PZC of kaolinite. At pH 7.9 and 10.8, both the surfactant and the mineral
should be negatively charged and the electrostatic driving force for adsorption
should be absent. We consider the explanation for the observed behavior to
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reside in the kaolinite dissolution. AbOve pH 4.7, kaolinite dissolves incon-
gruently to yield gibbsite [AI (OH) 3 (C)] as indicated from solubility calcula-
tions and zeta potential measurements. Thus at pH 7.9 and 10.8, gibbsite
particles or surfaces can be present in the kaolinite system. Previous studies
on gibbsite have reported its PZC to be between pH 8.5 and 9.1 [30,31]; gibb-
site surfaces can thus be expected to have a net positive charge at pH 7.9 and
provide the necessary coulombic driving force for adsorption of the anionic
sulfonate. At pH 10.8, the net surface charge can be expected to be negative
but enough positive sites must exist to adsorb the sulfonate molecules since
the system is at only a couple of pH units above the PZC of gibbsite. Zero
adsorption for alkylarylsulfonatefalumina systems was reported in the litera-
ture to occur only above pH 12.5 [32].

Mineral dissolution thus plays an important role in the depletion behavior
of dodecylbenzenesulfonate in kaolinite suspensions. Measuring only sulfo-
nate depletion, as is typically done, will not suffice for a thorough understand-
ing of the mechanisms of interaction. Results for the depletion of DDBS
contacted with kaolinite as a function of pH is summarized in Fig. II, and by
monitoring the dissolution of kaolinite the following conclusions concerning
the mechanisms can be made:

(1) At acidic pH levels below the PZC (3.7), significant precipitation of the
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dodecylbenzenesulfonate with cationic dissolved aluminum species occurs and
subsequent redissolution of the aluminum-sulfonate precipitates produces an
abstraction maximum.

(2) At or near the pH of the PZC (4.4), a reduction in the concentration of
dissolved cationic aluminum species results in decreased precipitation such
that the adsorption maximum is no longer observed. The contribution of alu-
minum-sulfonate precipitation still must be accounted for prior to determin-
ing actual adsorption densities.

(3) At pH levels above the PZC both in the neutral region (7.9) and the
alkaline region (10.8), incongruent dissolution of kaolinite can result in phase
transformations to gibbsite such that adsorption occurs at levels governed not
only by the surface of the kaolinite, but also by that of gibbsite.

Adsorption of dodecylbenzenesulfonates on alumina

The nature of the dissolved species, as well as the isoelectric point of the
mineral, playa significant role in the adsorption of sulfonate on kaolinite.

-3

-4

r-.
--e
"-
'0
e
~

z
0

~
~

%
1&1
U
Z
0
U

t-
C

10-

J)-



70

Fig. 11. Summary of abstraction (adsorption) isotherms for DDBS(EX)-kaolinite systema at
different pH.

Kaolinite has an isoelectric point reportedly in the pH range 4.5-5.0 [33]. The
buffering capacity of the mineral due to its amphoteric nature causes con-
sumption of acid and/or base through interactions of H+ /OH- ions with the
surface hydroxyl groups and results in natural equilibrium pH values in the
acidic range. The balance between dissolution and surface charge generation
is therefore maintained in the acidic range. This result is important in abstrac-
tion tests since the hydrolyzed species of AI(OH)~-n in equilibrium with
kaolinite are pH dependent with the cationic species predominating in the
acidic pH range. For electrolyte solutions under a variety of pH levels con-
tacted with kaolinite, cationic aluminum species can be expected to be present
in solution which can complex and/or precipitate anionic surfactants such as
DDBS. An alternative aluminum type mineral such as aluminum oxide, Al2Oa,
has an isoelectric point of pH 9.1 [31]; one can expect the dissolution-surface
charge equilibria to be maintained in this alkaline region under natural pH
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conditions. The dissolved mineral aluminum species for Al2O3 at natural pH
will predominate as AI(OH)i with the secondary species being neutral,
AI(OH)g. Owing to its apparent low solubility, alumina substrates have been
used in modelling adsorption quite extensively in the past [4-6] but without
taking into account the dissolution of the mineral. Only in our previous work
has the role of alumina dissolution been identified to playa major role in deter-
mining adsorption mechanisms.

The adsorption isotherm and dissolved ~luminum concentrations obtained
for the DDBS (EX) -alumina system at pH 8.8:t 0.3 are shown in Fig. 12. Also
indicated in the figure is the change in pH that accompanied the adsorption
process as shown by the hydroxyl ion concentration. The major features of this
system are:

(1) The adsorption isotherm exhibits plateau adsorption with the onset of
plateau coinciding with the CMC.

(2) The dissolved aluminum and hydroxyl ion concentrations also exhibit
the same behavior as adsorption; an increase with increase sulfonate concen-
tration with plateaus above the CMC.

Clearly, the adsorption process of DDBS at the alumina-water interface
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Fig. 13. Measured rota! aluminum and hydroxyl ion concentrations as a function of the adsorbed
sulfonate concentration for the DDBS (EX) -alumina system at pH 8.9.

results in ion exchange between aluminum ions and hydroxyl ions. This can
be clearly seen by examining the concentrations of both aluminum and hydroxyl
ions as a function of adsorption (Fig. 13). Both ions exhibit log linear rela-
tionships with a slope of 1.0. The difference between the sum of the hydroxyl
and aluminate ions exchanged with sulfonate may be due to the presence of
swamping amounts of chloride ion which can also be expected to undergo an
ion-exchange process.

It is to be noted that the kaolinite-DDBS systems at acidic pH levels, the
total aluminum concentration does not exhibit a minimum at or near the CMC.
This confirms the absence of aluminum sulfonate precipitation in the alumina
system since the hydrolyzed species at pH 8.8 are predominantly in the
Al(OH)i form. In the absence of precipitation, an adsorption maximum due
to precipitation-redissolution is also not expected as is indeed the case.
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To further test the role of dissolved mineral species on the depletion of sul-
fonate, adsorption tests were conducted at acidic pH levels where the dissolved
aluminum species are expected to be in cationic form. Abstraction and alumi-
num concentration results at pH 4.7 are given in Fig. 14. Adsorption maximum
is again absent at this pH, although the isotherm does not exhibit the sharp
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transition at the CMC observed at pH 8.8. Note that the CMC determined by
dye solubilization of the supe:natants, however, shifted from 9.5 X 10-5 to
1.26x 10-4 kmol m -3 DDBS. Interestingly, the aluminum concentration curve

is found to exhibit a steep minimum in the CMC region indicative of precipi-
tation-redissolution that was observed for the kaolinite systems. Furthermore,
the aluminum concentration in the absence of sulfonate is close to 8X 10-4
kmol ni -3 whereas the residual aluminum concentration at the minimum near
the CMC is only 7 X 10-6 kmol m -3; a 100 fold decrease in aluminum concen-
tration occurred due to the presence of sulfonate. Clearly, precipitation of alu-
minum sulfonate complexes must be occurring to account for such a decrease.

The absence of an adsorption maximum in this system would seem to indi-
cate the absence of precipitation-redissolution. However, if the amount of the
precipitate is much more than the concentration of micelles present, redisso-
lution would be minimal and no adsorption maximum would be observed. To
examine this possiblity, the precipitate formed was assumed to heAl (DDBS) 3,
and the contribution of precipitation to the overall sulfonate depletion was
determined to be 47% at a residual sulfonate concentration of10-4 kmol m-3,
which is near the CMC.

Based on the aluminum depletion one can see that the amount of precipi-
tation occurring under these conditions can be as much as 47% of the overall
measured sulfonate depletion. Such high levels of precipitation in the system
would require solutions of very high micellar content before significant redis-
solution occurs; concentrations that may not be practical due to limited sul-
fonate solubility. This is clearly seen when examining the ratios of residual to
initial aluminum and sulfonate concentrations as a function of the sulfonate
concentration (Fig. 15). The rate for aluminum concentration decreases ini-
tially and then remains quite low for a large increase in sulfonate concentration
above the CMC. Only at much higher sulfonate concentrations does the Al
ratio begin to increase, indicative of redissolution, but the highest value obtained
was still only 0.1. The sulfonate ratio is very low in the premicellar range and
it also begins to increase above the CMC, crossing the aluminum ratio curve
at the CMC. These results indicate that the redissolution process has begun
but the amount of precipitate in the system is rather high compared to the
amount of micelles formed. At still higher sulfonate concentrations, the extent
of redissolution can again be expected to he significant resulting also in an
adsorption maximum.

The investigation of adsorption using alumina has thus clearly helped to
confirm that the dissolved species do play an important role in determining
the surfactant depletion. In the case of the dodecylbenzenesulfonate-alumina
system at pH 4.7, the apparent adsorption plateau was at 8.1X10-5 mol g-l
(5.4X10-10 mol cm-2) or 150% monolayer coverage based on the area per
molecule of the surfactant. Such multilayer adsorption has been proposed in
the literature [5,34] and is the basis for the admicelle adsorption theory of
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Harwell et al. [34]. In their studies, the adsorption plateau of an alkylarylsul-
fonate on alumina was found to increase as the system pH was decreased. At
pH values between 2 to 3, the adsorption plateau reached a limiting value and
the authors considered this to be the region of saturated adsorption in the form
of a bilayer. Thus, the bilayer adsorption theory arises from measurements of
sulfonate depletion in a pH region where mineral dissolution is significant but
ignored by the authors.

Computation of the contribution of aliminum-sulfonate precipitation for
the DDBS-alumina system at pH 4.7 yields an adsorption plateau at 6.0 X 10-5
mol g-l or 3.9X10-10 mol cm-2, and 111% monolayer coverage. It appears
that within the experimental error of the various techniques, sulfonate adsorp-
tion on alumina reaches only a monolayer. At pH 8.8, where alumi-
num-sulfonate precipitation is absent, the adsorption plateau occurs at
5.5X 10-5 mol g-1 or 3.67X 10-10 mol cm-2 which is 104% monolayer cover-
age. It is clear that only monolayer adsorption on alumina of the sulfonate
occurs in both the acidic and alkaline pH regions. If the dissolved mineral
species were not monitored, the sulfonate depletion at pH 4.7 would have been
attributed totally to adsorption, and subsequently, a conclusion of multilayer
adsorption would result. With aluminum species also measured along with the
adsorption, sulfonate depletion is shown in this study to be the cumulative
result of adsorption and precipitation, with precipitation accounting for as much
as 50% of the overall sulfonate depletion. The significance of this composite
aspect of the depletion problem in studying adsorption mechanisms is obvious.
It is also clear that there is a need for a balance between adsorption, precipi-
tation, and micellization for the adsorption maximQm to be observed. Too little
or too much precipitation will result in apparent plateau adsorption and can
lead to an erroneous interpretation of results.

ACKNOWLEDGEMENTS

The authors wish to thank Dr Paul Valint of Exxon Research and Engi-
neering Co. for supplying the surfactant samples. Support of the Department
of Energy (DE-AC03-85BC-10848), the National Science Foundation (CPE-
8201216), Amoco Production Co., Chevron Oil Field Research, Exxon Research
aJ;ld Engineering, Gulf Research and Development, Shell Development Co.,
Standard Oil Company, Texaco, Inc.., and Union Oil Company of California is
gratefully acknowledged.

REFERENCES

M.J. Rosen, Surfactants and Interfacial Phenomena, Wiley, New York, 1978.



76

2 A.F. Hollander, P. Somasundaran and C.C. Gryte, Adsorption Characteristics of Polyacry-
lamine and Sulfonate-Containing Polyacrylamide Copolymers on Sodium Kaolinite, J. Appl.Polym. Sci., 26 (1981) 2123. -

3 A. W. Adamson, Physical Chemistry of Surfaces, 2nd edn, Interscience, New York, 1967.
4 S.G. Dick, D. W. Fuerstenau and T. W. Healy, Adsorption of Alkylbenzene Sulfonate (ABS)

Surfactants at the Alumina-Water Interface, J. Colloid Interface Sci., 37 (1971) 595.
5 J.F. Scamehom, RS. Schechter and W.H. Wade, A~rption of Surfactants on Mineral Oxide

Surfaces from Aqueous Solutions, I: Isomerically Pure Anionic Surfactants, J. Colloid Inter-
face Sci., 85 (1982) 463.

6 P. Somasundaran and D. W. Fuerstenau, Mechanisms of Alkyl Sulfonate A~rption at the
Alumina-Water Interface,J. Phys. Chem., 70 (1966) 90.

7 M.J. Rosen (Ed.), Relation Between Structure and Performance of Surfactants, ACS Symp.
Ser.,253 (1984).

8 P. Somasundaran, K.P. Ananthapadmanabhan and K. V. Viswanathan, Adsorption of Sul-
fonate on Kaolinite and Alumina in the Presence of Gypsum, SPE preprlnt 11780, presented
at Int. Symp. on Oil Field and Geothermal Chem., Denver, 1983.

9 T. Wakamatsu and D. W. Fuerstenau, The Effect of Hydrocarbon Chain Length on the
Adsorption ofSulfonates at the Solid/Water Interface, Adv. Chem. Ser., 79 (1968) 161.

10 P. Somasundaran and D. W. Fuerstenau, Trans. AIME, 252 (1972) 275.
11 B. Ball and D. W. Fuerstenau, Thermodynamic and A~rption Behavior in the Quartz/

Aqueous Surfactant System, Discuss. Faraday Soc., 52 (1971) 361.
12 P. Chandar, M.S. Thesis, Columbia University,1982.
13 B. Dobias, Surfactant A~rption on Minerals to Flotation, Struc. Bonding, 56 (1984) 91.
14 H.S. Hanna and P. Somasundaran, J. Colloid Interface Sci., 70 (1979) 181.
15 J.H. Harwell, Surfactant A~rption and Chromatographic Movement with Application to

Enhanced Oil Recovery, Ph.D. Thesis, The University of Texas at Austin, 1983.
16 Z. Li and M.J. Rosen, Anal. Chem., 53 (1981) 516.
17 V. W. Reid, G.F. Longman and E. Heinerth, Determination of Anionic-Active Detergents by

Two-Phase Titration, Tenside, 4 (1967) 292.
18 E.B. Sandell, Photometric Determination of Traces of Metals, 4th edn, Vol. 3, Pt. I, Wiley,

New York, 1978.
19 R.L. Bassett, Y.K. Kharaka and D. Langmuir, Critical Review of Equilibrium Constants for

Kaolinite and Speiolite, ACS Symp. Ser., 93 (1979) 389.
20 W. Stumm andJ.J. Morgan, Aquatic Chemistry, 2ndedn, Wiley, New York, 1981.
21 D.O. Wagman, Selected Values of Chemical Thermodynamic Properties, Nat. Bur. Stand.

U.S. Tech. Note, 270 (1968) 208.
22 R. Siever, Am. Mineral., 42 (1957) 826.
23 J.A. Kittrick, Am. Mineral., 51 (1966) 1457.
24 J.A. Kittrick, Clays Clay Miner., 18 (1970) 261.
25 F.H. Sexsmithand H.J. White, J. Colloid Sci.,14 (1959) 598.
26 J .A. Kitchener, Mechanisms of A~rption from Aqueous Solutions: Some Basic Problems,

J. Photogr. Sci., 13 (1965) 152.
27 K.J. Mysels and RJ. Otter, Thermodynamic Aspects of Mixed Micelles - Application of an

Empirically Established Equilibrium, J. Colloid Sci., 16 (1961) 474.
28 K.P. Ananthapadmanabhan and P. Somasundaran, Role of Micellar Exclusion in Adsorption

Phenomena, submitted for publication in Colloids Surfaces.
29 K.P. Ananthapadmanabhan and P. Somasundaran, Mechanism for Adsorption Maximum

and Hysteresis in a Sodium Dodecylbenzenesulfonate/Kaolinite System, Colloids Surfaces,
7 (1983) 105.

30 G.A. Parks and P .L. deBruyn, Zero Point of Charge of Oxides, J. Phys. Chem., 66 (1962)
967.



77

31 J.A. Yopps and D.W. Fuerstenau. The Zero Point of Charge of Alpha-Alumina. J. Colloid
Sci., 19 (1964) 61.

32 C.C. Nunn, Equilibrium Adsorption onto Alumina from some Solubilized Systems. Ph.D.
Thesis, The University of Texas at Austin. 1981.

33 H. Van Olphen. An Introduction to Clay Conoid Chemistry, 2nd edn, Wiley. New York. 1981.
34 J.H. Harwen. J.C. Hoskins. R.S. Schechter and W.H. Wade. PBeudophase Separation Model

for Surfactant AdsorPtion: IsomericaJly Pure Surfactanta, Langmuir, 1 (1985) 251.


