Colloids and Surfaces, 26 (1987) 19-41 19
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

Adsorption of Ethoxylated Sulfonates on Kaolinite
and Alumina

K.V. VISWANATHAN and P. SOMASUNDARAN*

School of Engineering and Applied Science, Henry Krumb School of Mines, Columbia
University, New York, NY 10027 (US.A.)

(Received 1 August 1986; accepted 24 November 1986)

ABSTRACT

Ethoxylated surfactants have been reported to show improved interfacial tension and calciunr
tolerance properties, even though the mechanism by which ethoxylates influence interfacial phe-
nomena are not completely understood. The impurities present in technical grade ethoxylated
sulfonates place a major hurdle in studying this type of surfactants. A technique based on flash
chromatography was therefore developed for separating them and the collected fractions were
characterized using HPL.C and NMR.

Adsorption studies showed the nonionic impurities to enhance the adsorption of as received
and purified ethoxylated sulfonate on alumina in the premicellar region. The effect of variation
in the structure of these compounds on adsorption was studied by comparing their adsorption
with non-ethoxylated sulfonates. Also the effect of the degree of ethoxylation was studied using a
series of ethoxylated sulfonates and ethoxylated alcohols. Interestingly, both ethoxylated alcohols
and ethoxylated sulfonates exhibited increased adsorption in the premicellar region and lower
adsorption in the micellar region with increase in ethoxylation, indicating increased hydropho-
bicity of the sulfonates with increase in ethoxylation. This is further supported by the HPLC
behavior of these surfactants. The results are discussed in terms of molecular geometry and hydra-
tion of the ethoxy group.

INTRODUCTION

Surfactant depletion in micellar flooding is a complex process controlled by
the multicomponent nature of the reservoir rock, the fluid, as well as the sur-
factants employed. Past studies have shown adsorption and precipitation to be
the two major factors determining surfactant loss, and that these phenomena
are markedly dependent on system variables such as pH, ionic strength, tem-
perature, inorganic type, surfactant composition, and mineral type [1-12].

It has become clear that precipitation of alkylbenzenesulfonates can limit
their use under the high brine and calcium levels of reservoir systems [13]. In
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order to circumvent this problem, modified surfactants have been developed
for use in enhanced oil recovery {14,15]. Recently, ethoxylated surfactants
have been reported to be superior to many others in salt tolerance [15]. Also,
the hydrophilic lipophilic balance (HLB) of these surfactants can be altered
conveniently by changing the degree of ethoxylation while keeping the main
structure of the surfactant constant. However, the mechanisms by which
ethoxylates influence interfacial phenomena, particularly adsorption, are not
understood. A majot problem in studying the basic phenomena underlying these
chemicals has been the presence of 15 to 50% impurities present in the tech-
nical grade ethoxylated surfactants. In this paper we will present results on
the characterization of polydispersed ethoxylated sulfonates by NMR and
HPLC and their adsorption on sodium kaolinite and alumina.

MATERIALS AND METHODS

Kaolinite

Homoionic sodium kaolinite was prepared from kaolinite samples purchased
from the clay repository of the University of Missouri. The procedure used for
the preparation and characterization of homoionic sodium kaolinite was
described elsewhere [8]. BET surface area of this kaolinite sample was 9.5 m?
g

Alumina
Alumina was Linde (A) high purity sample purchased from Union Carbide
Co. BET surface area of this sample was determined to be 15.0 m* g~*.

Inorganic chemicals
Sodium chloride, sodium hydroxide, and potassium hydroxide used were of
ultrapure grade and were purchased from Aldrich Chemical Co.

Alkylbenzenesulfonates

Isomerically pure 4-n-decylbenzenesulfonate (DBS) and 4-n-octylbenze-
nesulfonate (OBS) of 99% purity were synthesized in our laboratory. The
synthesis and characterization procedures were described in detail elsewhere

(5].

Ethoxylated sulfonates

The ethoxylated sulfonates used were Triton X-200 and Triton X-202 (Rohm
and Haas), Alipal SE-463 (GAF Corporation), NES-1 (Diamond Sham-
rock), an TOPS-1 (synthesized [16] at Columbia University). In the absence
of information on the nature of the alkyl chain and degree of ethoxylation,
these surfactants were characterized using p-NMR and HPLC techniques.



Procedure for p-NMR

The proton-NMR spectra of the phenolic compounds were obtained by dis-
solving them in CDCl,. The sulfonate solutions were obtained by dissolving
them in trifluoroacetic acid followed by extraction with CDCl; and drying with
anhydrous sodium sulfate. A Varian XL 200 FT spectrometer was used for p-

NMR.

Procedure for HPLC

High performance liquid chromatography was used to characterize the
ethoxylated sulfonates. The surfactants were dissolved in the HPLC solvent
and a 20 ul sample was injected into a C-18 bonded silica column. The various
components eluted from the column were analyzed using a Variable wavelength

UV detector set at 223 nm.
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Fig. 1. p-NMR spectra of 4-n-octylphenol, 4-tertiaryoctylphenol, and TOPS-1.
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Adsorption experiments

Adsorption tests were conducted in tightly capped 5 dram vials. Alumina
and sodium kaolinite were preconditioned in NaCl solutions for 90 and 120
min, respectively, on a wrist-action shaker at the desired temperature. Surfac-
tant solution was added and each sample was conditioned for a sufficient time
to reach equilibrium (4 h for alumina and 72 h for sodium kaolinite). The
solids were then separated from the liquid by centrifugation and the superna-
tant was analyzed for its surfactant concentration by two-phase titration tech-
nique [19] or HPLC. ' :

RESULTS AND DISCUSSION

p-NMR characterization

The p-NMR spectra of the standards, 4-tertiaryoctylphenol and 4-n-octyl-
phenol, isomerically pure 4-tertiaryoctylphenoxyethylsulfonate (TOPS-1), and
the ethoxylated sulfonates are given in Figs 1 and 2. The assignment of the
protons associated with the carbon atoms in the alkyl, aryl and ethoxylated
regions for the standard compounds and for ethoxylated sulfonates (assigned
by comparison with the standards) is schematically shown in each spectrum.
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Fig. 3a. p-NMR spectra of sulfonates and nonionic fractions of Triton X-202.

A comparison of the alky!l regions of the ethoxylated sulfonates, 4-n-octyl-
phenol and 4-tertiaryoctylphenol indicates all three sulfonates to have 4-ter-
tiaryoctylphenyl structures rather than 4-n-octylphenyl structures.
Furthermore, it can be concluded that the aromatic ring is para substituted
because of the occurrence of the twin doublet peaks in the aryl region, char-
acteristically obtained for such substitution. As suggested by the spectrum of
Triton X-100 [17] (which is known to contain ethoxy groups) the proton
peaks associated with ethoxy (EO) groups occur between 3 and 4 ppm. The
number of EO groups can be calculated for the ethoxylated sulfonates from the
integral value of the protons in this region.

Most of the commercial ethoxylated sulfonates used in the present study are
polydispersed with respect to ethoxylation; the EO number specified by the
company being an average value. In addition, they also contain a significant
proportion of nonionic components. In order to determine the structure of
these components, chromatographic mode sequencing techniques [18,23]
(flash chromatography) was used to separate them and p-NMR was used to
characterize each fraction. Typical NMR spectra of the sulfonate and the non-
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Fig. 3b. p-NMR spectra of ethoxylated region of sulfonate and nonionic fractions of NES-1.

TABLE 1

The ppm values of the peaks in the ethoxylated region of the NMR spectra

Surfactant ppm Values

Triton X-202 '

(a) Sulfonate fraction 3.194 3.7565 3.894 3.990

(b) Alcohol fraction 3.6 3.8-39 4.15

NES-

(a) Sulfonate fraction 3.148 3.6-3.75 3.8 3.938 4.118
(b) Alcohol fraction 3.6-3.7 3.85 4.117

TOPS-1 3.5 4.4
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TABLE 2

Elution time in minutes of surfactants, alcohol and phenols obtained using HPLC technique at
different solvent combinations

Surfactant Elution time (min)*
CH,CN:TBAP® CH,CN:TBAP CH;0H:H,0*
60:40 70:30 70:30

n-OBS 3.08 1.25 131

n-DBS 554 1.29 1.70

n-DDBS 11.09 1.34

n-TDBS - 1.55

4-n-Octylphenol 22.46

4-Tertiary- 12.15

octylphenol 13.48

Triton X-100 1.84, 3.05, 2.51,2.97, 19.68, 21.71,
3.30, 7.63, 8.50, 10.10, 23.53, 24.93, 26.39, 27.86,
13.97 29.29, 30.69, 32.16, 33.79,

3759
Triton X-200 3.30,3.50, 10.46,10.85 33,55 1.20, 1.38, 1.69, 2.30, 5.87,
21.85, 23.75

Triton X-202 1.16,1.43,1.79,2.01,  1.36,1.77,5.43 1.29, 1.68, 1.83, 19.06, 21.09
2.77,3.27, 3.49, 10.72,
11.17, 12.11, 13.16

Alipal SE-463 1.26, 1.43, 1.65, 1.80, .21,5.53 1.29, 1.69, 1.85, 19.25,
2.13,2.51, 3.01, 3.28, 21.25, 23.12
3.48,3.64, 10.77

DDBS (EX-1) 1.47, 8.89, 9.22, 9.56,
10.32

*Major peak of multi-isomers underlined.
®Acetonitrile: Tetrabutylammoniumphosphate solvent mixture.
Methanol: water solvent mixture.

ionic fractions of two technical grade sulfonates (Triton X-202 and NES-1)
are given in Figs 3a and 3b. From Fig. 3a it can be seen that both the sulfonate
and the alcohol fraction of Triton X-202 have the same hydrophobe (p-ter-
tiaryoctylphenoxy group). Similar results were obtained for NES-1. The p-
NMR spectra expanded in the ethoxylated region of the sulfonate and alcohol
fractions of NES-1 are given in Fig. 3b. Integration of the protons of the EO
groups shows that Triton X-202 and NES-1 contain 2 and 17 EO groups,
respectively, for both the sulfonate and alcohol fractions. The ppm values of
the peaks in the ethoxylated region of the NMR spectra are shown in Table 1.

It is evident from Table 1 that the alkylphenoxypolyethoxyethyl alcohols
have 3 major peaks around 3.6, 3.8-3.9 and 4.1-4.2 ppm. Introduction of the
polar sulfonate group increases the number of peaks in the ethoxylated region
to 4 in the case of Triton X-202 and to 5 in the case of NES-1. The most
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significant observation is the appearance of the peak at 3.1-3.2 ppm which is
absent in the alcohol fraction. The number of protons associated with this peak
at 3.1-3.2 ppm was found to be 2 (by integration). These protons are most
likely to be the two CH, protons attached to the sulfonate group (-CH,-S0;).
This was confirmed by synthesizing and analyzing monoisomeric TOPS-1
which has 1 EO group. The methylene protons attached to the sulfonate group
are found to occur in this case at 3.5 and 4.4 ppm.

HPLC characterization

The HPLC chromatograms obtained for Triton X-200, NES-1, and TOPS-
1 are given in Figs 4 and 5. It can be seen that while the chromatogram of the
isomerically pure ethoxylated sulfonate, TOPS-1, shows only one major peak,
the two technical grade sulfonates contain more than one peak, indicating the
presence of impurities. There appears, however, to be two distinct fractions
with widely differing elution times. The fast and slow eluting fractions were
analyzed separately and only the former was found to contain the sulfonate.
The high retention time of the latter fraction is characteristic of ethoxylated
nonionic compounds (viz. Triton X-100) as indicated by HPLC data obtained
for such compounds (see Table 2).

Salt tolerance of ethoxylated and nonethoxylated sulfonates

The tolerance of 10~2 kmol m~2 Triton X-200 solutions to sodium and cal-
cium chlorides are shown in Figs 6a and 6b. It can be seen that at the specific
surfactant level, precipitation occurs only above 14% NaCl and 7.4% CaCl,. It
is to be noted that the sodium and calcium tolerance of Triton X-200 is con-
siderably higher than that of DBS (0.6% NaCl and 0.002% CaCl,).

Adsorption of ethoxylated versus nonethoxylated sulfonates

The adsorption isotherms of Triton X-200, Triton X-202 and Alipal SE-463
on alumina and sodium kaolinite under medium salinity conditions are given
in Fig. 7. For comparison adsorption/abstraction results of DBS on alumina
and sodium kaolinite in the absence and presence of a soluble calcium mineral,
gypsum, are given in Fig. 8. From Figs 7 and 8 we can see that the behavior of
DBS in the presence of gypsum is totally different from the other systems. The
vertical abstraction isotherms obtained with alumina and sodium kaolinite can
be attributed to sulfonate precipitation by the calcium released from gypsum.
The mechanism is shown below.

CaS0O, »Ca?* +S032-
Ca?* +2 RSO; —Ca(RSO0;),

The solubility product of calcium disulfonate was determined experimentally
[9] to be 7-8 X102, From the solubility product, the onset of precipitation
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in the system can be determined from the residual sulfonate and calcium levels.
The predicted onset of precipitation is shown in Fig. 8 to correlate with the
abrupt increase in sulfonate depletion. In contrast, adsorption results of ethox-
ylated sulfonates on alumina and sodium kaolinite under harsher salinity con-
ditions suggest that similar precipitation does not occur with these surfactants.

Clearly, the addition of ethoxylated groups affects significantly the solution
behavior of sulfonate surfactants. In order to determine whether such effects
are also manifested at the solid/liquid interface, systematic adsorption exper-
iments were carried out using Triton X-200. In Fig. 9 the adsorption of Triton
X-200 on alumina is compared with that of DBS and OBS. The isotherms are
similarly shaped and characteristic of sulfonate adsorption on alumina. Upon
comparing the magnitude of adsorption of these surfactants, it can be seen that
the tendency of Triton X-200 to adsorb on alumina is less than that of DBS
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but greater than that of OBS. Examination of the structures of these com-
pounds and of the data obtained previously for the effects of chain length and
branching on adsorption [20] suggests the following:

(1) The lower adsorption of Triton X-200 compared to that of DBS is
expected on the basis of the longer and linear chain of the latter.

(2) On the same basis, however, the higher adsorption of Triton X-200 com-
pared to OBS is not expected; linear C-8 chain of OBS should have a greater
hydrophobic character (hemimicellization tendency) than the branched ter-
tiaryoctyl chain of Triton X-200.

These observations suggest that the nature of the alkyl chain is not the only
factor which determines the relative hydrophobicities of these surfactants.
Structurally, Triton X-200 and alkylbenzenesulfonates differ because of the
presence of the EO groups in the former as well as the position of the sulfonate
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group (the sulfonate group is attached to the benzene ring in the case of alkyl-
benzenesulfonates, but in Triton X-200 it is attached to the EO chain). In
order to understand the relative contributions of these differences on the
hydrophobic character of these surfactants, HPLC studies were conducted using
compounds having similar modifications in the structure. The elution time
from a hydrophobic column (C,g bonded silica) in a polar solvent (acetoni-
trile-water) can be considered to be a measure of the relative hydrophobicities
of the compounds studied; the more hydrophobic compounds are eluted at longer
times. Table 2 summarizes the elution time of the compounds studied. The
following conclusions can be drawn upon examining this data:

(1) The elution time of 4-n-octylphenol (22.46) is found to be greater than
that of 4-tertiaryoctylphenol (12.15) suggesting that branching of the alkyl
chain reduces hydrophobicity.

(2) The elution time for 4-tertiaryoctylphenol (12.15) is greater than that
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hydrophobic than OBS. Indeed, HPLC results show the elution time of 4-n-
octylphenol to be reduced from 22.46 to 3.08 when it is sulfonated to form OBS,
while similar sulfonation of the 4-tertiaryoctylphenoxy ethoxylated alcohol to
4-tertiaryoctylphenoxy ethoxylated sulfonate ( Triton X-200) reduces the elu-
tion time from 7.63 to 3.52. Clearly, the effect of the sulfonation in inducing
hydrophilicity is markedly lower for the ethoxylated compound than for the
nonethoxylated one. It is interesting to note that in the case of Triton X-200
the combined effect of branching, ethoxylation, and sulfonation in reducing
hydrophobicity is still less than the effect of sulfonation alone for OBS.
While the above explanations based on the structural differences between
Triton X-200 and OBS are reasonable and supported by HPLC studies, it is
also possible that the observed differences in adsorption of these surfactants
arise from either specific interaction of the EO groups with the surface or from
the presence of impurities in Triton X-200. The alcohol impurities present in
Triton X-200 are more hydrophobic than sulfonate and such impurities can
coadsorb along with the sulfonate leading to enhancement of sulfonate adsorp-
tion [20,21]. Such enhancement can account for the higher adsorption of Tri-
ton X-200 when compared to that of OBS. However, the HPLC retention times
and hence hydrophobicity of the sulfonates agree with the adsorption results
on alumina; the order of increasing adsorption measured is suggested therefore
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Fig. 11. Percentage adsorption of anionic and nonionic components from Triton X-200 onalumina
computed from HPLC results as a function of residual sulfonate concentration.
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to be predominantly the result of structural differences rather than the pres-
ence of impurities. However, the presence of impurities can be significant and

this is discussed next.

Effect of impurities

In order to investigate the effect of impurities, adsorption experiments were
carried out on alumina using both as received and purified {23] Triton X-200.
The adsorption isotherm of the purified Triton X-200 on alumina is compared
in Fig. 10 with that of the as-received sample. Examination of these isotherms
suggest the following:

(1) Adsorption of purified Triton X-200 is up to an order of magnitude less
th,ap that of the impure sample in the premicellar region.
~.(2) Both the isotherms are S-shaped, indicating the absence of precipita-
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tion. Adsorption can thus be considered to be due to electrostatic, hemimicellar
and micellar interactions.

(3) The CMCs as indicated by the onset of plateau are not markedly different.

The influence of ethoxylated alcohol, present as an impurity in this case, is
to enhance the adsorption of sulfonate in the premicellar region. These results
are in agreement with our previous work on the dode-
cane-decylbenzenesulfonate system [21] where the increased adsorption in
the electrostatic and hemimicellar regions was considered to be due to syner-
gistic effects of nonionic-sulfonate coadsorption.

HPLC data for typical mineral supernatants before and after adsorption
allows quantitative determination of the adsorption of the sulfonate and the
alcohol from the mixtures. These results are presented as percent adsorption
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Fig. 13. Literature data on effect of ethoxylation on CMC of alkylethoxylated sulfates [25]
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at various residual sulfonate levels in Fig. 11. It can be seen from this figure
that almost all of the alcohol is preferentially abstracted from the solution in
the premicellar region. In the plateau region alcohol adsorption is decreased
substantially, possibly due to partitioning of the alcohol into the micellar
pseudo-phase. Even though ethoxylated alcohol enhances the adsorption of
sulfonate, examination of the magnitude of adsorption of purified Triton X-
200 (Fig. 10) with that of DBS and OBS (Fig. 9) shows that the higher adsorp-
tion of Triton X-200 when compared to that of OBS cannot be due to impuri-
ties alone. The possible interaction of ethoxy group and the sulfonate group
with the mineral surface cannot be ruled out.

Effect of ethoxylation
In order to understand the role of ethoxylation of sulfonates, we have selected
two surfactants possessing the same alkyl chain but having a wide difference
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in the degree of ethoxylation. Adsorption results using 4-tertiaryoctylphen-
oxyethylsulfonates with 3 and 17 EO groups on alumina are given in Fig. 12.
Although these sulfonates are polydispersed in EO groups, they are free from
nonionic impurities.

Examination of the isotherms in Fig. 12 shows the following:

(1) The isotherms for sulfonate with 3 EO groups (Triton X-200) and 17
EO groups (NES-1) are characteristic of the S-shaped isotherms for alkylben-
zenesulfonates on alumina.

(2) Adsorption in the hemimicellar region increases with increasing
ethoxylation.

(3) The CMC as indicated by the onset of plateau is lower for the more
ethoxylated surfactant (NES-1).
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The higher adsorption and lower CMC of the 17 EO surfactant compared to
that of the 3 EO surfactant is interesting and not altogether in agreement with
what is known about these compounds. It is generally thought that addition of
EO groups to the structure increases the hydrophilicity of surfactants [24)
and hence lowers the adsorption and raises the CMC. It is possible that EO
groups interact specifically with the mineral surface leading to increased
adsorption with increasing ethoxylation. However, the specificity of the EO
groups with the surface cannot explain the lower CMC of the higher EO sul-
fonates. It is to be noted that our results for the changes in CMC are in agree-
ment with those in the literature for ethoxylated sulfates [25] (Fig.13) where
increase in EO was indeed found to decrease the CMC. Interestingly, CMC
measurements of 4-tertiaryoctylphenoxy ethoxylated alcohols using surface
tension technique show an opposite trend, as seen in Fig. 14.

In order to compare the relative hydrophobicities of the two sulfonates,
reversed phase ion-pair chromatography was used. As mentioned earlier, the
retention time of these surfactants on a C,4 bonded silica column is a measure
of the hydrophobicity, with more hydrophobic compounds eluting at longer
times. The data for 4-tertiaryoctylphenoxy ethoxylated sulfonates are pre-
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sented in Fig. 15, while the retention times of the 2-tertiaryoctylphenoxy
ethoxylated alcohols are shown in Fig. 16. Again, as with the CMC data, the
trend in retention times ( hydrophobicity) versus EO number is totally differ-
ent for each class of compounds, with the alcohols becoming more hydrophilic
and the sulfonates more hydrophobic with increase in EQ. It should also be
noted that the replacement of the — OH group with the —SO; group induces
more hydrophilicity to the surfactant than does the addition of an EO group
as evidenced by the range of retention times for the sulfonate (2 to 4 min)
compared to that for the alcohols (7 to 8 min).

On the basis of these results, the following conclusions are offered for the
effect of ethoxylation:

(1) EO group impart hydrophilicity to the molecule as a whole as seen in
the decrease in retention times of the alcohols with increase in ethoxylation.

(2) For sulfonates with 1 to 17 EO groups, the hydrophilicity imparted by
the sulfonate group is predominant, as indicated by the significantly different
retention times of the alcohols and sulfonates, so that increase of the EO num-
ber does not have the same effect as in the case of alcohols. Indeed, in this case
the EO groups appear to retard the effect of the sulfonate, making the surfac-
tant more hydrophobic, possibly by effectively increasing its chain length.

The decrease in plateau adsorption for NES-1 (17 EO) compared to that for
Triton X-200 (3 EOQ) can be expected on the basis of the lower CMC of the
former. Since the monomer activity is constant at surfactant concentrations
above CMC, adsorption is limited to the plateau value arrived at CMC. Thus
the surfactant with lower CMC will also have a lower plateau value provided
their adsorption levels do not differ by orders of magnitude in the premicellar
region. However, there is increasing evidence that plateau values under con-
ditions when the driving force for adsorption is sufficiently strong, correspond
to saturated adsorption (monolayer). Therefore, the present result could also
be interpreted in terms of a lower packing density for the surfactant with higher
ethoxylation. This conclusion is supported by the literature surface tension
data when ethoxylated surfactants with higher EO numbers were found to have
a larger parking area [22]. These effects, explained on the basis of the highly
hydrated nature of the ethoxy chain can also account for, to some extent partly,
the differences in the plateau adsorption observed in the present studies.

CONCLUSIONS

(1) Ethoxylated sulfonates have higher salt tolerance for Na* and Ca?'
when compared to isomerically pure 4-n-decylbenzenesulfonate.

(2) Ethoxylated alcohol impurities present in the commercial ethoxylated
sulfonates enhances adsorption of ethoxylated sulfonates in the premicellar
region.

(3) Increasing the degree of ethoxylation increases the hydrophobicity of
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ethoxylated sulfonates but decreases the hydrophobicity of ethoxylated
alcohols.

(4) The CMC of ethoxylated alcohols increases with increase in ethoxylation.

(5) The CMC of ethoxylated sulfonates decreases with increase in
ethoxylation.

(6) Increase in ethoxylation increases the adsorption of ethoxylated sulfo-
nates in the premicellar region.

(7) Ethoxylation in general is found to decrease adsorption in micellar
solutions.

(8) The results can be interpreted in terms of the hydrated nature of the
ethoxy group and the molecular geometry dictating the parking areas.
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