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Mixed micellar systems of octyl
p,p-glucopyranoside with a nonionic
surfactant and a water-soluble polymer

Abstract We have made a compar-
ative study between the micellar
regions of the octyl f-p-glucoside
(OG)—tetraethylene glycol monod-
odecyl ether and the OG—poly(eth-
ylene glycol) 20,000 systems by
means of surface tension and
viscosimetric measurements. The
incorporation of the tetraethylene
glycol monododecyl ether nonionic
surfactant in the OG micelles
decreases the critical micelle con-
centration, whereas the presence of
polymer increases it. The nonionic
surfactant mixture exhibits nonideal
mixing behaviour. The data fit to
Rubingh’s treatment with a f value
of —=5.1, which implies a modest

Introduction

attraction between both surfactants.
The surfactant—poly(ethylene
glycol) 20,000 system does not
form mixed micelles. The incorpo-
ration of polymer increases the
critical micelle concentration of the
surfactant. The viscosity for the
surfactant—polymer system is higher
than that for the pure polymer,
demonstrating a surfactant-induced
structuring.

Keywords Octyl f§,p-glucopyrano-
side - Poly(ethylene glycol) -
Dodecyl tetraethylene glycol -
Micelles - Critical micelle
concentration

A well-chosen mixture of surfactants often offers

Surfactant mixtures and mixtures of surfactants and
water-soluble polymers have very broad ranges of
applications [1]. There are many technical applications
of polymer—surfactant systems. This is a way to control
the rheological properties, emulsification behaviour, etc.
Accordingly the interactions between polymers and
surfactants in aqueous solution are currently attracting
much interest. Several types of binding have been
identified in surfactant-hydrophobic polymers and
polymer—ionic surfactant. The modification of water-
soluble homopolymers by grafting a low number of
hydrophobic groups leads to hydrophobically modified
water-soluble polymers. Such polymers can be viewed as
modified surfactants and they form mixed micelles with
ionic surfactants [2].

synergetic effects. It produces a larger decrease of the
surface tension and lower critical micelle concentration
(cmc) values than each of the pure surfactants would do.
There are many studies of nonionic surfactant mixtures
in aqueous solution [3, 4, 5]. Only a few pairs of surf-
actants behave like an ideal mixture of its components,
while most mixtures show deviations from ideality.

In this contribution we report a comparative study
for the micellar regions of two octyl -p-glucoside (OG)
systems, one with a nonionic surfactant (tetracthylene
glycol monododecyl ether, C|,E;) and another with a
water-soluble polymer [poly(ethylene glycol) 20,000,
PEG]. Surface tension and viscosity measurements have
been carried out to determine the cmc, the surface
activity of the surfactant and thermodynamic properties
of these aggregates.
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Fig. 1 a Variation of the surface tension with the octyl f-D-
glucoside (OG) concentration at 30.0£0.1 °C. b Variation of the
surface tension with the total surfactant concentration (OG and
tetraethylene glycol monododecyl ether, C;,E,) at 30.0 0.1 °C for
different OG molar ratios (a): 0.6 (squares), 0.8 (triangles), 0.9
(circles). ¢ Variation of the surface tension with the OG
concentration at 30.0+0.1 °C for different poly(ethylene gly-
col) 20,000 (PEG) concentrations: 0 mM (squares), 5 mM (circles),
15 mM (triangles)

Experimental
Materials

n-Octyl-f,p-glucopyranoside (Sigma, more than 98%
purity, gas chromatography grade), C,,E4 (Fluka, more
than 98% purity, gas chromatography grade), and PEG
(Aldrich) were used as received.

Surface tension

The surface tension of aqueous mixed-surfactant solu-
tions and aqueous surfactant—polymer solutions were
determined as a function of the concentration using the
ring method with a LAUDA TE-1C tensiometer. All
measurements were carried out at 30.0£0.1 °C. The
surface tension measurements were made with a stan-
dard deviation lower than 0.1 mN m™'. The surface
tension data below and above the cmc were fitted to
straight lines by a least-squares method. The cmc values
were determined from the sharp breakpoint in the curves
of the surface tension against the logarithm of the con-
centration.

Viscosity

The viscosimetric study was performed using a Carri-
Med CSL? 100 rheometer in stress-controlled mode. A
cone—plate sensor was used, with a diameter of 40 mm
and a cone angle of 1°. Steady flow experiments were
carried out at 30.0+0.1 °C.

Results and discussion

The OG surfactant forms micelles up to high surfactant
concentration (higher than 50% in weight). The cmc
value of OG was determined from surface tension
measurements (Fig. 1a). This surfactant shows a rela-
tively high cmc (19.5 mM) owing to the short alkyl chain
and the large and highly hydrophilic head group.

In contrast, C,E4 has a very low cmc (4.6><10_2 mM)
and it tends to form a lamellar phase at low surfactant
contents. The surface activity of C|,E4 has been widely
studied [6].
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At low surfactant concentration, mixtures of C,E4
and OG form micelles at high OG mole fraction and a
lamellar phase at low OG mole fraction [7]. The exten-
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sion of the mixed micellar phase depends on temperature
and on the total surfactant concentration. At 0.1 M
surfactant concentration and 30.0+£0.1 °C, the micellar
phase extends from an OG mole fraction of 0.45 to 1.
Two isotropic phases appear at a lower mole fraction
than 0.45. The cmc for the mixed systems was deter-
mined by surface tension measurements for different OG
mole fractions (Fig. 1b).

The micellar phase of the mixed surfactant—polymer
system was studied in the same range of OG concen-
trations by varying the polymer content. Surface tension
isotherms for the surfactant—polymer systems at fixed
polymer concentration are given in Fig. lc. The surface
tension of the pure aqueous polymer solutions at room
temperature was measured in the range 0.66-8 mM and
showed a value of 55.0+0.9 mN m™'. No significant
changes in surface tension as a function of polymer
concentration were found for the binary aqueous poly-
mer solution.

The surface activity of a surfactant molecule is
characterized by the cmc, the required area per head
group of the molecule, and the surface tension at the
cmc. The required area per head group, A, at the
interface may be calculated using the Gibbs equation:

r— 1 0o
~ 2303RT \ dloge/,’

(1)

where I' is the maximum interfacial excess concentration
in moles per square metre and dag/dlog c is the slope of
the surface tension. The maximum interfacial excess
concentration is obtained from the slope of the plot of
the surface tension versus the logarithm of the concen-
tration. The minimum area per molecule, 4 (in square
angstroms), is given by Eq. (2):

102
— 2
= )
where N is Avogadro’s number. The Values of the cmc,

I', A, and the surface tension above the cmc are listed in
Table 1 for both systems.

A

Table 1 Values of the critical micelle concentration (cmc), the
maximum interfacial excess concentration, I', the minimum area
per molecule, 4, and the surface tension above the cmc for mixed

The first difference between both systems is that the
addition of the nonionic C,E; decreases the cmc,
whereas the presence of polymer increases it. It should
be pointed out that for the calculation of the parame-
ters for the surfactant mixtures we have taken into
account the total surfactant concentration, while for
the data of the surfactant—polymer mixtures, we only
considered the surfactant. The surfactant mixtures have
lower surface tension values at high concentration, i.e.
above the cmc, than the corresponding surfactant—
polymer mixtures. Moreover the area per head group
of the surfactant decreases when C,E; surfactant is
replacing OG surfactant. This is an interesting effect as
the pure Cj,E4 has a head group area of 46 A? [6], 1.e.
the decrease in the mixture should be the result of
synergetic interactions as confirmed by the interaction
parameter f (see later). Contrary to that, the presence
of the polymer increases the area per head group of
OG surfactant.

If we consider an ideal mixed-micelle formation, the
cmc of the mixture is given by Lange’s treatment, which
treats the micelles as a separate phase from that of the
dissolved surfactant monomers [8]:

1 4] 1— o

PO + ) (3)

cmc  cmec;  cmc

where cmc is the cmc of the mixture, cmc; is the cmc of
pure OG, cmc, is the cmc of pure C,E4 and «; is the
mole fraction of OG. The experimental cmc values at
different mole fraction of OG and the calculated cmc
values for ideal behaviour are plotted in Fig. 2. A neg-
ative deviation from ideality is observed owing to
attractive interactions between both surfactants.

In order to explain the nonideal behaviour of the
mixed micelles we use Rubingh’s treatment [9] based on
the phase-separation model in the same way as Lange’s
treatment using the regular solution theory in order to
obtain the activity coefficient. Accordingly the surfac-
tant concentrations in the solution are given by

(4)

C) = xjcmey f] = ajcmc,

micelles of surfactants and for the mixed system of surfactant and
polymer. Octylf-p-glucoside (OG), tetraethylene glycol monod-
odecyl ether (C;>E,), poly(ethylene glycol) 20,000 (PEG)

cme (M) T (mol m™?) A (A? o (MmN m™)

OG+ C12E4

a;=0.6 8.8x107° 4.7x107° 35.3 27.0

o =0.8 1.8x107* 4.0x107¢ 41.5 28.0

o =0.9 2.2x1074 3.8x107° 43.6 28.4
OG + polymer

0G %1072 3.9x107° 42.6 30.1

OG+PEG (5 mM) 3.7x1072 3.1x107° 53.6 30.4

OG +PEG (15 mM) 6.1x1072 2.8x1076 58.3 29.2
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Fig. 2 Variation of the critical micelle concentration (cmc) with the
molar ratio of OG: ideal model (solid line), Rubingh’s model
(dashed line)

Table 2 Mole fraction of OG in the mixed micelles, activity coef-
ficient and f values

oq X1 fl [)’ X1 (ldeal)
0.6 0.144 0.019 -5.4 0.0034
0.8 0.146 0.051 —4.1 0.0091
0.9 0.266 0.038 —6.0 0.020

where x; is the mole fraction of component 1 (OG) in
the mixed micelles and f] is the activity coefficient given
by the regular solution theory as

Infi = p(1 —x,)?, (5)

where f§ is a nonideality parameter that accounts for the
interaction energy between the surfactant molecules in a
mixed aggregate.

Taking into account the same kind of equations for
surfactant 2 and a simple mass-balance equation, we can
easily deduce the following equation:

2ln <oclcmc> — (=)’ <(1 — ocl)cmc>.
xijcmey (1 —x;)cme,

This equation can be solved by an iterative calcula-
tion method that gives x; from the experimental values
of the cmc. From the x; value, it is possible to obtain the
activity coefficients and the f value (Table 2).

The value of 5 varies between —4.1 and —6.0 for the
samples investigated and an average value of f=-5.1 fits
the results as can be seen in Fig. 2. This parameter takes
into account the interaction energy between the mono-
mers of surfactant 1, surfactant 2, and the monomers of

surfactants 1 and 2 in the mixed micelle, respectively
(B=E|| + E»»—2E5)/RT). For mixtures of surfactants

(6)

with ionic charges, f may depend on the mole fraction of
the surfactants [10, 11, 12, 13]. The negative [ value
implies a modest attraction between the components.
Strong attractive interaction in mixed micelles has been
described for mixed micelles of anionic and cationic
surfactants (decyl sulfate/decyltrimethyl ammonium
bromide) with a f§ value of —18.5 [14] or for anionic and
zwitterionic surfactants with f values from —10.6 to —
15.5 [15]. The average value of —5.1 is close to that
observed for mixtures of nonionic surfactants of the C/E;
type with anionic surfactants with sulfate or sulfonate
head groups, e.g. for Cj;Eg—sodium dodecyl sulfate a
value of —3.9 has been observed, while mixtures with
cationic trimethylalkylammonium surfactants yield
smaller f§ values [14]. Apparently the sugar head group
behaves similarly in that respect as an anionic sulfate
head group and one possible explanation for that would
be a similarly large polarizability of the head group.

The composition of the mixed micelles is given by the
x; values. According to the data in Table 2 the mixed
micelles are built up mainly of C;,E4 but are signifi-
cantly enriched with OG compared with what would be
expected for ideal mixing. For example when the OG-
to-C,E, ratio in solution is 9:1, the molar ratio in the
mixed micelles at the cmc is 1:3. As expected the molar
ratio of OG in the mixed micelles decreases as the
molar ratio of OG in the solutions decreases. Once the
molar ratio of OG in the mixed micelles reaches a certain
lower threshold, the composition would be so rich in
C»E,4 that the formation of mixed micelles no longer
takes place. Instead the solution separates in two phases,
one phase rich in OG and the other phase rich in C,E4.
The almost pure C;,E; phase follows its natural
tendency to form bilayers [7] in the form of vesicles that
phase-separate form the micellar solution. The forma-
tion of vesicles at low concentration of C,E,; has been
described in detail before [16, 17]. Accordingly one now
has a system where vesicles rich in C,E; are in
equilibrium with a micelle phase rich in OG. The
viscosimetric study of these phases clarifies the nature of
these phases as we will see later.

For the surfactant—polymer mixture, the polymer
cannot form micelles and is very soluble in water.
Addition of PEG to the OG leads to a pronounced in-
crease of the cmc which cannot be explained by solvent
effects. For a comparison we measured the cmc of OG in
water—ethylene glycol mixtures (3:1 and 3:2 in volume)
and here the cmc is almost constant. The considerable
increase in the cmc of OG indicates some kind of
interaction between surfactant and polymer. The for-
mation of mixed micelles is not feasible but other pos-
sibilities have been described in the literature, e.g. by an
interaction in terms of an association or binding of the
surfactant to the polymer or in terms of a micellization
of surfactant on or in the vicinity of the polymer chain.
The formation of complexes between the surfactant and
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Table 3 Packing parameters for OG surfactant at different
amounts of polymer

PEG concentration (mM) 0 5 15

P 0.49 0.39 0.36

the polymer has already been described for ionic surf-
actants and polymers, e.g. for the case of sodium
dodecyl sulfate and PEG [18]. The micelle should be
surrounded by polymer, thereby forming a pear-neck-
lace structure with the surfactant forming discrete
micelle-like clusters along the polymer chain. From the
shift of the cmc induced by the presence of the polymer
one may estimate the amount of OG bound to PEG
according to (cmcog + peg—cmcog)/[PEG], which yields
3.4 and 3.1 molecules of OG per PEG molecule for 5 and
15 mM PEG, respectively, i.e. a relatively small number
of surfactant molecules per polymer molecule.

For ionic surfactants, the polymer—surfactant self-
assembly always starts at a lower concentration (critical
aggregation concentration) [19] than that required for
surfactant-surfactant self-assembly (cmc). We have not
found any abrupt change in the surface tension below
the cmc, but our uncharged system should be a more
weakly interacting system.

An apparent packing parameter v/aolc can be calcu-
lated from simple geometry by approxirnating the opti-
mal head group area (ay) by the minimum area obtained
from the surface tension, using 242.6 A% and 16.6 A for
the molar surfactant volume v and the chain length /c,
respectively. a, corresponds to the effective area of OG
and it does not account for the area occupied by PEG.
The packing parameters are in Table 3.

As already known, P <1/3 corresponds to spherical
micelles and 1/3 <P <1/2 corresponds to nonspherical
micelles. The OG micelles in water are rod micelles [15
20 , 21] but there is controversy in the literature. The
polymer incorporation decreases the apparent packing
parameter. That means the polymer favours spherical
curvatures. Fluorescence measurements of OG micelles
with polyoxyethylene carried out by Aoudia and Zana
[22] have shown the invariance of the aggregation
number with this polymer, but the polymer content was
much lower (1.97 wt %) than the polymer content used
in this work (10 and 30 wt %). With the pear-necklace
model similar micellar sizes have been found with and
without homopolymer being present and the aggrega-
tion numbers are typically similar to or slightly lower
than those micelles forming in the absence of polymer.
Lower aggregation numbers agree with spherical cur-
vatures.

A viscosimetric study of both systems has also been
carried out. The viscosity for the mixed-surfactant sys-
tem at 50 mM OG with vary concentration of C,E, is
plotted in Fig. 3. The straight lines Fig. 3 show only the
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Fig. 3 Variation of zero shear rate viscosity of the mixed micelles
with Cj,E, concentration (JOG]= 50 mM)

tendency of the points and the abrupt change in viscosity
produced with concentration. The viscosity of the
micelles increases with the C;,E; content. If worded
differently, upon increasing the mole fraction of OG the
viscosity decreases. So, at a mole fraction higher than 0.5
or a Cj,E,; concentration lower than 70 mM, the vis-
cosity is constant. It should be pointed out that the
phase boundary between the single and the two-phase
regions depends on the total surfactant content. The
formation of mixed micelles in these conditions occurs
therefore at a lower OG mole fraction than in the pre-
ceding investigations.

The viscosity data for the lower and upper phases are
given in Fig. 3. One observes that solutions near the
phase boundary ([C;E4]=110 and 120 mM) show
anomalous behaviour in the viscosity. Excepting these
solutions, the data reveal that the lower phase with the
viscosity of water has to be a micellar phase while the
upper phase ought to be a vesicular phase.

On the other hand, the viscosity of the surfactant—
polymer system at low polymer content allows us to
obtain the cmc (Fig. 4a). This value is in agreement with
the cmc value obtained from surface tension isotherms.
But it was not possible to obtain the cmc at a polymer
concentration of 15 mM owing to the high viscosity of
the polymer solution that is the dominating contribution
to the viscosity.

The zero shear rate viscosity #o for a polymer and a
surfactant—polymer solution with a constant amount of
surfactant (50 mM) is plotted in Fig. 4b. The viscosity
of the simple micelles of OG is near the viscosity of
water.

Polymer and surfactant have to interact to some de-
gree as the viscosity of the mixed system is higher than



651

No(mPa.s)

[PEG]=5 mM 18

(o]
1

0 ' 20 40 60 80
[0G] (mM)

b o 2 4 6 8 10 12 14 16
T T T T T T T T T T T T T T T

—O— without OG 4400

—&—50mM OG

400

- 300

-200

4100

[PEG] (mM)

Fig. 4 a Variation of the viscosity with OG surfactant at a fixed
PEG content of 5 mM. b Variation of zero shear rate viscosity with
PEG concentration without OG and for [OG]=50 mM

that of the pure polymer solution. The surfactant con-
tent was kept constant but the cmc increases with
polymer concentration, accordingly the micellized sur-
factant concentration decreases with polymer concen-
tration. For [PEG]=5 mM, the micellized surfactant
content is [OG],,=50-37=13 mM and for the highest
amount of polymer [OG],, =0. Moreover, if we consider

an aggregation number around 100 for OG micelles [22],
the micelle concentration should be [OG],,/100. That
means the polymer-to-micelle molar ratio is 40 to 1 for
[PEG]=5 mM. Consequently at low PEG content the
presence of micelles should not change the viscosity of
the polymer solution and the increase in viscosity is due
to the adsorption or the anchorage of monomers of
surfactant on PEG molecules. It should be pointed out
that for the most viscous samples, the viscosity decreases
with shear rate at high shear rate values. The anchorage
of monomer in the polymer can swell the polymer and
increase the viscosity. These conditions are below the
cmc, so the same fact can explain the increase in the cmc
with polymer content as the monomer surfactant is an-
chored on a polymer molecule and it is not free in water
solution and a larger amount of surfactant is required to
form micelles.

Conclusions

Surfactant mixtures of C,E; and OG form mixed mi-
celles that are described by nonideal mixing. The data fit
to Rubingh’s treatment with a f value of —5.1. This
negative f value implies a modest attraction between
both surfactants, where the attractive interactions be-
tween the surfactants are presumably due to the large
polarizability of the OG head groups that can interact
strongly with the ethylene oxide head groups of the
C,,E, surfactant.

The surfactant-PEG system does not form mixed
micelles but the presence of the PEG polymer shifts the
cmc values to significantly higher values. Monomers of
surfactant seem to be bound to the polymer molecules.
The viscosity of the polymer increases even at OG
concentrations well below the cmc. The binding could
also explain the increase in the cmc with increasing
polymer concentration. Accordingly, the formation of
OG micelles requires larger amounts of surfactant as
first a substantial part of the surfactant becomes bound
to the polymer.
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