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Abstract
The properties of mixtures of poly (ethylene oxide) (PEO) and mixed micelles formed from sodium
cholate (NaC) and sodium dodecyl sulfate (SDS) in tris/HCl buffered solutions at pH 9.00 were investigated by measuring the mean surface tension. The variation in the superficial tension as a
function of the time after formation of solutions containing PEO and NaC was characterized by
monitoring the time required for the system to reach equilibrium between the micellar and
aqueous phases. These results could serve as a reference for the minimum aging time required for
solutions before any surface tension measurements can be performed.
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1. Introduction
The interactions between surfactants and neutral water-soluble polymers have been the focus of intense investigation over the last decade [1]-[8]. The motivation for this research was identifying the physical-chemical properties of the solutions and any possible mechanisms that describe the bonding of the surfactant to the polymer.
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Many questions have been raised about the nature of the interaction stability between surfactants and polymers. Several factors have been proposed that may help identify the mechanisms and forces that drive the formation of these complexes [9]. The most “popular” interpretation refers to the hydrophobic character of both the
surfactant and sections of the polymer chains [10].
Biosurfactants have some characteristics that are advantages compared to conventional surfactants. For example, biosurfactants have low toxicity, are produced from renewable substrates and many are stable under extreme conditions, such as pH, temperature and ionic strength. Additionally, these surfactants are biodegradable
[11] [12]. Bile salts are natural surfactants produced in the gall bladder. They form small aggregates that help to
solubilize and disperse hydrolyzed fats and lipids that come from food [11] [13]. During the digestion of lipids,
bile salts create mixed micelles or emulsions that are responsible for the transport of some types of partially hydrolyzed fats (for example, monoglycerides) [12] [14] [15]. Unlike typical surfactants with a polar head and an
alkyl chain, bile acids consist of a rigid steroid backbone (with up to three hydroxyl groups) and an extended
alkyl chain of various lengths terminating in a carboxylic acid group, which can be conjugated with glycine or
taurine. This difference in structure leads to atypical aggregation behavior in bile salts [11].
Studies on the micellization of bile salts have to help reveal their physiological processes, such as their interaction with biological membranes, biliary secretion, hydrolysis of cholesterol and solubilization of cholesterol.
The structure of bile salts in water has been the subject of discussions among researchers since the 60 s [11] [13]
[14] [16] [17]. Due to their particular structure and the stiffness of the bile salt molecule, the aggregation properties differ from that of classical surfactants [11] [18]-[20]. Small et al. [17] proposed the formation of primary
and secondary micelles of bile salts. They concluded that only the primary micelles, of aggregation numbers up
to 10 monomers, form above the critical micellar concentration (cmc), presumably through hydrophobic interactions between the nonpolar sides of the monomers [17]. These conclusions, however, have been questioned by
several authors. Oakenfull and Fisher [21], disagreeing with Small, proposed that the primary micelles are
formed by hydrogen bonding. Using light scattering techniques, Kratohvil et al. [22] determined the aggregation number at the cmc for different concentrations of bile salts. The results were consistent with the formation
of the dimeric species through hydrogen bonding. The authors also hypothesized that, with an increase in the
bile salt concentration, the formation of larger aggregates occurs through hydrophobic interactions.
The simulation and understanding of the micellization process for mixtures of amphiphilic bile salts and polymers are relevant for understanding the stabilization and the physical-chemical properties of micellar aggregates [13]. Considerable impetus was provided to research in the field by the surface tension studies of Jones
[23]. He showed that, in a mixture of the surfactant SDS and the relatively weakly surface-active polymer PEO,
incorporation of the PEO led to two new transitions in the surface tension/logarithm of concentration (γ/lnc) plot
of the surfactant, which shows two transition points in a typical profile of surface tension. The author showed
that there were three regions with distinct behavior. At the first transition point, the concentration represents the
concentration where the interaction between polymers and surfactant begins (called cac = critical aggregation
concentration); the second transition point represents the concentration at which the saturation of the polymer
chain by surfactants occurs (pps = point of polymer saturation) [9]. Finally, above the pps, two types of aggregates coexist: the ordinary micelles of the surfactants and the polymer-micelle complexes.
Many factors control “reactivity” in mixed surfactant-polymer systems. Specifically, properties such as the
surface tension of the surfactant mixtures may affect the efficiency of their interaction with polymers [24]. For
an additional example, hydrophobicity (and surface activity) of the polymer can be a dominant factor in the case
of uncharged polymer/ionic surfactant pairs, while the interaction of oppositely charged species can be dominant
in polyelectrolyte/ionic surfactant systems. This happens because the surfactants are active surface agents. They
decrease the interfacial and surface tensions through adsorption and orientation at the interface. However, not
only is there no clear understanding of the specific interactions between polymer and surfactant which control
bulk and surface properties, but there is not yet a satisfactory model for describing polymer/surfactant mixing at
an interface and its relation to surface properties. For example, it is difficult to determine whether surfactants
and polymers interact at the air/solution interface because there is no model of the surface tension behavior of
such mixtures in terms of these interactions. There are models for describing the surface tension of binary surfactant solutions in terms of an effective interaction between the two surfactant species (see, e.g., Ref. [4]), but
these models are not easily extended to polymer/surfactant mixtures. In general, one would expect some sort of
interaction between a surfactant monomer and a polymer segment, and the sign and magnitude of such an interaction must affect the surface properties, especially below the cac.
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This property arises because the surfactants are active surface agents, which decrease the interfacial and surface tensions due to adsorption and orientation on the interface.
Dal-Bó and collaborators [7] observed that another hydrophobically modified polymer, ethyl (hydroxyethyl)
cellulose (EHEC), demonstrated a strong time dependency of adsorption at the air-water surface, which required
some time to reach equilibrium between the monomeric forms on the surface and in the bulk. This fact is due to
the flexibility of the polymer and the chemical modification of the cellulose that, depending on polarity, present
different tendencies to adsorb on the interface. By using measures of the dynamic surface tension on the air-liquid interface, Nahringbauer [25] recently studied the time dependency of adsorption of the EHEC-SDS system
and identified the beginning of cooperative association through a change in the dynamic adsorption of approximately 2.0 mM. Because of these observations, the objective of this work was to investigate the stabilization of
water solutions of poly (ethylene oxide) (PEO) in the absence and presence of an anionic surfactant, sodium dodecyl sulfate (SDS), and the bile salt, sodium cholate (NaC). The primary objective was to monitor and interpret
the variations in surface tension as a function of the stabilization time of solutions containing PEO and sodium
cholate, that is, to monitor the time that the system required to reach a balance between micellar and aqueous
phases. The experimental conditions used were the ones usually used in interfacial properties studies; they included measures of cac, pps and determination of the thermodynamic parameters of the neutral water-soluble
polymer systems.

2. Experimental Methods
2.1. Materials
The surfactants sodium dodecyl sulfate (SDS) and sodium cholate (NaC), both with a 99% purity, were obtained
from Sigma, Brazil. The poly (ethylene oxide) (PEO), with an average molecular weight of 10.000 g/mol, was
also obtained from Sigma, Brazil. These reagents were mixed without prior purification. The micellization parameters of the bile salt mixtures and anionic surfactant were determined in the absence and presence of different PEO concentrations and 20 mM of the buffer 2-Amino-2-hydroxymethyl-propane-1,3-diol (tris)/HCI, pH 9.0
at 25.0˚C. The pH was determined using a Beckman model φ71 pH meter (USA), which was equipped with a
combined glass electrode. The electrode was calibrated against standard buﬀers in a thermostated, stirred vessel
at the appropriate temperature (±0.1˚C).
The aqueous PEO polymer solutions were prepared in concentrations varying from 0.1 to 100 mM under continuous stirring for 12 hours. Stock solutions of the surfactant were made under continuous stirring and prepared
at the appropriate concentrations through successive dilutions.

2.2. Method—Surface Tension
The variation of the surface tension was monitored in a tensiometer from Krüss GMBH, model K8 (Germany),
equipped with a ring of Pt-Ir-20 and a scale divided into 0.1 mN∙m−1. The samples were held in a thermostated
flask with a volume of 10.00 mL. The presented values are an average of three measurements. The temperature
was maintained at 25.0˚C ± 0.1˚C.

3. Results and Discussion
The dynamic surface tension of aqueous solutions containing surfactants of low molecular weight has been
widely discussed by several researchers [5] [16] [26]-[29]. The dependence of the reduction of surface tension
on time induced by a polymer molecule must involve a growth in the number of segments adsorbed at the interface per unit of area with time; the surface properties of a solution containing a polymer depend on the length
and distribution of those segments.
Only a few studies have tried to examine the interaction between the polymer and the surfactant at the air/
liquid and liquid/liquid interfaces [26] [28] [29]. Likewise, the process of dynamic adsorption of polymers and
mixtures of surfactants between or at the surface has similarly only been reported in a few studies. Surfactants
and polymers that have surface activities (and mixtures of the two) influence the equilibration time of the surface tension and the equilibrium adsorption concentration from milliseconds to several hours.
In an aqueous solution, bile salts are known to associate and form aggregates, whose characteristics depend
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on the experimental conditions, such as the ionic strength of the medium and the concentration of the bile salt
[24] [30]. At low concentrations, when compared with conventional ionic surfactants, the bile salts associate to
form small, micellar aggregates. Thus, Zana and Guvelli [30] suggested a model of association for bile salt in
which, with an increase of surfactant concentration, they form small micelles that had aggregation numbers on
the order ≈ 16 (for NaC), which the authors called primary micelles. These aggregates grew with an increase in
the concentration of surfactant and formed larger micellar aggregates called secondary micelles. Through light
scattering experiments, Kratohvil and collaborators [22] determined the aggregation number of 10 monomers
per aggregate at concentrations near the cmc. They concluded that the formation of dimers occurred through hydrogen bonding and that, with an increase in concentration, aggregates grew through hydrophobic interactions
between dimers. These results suggest that a bile salt solution is composed of polydisperse aggregates with various numbers of molecules. Because of this type of association process, cmc is not clearly defined using conventional techniques, such as measures of the electrical conductivity of the solution. These conclusions were also
reported by other authors using measures of fluorescence [31] and solubilization [32], which shows the need to
follow the interaction between the micelles and polymeric chains over time; in other words, the determination of
the time those aggregates would take to reach the surface equilibrium. Effect of PEO in the absence of surfacetants

3.1. Effect of PEO in the Absence of Surfactants
Figure 1 shows the graph of surface tension as a function of stabilization time for different concentrations of
PEO. Note that as the concentration of PEO was increased, the time required to stabilize the air/solution interface also increased, which shows that the polymers took longer to arrange themselves at the solution/air interface for higher concentrations. Another important observation, presented in the insert of Figure 1 and in Table 1,
is that with an increase in PEO concentration, the surface tension values decreased at the solution stabilization
point. This reduction of surface tension means that there was an increase in the amount of polymer at the surface
of the solution when the concentration was increased.
In Table 1, the times required for stabilization of the air/solution interface and the values of surface tension at
the moment of stabilization are listed for different concentrations of PEO. Notably, with an increase in the concentration of PEO, the surface tension value decreased, which indicates that the PEO concentration was also increased at the solution surface; therefore, the surface tension was reduced.
When measurements were made in the presence of the tris/HCl buffer, the stabilization time of the studied
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Figure 1. Profiles of the surface tension as a function of time obtained in
(○) 0.1 mM; () 1.0 mM; () 10.0 mM and () 100.0 mM PEO. The
inset shows the variation of the surface tension as a function of PEO concentration.
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Table 1. Times required for the stabilization of the air/solution interface and the values of the surface tension at the
moment of stabilization for different concentrations of PEO.
[PEO], mM

Surface tension (mN/m)

Stabilization time of solutions (minutes)

0.1

62.9

10

1.0

62.4

30

10.0

62.1

33

50.0

61.8

35

100.0

61.1

40

system did not present significant variation, which we attributed to the high solubility of tris in water. The molecules of tris are strongly solvated within the solution and do not show a preference to locate at the air/solution
interface and, therefore, they do not compete with the polymer. This result indicates that the use of the tris buffer
is an excellent option for studies of the solution interface because it does not interfere significantly with the surface tension results. The buffer is necessary to maintain basic pH conditions, which results from the use of the
surfactant NaC.

3.2. Surface Tension of the PEO and SDS Mixture in Tris/HCl Buffer
The addition of an anionic surfactant to the PEO solution would be expected to cause a significant change in the
surface tension profile as follows: (i) the surfactant associates with the polymer chains and modifies the polymer
solubility at the air/solution interface and in the bulk water; (ii) the surfactant molecules compete with the polymer chains at the solution/air interface; and (iii) the effects of (i) and (ii) strongly depend on the concentrations
of surfactant and polymer.
Figure 2 shows a graph of the surface tension as a function of time for a solution composed of 1.0 mM SDS
and 20 mM PEO in tris/HCl buffer. The initial moment of stabilization was determined as the point where there
was no further variation in the value of the surface tension for three subsequent readings (as seen in Figure 2).
Under these conditions, approximately 60 minutes were required to stabilize the solution/air interface, which
shows that the SDS monomers strongly compete with the polymer at the solution interface. Note that the concentration of surfactant used was below the cmc of SDS 8.0 mM; see the inset of Figure 3.
Table 2 shows the values of the surface tensions and respective stabilization times for different concentrations
of SDS in the absence of PEO. Figure 3 shows that, with an increase in the concentration of SDS, the stabilization time at the interface of SDS solution also increases (Table 2). The surface tension varied with stabilization
time until a concentration of SDS (approximately 10 mM); above this concentration, there was almost no further
variation in the studied property (Figure 3). The inset of Figure 3 is the profile of the surface tension as a function of log SDS concentration. This plot has an inflection point at 8 mM, which indicates that any surfactant
added after this concentration, known as the cmc (critical micellar concentration), heads for the solution interior;
starting at this surfactant concentration, the formation of regular micelles occurred. Once the cmc was reached,
the stabilization time of the surface tension was instantaneous, with the excess added surfactant forming micelles that grew with the increase of SDS concentration; therefore, they no longer competed with the polymer at
the water/air interface.

3.3. Surface Tension of the PEO and NaC Mixture in Tris/HCl Buffer
Figure 4 shows the profile of the surface tension as a function of time for a solution composed of 2.0 mM NaC
and 20.0 mM PEO. The time required to stabilize the interface of this solution was larger than all of the ones
observed in Figure 1, which only had PEO. Due to the hydrophobicity of the surfactants, both NaC and SDS
compete with the polymer at the solution surface; as soon as they are added, they move to the solution/air interface and repel the water molecules.
The inset of Figure 4 is a profile of surface tension as a function of NaC concentration and 20 mM PEO. The
cmc of the bile salt was 10 mM NaC. The stabilization time observed for concentrations greater than the cmc
was immediate (the same as for the PEO/SDS system described earlier). Table 3 shows the values of the surface
tension and the respective stabilization times for the different concentrations of NaC. The results show that, for
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Figure 2. Graph of the surface tension as a function of time for 1.0
mM of SDS in the presence of 20.0 mM PEO and TRIS/HCI buffer.

Figure 3. Variation of the value of surface tension (after stabilization)
as a function of SDS concentration. The inset in Figure 3 is a profile
of the surface tension as function of log [SDS].
Table 2. Values of the surface tension and the respective stabilization times for different SDS concentrations in the absence
of PEO.
[SDS], mM

Surface tension (mN/m)

Stabilization time of solutions (minutes)

0.5

54.2

13

1.0

52.4

60

5.0

41.7

65

10.0

40.5

0

50.0

38.5

0

75.0

38.3

0

100.0

37.2

0
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Table 3. Values of the surface tension and the respective stabilization times for different concentrations of NaC.
[NaCl], mM

Surface tension (mN/m)

Stabilization time of solutions (minutes)

0.5

60.8

25

1.0

59.2

35

5.0

54.6

52

10.0

52.8

72

50.0

47.9

0

75.0

49.9

0

100.0

48.9

0

Figure 4. Surface tension as a function of time for the stabilization of a solution composed of 2.0 mM NaC and 20 mM PEO. The insert shows the variation of surface tension as a function of [NaC].

concentrations lower than 5 mM NaC, the surface tension had a strong time dependence on stabilization, as was
also demonstrated for the surfactant SDS.

3.4. Surface Tension of PEO with Various Mole Fractions of Mixed NaC and SDS
in Buffer Tris/HCI
All of the SDS/NaC mole fractions analyzed in the presence of 20 mM PEO showed variation in the surface tension values (Figure 5). The total concentrations of the mole fractions of the mixed surfactants were below the
cmc of each pure surfactant. For low fractions of NaC (up to 20% NaC), no significant variation was observed in
the surface tension. However, with larger fractions of NaC, they grew substantially. This result is consistent with
the fact that NaC is a surfactant with surface activity inferior to SDS, and it does not locate itself as effectively
on the surface; consequently, NaC does not cause such a marked effect at the air/solution interface. This effect is
easily seen in the inset of Figure 3, where the cmc of SDS is 35 mN∙m−1, and in the insert of Figure 4, where
the NaC had a cmc of 51 mN∙m−1.
The stabilization times presented for the different fractions of surfactant were identical; that is, a higher quantity of one or the other amphiphilic surfactant does not change the equilibrium time of the solution, only the
values of surface tension. This fact may be explained by the fact that both surfactants have very similar cmc
values, which makes both compete with PEO until a concentration of approximately 10 mM, at which point the
micellar formation process begins.
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Figure 5. Profile of the surface tension as a function of the settling time by varying
the NaC fraction in NaC/SDS (•) 5%, () 10%, () 20%, () 50%, () 75%, ()
80% and () 90% in the presence of 20 mM of PEO.

4. Conclusions
Many techniques have been used to characterize the self-assembly phenomena between a polymer and surfactant
in water. The product of the association process is important because these components often cause changes in
the physico-chemistry stability, rheology, etc., and because many different areas of industry use them for practical purposes.
Monitoring the surface tension led to the conclusion that solutions of PEO required time to reach equilibrium
and that this time depended mainly on the polymer concentration. The more concentrated the solution, the longer the time required to stabilize and the lower the surface tension value. This behavior was also observed for solutions of PEO in tris/HCl buffer because tris does not influence the variation in surface tension and the stabilization time of solutions.
For solutions with mixtures of PEO and SDS in buffer, it was observed that the stabilization time increased
due to the surfactant molecules competing with the polymer monomers at the surface. The surface tension varied
up to a concentration of 5.0 mM. Over 10.0 mM, the micellization process was rapid because those concentrations are greater than the surfactant cmc. Solutions of PEO in the presence of NaC show the same behavior as
the PEO/SDS system; that is, at concentrations greater than the cmc, they have an immediate stabilization time.
In the case of solutions containing PEO and mixtures of SDS and NaC, the stabilization times were very similar. An increase in surface tension was only observed for high fractions of NaC (greater than 0.50).
Finally, these results serve as a reference to know the minimum aging time of solutions needed before one
should initiate any measurements of surface tension. Because the surface tensions of the PEO solutions are time
dependent, all solutions in further studies are maintained at rest for at least 60 min before use.
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