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Abstract: Surfactant mixtures are very often used in various cosmetic and
pharmaceutical products because they commonly act in synergism and provide
more favorable properties than a single surfactant. Simultaneously, the pre-
sence of polymers in mixtures of surfactants may lead to molecular interactions
and thereby affecting product stability and activity. For these reasons, it is very
important to determine the influence of surfactant interactions on micellization
and mixed micellization, as well as polymer—surfactant mixed micelles inter-
actions. In this study, the self-aggregation of nonionic surfactants, polysorbate
20 (Tween 20), polyoxyethylene octylphenyl ether (Triton X100) and polyoxy-
ethylene—polyoxypropylene block copolymer (Pluronic F68), with an ionic
surfactant, sodium dodecy! sulfate, was examined in aqueous solution at 40 °C
using a conductometric titration method. It was found that the concentration
region for mixed micelle formation depends on the characteristics of the non-
ionic surfactant and its concentration. The formation of mixed micelles of surf-
actants in the presence of a nonionic polymer, hydroxypropylmethyl cellulose,
and their binding to the hydrophobic sites of the polymer were aso inves
tigated. An analysis of obtained results indicated to different kinds of inter-
actionsin the investigated systems, which are crucial for their application.

Keywords. nonionic surfactants; sodium dodecy! sulfate; mixed micelles; surf-
actant/polymer interactions.

INTRODUCTION

Surfactant mixtures are commonly used in surfactant-based formulations
because they often behave in synergism and provide more favorable properties
than single-surfactant systems. A significant amount of work has been devoted to
the investigation of the physicochemical properties of mixed micelles containing
two or more surfactants of variable structures in solutions. Their extensive use
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1422 PETROVIC et al.

has currently been promoted by their much more favorable practical applications
than single compound system.1=3 In this respect, industrial, pharmaceutical, che-
mical, and biochemical fields are of great importance. Thus, in pharmaceutical
products, mixed micelles were found to enhance the absorption of various drugs
in the human body.4% Due to their synergistic behavior at the critical micellar
concentration (CMC), cosmetic industries employ mixed micellesin low concen-
trations in order to avoid potential skin irritation.”:8 According to the great appli-
cation potentials and economical consideration of mixed micelles, it is necessary
to search for the most suitable surfactant combinations with desired properties,
such as surface activity and solubility.

From a theoretical point of view, mixed surfactant systems have been the
subject of a great number of investigations and have attracted much interest in
recent years. In an agueous medium, pure and mixed surfactants can form micel-
les after reaching the CMC, which can be assessed by various methods to under-
stand the self-organizing behavior of surfactants. Similar to the behavior of the
individual surfactants on self-aggregation, mixed system undergo significant
changes in their physicochemical properties that can be monitored using suitable
experimental methods, such as conductometry, tensiometry, calorimetry, fluoro-
metry, NMR spectroscopy,3-1° etc.

In mixed micellar systems of ionic, nonionic, and zwitterionic surfactants,
three types of interactions may occur: favorable (ionic—nonionic, ionic—zwitter-
ionic and cationic—anionic), unfavorable and ideal mixing (nonionic mixtures).
lonic—nonionic surfactant mixtures exhibit highly non-ideal behavior on mixing
and can change the interfacial and colloidal properties of the system. A mixture
of two different surfactants can be characterized by the presence of two kinds of
micelles, each essentially containing a pure surfactant, or mixed micelles formed
by both surfactants. Compared to pure surfactant micelles, the formation of
mixed micelles is accompanied by a series of more complex thermodynamic and
structural changes.%-12

Polymers and surfactants are very commonly included in many industrial
products, and their mixtures can exhibit molecular interactions affecting the pro-
perties of the product. In this respect, the mechanism of interaction between a
water-soluble polymer, hydroxypropylmethy! cellulose (HPMC), and an anionic
surfactant, sodium dodecy! sulfate (SDS), was investigated in detail.16-18 The
presence of a nonionic surfactant in an aqueous HPMC/SDS solution makes the
system more complex, considering that various interactions between three diffe-
rent species could occur.

In the present study, conductometric measurements were performed on
mixed anionic—nonionic micellar solutions. The anionic surfactant was sodium
dodecyl sulfate, SDS, and the nonionic surfactants were Tween 20, Triton X100
and Pluronic F68 (polysorbate 20, polyoxyethylene octylphenyl ether and poly-

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



CONDUCTOMETRIC INVESTIGATION HPMC/NONIONIC SURFACTANT/SDS 1423

oxyethylene—polyoxypropylene block copolymer, respectively). The micelliz-
ation behavior of Tween 20/SDS mixtures was previously studied by Gosh and
Moulicl2 at 20 °C and by Munoz et al. at 25 °C.14 With regard to the Triton
X100/SDS and Pluronic F68/SDS binary mixtures, to the best of our knowledge,
no previous information has been provided in the literature concerning these
binary systems. It is also interesting to note that no studies have been reported
regarding the interaction and micellization behavior of nonionic surfactant/SDS
systems in the presence of a honionic polymer, HPMC.

EXPERIMENTAL
Chemicals

SDS, purity >99 %, was obtained from Merck, Germany. Tween 20 (M = 1200 g mol-1),
Triton X100 (M = 625 g mol-1) and Piuronic F68, [EO;5PO3,EO7s] (M = 8400 g mol-1), were
obtained from Sigma, USA. The CMC values of Tween 20, Triton X100 and Pluronic F68,
determined at 40 °C by tensiometry, were 0.0915, 0.786 and 0.202 mmol dm3, respectively.

Pharmaceutical grade HPMC, trade name Methocel K100M, was obtained as a gift from
Colorcon Ltd., UK. The viscosity average molecular mass, M,, measured at 20 °C was
155.000 g mol1.20 and the critical overlap concentration, c*, determined at 40 °C was 6.25 1073
mmol dm3,

All samples were used without any further purification.

Preparations of the binary mixtures

Stock solutions of surfactants: 0.277 mmol dm3 SDS, 1.67 mmol dm3 Tween 20, 6.4
mmol dm3 Triton X100 and 2.38 mmol dm3 Pluronic F68 were prepared by dissolving in
water with gentle stirring. Stock solution of 0.13 mmol dm3 HPMC was prepared by dis-
persing the required mass in water at 80 °C under gentle stirring.1” All solutions were pre-
pared in double distilled water having a specific conductance 2—4 uS cmt at 40 °C.

Binary mixtures of nonionic surfactants and SDS were prepared by mixing the required
volumes of stock solutions. Before further use, the mixtures were |eft for 24 h at room tem-
perature.

Binary mixtures of HPMC, below (3.22 103 mmol dm3) and above (19.35 103 mmol
dm3) critical overlap concentration, ¢*, and the nonionic surfactants were prepared by mixing
the required masses of HPMC stock solution with suitably diluted stock solutions of surf-
actants. Before further use, the mixtures were |eft for 24 h at room temperature.

Conductometry

Conductivity measurements were realized at 40 °C, in a jacked beaker, by adding 0.2
cmd portions of titrant to 50 cm? of analyte. After the addition of each portion, the solution
was stirred until a steady conductance value was achieved. Specific conductance was mea-
sured using conductivity meter INOLAB Level 1, WTW, Germany and conductivity cell with
the cell constant of 1.00 cm.

The temperature was maintained using a Phoenix 1l C25P thermostat, Thermo HAAKE,
Germany.
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1424 PETROVIC et al.

RESULTS AND DISCUSSION
Nonionic surfactant/SDSinteraction

Conductometric titration is one of the most often used techniques to deter-
mine the critical micelle concentration (CMC) of ionic surfactants, as well as to
examine their interaction with nonionic surfactants and the formation of mixed
micelles in dilute solutions.%-12 The results of the determination of the critical
micelle concentration of SDS and an investigation of the nonionic surfactant/SDS
interactions are presented in Fig. 1.
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Fig. 1. Plots of conductivity (relative scale

units) vs. SDS concentration for various

concentrations of Triton X100 (A), Tween

0 10 20 30 4 s0 e 7w so s 20 (B) and Pluronic F68 (C) in water sol-
¢/ mmol dm” ution.

The addition of SDS to the water caused a linear increase in the specific
conductance up to the surfactant concentration at which micelle formation began,
i.e., up to the CMC. After the CMC was attained, the conductance further inc-
reased linearly, but with alower slope than before the CMC and the break in the
conductance—concentration titration curve gives the CMC of the surfactant. For
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SDS, the CMC determined by conductometric titration at 40 °C was 9.35 mmol
dm=3 (Fig. 1A). In the presence of the nonionic surfactant, the relationship
between the conductance and the SDS concentration (Fig. 1), as with most ionic/
/nonionic surfactant mixtures, showed two break points. The first was when the
formation of mixed associates, i.e., micelles, began and the second was when the
formation of mixed micelles ended. Between these break points, there was a
region of nonlinearity indicating the incorporation of SDS molecules into the
mixed micelles and their structural changes with increasing SDS concentration,
i.e., mixed micellization. For solutions of Triton X100 and Tween 20, at concen-
trations of 0.32 and 0.167 mmol dm3, respectively, the conductometric curves
had only one break point that corresponded to the CMC of SDS. This indicated
that at concentration of the nonionic surfactants close to their CMC value, due to
the weak interaction with the SDS molecules, there was no mixed micelle for-
mation.

At concentrations of nonionic surfactants well above the CMC, the formation
of the mixed micelles started at SDS concentration lower than the CMC (9.35
mmol dm3) and it depended on the characteristics of the nonionic surfactant
(Fig. 1A—C). Simultaneously, the end of process depended not only on surfactant
type, but on its concentration as well. After reaching the second break point, the
mixed micellization was finished, the conductivity increased linearly again, but
with a higher slope than for SDS without nonionic surfactant after reaching the
CMC. Namely, further addition of SDS caused only the formation of free SDS
micelles that, together with the charged mixed micelles, contributed to the spe-
cific conductance.19

The amount of SDS molecules that were incorporated in the mixed associ-
ates at the end of micellization is presented in Fig. 2.

<
£204 23,69 mol SDS/mol Pluronic F68
15 -
7.24 mol SDS/mol Triton X100 .
104 7 Fig. 2. Dependence of the SDS
1 10.50 mol SDS/mol Tween 20 /nonionic surfactant mole ratios
5 S R F—— (n,SDS/,nni-S,) a the end .of.mixed
05 1.0 1.5 20 25 30 micellization on the nonionic surf-
¢/ mmol dm™ actant concentration.
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As can be seen, the mixed micelles of Pluronic F68 contained the highest
mole partition of SDS molecules, 23.6 mol mol-1, and the mixed micelles of
Triton X100 the lowest one, 7.24 mol mol—1. These findings could be attributed
to the differences in the structures of the nonionic surfactants that affected the
packing of SDS molecules into mixed micelles.20 As reported before21.22 g
strong attractive interaction of SDS with the ethylene oxide—propylene oxide—
ethylene oxide triblock copolymer exists in the micelles and therefore the highest
molar ratio of SDS could be expected. With regards to Triton X100, the presence
of a phenolic group in the hydrophobic chain of the molecule causes steric
hindrance that leads to poor packing of the SDS molecules in the mixed mic-
elles.13 The concentration of nonionic surfactant, as mentioned before, affects the
structure of the mixed micelles; thus, an increase in the concentration causes a
decrease in mole share of SDS molecules present in the mixed micelles, i.e., the
structure of the micelles.

Interactions of HPMC/nonionic surfactant mixtures with SDS

In our previous work, interactions between HPMC and SDS in agueous
solution, at 30 °C, had been investigated in detail using various experimental
techniques.16.17 Characteristic points, i.e., SDS concentration at which interac-
tion begins, the critical aggregation concentration, CAC, and ends, the polymer
saturation point, PSP, were determined and it appeared that the CAC did not
depend on the HPM C concentration, whereas the PSP was linearly dependent on
the HPMC concentration. In order to define the region of interaction between
HPMC and SDS at 40 °C, conductometric titrations of HPMC solutions at con-
centrations below (3.22x10-3 mmol dm~3) and above (19.35x10~3 mmol dm3)
the critical overlap concentration, c*, were performed. The obtained results pre-
sented in Fig. 3 are in good agreement with those of a previous studies. 1617
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Fig. 3. Dependence of specific con-
ductance (relative scale units) on
the SDS concentration for HPMC
solutions of concentrations less
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——T——T———T— 1 higher than 19.35x10"3 mmol dm'3;
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¢/ mmol dm™ was 6.25x10-3 mmol dm3,
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Namely, the interaction region, observed as a nonlinear conductance—con-
centration dependence, was much wider for HPMC concentrations higher than
¢*. Under such conditions, the hydrophaobic substituents of the HPMC molecules
are close and interaction with SDS is intermolecular in nature. With increasing
SDS concentration, micellar structures are formed around each individual sub-
stituent until saturation of all available sites on the polymer molecules.

Considering that HPM C/SDS interactions in solution are influenced by var-
ious factors (temperature, the molecular characteristics and concentration of
HPMC, ionic strength,23 etc.) and that they could induce changes in the pro-
perties of mixed systems, it was interesting to examine the interactions of these
two species in the presence of a nonionic surfactant. For these reasons, conduct-
ometric titrations of binary mixtures of HPMC and nonionic surfactants with
SDS were performed. The concentrations of HPMC in the mixtures were below
3.22x10-3 mmol dm~3 and above 19.35x10-3 mmol dm3, the critical overlap
concentration. Concentrations of Triton X100, Tween 20 and Pluronic F68 in the
binary mixtures were 1.6, 8.33 and 1.19 mmol dm3, respectively. The results of
these investigations are presented in Fig. 4.
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Fig. 4. Plots of conductivity (relative scale
o units) vs. SDS concentration for HPMC/
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o 1o 2 s 4 s HPMC/Pluronic F68 (C) mixtures at HPMC
¢/ mmol dm™ concentrations lower and higher than c*.
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The addition of SDS to the mixture of HPMC and Triton X100 below c* of
HPMC (Fig. 4A) caused changes in the slope of the conductance-concentration
curve at characteristic SDS concentrations (2.29 and 17.76 mmol dm3), which
are the same as for the Triton X100/SDS system presented in Fig. 1A. This
means that in such a system mixed micellization was a more favorable process
than HPMC/SDS interaction. After mixed micellization was finished, the con-
ductometric curve became linear again, indicating that only free micelles of SDS
molecules were being formed, i.e., there was no interaction with HPMC. When
the HPMC concentration in a binary mixture is above c*, the second break point
is much higher (27.39 mmol dm3) meaning that after the formation of mixed
micelles, the SDS molecules started to form micellar aggregates around the
hydrophaobic substituents of the adjacent polymer chains, i.e., HPMC/SDS inter-
action occurred.1’ Such behavior could be explained by the fact that in semi-
dilute conditions, at c>c*, the hydrophobic substituents of the HPMC molecules
were very close, expressing more hydrophobicity and hence, HPMC/SDS inter-
action could occur.

Interactions in binary mixtures of HPMC and Tween 20 with SDS, deter-
mined by conductometry, are presented in Fig. 4B. It could be observed that, at
HPMC concentration below c*, the nonlinearity region in conductometric curve
is wider than for Tween 20/SDS system (Fig. 1B), implying that HPMC/SDS
hydrophobic interaction occurs as well. However, when the HPMC concentration
in the mixtures was higher than c*, it seems that after the formation of mixed
micelles, binding of SDS to hydrophobic sites of HPMC was disabled. Namely,
Tween 20 has a highly branched, voluminous polar head and is thus expected that
mixed micelles would be voluminous as well. Their presence in the neighbor-
hood of the binding sites on the HPMC molecules, between neighboring polymer
chains, probably resulted in steric hindrance and disabled the hydrophobic bind-
ing of SDS.

The addition of SDS to mixtures of HPMC and Pluronic F68 caused mixed
micelle formation at HPMC concentration below and above c*. Namely, the con-
ductometric titration curves, presented in Fig. 4C, had exactly the same form as
the one presented in Fig. 1C for the same Pluronic F68 concentration. After the
mixed micelles had formed, further addition of SDS to the mixtures led to the
formation of free SDS micelles only. As it can be seen, regardless of the HPMC
concentration in the mixture, HPMC/SDS hydrophobic interaction failed. Such a
behavior could be attributed to the shape of the formed Pluronic F68/SDS mixed
micelles that sterically hindered hydrophobic SDS binding to the HPMC mole-
cules.24
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Interactions of HPMC with nonionic surfactant/SDS mixed micelles

In order to examine the interactions of HPMC with nonionic surfactant/SDS
mixtures, conductometric titrations of HPMC solutions at c<c* and c>c¢* with
binary mixtures of the surfactants were performed. HPM C solutions were titrated
with Triton X100/SDS, Tween 20/SDS and Pluronic F68/SDS mixtures at the
mole ratios 1/1.7, 1/10.5 and 1/23.69 mol mol—21, respectively. The nonionic
surfactant/SDS mole ratios were chosen to include the amount of SDS molecules
in the mixed micelles at the end of micellization (Fig. 2). Micellization of the
nonionic surfactant/SDS mixtures in water were also determined, and the results
are presented in Fig. 5.
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For al nonionic surfactant/SDS binary mixtures, the conductance vs. con-
centration curves showed two break points, i.e., two CMC values. The existence
of two break points for some surfactant mixtures was previously reported, which
indicated the formation of two different kinds of mixed micellar aggregates, i.e.
non-ideal behavior on mixing.10:14 The first break point at low surfactant concen-
trations corresponded to mixed micelles with a high degree of ionization, shown
by the dight change in the slope of the conductance—concentration curve. The
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1430 PETROVIC et al.

second break point at higher surfactant concentration shows the existence of
another type of micelle with a lower degree of ionization. Such a behavior isin
agreement with the results presented in Fig. 2, indicating that the mixed micelles
had the lowest molar content of SDS at the end of micellization.

Changes in the conductance of HPMC solutions at c<c* and c>c* with the
addition of Triton X100/SDS binary mixtures showed two break points (Fig. 5A),
which are related to the start and the end of the formation of HPM C/surfactant
mixture interactions. The region of nonlinearity started at a mixture concentration
of 2.29 mmol dm=3 (lower than the first CMC), indicating binding of surfactants
molecules to the hydrophobic sites of polymer, which is more favorable than the
formation of mixed micelles. This binding continues until saturation of al the
available sites on the HPM C molecules, which is determined by the second break
point (20.2 mmol dm=3 for c<c*). Further addition of the surfactant mixture
caused the formation of free micelles only, observed as the linear increase in con-
ductance with the same slope as for the surfactant mixture in water after reaching
second CMC. As expected, the interaction region is pronounced at HPMC
concentrations higher than c*.

The interaction of HPMC and Tween 20/SDS mixture was less pronounced
(Fig. 5B). Namely, for both HPMC concentrations, the regions of nonlinearity in
conductance—concentration titration curves were slightly wider compared to the
region of the formation of mixed micelles. The micdllization and/or interaction
started at same concentration (3.41 mmol dm3) and it is possible that they
occurred simultaneously. At both HPMC concentrations, the second break point,
i.e., the end of nonlinear region, was shifted toward higher concentrations of
Tween 20/SDS mixtures, indicating that interactions occurred to a certain degree.

Concerning the Pluronic F68/SDS mixture, there was no interaction with
HPMC, regardless of its concentration (Fig. 5C). Namely, the conductometric
curves show two break points at the same concentrations as for the pure surf-
actant mixture in water. It is clear that formation of mixed Pluronic F68/SDS
micelles was more favorable than itsinteraction with HPMC.

CONCLUSIONS

The conductometric titration method was a useful and relatively simple tech-
nique for investigations of nonionic/ionic surfactant mixed micellization and
mixed micelles interactions with the nonionic polymer HPMC. The formations of
mixed micelles of Triton X100, Tween 20 or Pluronic F68 with SDS were ener-
getically more favorable than the formation of single surfactant micelles and the
formation depended on the characteristics of the surfactant. The mixed micellar
systems underwent significant changes in structural organization during aggre-
gation and the concentration of the nonionic surfactant affected their structure,
i.e., the molar share of SDS molecules present in mixed micelles decreased with
increasing concentration.
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In the HPM C/nonionic surfactant mixtures, the surfactant molecules were in
the neighborhood of the HPMC hydrophobic sites and the introduction of SDS
caused mixed micelle formation. After formation of the micelles, further addition
of SDS could lead to interaction with HPMC depending on the HPMC concen-
tration and on the size and shape of the formed mixed micelles. These parameters
also affected the interaction of HPMC with nonionic surfactant/SDS mixed mic-
eles.
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U3BOL
KOHOYKTOMETPHUJCKO NCITUTUBAILE CUCTEMA XUIPOKCHUIIPOITUIIMETHII-
-EJIYJIO3A/HATPUIYM-JOJELUICYJI®AT/HEJOHCKHU CYPOPAKTAHT

JIMOWUJA b. [IETPOBUTR, BEPUIIA J. COBUJb, JAOPAHKA JI. MUJIAHOBUE u JAPOCJTIAB M. KATOHA
Texnonowxu paxynitedi, Ynugep3uitiein y Hosom Cagy, Byn. yapa Jlasapa 1, 21000 Hosu Cag

CMeme cypdaxraHata ce BeOMa YECTO KODUCTE Y Pas3IMUUTUM dopMmyianyjaMa Ko3me-
THYMX U dapMalleyTCKUX ITPOU3BOZA jep Jemyjy cuHepructuuku, odedehyjyhu doma cBojcTBa
npousBofa. YcroBpeMeHo, MPUCYCTBO TOJIMMepa y CMeWX ca cypdaxkraHaTUMa MoOXe Ja
TOBefe 10 MOJIEKYJICKAX MHTepaklivja, a CAMUM TUM U [0 NIPOMEHA CTaOUIHOCTH U aKTUB-
HOCTH IOTOBOT IIpOX3BOAa. M3 0BUX pasiora Beoma je 3HauajHO UCIUTATH YTHULAj HHTepaKLyje
NojeJUHUX KOMIIOHEHTaTa cMella cypdaxraHata Ha npouece ¢hopMUpama MULeNa U Mella-
HHUX MHLeNa, Ka0 U MHTepaklyje MELIaHUX MHUIlena ca MOJeKyJIuMa Nonumepa. Y pagy je
WCTIUTaHO opMHUpamke MelllaHWX MULesla HejOHCKUX cypdakTaHara, momucopdara 20 (Tween
20), nonuokcuetuneHokTundenun erpa (Triton X100) ¥ MOTHOKCHETUIEH—TIONUOKCUIIPO-
nuieH onok konnonumepa (Pluronic F68), u joHckor cypdakraHTa, HaTPHjyM-IOAELUICyI-
(paTa, y BOOM NPUMEHOM KOHAYKTOMETpHjcke TuTpauuje Ha 40 °C. YTBpheHo je ma obmact
(popmupama MulleNa 3aBUCH Off CBOjCTaBa U KOHIIEHTpaLUje HEjOHCKOr cypdakranTa. dop-
MHUpame MellaHUX MHUIIea y IPUCYCTBY HEjOHCKOT MONIMMEPA, XUIPOKCUIIPOIUIMETHI LieTy-
JI03e, U BUX0BO Be3uBame 3a XuapododHe [leHTpe Ha MOJIeKyJIMMa MojiuMepa je Takohe ucnu-
TaHO. AHaNMK3a NOOHjeHUX pe3yiTaTa yka3yje Ha MPUCYTBO PA3IMYUTHX WHTEPAKIHja Y UCIH-
TUBaHUM CHCTEMHMA, KOje Cy Of IPECyJHOT 3Hauaja 3a BbUXO0BY IPUMEHY.

(ITpumsbeHo 21. mapTa, peBugupatno 30. Maja, npuxsaheHo 2. jyna 2014)
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