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Available online 20 March 2025 NPs. The micellization process in water was studied using isothermal titration

calorimetry (ITC) and dynamic light scattering (DLS) in the temperature range
from 293.15 K to 323.15 K as well as by tensiometry at 298.15 K. For pure
surfactant solutions, the increase in both temperature and the alkyl chain length
leads to more negative values of Gibbs free energy of micellization (AG°mic),
favoring the micellization. From the temperature dependence of micellization

Keywords: enthalpy (AH®mic), the values of micellization heat capacity changes (AC®p, mic) were
Sulfobetaines found negative for the two surfactants relating to the removal of water accessible
Micellization non-polar surfaces. DLS measurements showed that micelles aggregates size Dy, are
Aggregation number around 5.5 nmand 6.5 nm for SB3-12 and SB3-14 respectively with a pronounced
Polystyrene nanoparticles hydrophobic effect as confirmed from tensiometry experiments. Furthermore, the

Dynamic light scattering

) . aggregation numbers Nagg 0f SB3-12 and SB3-14 micelles were determined from
Isothermal titration calorimetry

isothermal titration calorimetry for the first time. The deduced values were in
agreement with (DLS) results at high temperatures. In the presence of polystyrene
nanoparticles (PS-NPs), the formation of micellar aggregates occurs by association
between PS-NPs and surfactants at low concentration of surfactants as revealed
from ITC and DLS analysis. These results suggest that the PS-NPs/surfactant
association is based on hydrophobic interactions.

1. Introduction potentially resulting in a useless product. In particular, the
interaction of surfactants with the polymer's hydrocarbon
chains can affect its conformation, charge, and size, leading
to various undesired outcomes such as expansion, self-
folding, or, in more detrimental cases, self-association and
flocculation [5]. Likewise, the polymer may also influence
the colloidal characteristics of the surfactant, causing
changes in parameters such as critical micellization
concentration (cmc), Krafft temperature, or cloud point [6].
Consequently, the polymer-surfactant association can
trigger the micellization process prematurely, enhancing
the surfactant micelles' detergency. The interaction

The combination of polymers and surfactants to
formulate new nano-like particles represents a highly
compelling area of research within materials science, with
numerous applications in drug delivery, oil recovery,
cosmetics, wastewater treatment, and the remediation of
contaminated soils [1-4]. However, prior to their
application, this advantageous pairing must undergo a
series of tests to assess their compatibility and behavior
under various thermodynamic conditions. The interactions
between these components can significantly modify the
inherent properties of each individual substance,
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between surfactants and polymers is a complex
phenomenon. It is widely recognized that the surfactant-
polymer interaction arises from a combination of various
forces, primarily hydrophobic effects, electrostatic
interactions, and hydrogen bonding [7] which induce either
the binding of surfactant monomers to the polymer chain
or the micellization of surfactants near the polymer chain
entanglement [8]. Consequently, the thermodynamic
model employed to characterize this process must be
adapted to reflect the specific type of interaction involved.
Numerous scientific studies [9, 10] that address the
combination of polymers and surfactants exist in the
literature. However, there is a notable research gap that
inspect this interaction from a thermodynamic perspective
for zwitterionic surfactants [11].

In this regard, isothermal titration calorimetry (ITC)
emerges as a powerful method for the thermodynamic
characterization of physic-chemical phenomena. It is
widely recognized that a single ITC experiment conducted
for surfactants at a specific temperature can Yyield
simultaneously the critical micelle concentration (cmc) and
the standard enthalpy change of micellization (AH®mic) [8].
Furthermore, by monitoring the micellization process
across various temperatures, several micellization
thermodynamic parameters can be determined such as the
standard Gibbs free energy change (AG®°mic), the standard
entropy change (AS°mic), and the standard heat capacity
change (AC®p, mic), which help to identify the primary forces
governing these phenomena [12-13,14]. ITC is also
suitable for the thermodynamic analysis of surfactant
adsorption onto polymer nanoparticles at varying
temperatures and surfactant concentrations. This technigque
allows the determination of the critical aggregation
concentration (cac) of the polymer-surfactant system to
indicate the concentration at which interactions between
the polymer and surfactant occur [11]. Besides these
informations, it is important to consider the size and surface
charge of the polymer during these interactions under
different experimental conditions. To achieve this,
dynamic light scattering (DLS) serves as an effective
technique for exploring changes in hydrodynamic diameter
Dy [15] and zeta potential of the polymer nanoparticles in
the presence of the surfactants. Such information is vital,
as excessive swelling of the polymer nanoparticles can alter
the rheological properties of the solution, while low zeta
potential values may indicate potential instability [16].
This study aims to characterize two zwitterionic
surfactants, SB3-12 and SB3-14 (Fig. 1), and their
interactions with polystyrene nanoparticles (PS-NPs) using
ITC, DLS, and tensiometry. Various thermodynamic
(AG®mic, AS®mic, and AC®p, mic) as well as physico-chemical
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properties (cmc, Nagg, Dn) Will be examined under different
temperatures and surfactant concentrations.
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Fig. 1. Chemical structures of the studied zwitterionic surfactants
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2. Materials and methods

The zwitterionic surfactants SB3-12 and SB3-14
(>99%) were supplied by Sigma Company and were used
without further purification. The polystyrene sample used
was provided by Malvern Panalytical, as an aqueous
solution with highly uniform polystyrene spheres
calibrated by NIST-traceable standards with a nominal
diameter of 220 nm and zeta potential of —45 mV. All
solutions were freshly prepared with demineralised and de-
ionized water, with a conductivity of 6.7uS/cm and a
surface tension of 69 mN/m at 298.15 K.

Surface tension measurements

Surface tension (y) was measured using a Du Nouiy-
type tensiometer (Lauda scientific TC1). It consists of a
platinum ring suspended by a wire from a pulley-like
device that progressively exerts a vertical force required to
pull the ring immersed in the solution, thus allowing the
measurement of y varying from 0 to 90 mN/m with an
accuracy of 0.05 mN/m, after calibration of the device.

DLS measurements

The dynamic light scattering (DLS) experiments were
performed to measure average size of micelles and PS-NPs
using Malvern Zetasizer Instrument Nano-ZS 4800, UK
equipped with He-Ne laser operating at a wavelength of
633 nm and a fixed scattering angle of 173°. Each
measurement was repeated 3 times and average values
were considered. The time dependent correlation function
was measured at different temperatures for different
concentrations of surfactants above their respective cmc in
water in presence and absence of Polystyrene polymer.
Analyses were performed in cumulative mode using the
integrated Zetasizer software. The correlation function
contains the diffusion coefficient information required to
be entered into the Stokes-Einstein equation [17] eq.1.

KgT
~ 3mDy,
where, Kgand T stand for Boltzmann constant and absolute
temperature respectively. Whereas, D and Dy, represent the
Diffusion coefficient and the hydrodynamic diameter of the
scattering particle in a solvent of viscosity n, respectively.

eq.1
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ITC measurments

The calorimetric measurements were carried out using
a TA instruments low-volume Nano ITC calorimeter which
enables to measure dilution enthalpies Qi at different
temperatures. A calibration of the ITC was carried out
electrically by using electrically generated heat pulses.
Furthermore, a CaCl,-EDTA titration was performed to
check the apparatus, and the results (n-stoichiometry, K,
AH) were compared with supplier specifications.

Prior to the titration process, samples and used water
were degassed and thermostated using an accessory
(Vibrating degasser). The homogeneity and the purity of
stock solutions of the different surfactants were checked
using a sonicator and a tensiometer respectively.

For ITC experiments, 250 uL of each solution with a
concentration ten times greater than the cmc were injected
sequentially by a computer-controlled syringe (5 pL in
each injection) into a 1.30 ml reaction cell containing
purified water or polymer water solution. The solution in
the reaction cell was agitated at a speed of 250 rpm
throughout the experiments and an interval of 400 s
between each successive injection was maintained.

After each injection, the computer records the heating
rate required Qi,j to maintain a constant temperature
difference between the sample cell and the reference cell
filled with purified water. The change in dilution enthalpy,
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AHai, is obtained by dividing Qinj by the number of moles
of surfactant injected into each 5 L aliquot.
For the dilution of micelles in ITC the constitutive equation
is given by eq.2 [18]:

innj = V. AH® gemic- d€(Stot) eq. 2
where dQ, AH°emic and d& represent respectively the
differential heat, the enthalpy of demicellization estimated
by D/STAIN program [12] and the differential extent of
reaction respectively. V is the volume of the reaction cell
whereas Si is the total concentration

3. Data treatment

During ITC experiments for surfactant micellisation
phenomenon, Time-dependent heat flow curve (Fig 2.a)
and sigmoidal curve (Fig 2.b) are obtained and can be
divided into three steps [13,19]:

1. Dissociation of micelles into monomers: The generated
heat corresponds to the dilution enthalpy of monomers
and the titration ITC curve is composed of exothermic
peaks.

2. Micellization of the surfactant: The heat generated
during this process corresponds to the enthalpy of
micellization AHmic.

Micelles dilution: The heat generated during this
process corresponds to the micelle dilution enthalpy. In this
part, the titration ITC curve is always composed of low and
endothermic peaks.
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Fig. 2. Titration of micellar solution in the calorimetric cell containing water.
(a) Time-dependent heat flow for 50 injections of 5 uL surfactant in degassed water. (b) the change in heat corresponding to each
injection depressing the final concentration. (c) First derivative of the curve in (b) where the maximum corresponds to the cmc.
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Thermodynmic parameters extraction

When the solution of surfactants is titrated in water, the
ITC records the differential enthalpy variations associated
with demicellization and dilution of surfactant molecules.
A typical illustration of the heat flow and the corresponding
differential graph against the injections for the
micellization of a given surfactant in water at 293.15 K is
shown in the Fig. 2. In order to get the values of AH®mic two
steps must be performed. First, we need to extrapolate the
pre-micellar (initial) and post-micellar (final) data using
linear adjustments (Fig. 2.b). The difference between
(initial) and (final) fitting lines, makes it possible to
determine AHos [8] which is given by the following
expression:

AH,ps = AHg; (finale) — AHg; (initiale) eq.3

The heat observed is therefore related to a
demicellization process, which is the same as the
micellization process but with an opposite sign. Thus, the
value of the enthalpy of micellization is written :

p eq.4

The total concentration of surfactant (Cr) in the syringe
is much higher than the cmc. In addition, the calculation of
the first derivative of the ITC curve (Fig. 2.c) related to the
total concentration of surfactant in the cell makes it
possible to determine cmc.

According to the pseudo-phase-separation model, the
micelles are considered as a separate phase [20]. The
standard energy of micellization is given by:

AG°pic = RTInX o eq.5

Where X IS the molar fraction of the monomers at
cmc, R is gas constant and T is temperature. The entropy
term can then be derived using the Gibbs- Helmholtz
relation:

TAS®mic = AH mic — AG°m;c eq.6

The combination of ITC experiments at different
temperatures allowed the determination of changes in
thermal capacity (ACp, mic), according to the following

equation:
0AH®
8Ceme = (57),

AC®p,mic IS an important parameter for the evaluation of
hydrophobic contributions [14, 21].

o o T
AHmic = —AH® gemic = AHobs-m

eq.”7

Micelle Aggregation number extraction

Olesen et al, proposed a method for extracting Nagg from
ITC data for a series of 6 bile salts and SDS [22, 18]. They
have described an accurate approach of modelling the
curves using the mass action law model. Their model
considers that at cmc only unimers and surfactant micelles
are in equilibrium in the presence of a large amount of
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counter ions. In the present work, we use this-model to
extract Nagg for the zwitterionic surfactants SB3-12 and
Sbh3-14 that are electrically neutral such that the self-
association (micellization) equilibrium between n (number
of monomers) and the concentration of a surfactant (S) is
given by the following relation:

n.S & M, eq.8

where S represents the monomeric surfactant and M, the
n-meric micelles.

They are assumed populated at equilibrium, implying
that micellization constant is sufficient to describe the
equilibrium of the process.

M,
[S]"

For the model statement, the two-state reaction (Eq. 2),
the binding isotherm is written as

Q _ AH® 4 ds 10

dstot - demic dStot eq.

Defining the micellization constant (Eqg. 3) and applying
the principle of mass conservation

Stot = [S] + nKI[S]" eq.11

We obtain an expression with n as the single unknown
quantity:

d[s]

dln <<dstot) B 1) _n-1, (12 d[s]

dInS,.. n n  dSi
The aggregation number can be determined by plotting
-1
dm((%jolt) _1)
dlInSeor d Stot
aggregation number in a fast and reliable way
independently of the other parameters. With the
aggregation number in hand, the micellization constant can
be derived through Eg. 10 from the same ITC experiment
by measuring the cmc [23].

K= eq.9

eq.12

against 481 This scheme estimates the

4. Results and discussion
Tensiometry results

Fig. 3 shows the variation of surface tension y against
SB3-12 and SB3-14 surfactants concentration at 298.15 K
respectively. We note that both molecules exhibit an
appreciable surface activity at the water/air interface. By
increasing concentration, the surface tension decreases
uniformly and reaches a plateau (y = ymin) from a certain
concentration that coincides with the cmc indicating the
beginning of micellization [24]. This concentration is
determined by the intersection point of two lines obtained
by linear regressions of each part of the curve. SB3-14
surfactant (cmc = 0.27 mM and ymin = 34.1 mN/m) should
be more hydrophobic than SB3-12 ones (cmc = 3.2 mM
and ymin = 35.2 mN/m) at 298.15 K.
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Fig. 3. Variation of the surface tension of SB3-12 (a) and SB3-
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Fig. 4 shows the size distribution by percent intensity at
different temperatures for SB3-12 and SB3-14 at C = 50
mM and C 6 mM respectively (far from their
corresponding cmc inferred from the analysis of the
tensiometry data). Firstly, every distribution exhibits a
multi-peak feature where the first peaks around 10 nm
represent the hydrodynamic diameter of the assumed
classical Hartley-type micelles. The fact that SB3-14
micelles are larger than the SB3-12 ones is expected since
the former surfactant hydrocarbon chain contains two more
carbon atoms.

The others remaining peaks in Fig. 4, result from the
association of monomers/micelles species with two types
of water-structured clusters (low density level clusters LDL
(> 100 nm) and high density ones HDL (> 100 nm)) as
presented by Mirgorod et al, and Kadiri et al [15, 25] for
some model aqueous ionic surfactant solutions.

It is interesting to note that for SB3-12 surfactant the
peak width of surfactant/water clusters decreases
significantly when temperature increases, whereas for
SB3-14 surfactant the corresponding peaks seem to be
slightly affected. This behavior difference means that the
two surfactants interact differently with the surrounding
water molecules despite that they possess the same ionic
head and almost the same hydrocarbon chain type. It is well
known that the increase in temperature is always
accompanied by a process of dehydration of micelles and
the hydrated free surfactant molecules, which imposes a
rearrangement of micelles into more compact structures
with reduced hydrodynamic diameter. Given the
tensiometric results which suggest that the two surfactants
differ on their hydrophobic character, the variation of the
aggregates size under thermal treatment can be explained
by the hydration/dehydration argument as will be
confirmed below from ITC analysis. Indeed, the
hydrophobic effect can be split into two energetic
components: the enthalpic hydrophobic effect and the
entropic hydrophobic effect, the former is related to
expulsed water molecules from the hydrophobic surfaces
and the latter to the disordered water molecules released
after the aggregation process. However, for the micelles
peaks below 10 nm the peaks width are relatively slimly
influenced by temperature increase as usually reported for
aggregates of surfactants [26] but the peaks position shift
to lower values (centred on 5 nm for SB3-12 and 6 nm for
SB3-14). The obtained value for SB3-14 surfactants is
higher than the reported value by Di Profio P et al [27] (2.9
nm at 298.15 K at a concentration near cmc). This
difference is reasonable since it is well known that the
particle size increases with increasing surfactant
concentration.
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Concentration Effect (b)

64 eme = 0,4 mM .
Fig. 5 shows the variation of hydrodynamic diameter 5 o \/\/\/
against SB3-12 and SB3-14 concentration at 298.15 K
respectively.

It is widely recognized that no measurable dynamic
light scattering (DLS) signal is detected under cmc as
micelles are not formed. However, once the concentration
surpasses the cmc, a signal becomes evident, allowing for 00 02 04 06 08 10
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surfactants. It is important to highlight that these cmc o
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detectable by tensiometry occurs just beyond the surface Fig. 5. Effect of concentration on hydrodynamic diameter of
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concentration at 298.15 K.
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Fig. 6 Titration of micellar solution SB3-12 (50 mM) and SB3-14 (6 mM) in the calorimetric cell (1.3 ml) containing water at
different temperatures. (a-c) Time-dependent heat flow for 50 injections of 5 L SB3-12 and SB3-14 in degassed water. (b-d) the
change in heat corresponding to each injection depressing the final concentration of SB3-12 and SB3-14.
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ITC results

Fig. 6 shows the calorimetric titration curves for the
micellization of sulfobetaine surfactants SB 3-12, SB3-14
from 293.15 to 323.15 K. The enthalpy change versus SB3-
n surfactant concentration curves presented similar profiles
at all temperatures: they were highly endothermic up to a
particular concentration (cmc) and then became
progressively less endothermic above this value. The high
endothermic enthalpy observed at lower surfactant
concentrations is associated with the breakdown of the
SB3-n micelles after they are titrated into the reaction cell
because the total surfactant concentration is below the cmc.
The progressive decrease of the endothermic enthalpy
change above a particular surfactant concentration (cmc) is
due to exceeding cmc so that any additional SB3-n micelles
added no longer break down. The magnitude of
endothermic enthalpy change associated with micelle
breakdown, as well as the value of the cmc, depended on
the temperature. Micelle breakdown became more
endothermic ~ with  increasing  temperature.  This
phenomenon can be attributed to the association of
enthalpy change with the transfer of a hydrophobic
substance from a hydrophobic environment into water
becomes increasingly endothermic as temperature increase
[28].

The cmcs of the SB3-12 and SB3-14 were determined
at several temperatures by determining the inflection point
from the enthalpy versus surfactant concentration profiles.
As shown on table 1, cmc decreases as the temperature
rises until a minimum point is reached (CMCmin sg3-12 = 2.34

MM, CMCmin sez-12 = 0.19 mM) at a critical temperature Tc
and then increases with temperature. It is well known that
the effect of temperature on cmc values of surfactants in
aqueous solution is due to two opposing phenomenons
[29]. The temperature increase reduces the hydration
degree of the hydrophilic head group, which favours the
micelle formation and decreases the cmc values of
surfactants  (phenomenon 1). Meanwhile, as the
temperature increases the order structure of water
molecules neighboring the hydrophobic domain can be
broken, which is unfavorable to micellization
(phenomenon 2). Thus, it is possible that at lower
temperatures, the phenomenon 2 is predominant and above
T¢ the phenomenon 1 becomes a major effect. As can be
seen from Fig. 6, the T, value for SB3-12 is about 303.15
K, which is higher than that of SB3-14 (T is close to
298.15 K). It was reported that T is directly dependent on
the hydrophobicity of surfactants.

This hypothesis is confirmed by the ITC curves features. In
fact, for SB3-12, the ITC curves are sorted as type A curves
at all temperatures. This means that the surfactants behave
ideally and do not display solute-solute interactions [30].
In this case, the values of the dilution enthalpy (AHai) at
the first injections appear identical and constant. However,
the ITC curves of SB3-14 are of type B [30]. A high value
of AHg; at the first injections reveals a non-ideal behavior
of the solution. This means that not only interactions
between surfactant molecules and water exist, but also
interactions between the surfactants themselves which
contribute to the observed heat flow variation [31].

Table 1. cmcs and thermodynamic parameters of micellization of zwitterionic surfactants

SB3-12

T cmc AH®mic AG®mic AS°mic Acop,mic Te

(K) (mM) (KJ/mol) (KJmol)  (J/mol.K) (I/mol.K) (K)
293.15 2.470 5.40 -24.42 101.7

298.15 2.600 3.13 -24.71 934

303.15 2.340 111 -25.39 87.4

308.15 2.400 -1.04 -25.74 80.2

313.15 2.420 3.20 26.14 73.3 43001 306.15
318.15 2.430 -4.30 -26.55 70.0

323.15 2.500 -6.90 -26.89 61.9

328.15 2.650 -9.80 -27.14 52.9

SB3-14

293.15 0.192 2.60 -30.65 113.4

298.15 0.250 0.27 -30.50 103.4

303.15 0.196 -2.60 -31.64 95.8

308.15 0.207 5.30 -32.02 86.7 5301 208.15
313.15 0.211 -9.30 -32.49 74.0

318.15 0.228 -10.8 -32.81 69.0

323.15 0.233 -14.9 -33.26 57.0
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Furthermore, it can be clearly inferred that an increase in
hydrophobic alkyl chain length follows the well-known
trend, i. e., their cmc values are reduced by an approximate
factor of 10 when two methylene groups extend the alkyl
chain and these values are in good agreement with ones
found by Brinatti et al [11]. Once, AHmic and cmc were
determined, AG°mic and AS°mic were deduced using
equation 5 and 6, respectively.

Analysis of the experimental values from the phase
separation model gives the thermodynamic quantities
shown in Table 1.

It can be clearly deduced that the micellization process
of the two zwitterionic surfactants is endothermic at low
temperatures and becomes exothermic at high ones for all
investigated solutions (Fig. 5). A similar change in the sign
of AH®mic with increasing temperature has been already
observed for number of ionic surfactants [32]. As expected
and observed previously [24], the AG°nic IS negative over
the whole studied temperature range (Table 1), which
means that is thermodynamically favorable and occurs
spontaneously.

At low temperatures, the enthalpy contribution to Gibbs'
energy is low relative to the entropy term AS°mic. However,
as the temperature increases, the AH°mic becomes more
negative and its contribution to AG°mic increases. For its
part, the AS°mi is positive and decreases at high
temperature. Thus, its contribution to AG°mic also decreases
[19, 11].

Enthalpy-Entropy compensation

Fig. 7 shows the temperature dependence of AG®mic,
AH°mic, and -TAS®mic for SB3-12 and SB3-14 surfactants in

371

aqueous solutions. The first derivative of AH®mic against
temperature at constant pressure yields the heat capacity
variation AC®, mic Which can be positive when hydrophobic
interactions are broken during micellization or negative if
hydrophobic interactions are formed [33]. The AC®mic
values obtained for SB3-12 and SB3-14 are -432.21
J/mol.K and -530.1 J/mol.K respectively which means that
hydrophobic molecules are transferred from water to a non-
polar medium. Furthermore, it can be seen in Fig. 7 that
AH°mic exhibits a linear dependence on temperature, so
AC®p,mic, IS assumed to be constant over the investigated
temperature range. In this case, according to E. Sikorska et
al. [34] the linear behavior of AC®,mc along the
temperature range reveals a non-exposed hydrophobic
surface in micelle to water. In general, AHmic plots as a
function of -TAS®mic show a linear relationship, indicating
that these thermodynamic parameters are complementary
to each other [35, 36]. In Fig.7, the complementarity
between AH°mic plot and TAS°mi one is obvious in
agreement with numerous reports showing the existence of
enthalpy-entropy compensation for adsorption and
micellization of surfactants [37]. It is thought that
compensation effect is the consequence of two processes:

1) Dehydration process by destruction of the iceberg-
shaped structures around the alkyl chains.

2) Micelles formation by surfactant alkyl chains
aggregation.

Once enthalpy-entropy compensation effect is
identified, T. temperatures at which the process is entropic
are derived from the intersection of the second polynomial
approximation of temperature dependence of the terms (the
thermodynamic functions) AG°mic and -TAS mic as shown in
Fig. 7.
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Table 2. Micellar parameters for SB3-12 and SB3-14 calculated from ITC and DLS results.

SB3-12

ITC DLS
T(K) K (mM) Nagg Dn(nm) Nagg
293.15 22600 28 7.80 282
298.15 21200 26 7.19 144
303.15 23700 21 7.49 106
308.15 23100 20 6.00 57
313.15 22900 18 6.15 44
318.15 21000 17 5.35 34
323.15 21300 / 511 19
SB3-14
293.15 289000 / 6.12 131
298.15 220000 58 6.08 95
303.15 276000 51 5.95 70
308.15 268000 50 5.90 53
313.15 263000 36 5.89 41
318.15 244000 22 5.82 32
323.15 238000 20 5.59 25
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Estimation of the aggregation number

Fig. 8a and 8c show typical ITC curves obtained for 50
mM SB3-12 at 293.15 K and 6 mM SB3-14 at 318.15 K, in
water. Both experiments were performed with injections of
5uL aliquots. In Fig. 8b and 8d, the data are transformed
according to Eg. 10. All estimated parameters for different
temperatures are summarized in Table 2 together with the
cmc and micellization constant calculated by Eqg.11. The
experimental data from Fig. 9 verifies that the theoretical
methodology is reliable and effective.

Table 2 shows that aggregation numbers determined by
ITC are lower than DLS values because they are
determined at cmc whereas DLS method determines the
aggregation number at higher concentrations, where the
aggregation number is known to be high [38]. The DLS
hydrodynamic diameter values approach from ITC at high
temperatures because the hydration effect decreases which
underlines its important contribution [16].

Sulfobetaines Interaction with Polymer

ITC results

The titration calorimetric curves for SB3-n surfactants
in the presence and the absence of the PS-NPs polymer at
different temperatures are presented in Fig. 9. Given the

pure surfactant ITC curves shown on Fig. 6 and their Tcs,
it is clear that at concentrations beyond the corresponding
cmcs, the PS-NPs/surfactant and pure surfactant curves are
supperposed. This means that the polymer does not
influence micellization and thus unbound micelles exist in
solution.

At concentrations near the corresponding cmcs, the ITC
curves deviate from their pure counterparts for polymeric
SB3-12 solutions and a clear shift of the cmc towards
higher values occurs and seems to accentuate with
temperature increase. For SB3-14 surfactants, the curves
almost stick to each other for temperature T = 293.15 K but
slightly deviate at higher temperature T = 308.15 K. In all
these ITC curves, the curves separate at dilute
concentration indicating surfactant/polymer interaction at
concentrations below the cmc values, allowing the
identification of a cac of 0.73 mM and 0.06 mM for SB3-
12 at T = 298.15 K and SB3-14 at T = 308.15 K
respectively. These ITC results show that at temperatures
above T, the processes are endothermic emphasizing the
occurrence of hydrophobic interaction between surfactants
and polymer. At dilute concentrations below the
micellization process, the polymer/surfactant complex
transition for SB3-12 is less endothermic with a clear signal
whereas for SB3-14 it is more endothermic with a weak
signal.
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Fig. 9 Calorimetric titration curves for the addition of SB 3-12 (50 mM) at 298.15 K (a) and 308.15 K (b) to water (®) and to a
0.1 mM polymeric solution of PS-NPS (o). Calorimetric titration curves for the addition of SB 3-14 (3 mM) at 293.15 K (c) and
308.15 K (d) to water (@) and to a 0.1 mM polymeric solution of PS-NPS (o).
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Accordingly, SB3-14 surfactants don’t interact strongly
with the polymer moieties and self-associate to form
micelles when surfactant concentration increases.

Oppositely to the SB3-14 behavior, SB3-12 surfactants
exhibit more attractive interaction with the polymer and
enlargement of the polymer size is expected in the presence
of such surfactant. For lower temperature case T < T¢, an
obvious cooperative aggregation starts at a critical
aggregation concentration, cac for SB3-12 at T = 298.15 K
, meanwhile for SB3-14 no distinctive cac signal is
recognized but a deviation of the curve exists. Here again
the SB3-12 surfactant/polymer system must be the most
disturbed and should exhibit size variation of the polymer
nanoparticles at low temperatures. To explore this
phenomenon, DLS measurements were conducted for such
systems and results are shown on Fig. 10.

Dynamic light scattering results
The polymer hydrodynamic diameter (Dp) around the

different ITC identified cac and cmc for each
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surfactant/polymer system are shown in Fig. 10 at
temperatures below T corresponding to each surfactant.
For SB3-12 surfactant, the polymer size Dy starts to
increase around 0.75 mM from Dy = 220 nm to reach a
maximum at a concentration equal to 1.2 mM with D, =260
nm and to finally decrease back to a constant size Dn= 220
nm beyond 2 mM. For SB3-14 a different behavior is
obtained since an asymmetric peak is observed with an
increase in Dy value around 0.03 mM then reaches a
maximum at 0.4 mM to diminish as a plateau from 0.06
mM. Combined to the earlier conclusions drawn from ITC
analysis, it is legitimate to claim that the cac for SB3-12
surfactant is situated at 0.75 mM and its cmc in the
neighborhood of 2 mM. These suggestions are in
agreement with ITC measurements results (cac = 0.70 mM
and cmc = 2.9 mM). Similarly to SB3-12, ITC analysis of
SB3-14 surfactant gives (cac = 0.05 mM and cmc = 0.12
mM) values close to values determined by DLS (cac = 0.03
mM and cmc = 0.06 mM).
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Fig. 10. Evolution of the hydrodynamic diameter of SB3-12 (a—b) (at 298.15 K) and SB3-14(c—d) (at 298.15 K) in a 0.1 mM
polymeric solution of PS-NPS versus concentration (o) or temperature (e)

The thermal analysis of SB3-12/polymer and SB3-
14/polymer systems by DLS above the deduced respective
cmcs allows the identification of two specific
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temperatures (T = 300.5 K for SB3-12 and T = 296.15 K
for SB3-14) which match with temperatures determined by
ITC experiments.
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Tensiometry results

Jones [39] and Lange [40] studied by tensiometry
systems containing mixtures of the anionic surfactant
sodium dodecyl sulphate (SDS) with poly(ethylene oxide)
(PEO) or poly(vinyl pyrrolidone) (PVP), the surface
tension behavior of surfactant polymer system is
identifiable by three breaks historically designated B;, B;
and Bs, as shown in Fig. 11(b). The first break (B.)
corresponds to cac for the system recognized by the
occurrence of a subtle plateau during the surface tension
decrease regime. B is the point where the bulk polymer is
more or less saturated with free surfactants/micelles
species and above which surface tension decreases again.
This point is generally less defined than B and the plateau
B:-B, distance depends generally on polymer
concentration on the bulk. Finally, the Bz break which is
identified as the beginning of a second more evident
platecau in the surface tension at high surfactant
concentration coincides to the cmc or the onset of
formation of surfactant micelles formation in the bulk.
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Compared to the classical surface tension variation of ionic
surfactant, we can state from surface tensiometry
measurements visible on Fig. 11 that the initial decrease in
surface tension is caused by the adsorption of surfactant
monomers with or without polymer. When the surfactant
and polymer interact at the surface, adsorption occurs at
much lower surfactant concentrations than occurs in the
absence of polymer as is observed for SB3-12 surfactant
curve. Nevertheless, for SB3-14 surfactant the initial
decrease regime for surfactant solution with and without
polymer are close to each other confirming the suggestion
of notorious hydrophobic effect sites, ion-dipole
associations between the dipole of the hydrophilic parts of
the polymer and the ionic headgroups of the surfactant, or
interactions between the hydrophobic regions of the
polymer and the hydrocarbon chains as two types of weak
interaction). Many works showed that Bs is significantly
higher for polymer/surfactant system than for pure
surfactant case. This agrees with the observed results
herein. From this surface tension study, it is clear that the
cac values for SB3-12 and SB3-14 match well with 0.74
mM and 0.06 mM respectively.
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Fig. 11. Variation of surface tension of SB3-12 and SB3-14 against concentration at 298.15 K in the presence of PS-NPs.

5. Conclusions

This study aimed to explore the thermodynamics and
physico-chemical  properties associated with the
micellization process of two zwitterionic surfactants, SB3-
12 and SB3-14, belonging to the sulfobetaine family, both
in the absence and presence of polystyrene nanoparticles.
The characterization techniques employed, including
tensiometry, dynamic light scattering (DLS), and
isothermal titration calorimetry (ITC), indicated a
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significant hydrophobic behavior of the SB3-14 surfactant.
Consequently, SB3-14 exhibited a lower surface tension at
the critical micelle concentration (cmc) compared to SB3-
12, with a cmc value for SB3-12 being an order of
magnitude higher (cmcsez12 = 3.2 mM via tensiometry,
CMCspz-12 = 2.6 MM via |TC, CMCspz-12 = 5 MM via DLS)
and cmcsgs-14 = 0.28 mM via tensiometry, cmcsgs-14 = 0.24
mM via ITC, cmcCsgz1ia = 0.4 mM via DLS). The
thermodynamic analysis conducted through ITC revealed
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that hydrophobic interactions are present in the SB3-14
system even at low concentrations, with an entropic
contribution observed at temperatures below the
corresponding critical temperatures, aligning with the
respective entropy-enthalpy compensation temperatures
(Tc=298.15 K for SB3-14 and T.=306.15 K for SB3-12).
For the polymer/surfactant systems, the critical aggregation
concentration (cac) was successfully determined for the
SB3-12 surfactant (0.74 mM) using ITC, although the
determination was less clear for SB3-14. Furthermore,
surface tension measurements facilitated the identification
of the cac for SB3-14 (0.06 mM) and highlighted its
effective hydrophobic properties. The DLS method
validated its capability to ascertain cmcs, critical
temperatures, and aggregation numbers for the surfactants
under study, as well as the cac, establishing it as a valuable
tool for such investigations. The application of the
methodology proposed by Olesen et al. [18] for extracting
the aggregation number (Nagg) from ITC data demonstrated
its effectiveness when applied to sulfobetaine surfactants,
paving for the first time a new path for comparing Nagg
derived from DLS.
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