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Abstract

Three direct -NSO;H functionalized Brgnsted acidic ionic liquids of 2-alkyl-1,3-disulfo imidazolium chloride with varied sizes
of alkyl substituents (Me-, Et-, nBu-) were utilized to explore the effects of ionic liquids on aggregation behavior of anionic
surfactant sodium dodecyl sulfate in aqueous media at various concentrations of ionic liquids and temperatures (288.15 K,
293.15 K, 298.15 K, 303.15 K, and 308.15 K). Critical micelle concentrations (CMCs) of the IL-surfactant systems obtained
from conductivity measurement were found to be in good agreement with the CMC values of surface tension and UV—visible
spectroscopy techniques. These CMCs values were used to calculate the thermodynamic parameters of IL-surfactant solutions
such as standard free energy of micellization (AG® ), standard enthalpy of micellization (AH° ), and standard entropy of micel-
lization (AS°,,). Continuous decrease of the CMC values was observed with increasing concentrations of the ILs as well as
temperatures. Packing parameters calculated from the surface tension measurement displayed small spherical shape for all the
mixed micellar systems. Structural changes of the IL-surfactant solutions were also observed using FT-IR spectroscopic method.
Increased positive inductive effect (+1) of 2-alkyl substituent of the imidazolium cation of ionic liquid showed stabilizing effect
on the micelle formation by lowering of more negative zeta potential values of the IL.-surfactant systems.

Keywords Anionic surfactant - Micellization - Critical micelle concentration - Acidic ionic liquids - Thermodynamic
parameters - Surface properties

Abbreviations

SDS Sodium dodecyl sulfate

CMC Critical micelle concentration
ILs Tonic liquids

cosmetics [2], detergents [3], pharmaceuticals [4], food
industry [5], nanotechnology [6—8], petroleum industry [9],
and in biochemical analysis [10, 11]. Surfactants possess
hydrophilic head groups and long hydrophobic tail compo-

BAILs Brgnsted acidic ionic liquids (BAILSs) nents and can reduce interfacial tension between two dissim-
BDSIM  2-Butyl-1,3-disulfoimidazolium (BDSIM) ilar phases including liquid-liquid, gas—liquid, gas—solid, or
EDSIM  2-Ethyl-1,3-disulfoimidazolium liquid—solid interfaces through self-aggregation with forma-
MDSIM  2-Methyl-1,3-disulfoimidazolium tion of varied structures of micelles, vesicles, etc., above the

critical micellar concentration (CMC) at fixed temperature

and pressure [1, 12]. The physicochemical properties of sur-
Introduction factant molecules to self-assemble in aqueous medium can

Self-assembling of amphiphilic molecules [1] like sur-
factant in solution has received substantial research atten-
tion because of their widespread applications including
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be tuned using various additives such as ionic liquids, inor-
ganic salts, change of temperature, nature of counter-ions,
etc. [13—15]. The change of micellization behavior of these
surfactant solutions depends on the nature of head group,
hydrophobic chain length, and types of interactions that pre-
vail in the system in addition to pH of the solution [16—18].

In this context, several studies have been carried out by
mixing of aqueous surfactant solution with ionic liquid to
get unusual physicochemical properties of micellization
along with varied structures of aggregates [19-21] based
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on their composition ratios that are different from indi-
vidual components [22-24]. The literature of ionic liquids
reveals that they represent a prospective class of materials
with wide range of uses as catalysts, solvents, electrolytes,
extractants, plasticizers, lubricants, and many more [25-29].
Ionic liquids are organic salts composed of organic cations
in association with organic or inorganic anions and exist in
liquid state below 100 °C. They show unique and variable
physicochemical properties achievable by proper selection
of the constituent ion-pair of IL to get the desired properties.
These properties incorporate non-flammability, non-vola-
tility, viscosity, wide thermal stability range, power to dis-
solve organic/inorganic substrates, variation of task specific
nature such as acidities, hydrophilic/hydrophobic behavior,
water stability, self-aggregation, solvatochromic parameters,
ionic conductivity, electrochemical stability windows, etc.
[26-30]. For example, long alkyl chain tethered ILs behave
as distinctive surfactants in water by reducing surface ten-
sion of solvent and thus self-assemble to micelles when
dissolved in water [31, 32]. Similarly, the attachment of
structural functionalities like —-SO;H or -COOH groups
either to the cation, anion, or both the ions of ILs makes
them Brgnsted acidic nature and thus behaves not only as
reaction medium but serves secondary functions such as a
catalyst or as reactant [33, 34]. Therefore, the addition of ILs
to surfactant solutions provides them the capability to regu-
late surface and thermodynamic parameters of the aqueous
surfactant solution involving electrostatic and hydrophobic
interactions between them [35-37].

By following this, many bodies of literature have
been observed to investigate the aggregation behavior
of mixtures of the ILs and surfactants in solution (cati-
onic, anionic, and non-ionic) [38—40]. In 2004, Beyaz
and his co-workers investigated the variation of aggrega-
tion behavior of SDS in aqueous solutions in presence of
1,3-dialkyl imidazolium halide with varied hydrophobicity
using UV—-Vis spectroscopic method [41]. In two different
studies, Behera et al. observed the effects of hydrophilic
1-butyl-3- methylimidazolium tetrafluoroborate [bmim]
[BF,] and hydrophobic 1-butyl-3- methylimidazolium hex-
afluorophosphate [bmim][PF,] ionic liquids on micelliza-
tion of the aqueous SDS by conductivity and fluorescence
methods [42, 43]. The decreasing trend of CMCs at lower
concentrations, i.e., <2 wt% of [bmim][BF,] and <0.1
wt% of [bmim][PFg], reflected their action as common
electrolytes in contrast to their behavior as polar co-sol-
vents above these concentrations through involvement in
growth of the SDS micelles. Another study also reported
the reduction of CMCs of aqueous SDS mixtures contain-
ing 1-alkyl-3-methyl imidazolium salts [C,mim]X, where
n=4,6, 10 and X=PF,~, BF,", and Br~ with rising con-
centration of the ILs in the mixtures for change of electro-
static and hydrophobic interactions [44]. The solvophobic
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interactions between SDS and 3-methyl-5-methylimida-
zolium hexafluorophosphate [Csmim][PF¢] can also be
expected for increase in the CMCs of SDS due to forma-
tion of mixed micelles [45]. Ferreira et al. in 2015 studied
the micellization behavior of aqueous SDS in presence of
1-butyl-3-methylimidazolium halide SDS by conductivity,
fluorescence, and calorimetry methods and displayed the
decrease of CMC values of SDS with the rise of IL con-
centrations [46]. Kumar et al. [47] in 2021 determined the
CMCs of SDS in aqueous 1-butyl-3-methylimidazolium
chloride [C,mim][Cl] solution at 298.15 K and estimated
various thermodynamical parameters of micellization like
standard enthalpy of micellization, standard free energy
of micellization, and standard entropy of micellization. It
was observed that with increasing concentration of the IL
and temperature, the CMCs of SDS solution increase. The
same type of study was also extended to observe the effect
of imidazolium ILs for change of aggregation behavior
as well thermodynamic properties of anionic surfactant
sodium hexadecyl sulfate (SHS) [48].

The above-mentioned literature review revealed that
there is a scarcity of comparative studies on the effect of
Brgnsted acidic ILs on the micellization behavior of tradi-
tional surfactants. In this study, we explored the aggregation
properties of aqueous SDS solution using three members
of Brgnsted acidic ILs 2-alkyl-1,3-disulfo imidazolium
chloride (Fig. 1) containing varied C-2 alkyl group by con-
ductivity, surface tension, and UV—Vis methods at various
temperatures and concentrations of the ILs for determina-
tion of the CMCs of SDS-IL mixtures. The experimental
results of conductivity and surface tension measurements
were used to obtain the thermodynamic and surface param-
eters of the SDS-IL mixtures, respectively. The structural
alterations of SDS-IL mixtures were evidenced from their
FT-IR spectra. The zeta potential measurement was done to
know the stability of colloidal system of SDS-IL mixtures.
All these investigations provide a better insight for the type
of interactions existing in hydrophobic and hydrophilic part
of the surfactant and Brgnsted acidic ionic liquids (BAILs).

Materials and methods
Materials

All required chemicals were purchased from chemi-
cal suppliers Sisco Research Laboratories Pvt. Ltd,
Alfa Aesar, and Tokyo Chemical Industry almost in
pure states (97-99%) to synthesize the three ionic liq-
uids. These included 2-methyl imidazole (99%), chlo-
rosulfonic acid (97%), sodium dodecyl sulfate (99%),
2-ethylimidazole (98%), and 2-butylimidazole (> 97%).
The three —SO;H functionalized ionic liquids of
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Sodium dodecyl sulfate (SDS)

2-alkyl-1,3-disulfoimidazolium chloride [RDSIM]CI,
where R =Me-, Et-, and n-Bu- (Fig. 1) were prepared as
mentioned in previous literature [30, 49].

Synthesis and characterization
of 2-alkyl-1,3-disulfoimidazolium chloride ionic
liquids

The three members of 2-alkyl-1,3-disulfoimidazolium chlo-
ride ionic liquids [RDSIM]CI, where R =Me, Et, and n-Bu
(Fig. 1), were synthesized as per the standard literature
method [49]. Initially, 20 mmol of 2-substitued imidazole was
added to dissolve in 10 mL of dry CH,Cl, in a 100-mL two-
neck round bottomed flask with stirring for 10 min. Then,
chlorosulfonic acid (40 mmol) was added to the stirred solu-
tion dropwise under ice cold condition. The reaction mixture
was continued to stir for 1 h at room temperature to obtain the
[RDSIM]CI as viscous liquid. The dichloromethane (DCM)
solution was removed in rotary evaporator under reduced
pressure to isolate the viscous liquid. The crude IL product
was washed with dry DCM (3 X5 mL) and then decanted to
get the pure IL, followed by drying in a vacuum oven at 60
°C to remove the trace CH,Cl,. The structures of three ionic
liquids were further confirmed by taking NMR ('H and !*C)
spectra (Figs. S1-S3) in DMSO-dg solvent using JEOL400
MHz spectrophotometer and FT-IR spectra with PerkinElmer
MIR-FIR FT-IR spectrophotometer. Furthermore, the water
contents of ionic liquids were calculated from their TGA
(Fig. S4) and TGA-derivative curves (Fig. S5). The first
event weight losses in the derivative curves around 70-100
°C show evaporation of the moisture content of ionic liquids.
By considering this weight loss as the weight of water, the
remaining weight is taken as the weight of ionic liquids to
obtain the empirical formulas of ionic liquids (Table S1).

Methods

The micellization properties of SDS were explored in dilute
aqueous solutions of ILs. The stock solutions of the three ILs
were prepared using Shimadzu BL 220H weighting balance.

The sample solutions were prepared in freshly prepared
deionized double distilled water.

Conductivity measurement

The conductivity of aqueous solution of SDS with or with-
out ILs was determined with Eutech instruments PC 700
Ph/Mv/conductivity/°C/°F/meter. It provides a conductivity
range of 0-200 mS and 0-2000 pS. The instrument gives
a full-scale resolution of 0.5% and accuracy of + 1% with
the unit cell constant. It has the provision of temperature
monitoring facility. The instrument was calibrated using a
0.1 M KClI solution, both before and after the measurements
were taken. For determination of the CMC of surfactant-IL
solutions, 100 mL of aqueous stock solutions of different
concentrations of the ILs (e.g., 0.02, 0.05, 0.08, 0.5, 1, 3,
and 5 wt%) were prepared in 100-mL volumetric flask. Then
50 mL of the stock solution of IL was taken in a 100-mL
beaker and treated with increasing concentration of SDS
with stirring and measured the specific conductance values
at different temperatures (288.15 K, 293.15 K, 298.15 K,
303.15 K, and 308.15 K). Each measurement was repeated
three times and then average values were taken for analysis.
The plots of the conductivity vs. [SDS] showed two linear
segments from which the CMC data can be obtained from
the point of intersection (Figs. 2 and 3a).

Surface tension measurement

The surface tensions of aqueous SDS/SDS-IL stock solutions
of ILs concentrations 0.02, 0.05, and 0.08 wt% were deter-
mined with a surface tensiometer (JENCON, India) using a
platinum ring by the ring detachment approach. The instru-
ment was calibrated against double distilled water. Before
each measurement, the platinum ring was perfectly cleaned
and dried. The evaluation was done by dipping the verti-
cally hung ring into the liquid to measure its surface tension.
Then, it was pulled out. The maximum force required to
draw the ring across the interface was then displayed as the
surface tension. Each of the experiments was repeated three
times to get the expected surface tension value of water (72
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Fig.2 Specific conductance vs. 800 -
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mNm™"). The results of surface tension values were accurate
within+0.1 mNm™..

UV-Vis spectroscopy

Shimadzu UV 1800 spectrophotometer was used to record
the UV—visible spectra of the IL-SDS solution in the range
of 200-800 nm with wavelength accuracy of 0.1 nm. Two
quartz cuvette spectrometer cells of 10 mm (3.5 mL) were
chosen as reference cell, and measurement cell. Baseline
corrections were performed with double-distilled water
before the UV analysis. From the conductivity studies, it was
decided to choose the aqueous stock solutions of ILs with
concentrations 0.02, 0.05, and 0.08 wt % for determination
of the CMCs of SDS using UV-method. For this purpose,
100 mL of different concentrations of the stock solutions
were prepared in volumetric flask. Then 50 mL of each of
the IL solution was treated in a 100-mL beaker with constant
increment of SDS concentration with stirring and then kept 3
mL of the SDS-IL solution in the quartz cuvette for analysis.
An absorption peak around 260-270 nm was observed for
each of the SDS-IL solutions. The CMCs of different SDS-
IL solutions were obtained by plotting the graph of absorp-
tion intensities against the SDS concentrations. Each one of
the observations was repeated three times for confirmation
of the data.

@ Springer

FT-IR spectroscopy study

FT-IR spectra of the IL-SDS solutions were obtained from
PerkinElmer MIR-FIR FT-IR spectrophotometer in the
range of 4000-400 cm™'. Liquid cell (Perkin Elmer; S1. No.
*L.1270986*) was utilized in this analysis. The cell consists
of two plates of KBr (/=4 cm and =2 cm) with a spacer
size of 4 mm. The liquid sample was placed in between the
plates and subjected to analysis. The concentrations of SDS
were considered at CMC, below CMC, and above CMC
for all the SDS-IL mixtures (0.02, 0.05, and 0.08 wt% of
ILs). The wave number accuracy was found within the range
of £0.01 cm™.

Zeta potential measurement

The zeta potential measurements were done on a zeta sizer
(Nano ZS90, Malvern Analytical) with a He—Ne laser
equipped with a built-in temperature controller. The accu-
racy and precision of the Zeta sizer instrument were within
2%. The temperature was kept at 298.15 K for all the analy-
sis. The prepared IL-surfactant solutions of varied concen-
trations were put in quartz cell during analysis. Repeated
measurements were carried out for each of the sample and
average data was taken for analysis.
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Fig.3 aSpecific conductance vs. concentration of [SDS] in a 0.02
wt%, b 0.05 wt%, and ¢ 0.08 wt% of (i) [MDSIMI]CL, (i) [EDSIM]
Cl, and (iii) [BDSIM]CI at temperatures 288.15 K, 293.15 K, 298.15

Results and discussions

To study the aggregation behavior of anionic surfactant SDS
in aqueous solution of ~SO;H functionalized 2-alkyl-1,3-di-
sulfo imidazolium chloride [RDSIM]CI, where R =Me-, Et-,
and n-Bu- (Fig. 1) ionic liquids (ILs) at different concentra-
tions and temperatures, all the three liquids were prepared
as per the reported methods [30, 49]. Their structures were

K, 303.15 K, and 308.15 K. b Specific conductance vs. concentration
of [SDS] in 0.5 wt%, 1 wt%, 3 wt%, and 5 wt% of [MDSIM]CI at
298.15K

confirmed from spectroscopic data of NMR ('H and '*C) and
FT-IR spectra (Figs. S1-S3). The micellization behaviors of
anionic surfactant SDS in aqueous solution of the 2-alkyl
1,3-disulfo imidazolium chloride ILs, i.e., [MDSIM]CI,
[EDSIM]CI, and [BDSIM]CI, were studied in different con-
centrations and temperatures using conductometric measure-
ment, surface tension measurement, and UV—-visible spectro-
scopic techniques [47, 48, 50-53] to understand the effects of
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Table 1 CMC value for

. 1L 1L CMC value at different temperatures (mM)
surfactant (SDS) at various W%
concentrations of [MDSIM] 288.15 K 293.15K 298.15 K 303.15K 308.15 K
[C1], [EDSIM][CI], and
[BDSIM][CI] at different - 0 9.14 8.75 8.20 7.87 7.80
temperatures [MDSIM][CI] 0.02 6.04 5.73 5.56 5.21 5.10
0.05 5.48 5.13 5.00 4.72 4.60
0.08 4.82 4.67 4.36 4.01 3.80
[EDSIM][CI] 0.02 4.85 4.61 4.49 4.27 4.05
0.05 4.22 3.97 3.70 3.61 3.50
0.08 3.63 3.39 3.25 291 2.77
[BDSIM][CI] 0.02 3.85 3.63 3.36 2.92 2.80
0.05 3.14 2.85 2.62 2.49 2.25
0.08 2.57 2.32 1.94 1.76 1.65

Standard uncertainties s are 0.008-0.009

ILs in the micellization process. The uncertainties associated
with the data of micellization studies were mentioned with the
table without knowing their exact sources.

In this context, we examined the conductivities of three
stock solutions of the ionic liquids at lower concentrations
(0.02, 0.05, and 0.08 wt%) at five different temperatures
(288.15 K, 293.15 K, 298.15 K, 303.15 K, and 308.15
K). This conductivity measurement expressed the mini-
mum amount of IL need to reduce the CMCs of SDS in
these SDS-IL solutions. After that, the concentration of
one representative ionic liquid [MDSIM]CI was increased
(0.05, 1, 3, and 5 wt%) and measured their conductivities
at 298.15 K to observe the effects of higher amount of IL
in the micellization process. From the results of conduc-
tometric method, the minimum concentrations of ILs were
considered to prepare the stock solutions for determination
of the CMCs of SDS using the surface tension and UV—vis
techniques at 298.15 K for comparative studies.

Conductivity measurements

Determination of degree of dissociation constant (a),
critical micelle concentration (CMC), and thermodynamic
parameters

Conductivity assessment can be utilized for characteriza-
tion of ionic surfactant due to different ionic mobilities of
individual ions and their aggregates in aqueous solution.
The conductivities of aqueous solution of SDS were meas-
ured with or without presence of the ILs, i.e., [MDSIM]
[C1], [EDSIM]CI, and [BDSIM][CI], to study their effects
on the aggregation behavior of SDS at various concentra-
tions and temperatures.

The conductivity vs. concentration of SDS plots of aqueous
SDS solutions (Table S2 and Fig. 2) and the aqueous SDS-IL
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solutions with lower concentration (0.02, 0.05, and 0.08 wt%)
of the ILs were represented in Fig. 3a (Tables S3-S5), respec-
tively, at five temperatures (288.15 K, 293.15 K, 298.15 K,
303.15 K, and 308.15 K). It was seen that the value of con-
ductivity rises with increase in surfactant concentration until
the micelle formation takes place after which the rate of con-
ductivity decreases. Two distinguished linear regions were
found in the plots, and calculating the ratios of slopes obtained
from these plots helped us to determine the value of degree of
counter ion dissociation («) [48, 54].

a=S,/S, ey

where S, =slope of post micellar region and §; =slope of
pre-micellar region.

In this study, the slope of conductivity curve in pre-
micellar region is found to be higher than the post-micellar
region. This reflects that charge carriers become fewer
above the CMC than the concentration of surfactant added.
The decreasing slope of conductivity above the CMC can
be attributed for binding of some counterions to the sur-
face of micelles which reduces the effective charge and thus
slower the mobility of aggregates. The degree of counterion
binding to micelle (f) can be calculated from the degree of
dissociation of counterion (@), as f=(1 —a) which indi-
cates the number of anions on the surface of micelles. The
conductivity results in Table 1 express that at a particu-
lar temperature, the degree of counterion binding values
decreases with increasing wt% of the acidic ILs except few
observations. The CMC values of SDS for all the lower
concentration aqueous SDS-IL solutions were calculated
from the point of intersection of specific conductivity vs.
SDS concentration plots (Fig. 3a) and included in Table 1
and 2 under the studied temperatures. The observed CMC
values follow a decreasing trend with increasing amount of
the Brgnsted acidic ILs in the mixed SDS-IL solutions and
rise of temperature at a particular concentration of ILs. The
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above trend of reduction of CMC values was further con-
firmed from linear region of the specific conductivity plots
of SDS solutions at higher concentrations (0.5, 1.3, and 5
wt%) of [MDSIM]CI as an illustrative example in Fig. 3b
(Table S6) at 298.15 K.

The observed alteration of CMC values of the SDS-IL
solutions can be expected from change of electrostatic inter-
actions occurring between charged head groups as well as
hydrophobic interactions of the hydrophobic tails of sur-
factant, because of temperature, variation of concentration,
and alkyl chain length of the ILs to induce the micellization
or aggregation behavior of SDS in aqueous solution. The
error bars of conductivity measurements of the aqueous SDS
solution at 298.15 K and the SDS-IL solutions with lower
concentrations (0.02, 0.05, and 0.08 wt%) of IL are included
in Figs. 4 and S6, respectively, as typical examples.

Influence of temperature

From Table 1, it could be easily observed that the CMC values
of the SDS-IL solutions reduce gradually with rise in tem-
perature. At a particular concentration of the functionalized
imidazolium ILs, the rise of temperature may lead to forma-
tion of micelles of anionic surfactant at lower concentration
through stabilization by adsorption of varied-sized aggregates
of the ILs on their surfaces. It was mentioned by Das et al.
[30] that the conductivity of Brgnsted acidic imidazolium IL
solution decreased slowly with increasing temperature which
was described due to aggregative nature of these ILs to reduce
their excess energy with rise of temperature. This may lead to
decrease in hydration process of hydrophilic groups of mono-
mers and thus favors the CMC formation at high temperature
and lower concentration of SDS [30].

Influence of concentration of ILs

The increasing concentration of [MDSIM]CI, [EDSIM]CI,
and [BDSIM]CI ionic liquids at a particular temperature
decreases the CMC values of the surfactant-IL solutions.
The presence of Brgnsted acidic IL may work for reduction
of electrostatic repulsions among the hydrophilic head of
SDS monomer by adsorption of constituent ions of IL mol-
ecules on the micelle surface through H-bonding interactions
involving two N-SO;H groups of imidazolium cation and
thereby increasing the tendency of micellization in aque-
ous solution resulting to greater decrease of the values of
CMC. Another possibility can also be expected by mixing
of the BAIL with the SDS solution for conductivity stud-
ies involving anion exchange reaction with formation of
water soluble NaCl and bi-amphiphilic surface-active ionic

@ Springer

liquids of 2-alkyl-1,3-disulfo imidazolium cation with dode-
cyl sulfate as counter anion. It was reported that such types
of bi-amphiphilic ionic liquids possess low CMC value as
compared to their similar alkyl chain length surfactant and
ionic liquids [55]. The conductivities of the SDS-IL solutions
indicate the need for a minimum amount of the IL to get the
CMC:s at the lower SDS concentrations. It is also observed
that with increasing amount of the ILs in SDS-IL solutions,
the CMC values decrease which evidence the formation of bi-
amphiphilic surface-active ionic liquids in aqueous solution.

Influence of alkyl chain length of ILs

Alkyl chain tethered to the ILs showed profound effect on
the aggregation behavior of the surfactant. The decreasing
order of CMC values was found as [BDSIM]CI < [EDSIM]
Cl < [MDSIM]CI in all the experimental conditions. It
implies that longer alkyl chain provides better hydrophobic
interactions [56, 57] with water molecules in Fig. 3a which
favor the micellization process by making them available for
aggregation and thus diminished the CMC values observed.

Thermodynamics of micellization

To understand the thermodynamics of micellization or
to calculate various thermodynamic parameters [54, 58],
the equilibrium model of micellization should be con-
sidered. The micellization of anionic surfactant could be
represented as:

nS™+(n — p)C* = MP~ )

where, S” represents anionic surfactant ions, C* is its coun-
terions, and MP~ is the aggregates of n monomers having
effective charge p. Standard free energy change per mole of
the surfactant is given by

AG’, =RT(-1/n In &}, +In a; + (1 —p/n) In o)

3
where a stands activity of the species and n represents
aggregation number. If n>50, i.e., n is large the first term
becomes negligibly small and a,~ and a,* could be replaced
by activity at the CMC. Since the CMC occurs at dilute solu-
tions so activity could be replaced by concentration of the
surfactant. Considering all these calculations, the standard
free energy of micellization could be expressed as [58]

AG’ = (2—-a)-RTInXeye 4)
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Similarly, the standard free energy of micellization could
be expressed as

AH® = —-RT*(2 — &) [d(In Xy ) /dT] ©)

By using the values of AG® and AH,, the values of
AS® is represented as

AS°, = (AH, - AG®,)/T (6)

where R is universal gas constant, 7 represents temperature,
Xcwmc 1s the concentration of SDS at CMC in mole fraction
unit, and a is degree of counterion dissociation.

The values of various thermodynamic parameters were
calculated and included in the three sections of Table 2
(A, B, and C). The negative AGOm values for micellization
of SDS in water and with ionic liquid—water solutions
indicate spontaneous nature of the micellization process
in these solutions like earlier report of Kumar et al. [47]
using 1-butyl-3-methylimidazolium chloride ionic liquid.

Fig.4 Representative error bars
of the conductivity measure-
ments of SDS solution in
absence and presence of various
concentrations of [MDSIM]CI
at 298.15 K

The AGom values of the ILs follow the trend as [BDSIM]
Cl> [EDSIM]CI1 > [MDSIM]CI for all the concentrations
of ILs and temperatures which could be attributed to
decrease in alkyl chain length [53]. Thus, the IL with
longer hydrophobic group provides more spontaneity to the
system. Effect of temperature is also significant in this case.
With rise in temperature and concentration of the IL, more
negative AG®,, values are observed which indicate favorable
condition of the micellization process. The positive values
of AH"  express endothermic nature of the micellization
process unlike the previous literature [47]. The increased
AH®,, values against rising the concentration of ILs and
temperatures represent requirement of more heat to the
micellization process. Hydrophobic interactions acted as
prime factors for the positive values of AH®_ in contrast
to London-dispersion interactions in case of the negative
values of AH® . Standard entropy of micellization values
for all the system are found to be small and positive. Very
small values of TAS, as compared to the AH’ express

0 wt% IL
298.15K

Error estimate: 2.48

0.02 wt% [MDSIM]CI
298.15K

Error estimate: 2.76

0.05 wt% [MDSIM]CI
298.15K

Error estimate: 2.33

0.08 wt% [MDSIM]CI
288.15K

Error estimate: 3.64
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less entropy driven character of the aggregation process
as compared to the literature report [39, 47, 48]. From
Eq. (6), one can expect negative entropy values for the
ordered micellar structures of SDS in the aqueous SDS-IL
solutions with varied concentrations of the ILs at different
temperatures. In contrast, the experimental evidence
reveals positive AS°  for all the SDS-IL solutions at any
temperature under this study. The data for entropy of
micellization also show slight variation of positive values
of AS°,, at a particular concentration of each of the IL
with rising temperature from 288.15 to 308.15 K. These
are found to be unusual as there is a gradual decrease of
the entropy of micellization with increased temperature.
But with increased concentration of IL, the ASOm values
become more positive and provide information about the
existence of more disordered micellar states in the SDS-IL
solutions. This noticeable inconsistency can be accounted
by considering modifications of the ordered structures
of micelles due to increasing disorder of surrounding
water molecules/ionic liquids for reorganization around
the micelles. This leads to lower degree of organization
compared to those solvating individual SDS monomers
at the observed temperature [47]. These effects will show
positive entropic contribution to the SDS-IL solutions.
The AS°,, values also express effects of varied sizes of
2-alkyl substituent of imidazolium cation of the ILs in the
micellization process. Slight variation of the AS?  values is
observed using [MDSIM]CI and [EDSIM]CI ionic liquids.
The higher AS°_ in presence of [BDSIM]CI ionic liquid

Fig.5 Surface tension vs.
concentration of SDS in water
at298.15 K

65 =
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55 4
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Surface tension (y) (N/m)

30 -

indicate more hydrophobic effect from bulkier 2-nBu group
of the imidazolium cation of [BDSIM]CI in the process of
micellization [59].

Surface tension measurement

Determination of surface tension at CMC (yCMC)
and the effect of ionic liquids on interfacial properties

To investigate the surface activity of SDS-IL solutions at var-
ied concentrations of ILs, surface tension measurements were
conducted. Figures 5 and 6 show the plots of surface tension
(y) vs. concentration of SDS in absence and presence of the
2-alkyl 1,3-disulfoimidazolium chloride ILs with varied sizes
of 2- alkyl group in the concentrations of 0.02, 0.05, and 0.08
wt% of IL at 298.15 K. The surface tension values of the aque-
ous SDS along with the SDS-IL solutions gradually reduce
with increase in the concentration of SDS in solution before
achieving a constant value due to saturation of the surface [60].
This point of intersection in these graphs could be taken as the
CMC values. The surface tension (y) value of aqueous SDS
solution at the CMC in pure state is 30.06 mN/m and reduction
of the y (CMC) values is observed after mixing with the ILs.
Greater reduction of the y(CMC) values is observed in pres-
ence of [BDSIM]Cl ionic liquid which displays better surface
activity of the [BDSIM]CI due to longer 2-nBu substituent of
imidazolium cation than the [EDSIM]CI and [MDSIM]Cl ionic
liquids with comparatively smaller 2-alkyl groups.

25 v
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Fig.6 Surface tension vs. concentration of SDS having 0.02 wt%, 0.05 wt%, and 0.08 wt% of a [MDSIM]CI, b [EDSIM]CI, and ¢ [BDSIM]CI

at 298.15 K

Several parameters related to the surface activity of aqueous
SDS-IL solutions can be used to get from the plots of surface
tension (y) vs. log[SDS] in Fig. 7. The results of surface
parameters including surface tension (ycyc) and surface
pressure (7cyc) at the CMC, surface excess concentration
(I 1ax)» minimum surface area per molecule (A,;,), and packing
parameter (P) are shown in Table 3 and 4 as calculated from
Eqgs. (7)—-(13). The surface pressure (7)) at the CMC for all
the SDS-IL solutions was interpreted by Eq. (7) [61].

Teme = Yo~ Yeme @)

in which y, is the surface tension of pure aqueous SDS solution
and ycyc is the measured surface tension at the CMC [62].

Maximum surface excess concentration, minimum area
per molecule, and packing parameters

The extent of surfactant adsorption at the surface of a liquid
is defined in terms of surface excess concentration. It is the
amount of surfactant available per unit area of interface in
excess of the amount of surfactant that would be present if
uniform concentration existed at that surface. The maximum
surface excess concentration (/) was determined by the
Gibbs adsorption equation to the surface tension data by Eq.
(8) [63-65]:

T, = —1/2.303nRT [dy/dlog C| T, P ®

in which T represents absolute temperature, R is molar gas
constant, and y is the surface tension at the CMC. The pre-
factor constant “n” in the Gibbs equation was assumed to
be 2 for the SDS surfactant [66]. In Eq. (8). the slope of
changes is calculated from the surface tension isotherm
Fig. 7 where, dy/dlogC is the slope of these isotherms and C
is the concentration of SDS at CMC of the SDS-IL solutions.
The range of data for slope determination was considered
those which have adj. 7> values within 0.95-0.99 along with
standard errors ranges 0.08-0.1.

The maximum surface excess concentration (I",,)
of SDS in water was found to be 1.30 umol/m? at 298.15
K. Again, the estimated I, values of studied SDS-IL
solutions are increased with rising concentration of the ILs
at 298.15 K which show adsorption of a greater number of
the surfactant molecules at the interface with increase of
packing density. This tendency is also concurrence with the
surface pressure (7y;c) values at the CMC of all the SDS-IL
solutions (Table 3).

The minimum area A,;, (m?mol~") occupied by a sin-
gle surfactant molecule at the interface of air—water was
determined using Eq. (9) [63]:

(a) (b)
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Fig.7 Surface tension vs. log[SDS]having 0.02 wt%, 0.05 wt%, and 0.08 wt% of a [MDSIM]CI, b [EDSIM]CI, and ¢ [BDSIM]CI at 298.15 K
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Table3 CMC, 7oy Tomcs i @nd Ay, data of SDS in (0.02, 0.05, and 0.08 wt%) of (i) [MDSIMICI (ii) [EDSIMICI, and (iii) [BDSIM]CI

A Surface parameters of micellization of SDS in presence of [MDSIM]|CI

[MDSIM]CI wt% CMC (mM) Yeme (mMN/m) Zeme (mN m™h) o (umol/m?) A (AY
0.00 6.30 29.60 41.00 13 127.7
0.02 5.20 28.11 42.49 1.55 107.12
0.05 4.70 27.58 43.02 1.65 100.62
0.08 4.30 26.84 43.76 2.16 76.81

B Surface parameters of micellization of SDS in presence of [EDSIM]CI

[EDSIM]CI wt% CMC (mM) Yemc (mN/m) eme (mN m™h) [y (umol/m?) Apin (A?)
0.00 6.30 29.60 41.00 1.3 127.7
0.02 432 27.96 42.64 1.92 86.84
0.05 3.65 26.83 43.77 2.03 81.64
0.08 3.06 25.45 45.15 2.22 74.80

C Surface parameters of micellization of SDS in presence of [BDSIM]CI

[BDSIMICI wt% CMC (mM) Yeme (MN/m) Teme (mN m™) Iyax (Lmol/m?) A (A%
0.00 6.30 29.60 41.00 1.3 127.7
0.02 3.10 27.56 43.04 2.07 80.23
0.05 2.40 26.23 44.37 2.38 69.70
0.08 2.10 24.44 46.16 2.42 68.62

Standard uncertainties s are CMC =0.007; ycpic =0.055; 7oy =0.002; I,

Amin = l/NAFmax (9)

in which N, is the Avogadro’s number (6.023 X 105 mol™)
and ", in mol m~2, The minimum surface area A, of all
the aqueous SDS-IL solutions (Table 3) expresses decreas-
ing trend for each of the IL with increasing concentration of
the IL from 0.02 to 0.08 wt% [64]. The obtained values of
A, Were used to determine the packing parameters (P) that
demonstrate the micellar geometry of the systems predicted

by Eq. (10) [67]:

P=V,/I. A (10)

in which V;, denotes the volume occupied by the hydropho-
bic portion of alkyl chain length in micellar core, and /, and
A denote the maximum effective length of hydrophobic tail
of a monomer and surface area of headgroup of surfactant
monomer, respectively. Both the [, and V|, of a saturated
hydrocarbon chain of carbon number C, could be obtained
using Tanford formula (Eqgs. 11 and 12) [67-69]:

Vo = [27.4+269 C,|107° nm? an

l. = [0.154 + 0.1265 C,| nm (12)

@ Springer

=0.006; A,,;,=0.009

ax

where C, is the number of carbon atom in a single hydro-
phobic chain. Exact measurement of the headgroup area of
the micellar surface is quite difficult. So, A,;, value obtained
from the plots of surface tension replaced A for further cal-
culations [70]. For binary mixed surfactant systems, the
modified Israelachvili Eq. (13) was used as shown [71]:

[ Vo ] 2 ViX
Peﬁ‘ = =]
lc Amin eff (Z Ai Xi) lc

For all the stoichiometric mole fractions (X;) of the mix-
tures of SDS and ionic liquids, the value of [, is taken as
the number of carbon atom attached to the hydrophobic
chains of the ILs. A,;, values of the individual compo-
nents of SDS and ILs replace A;. The calculated values
of the P are displayed in Table 4. The critical packing
parameter (CPP) theory suggested that when P <0.333, the
surfactant system forms small micelles, when Y2< P <1,
vesicle or bilayer exist and for inverted structures, P> 1.
From Table 4, it could be concluded that for all the sys-
tems of SDS and ILs, P <0.333, which indicate the small
spherical shape of the mixtures.

13)
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Table 4 Packing parameter (P) values of mixtures of SDS and ionic
liquids (a) [MDSIM]CI, (b) [EDSIM]CI, and (c) [BDSIM]CI

Tonic liquid Wt% CPP (P)
(a) (IMDSIM]CI 0.02 0.00176
0.05 0.00177
0.08 0.00179
(b) [EDSIM]CI 0.02 0.00207
0.05 0.00202
0.08 0.00205
(c) [BDSIM]CI 0.02 0.00222
0.05 0.00230
0.08 0.00225

UV-Vis spectroscopic studies

Absorbance behavior of the SDS in aqueous ionic liquid
solutions was investigated in UV—Vis range (200—800 nm)
at 298.15 K. Presence of imidazole moiety helped the ILs
to get absorption in the UV-Vis range and that eliminated
the requirement of any kind of probe molecule for the
CMC measurement. Concentrations of the solutions rise
with the successive addition of SDS solution using the

0.20

micropipette. From Fig. 8, it could be observed that the
intensity of absorption lines increases up to a certain value
and after that the rate becomes slower. This phenomenon
could be observed clearly after plotting the absorbance vs.
[SDS] graphs (Figs. 9, 10, and 11) having (a) 0.02, (b) 0.05,
and (c) 0.08 wt% of the three ILs. These graphs also help
to determine the CMC values of the respective SDS-IL
systems. From these plots, we get two intersecting lines, and
the meeting point of these lines gives us the values of CMC.
The rates of increase in absorbance of the two lines are
different. The CMC values of the three ILs obtained through
the UV-Visible method at 298.15 K were compared to the
CMC values of conductivity and surface tension techniques
and found that all the values obtained through these methods
are close to each other in Table 5 at all concentration of the
ionic liquids.

FT-IR spectroscopic analysis

The surfactant-IL systems for all concentrations of the ionic
liquids and SDS were subjected for FT-IR analysis to get
information of molecular level interactions at the CMC,
below, and above the CMC for each of the surfactant-IL sys-
tems (Figs. S7-S10). The FT-IR spectra of aqueous SDS solu-
tion possess peaks at 3444-3447 cm™! for O—H stretching
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Fig. 8 Absorption vs. wavelength plot of SDS in presence of 0.02 wt% of [MDSIM]C1
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vibration, C—H stretching at 2847-2860 cm~! and 2912
cm~!, S=0 stretching at 1387 cm~!, and C-O stretching at
1019 cm™' [47] in addition to bending vibration of hydrogen
bonded water at 1619 cm™' [72]. The FT-IR spectra of all the
SDS-IL systems (Figs. S7-S10) display significant change of
the peak positions of SDS with intensities in these regions,
which imply structural change of the aqueous SDS solution
through interactions with the ionic liquid molecules. The peak
intensities of O—H stretching vibrations varied in the range
3440-3450 cm™! due to weakening or breaking of H-bonding

interactions of water molecules with SDS and ionic liquids
during the micellization process. The reorganization of water
molecules surrounding the aggregates of SDS-IL system may
affect the bending vibration of hydrogen-bonded water mol-
ecules that appeared near 1621-1687 cm™" for all the SDS-IL
system along with overlapped C= =C stretching vibration of
the imidazolium cation. As compared to the IR spectra of SDS
solution, the fingerprint region peaks also changed differently
with intensities for the three ionic liquids, which indicate the
effects of ionic liquids in the micellization of SDS.
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Table 5 Comparative CMC values of SDS in aqueous solution of the SDS-IL systems determined via conductivity, surface tension, and UV-Vis

methods

A CMC of SDS with varied concentration of [MDSIM]C1

CMC (mM)
Conductivity Surface tension UV-Vis Spectroscopy
[MDSIMICI (wt%)
0.02 5.56 5.20 5.47
0.05 5.00 4.70 5.23
0.08 4.36 431 5.12

B CMC of SDS with varied concentration of [EDSIM]CI

CMC (mM)
Conductivity Surface tension UV-Vis Spectroscopy
[EDSIM]CI (wt%)
0.02 4.49 4.32 5.02
0.05 3.70 3.65 4.19
0.08 3.25 3.06 4.03

C CMC of SDS with varied concentration of [BDSIM]CI

CMC (mM)
Conductivity Surface tension UV-Vis Spectroscopy
[BDSIM]CI (wt%)
0.02 3.36 3.10 291
0.05 2.62 2.40 2.36
0.08 1.94 2.10 2.06

Standard uncertainties s are conductivity =0.006; surface tension =0.008; UV-Vis=0.007

Zeta potential measurement

Zeta potential is a measurement of electrostatic attraction
or repulsion between particles and can be used as a tool
to determine the stability of colloidal systems. According
to literatures, zeta potential values higher than +30 mv are
considered to possess sufficient repulsive forces to attain
pleasant physical colloidal stability [73]. However, if the
particles have too low zeta potential, then there will be no
force to prevent them to coming together for flocculation.
The negative or positive values of zeta potential display
existence of negatively or positively charged surfaces of dis-
perse particles, respectively, in aqueous media which depend
on pH of the sample solutions. The zeta potential values of
all the studied systems were found to be negative in Table 6
and Fig. S11 and thus confirm the dispersion of negatively
charged surfactant molecules in ionic liquid-SDS aqueous
media in all the concentrations.

From Table 6, it is seen that the zeta potential values
become more negative slowly with rise in concentration of
acidic ionic liquid from 0.02 to 0.08 wt% which provide

information about increasing stability of the surfactant-IL
aqueous solutions. As the sizes of 2-alkyl group of imidazo-
lium cation increase from Me < Et <n-Bu, then the measured
comparative zeta potential values also followed lowering of
more negative values in the same order of 2-alkyl group
sizes, which follows the ascending order of zeta potential
values as [BDSIM]CI1 < [EDSIM]CI1 < [MDSIM]CI. This

Table 6 Zeta potential values of SDS with varied concentrations of
(a) [MDSIM]CI, (b) [EDSIM]CI, and (c) [BDSIM]CI

Name of IL Wt % of IL Zeta potential
value (mv)

(a) [IMDSIM]CI1 0.02 —-16.1
0.05 -213
0.08 -214

(b) [EDSIM]CI 0.02 -21.5
0.05 -224
0.08 -25.0

(c) [BDSIM]CI 0.02 -28.0
0.05 -29.6
0.08 =305
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observation showed SDS-[BDSIM]|CI mixtures are the most
stable surfactant-IL system among all the mixtures. This
can be attributed for descending order of Brgnsted acidic
strength as reported earlier for the 1,3-disulfo-2-alkyl imida-
zolium chloride ionic liquids with increasing sizes of 2-alkyl
groups due to positive inductive effect (+1) [30].

Conclusions

In summary, the aggregation behavior of SDS in aque-
ous solutions was investigated in the presence of three
members of -NSO;H functionalized Brgnsted acidic IL
2-alkyl-1,3-disulfo imidazolium chloride with increasing
sizes of C-2 alkyl group at different temperatures and
concentrations of the ILs by employing conductometric,
surface tension, and UV—Vis techniques as well as FT-IR
analysis of the SDS-IL solutions. The presence of varied
concentrations of the acidic ILs significantly affected the
CMCs of pure aqueous SDS solution along with alteration
of thermodynamic and surface parameters in the SDS-IL
solutions. With the increase of IL concentrations for all
the solutions, the decreasing trend of CMCs was observed
which reflect favorable electrostatic interactions between
the IL and SDS molecules toward the micellization pro-
cess in aqueous media. Among the three ILs with differ-
ent sized 2-alkyl group of imidazolium cations, minimum
CMC values were found for the [BDSIM]CI because of
the more hydrophobic longer alkyl chain of n-butyl sub-
stituent. The ascending trend of CMCs of the three ILs
was found as [BDSIM]CI < [EDSIM]CI < [MDSIM]CI. At
a particular concentration of the IL, the CMCs of SDS
solutions were slightly varied within the studied tempera-
tures for all the ILs. This can be accounted for involve-
ment of strong H-bonding and other electrostatic inter-
actions between the sulfonic acid functionalized IL and
the SDS surfactant in aqueous media which may be little
effected by the rise of temperature from 288.15 to 308.15
K. Negative free energy of micellization (AG,) indicates
feasibility of the process of micellization. Positive values
of enthalpy show the endothermic nature of aggregation.
Likewise positive entropy values express modification of
the micelle structures because of rising disorder of water/
ionic liquid molecules surrounding the micelles for reor-
ganization within the temperature of observations. The
surface parameters of SDS-IL solution show that the addi-
tion of ILs remarkably declines the surface tension val-
ues of the mixtures. The results of surface excess values
(I'max) display more adsorption of surfactant molecules
in the interface with larger 2-alkyl group containing
[BDSIM]Cl ionic liquid for its higher hydrophobic inter-
actions as compared to the [MDSIM]CI and [EDSIM]CI.
Subsequently, these outcomes are corroborated with their

@ Springer

descending order of minimum surface area per molecule
(A ) values: [BDSIM]C1 > [EDSIM]CI1 > [MDSIM]CI.
The critical packing parameter data indicated formation
of small spherical structures micellar for all the SDS-IL
mixtures. The CMCs estimated using the three methods
are in good agreement with each other. FT-IR analyses of
the SDS-IL solutions support the change of characteris-
tics of SDS vibrational frequencies in the mixtures. The
investigation of zeta-potential reveals gradual improve-
ment of the stability of micellar systems with increasing
bulkiness of the C-2-alkyl group of imidazolium cation
of ionic liquid. In future, these studies can be extended
to observe the micellization behavior of varied types of
cationic/anionic surfactants with various Brgnsted acidic
ionic liquids.
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