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Surface activity of sodium dodecylsulfate and micelle formation in solutions based on
deep eutectic solvents ethaline and reline (eutectic mixtures of choline chloride with
ethylene glycol and urea, respectively) were investigated. The isotherms of surface tension
were treated using Langmuir model and the adsorption parameters at the interface «solution/
air» were determined. The change in the nature of a solvent results in a decrease in the
adsorption equilibrium constant in the following sequence: water>reline>ethaline>ethylene
glycol, which is caused by the corresponding changes in the solvents polarity and intensity
of hydrophobic interactions. The critical micelle concentration of sodium dodecylsulfate
isequal to 3.55-107 M and 2.14-107* M in solutions based on ethaline and reline, respectively.
These values are lower than that in an aqueous medium (8.11-107 M). An increase in the
content of water additive in deep eutectic solvents has only a marginal impact on the
adsorption equilibrium constant, but leads to an increase in the critical micelle concentration.

Keywords: adsorption, surface tension, deep eutectic solvent, sodium dodecylsulfate, effect

of water.

DOI: 10.32434/0321-4095-2019-127-6-184-189

Introduction

Nowadays, deep eutectic solvents (DESs) are
considered as a new and promising type of ionic
liquids. Different aspects of their synthesis, properties
and applications attract considerable attention [1—
3]. Relatively high conductivity, non-fluidity, easy
accessibility, environmental safety and low cost are
the main advantages of DESs. It is important that
the properties of DESs can be flexibly adjusted by
the addition of some water to them [4—13].

Various physicochemical properties of DESs
and the effects of water addition has been previously
reported in detail [1,4]. However, a number of aspects
of physicochemical characteristics are poorly
investigated; for instance, the surface activity in DES-
based solutions and the impact of water addition on
the surface tension of DESs are practically
unexplored. Only few papers touch upon this issue.
Thus, Arnold et al. [14] investigated the surface
activity of sodium dodecylsulfate (SDS), a common
anionic surfactant, in a eutectic mixture of choline
chloride and urea. However, this work was mainly
focused on the processes of micelle formation and
the parameters of adsorption at the air/solution
interface were not determined. In addition, the

establishment of the effects of the nature of different
DESs and the content of water additive in them on
the adsorption characteristics of dodecylsulfate anion
is of great interest.

This work was aimed at studying the effects of
the nature of a deep eutectic solvent and the content
of water in it on the adsorption parameters at the
interface «air/SDS solution» and the critical micelle
concentration (CMC).

Experimental

Two deep eutectic solvents, ethaline and reline,
were investigated in this work. They are eutectic
mixtures of choline chloride with ethylene glycol
and urea, respectively [1]. Ethylene glycol, urea and
choline chloride (99%, Acros Organics) were used
as received. Ethaline and reline were prepared by
mixing choline chloride (ChCl) with ethylene glycol
(EG) and urea, respectively, in a molar ratio of 1:2
at the temperature of 75°C until a homogeneous
colorless liquid was formed. The prepared liquid
mixtures were dried in vacuum (75°C) by means of
a drying cell Vacuum drier SPT-200. The drying of
DESs was performed to achieve a constant content
of hygroscopic water (not more than 1 wt.%). The
water content in DESs was evaluated according to
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the Fischer method.

In some experiments, a specified amount of
twice-distilled water was added to the DES. A
weighed sample of SDS was added to the DES to
get 0.01 M solution. This solution was further diluted
to prepare those with a required content of SDS.

Surface tension was measured by the Wilhelmy
plate method. Vibra HT-120 digital analytical balance
(Shinko Denshi, Japan) was used to measure the
force acting on the plate due to wetting. Before every
measurement, the rectangular platinum Wilhelmy
plate was annealed to achieve a contact angle of
~0° All measurements of surface tension were
conducted 3—4 times and the average was taken.
The expanded uncertainty in measurements of surface
tension was 0.1 mN m~'. The temperature
(298.00+0.01 K) was maintained by using a
thermostat Fliissigkeitsthermostate Baureihe U/UHS8
(Germany).

Results and discussion

Figure 1 shows that the surface tension of
ethaline and reline abruptly decreases after adding
SDS to the liquid. After reaching some content of
SDS, the surface tension becomes invariable. It
means that SDS shows a surface activity in DES-
based systems and forms micelles in solutions. These
data are in good agreement with the results of study
[14], where the formation of cylindrical micelles in
reline solutions was detected, whereas the spherical
micelles were typical of water solution.

The addition of water to the DESs has no
noticeable effect on the character of the isotherms
of surface tension (Fig. 2), although influences the
surface activity of SDS and the values of critical
concentration of micelle formation. To determine
CMC, the graphs were plotted in the coordinates
«change of surface tension (as compared with surface
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Fig. 1. Dependences of surface tension of solutions based on
ethaline (1) and reline (2) on the concentration of SDS. The
inset shows the dependence plotted in the coordinates «change
of surface tension vs. logarithm of the content of SDS»

tension of pure solvent) vs. logarithm of the
concentration of a surfactant». The found values of
CMC are shown in Table 1.

The determined critical micelle concentrations
of sodium dodecylsulfate are equal to 3.55-107° M
and 2.14-107 M for the solutions based on ethaline
and reline, respectively. The value for reline is
practically coincides with that given in a previous
study: 2-10° M [14].

It can be seen that the value of CMC of sodium
dodecylsulfate in different solvents increases in the
following sequence: ethylene glycol<ethaline<reline<
<water. From the point of view of thermodynamic
approach, a higher critical concentration of micelle
formation means a higher affinity of a surface-active
anion to the solvent. In this context, the established
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Fig. 2. Dependences of surface tension of solutions based on ethaline (a) and reline (b) on the concentration of SDS at different
content of water (wt.%): (1) 0, (2) 10, (3) 50, (4) 80
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Table 1
Critical micelle concentrations of sodium dodecylsulfate in
different solvents

Solvent CMC-10°, M
water 8.11
ethylene glycol 1.35
ethaline 3.55
ethaline+10% H,O 4.17
ethaline+50% H,O 4.90
ethaline+80% H,O 7.76
reline 2.14
reline+10% H,O 3.47
reline+50% H,O 3.63
reline+80% H,0O 3.47

consequence of the changes in CMC may be due to
the corresponding increase in polarity of a medium.

The difference in values of CMC for two DESs
under study is evidently caused by the specificity of
their chemical composition and intermolecular
interactions. Since the micelle formation is
accompanied by the partial destruction of
intermolecular bonds between the constituents of a
solvent, it becomes clear that the molecular structure
(i.e. hydrogen bonds) in ethaline-based solutions is
partially broken in the course of the micelle formation
to a lesser extent than in reline-based systems.

As far as the effect of water content on the
CMC is concerned, it should be noted that an
increase in H,O content in solution based on ethaline
results in a growth of CMC, which gradually
approaches the value typical of pure water solution
(Table 1). In a first approximation, an increase in
water concentration in reline-based solution also
causes a growth of CMC, although the observed
dependence is not monotonic. Probably, these
phenomena are due to different impacts of urea and
EG on the structure formation and intermolecular
interactions in aqueous systems.

To determine the adsorption of SDS at the
interface «air/solution», the initial segments of the
isotherms of surface tension were treated by graphical
differentiation in accordance with the well-known
Gibbs equation:

C do
[=— (1)
RT dC
where T is the adsorption (surface access), o is the
measured surface tension, C is the molar
concentration of a surfactant in the solution, R is
the universal gas constant, and T is the
thermodynamic temperature.

The obtained isotherms were further treated
using the linearized coordinates of Langmuir
equation:
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where I'  is the adsorption corresponding to complete
surface coverage, and B is the equilibrium constant
of adsorption.

The plots C/T" vs. C proved to be linear in
accordance with Eq. (2) (Fig. 3). This confirms the
suitability of the Langmuir model. The calculated
adsorption parameters (the equilibrium constants of
adsorption and the adsorptions corresponding to
complete coverage) are summarized in Table 2. For
the sake of comparison, Table 2 also shows the data
on the adsorption of SDS in pure water and EG.

Table 2
Parameters of the adsorption of SDS at air/solution
interface
Solvent B, | AG 55,
m’ mol' | molm? J mol™
water 51.73 5.02 -36844
ethylene glycol 0.77 1.62 —23353
ethaline 5.83 3.21 -25163
ethaline+10% H,O 3.65 2.69 —
ethaline+50% H,O 2.66 2.07 —
ethaline+80% H,O 4.29 1.18 —
reline 6.38 3.94 -25355
reline+10% H,O 3.59 2.97 -
reline+50% H,O 3.65 3.36 —
reline+80% H,O 7.49 291 —
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Fig. 3. Isotherms of adsorption of SDS in ethaline (1) and
reline (2) plotted in coordinates of Eq. (2)
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Free energy of adsorption (AG®) was calculated
by the following equation:
AG"=—-RTIn(A-B), (3)
where A is the molar concentrations of a «pure»
solvent.

Apparently, the value of A in Eq. (3) is equal
to 55.56:10° mol m=3 and 16.11-10° mol m3 for the
solutions based on ethylene glycol and water,
respectively (they were calculated as the density of
the fluid divided by its molecular weight). In order
to find A for the DESs under consideration, it should
be accepted that one dodecylsulfate anion in the
course of adsorption at the interface «air/solution»
replaces one molecular associate which consists of 1
molecule of ChCI and 2 molecules of EG or 1
molecule of ChCl and 2 molecules of urea for the
cases of ethaline and reline, respectively. The above
ratio of the constituents follows from the eutectic
composition of the DESs. The appearance of such
associates via formation of hydrogen bonds was
previously reported in a number of papers [1—3].
Then, one can easily calculate that the value of A in
Eq. (3) is equal to 4.417-10° mol m~* and
4.361-10° mol m~3 for ethaline and reline, respectively.

As follows from the obtained data, the highest
value of the equilibrium adsorption constant, (and
hence the most negative free energy of adsorption)
is observed in the case of adsorption of SDS in water
solution, whereas the lowest value is detected for
the system based on EG. This is probably due to the
corresponding difference in the polarity of the
solvents and intensity of hydrophobic interactions
in them. The equilibrium constants of adsorption
for the DESs-based systems have intermediate values
between those observed for water and ethylene glycol
solutions. A slightly higher equilibrium constant of
adsorption is found for the reline-based system.

The change in the content of water in both
ethaline and reline has only a marginal impact on
the adsorption equilibrium constant. Even at a
relatively high content of H,O (80%), the values of
B do not approach those typical of pure water
(Table 2). To explain the fact that the addition of
water has only a slight effect of on the surface activity,
one should take into account that the solvophobic
sequestration of water molecules occurs in these
systems with the formation of nanostructured
domains around choline anions [16]. Therefore, the
change in water content insignificantly influences
the hydrophobic interactions even at a relatively high
concentration of H,O.

It is interesting that the value of the adsorption
corresponding to the complete surface coverage (I",)
changes in much the same way as the equilibrium
adsorption constant (B) changes. Indeed, according
to the decrease of B, the solvents under consideration
can be arranged in the following order:
water>reline>ethaline>ethylene glycol. It is well
known that the Langmuir adsorption concept implies
that the value of I', unambiguously specifies both
the average surface occupied by an adsorbed molecule
(or an ion) in the monolayer and the thickness of
the adsorption film at a full surface coverage.
Evidently, a comprehensive discussion of the effects
of the solvent nature on these parameters of the
adsorption layer goes far beyond the topic of this
study and there is no sufficient data to characterize
exhaustively the observed phenomena. Nevertheless,
one can assume that the change in the nature of a
solvent causes some changes in spatial orientation
of dodecylsulfate anion in a saturated adsorption layer
(probably, due to intermolecular interactions).

Conclusions

This work reported the surface tension and
surface activity of sodium dodecylsulfate in solutions
based on deep eutectic solvents, ethaline and reline,
at the interface «air/solution». It was shown that the
values of critical micelle concentration are equal to
3.55:1073 M and 2.14-1073 M in the solutions based
on ethaline and reline, respectively. These values
are appreciably lower than that for water solution
(8.11-1073 M).

The equilibrium constants of adsorption of SDS
at the interface «air/solution» decrease in the
following order: water>reline>ethaline>ethylene
glycol. Apparently, the observed dependence is
associated with the corresponding changes in the
polarity of the solvents and intensity of hydrophobic
interactions. The addition of water to the DESs results
in an increase in critical micelle concentration and
has little effect on the equilibrium constant of
adsorption of SDS
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MOBEPXHEBA AKTUBHICTDb HATPI
JOAEHNMICYJIb®PATY HA MEXI ITOALTY ®A3
«PO3YUH HA OCHOBI HU3BBKOTEMIIEPATYPHOI'O
EBTEKTUYHOI'O PO3YUHHUKA/ITOBITPA»

€./]. Pybavosa, H.B. Amipyanocea, B.C. Ilpouenxo,
D.HU. Jlanuaos

Jlocrioxcena nosepxrneea akmuericmos ma miyea0ymeopeHHs
Hampitl dodeyuacysvgpamy y po3HuHax Ha OCHOBI HU3bKOMeMnepa-
MYPHUX eemeKmMuUYHUX po34uHHUKIe ethaline ma reline (eemexmu-
YHUX cyMiuell XOAiH XA0pudy 3 emuneH2AiKoAeM ma Kapoamioom,
6i0nosidHo). [30mepmu nosepxneeoco Hamsey 6yau obpobaeHi 3a
modeanto Jlenemiopa i obuucaeni adcopbuyitini napamempu Ha
Mixcghasniti mexci «pozuun/nosimps». Ilokasano, wo KoHcmanmu
aodcopbyitinoi pigHogaeu npu 3MIHI NPUPOOU POZYUHHUKA 3MEHULY-
romucs y HacmynHitl nocaidosrocmi: éoda >reline >ethaline >emunen-
2NK0Ab, W0 08 A3AH0 3i 3MIHAMU Y NOASPHOCMI UUX POZHUHHUKIG
ma inmencusrocmi 2idpoghobroi 63acmodii. Bcmanoeaeno, wo kpu-
MuYHi KOHYeHmpauii Miuea0ymeopeHHs Hampiu dodeyuicyivpamy
dopienioroms 3,55-107° M ma 2,14-1073 M oas po3uunie Ha ocHogi
ethaline ma reline, 8i0nogiono, w0 HudCcHe, HiXC Y GOOHOMY PO3UUHI
(8,11-107° M). 36invuenns konyenmpauii 00baeéxu 600U y HU3bKO-
memnepamypHux eemeKmu4HUX POZYUHHUKAX CAAOKO 6NAUBAE HA
KOHcmanmy adcopoyiiiHoi pienogazu ma npugooums 0o nioguuyeH-
HA 6eNUMUHU KPUMUYHOI KOHUEHMPAUIi MIea0ymeopeHHs..

KawuoBi caosa: amcopOiiisi, TOBEepXHEBUIA HATST,
HU3bKOTEMIIEPATyPHUN €BTEKTUYHUN PO3UYMHHHUK, HATpiil
TOAEIMICYTbMAT, BILUTMB BOIU.

Y.D. Rublova, N.V. Amirulloeva, V.S. Protsenko, F.I. Danilov
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Surface activity of sodium dodecylsulfate and micelle formation
in solutions based on deep eutectic solvents ethaline and reline
(eutectic mixtures of choline chloride with ethylene glycol and urea,
respectively) were investigated. The isotherms of surface tension were
treated using Langmuir model and the adsorption parameters at the
interface «solution/air» were determined. The change in the nature
of a solvent results in a decrease in the adsorption equilibrium constant
in the following sequence: water>reline >ethaline >ethylene glycol,
which is caused by the corresponding changes in the solvents polarity
and intensity of hydrophobic interactions. The critical micelle
concentration of sodium dodecylsulfate is equal to 3.55-107° M and
2.14-107 M in solutions based on ethaline and reline, respectively.
These values are lower than that in an aqueous medium (8.11-107 M).
An increase in the content of water additive in deep eutectic solvents
has only a marginal impact on the adsorption equilibrium constant,
but leads to an increase in the critical micelle concentration.
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