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Abstract Methyl ester sulfonate (MES) anionic surfac-
tants made from natural resources are of particular interest
as sustainable surfactants. They offer good physicochemi-
cal properties for applications as detergents and emulsi-
fiers. The liquid crystal structures of MES surfactants
synthesized in a previous work were determined by
polarizing optical microscopy (POM) and small-angle
X-ray scattering (SAXS). The emulsifying activity for each
surfactant was also measured, and the stability of emul-
sions was estimated and compared to that induced by
sodium dodecyl sulfate (SDS). The POM micrographs
showed the presence of birefringent textures. Several fac-
tors, including temperature and hydration, influenced the
stability of the phases and their structure. SAXS confirmed
the structure of the phases formed by dry and hydrated ¢-
MES surfactants at 25 °C, giving the position of peaks
corresponding to the ratio 1:2:3 and revealing the phase
transitions of lamellar to double lamellar or the reverse.
Also, the Bragg distance (d) decreased with an increase in
chain length from 13 to 17 carbon atoms and an increase in
the area per molecule of surfactant. The geometric packing
parameters were also determined, and suggest that surfac-
tants are tilted. The stability of surfactant emulsions is
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around 60%, which is comparable to that of SDS. The
micrographs show that the emulsions formed are O/W, and
an increase in chain length gives rise to a decrease in the
size of the emulsion droplets. These results are confirmed
by the values of hydrophilic-lipophilic balance (HLB)
which reveals the hydrophilic nature of these surfactants.
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Introduction

Surfactant molecules in dilute aqueous solution self-
assemble to form a variety of supra-molecules, such as
micelles, vesicles and liquid crystals [1-3]. The liquid
crystal (or mesophase) phase has a uni, bi or three-di-
mensional character and liquid properties at the molecular
scale. Liquid crystals can form lamellar, hexagonal,
micellar cubic or bicontinuous structures, and are thermo-
dynamically stable and generally anisotropic. Liquid
crystal systems are important not only in terms of viscosity,
but also in the stabilization of foams and emulsions, and in
detergency, lubrication, and other applications [4, 5].
Emulsification properties are related to the hydrophile—
lipophile balance (HLB) which can predict the expected
type of emulsion [5, 6].

The demand for chemical products has increased dra-
matically in recent years, especially for surfactants rou-
tinely wused in daily life. Therefore, the use of
biocompatible surfactants with low toxicity profiles is
imperative. From an ecological and economical point of
view, the sodium salts of sulfo fatty acid methyl esters
(MES) are an alluring class of surfactants. MES is
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produced using abundant and renewable natural fats and
oils [7]. They are widely used in the chemical industry
because of their excellent surface activity, stability toward
hard water, strong detergent power [8], and self-assembly
behavior [9]. In contrast to common commercial anionic
surfactants based on petrochemicals, MES are environ-
mentally benign.

The phase behavior of MES in aqueous solution has
been reported by Schambil and Schwuger [10] who
observed the transition to the liquid crystalline phase
takes place at higher temperatures for methyl laurate and
methyl palmitate as the surfactant concentration increa-
ses. In addition, Fujiwara et al. [11] investigated the
hygroscopic and dehumidifying behavior, phase transition
and hydration of the solid crystalline states and con-
structed a concentration temperature phase diagram for
the water/a-sulfonated palmitic acid methyl ester sodium
salt system that revealed the aggregation states. The
influence of temperature and humidity on the crystalline
structures and their impact on the mechanical character-
istics of MES powder was reported by Watanabe er al.
[12]. Lim and Ramle studied the interfacial behavior of
different alkyl chain lengths at the water-MES interface
[13]. MES has garnered significant attention in both
scientific research and industrial applications. Several
studies have focused on the use of methyl ester sul-
fonates as emulsifying agents to improve the storage
stability of asphalt and asphalt-latex emulsions [14, 15].
They are also used as solvent replacements for aromatic
hydrocarbon solvents in emulsifiable concentrate formu-
lations [16].

In our previous works, we synthesized methyl ester
sulfonates ({-MES) by photosulfochlorination of lauric and
myristic acids [17], producing essentially monosulfonated
compounds that were referred to as sodium sulfo lauryl
methyl esters (SLME) and sodium sulfo myristyl methyl
esters (SMME). The resulting methy] ester sulfonates were
obtained as a lightly colored powder, thereby eliminating
the bleaching step. The chemical composition of these
surfactants was determined, and their structures were
characterized by Fourier transform infrared spectroscopy
(FTIR), liquid chromatography-electrospray ionization
tandem mass spectrometry and proton nuclear magnetic
resonance (IH—NMR). The results showed that the alpha
position is not substituted and that the sulfonate group is
randomly distributed along the alkyl chain, hence their
name, (-MES. This class of compounds has been obtained
by another process cited in the literature, namely sulfoxi-
dation using SO,, O, and UV light [18]. The physico-
chemical properties of ¢-MES include good surface
properties and better foaming ability than that for sodium
dodecyl sulfate (SDS). ¢-MES can be used in the formu-
lation of highly active care products. In order to valorize
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vegetable products by converting them into fatty acid esters
by transesterification, another series of (-MES surfactants
were synthesized by photosulfochlorination of fatty acid
esters.

This work reports the structure of ¢-MES surfactant
assemblies using polarized optical microscopy (POM) at
different temperatures in conjunction with small-angle
X-ray scattering (SAXS) at 25 °C, along with the effect of
temperature (heating/cooling) and hydration on these
structures. Geometric parameters are determined in order to
deduce the aggregate structure and the conformation of the
hydrocarbon chain. The emulsification properties were also
studied using polarized optical microscopy and compared
with those of sodium dodecyl sulfate (SDS). The results
obtained are compared to the hydrophilic lipophilic balance
values (HLB).

Experimental Section
Materials

Sodium dodecyl sulfate was obtained from Sigma-
Aldrich (> 98.5% pure), and n-decane was obtained from
Merck Schuchardt (> 95%). Two series of §-MES com-
pounds (sodium sulfo lauryl methyl esters [SLME], sodium
sulfo myristyl methyl esters [SMME] and sodium sulfo
palmityl methyl esters [SPME]) were synthesized. Com-
pounds in the first series (SLME-1, SMME-1 and SPME-1)
were synthesized from fatty acids, followed by esterifica-
tion using sodium methoxide in anhydrous methanol [17].
Those of the second series (SLME-2, SMME-2 and SPME-
2) were prepared from fatty methyl esters obtained from
the transesterification of triglycerides.

The second series of compounds, SLME-2, SMME-2
and SPME-2, were synthesized following the method
described previously [17]. The synthesized surfactants
were purified by recrystallization in isopropanol, in which
the insoluble salts were precipitated and the (¢-MES sur-
factants were extracted in the alcohol phase and obtained
after evaporation. The anionic active content (sulfonates)
was determined using two-phase titration. The water con-
tent and sodium chloride were determined by the loss on
desiccation and the Mohr method, respectively [17].

Polarized Optical Microscopy

The liquid crystal structure of SLME-1, SMME-1, SPME-
1, SLME-2, SMME-2 and SPME-2 was determined by
polarizing optical microscopy (POM). POM was carried
out using a Reichert Polynov 2 polarized light microscope
equipped with a Linkam THMS 600 hot stage controlled by
a TP94 unit. Photomicrographs were taken with a Canon
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Power shot S90 wide zoom digital camera. The hydration
of the surfactant was determined by placing samples
between coverslips and contacting with a drop of water.
This method was based on the penetration experiment [19].
For thermal studies (heating and cooling), dry samples
were placed between coverslips at 25 °C, a drop of water
was then added and the temperature was increased by
intervals of 5 °C from 25 to 110° C. After the heating step,
the sample was cooled until the initial temperature was
reached. At each step, photomicrographs of the samples
were taken, and those that are most relevant are presented.

Small-Angle X-Ray Scattering and Geometric
Parameters

The liquid crystalline phases were investigated using SAXS
measurements. Measurements were carried out using an S3-
MICRO (Hecus X-Ray systems GMBH, Graz, Austria)
coupled to a GENIX-Fox 3D X-ray source (Xenocs,
Grenoble), which provides a detector focused X-ray beam
with the Cu Ko-line (1.542 A) with more than 97% purity and
less than 0.3% KP. Transmitted scattering was detected
using a PSD 50 Hecus with a pixel resolution of 54.2 pm and
a pixel width of approximately 1 cm. The samples were
loaded in quartz capillaries with a diameter of 1 mm at 25 °C,
and the temperature was controlled using a Peltier TCCS-3
Hecus to within + 0.1 °C. Two samples were prepared for
each surfactant, one dry and one hydrated. The hydrated
samples were prepared by adding a small amount of water to
the surfactant. The scattering curves are shown as a function
of the scattered vector modulus g according to [20]:

4
g ==sin(0/2) (1)
and the Bragg spacing (d) is obtained by:
2n
d=—, 2
" (2)

where / is the wavelength of the X-ray source (1.542 /OX)
and 0 is the scattering angle. Using this set-up, the ¢ range
obtained was between 0.08 and 6 nm~'. The SAXS pat-
terns are shown as obtained with the smearing on the
detector.

The aggregation geometry is related to geometric con-
straints imposed by the structure of surfactants that are the
result of interactions between the amphiphiles. For this,
Israelachvili et al. [21, 22] defined a packing parameter
(p) given by the Eq. 3.
p=—r, ()

aolcmax

where V¢ is the volume of the hydrophobic group, Icmax 1S
the fully extended chain length of the hydrophobic group

and q is the cross sectional area occupied by the hydro-
philic head group at the micelle solution-interface. The
critical length of the hydrophobic chain (Icyax) and the
volume of the hydrophobic tail in the surfactant aggregate
can be calculated using Tanford equations (Egs. 4, 5).

lemax(A) = 1.5+ 1.265(nc — 1) (4)
Ve(A) =27.4+269(nc — 1), (5)

where nc is the hydrophobic chain length in the surfactant
aggregate [1, 21-25]. The area per molecule in dry lamellar
structures is calculated by formula (6) where V; is the
theoretical total molecular volume and d is the Bragg
distance of the first maximum [20].

2V,
= (6)

The hydrophobic (Ic) and hydrophilic lengths (/,) are
defined as the ratio of the respective hydrophobic or
hydrophilic volumes to the area per molecule [26].

A(A)

le(h) =%, )
hA) =2, ®)

The geometric parameters for surfactant aggregation
were determined based on calculated values of the maxi-
mum hydrophobic length and hydrophobic volume using
Tanford equations and experimental data obtained from
SAXS measurements of the area per molecule (A).

Emulsifying Properties

The emulsifying properties were measured by dissolving
the surfactants in water and then adding oil [27-29].
Emulsions were prepared by adding 3 ml of oil (n-decane)
to 3 ml aqueous solutions containing 30 mg of studied
surfactants. Samples were shaken using a vortex mixer
(VELP Scientifica-40HTZ) for 5 min at 25 °C. The mix-
ture was poured into a 10 ml measuring cylinder with a
cover. The volume of water or n-decane drained from the
emulsion was measured after standing for 1 h, 48 h and
2 weeks at 25 °C. The emulsion stability was expressed as:

(initial volume — drainage volume)

100. 9
initial volume x ©)

The emulsions obtained were observed using a micro-
scope (Reichert Polynov 2). A small amount of the drained
volume of emulsion was withdrawn by a micropipette and
placed on a microscope glass slide, which was placed on
the stage of the microscope in order to obtain photomi-
crographs. The dimension of the droplet along with the
type of emulsion were determined by microscopic
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examination in conjunction with Leica Image Manager
IM500 software.

Results and Discussion
Characterization of Synthesized Compounds

The chemical structures of the two groups of (-MES
compounds were confirmed by FTIR, LC-MS/MS and 'H-
NMR. The results were in good agreement with the results
reported in [17]. The chemical composition of the com-
pounds was determined on the basis of their anionic active
content (sulfonates), water content and sodium chloride.
Results are shown in Table 1. )-MES contains the mono-
sodium salt (Fig. 1a) and the disodium salt (Fig. 1b). The
results obtained indicate that the fatty acids are converted
into the corresponding sulfonates, which contain a high
percentage of monosodium sulfo fatty methyl esters
(Fig. 1a) and a low percentage of disodium sulfo fatty acids
(Fig. 1b). The remaining 5-10% of material is mainly free
fatty acids and free fatty methyl esters.

Texture of Liquid Crystal Samples by Polarizing
Optical Microscope

A phase penetration experiment was carried out initially to
provide a qualitative survey of the liquid crystals. At room
temperature, dry samples exhibited birefringent texture
under polarized light microscopy, indicating the presence
of liquid crystalline structures. All samples (Fig. 2) before
heating appeared to be mostly ribbon-like fibers with a
lamellar organization and non-defined birefringent areas.
In order to define the liquid crystal structure formed by
these ¢-MES surfactants, the temperature of the samples
was varied from 25 to 110 °C. At 25 °C, the samples were
dry, and they were hydrated by adding a drop of water,
leading to the formation of different structures. It should be
noted that increasing the temperature causes the evapora-
tion of water. Different textures such as lamellar or

HBC\/\/\/\/\/\COOCH 3

SO3Na

a

H3C\/\/\/\/\/\C00Na

SO3zNa
b

Sodium sulfo lauryl methyl ester

H3C\/\/\/\/\/\/\COOCH3

SO4Na

a

Hac\/\/\/\/\/\/\COONa

SO;Na
b

Sodium sulfo myristyl methyl ester

H3C\/\/\/\/\/\/\/\COOCH3

SO3Na

a

H3C\/\/\/\/\/\/\/\C00Na

:
:
SO;Na

Sodium sulfo palmityl methyl ester

Fig. 1 Structure of the obtained compounds. a Mono-salts. b Di-salts

hexagonal structures or a transition between these archi-
tectures were observed with increases in temperature,
depending on the temperature and the time of sample
hydration. Cooling and heating processes also affect the

Table 1 Chemical composition

of synthesized compounds Compounds Anionic active content (wt%) wt% of water NaCl (wt%)
Monosodium salt Disodium salt

SLME-1 68.90 7.25 7.25 6.82
SMME-1 75.78 9.26 7.56 -

SPME-1 78.55 9.58 4.30 -

SLME-2 62.62 6.54 9.75 -

SMME-2 73.72 9.97 10.33 01.55
SPME-2 82.11 8.19 7.94 -

Compositions containing less than 1.5 wt% NaCl are not listed in the table
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Fig. 2 Representative optical polarizing micrographs exhibited by dry samples of SLME-1, SMME-1, SPME-1, SLME-2, SMME-2, SPME-2 at

25 °C

sample structure. Micrographs corresponding to the
observed textures are given in Fig. 3a, b.

Sample SLME-1 Micrographs in Fig. 3a. The hydrated
sample exhibits a fan- or sheet-like shape at 25 °C, which
correspond to a hexagonal phase. This structure appears
after 15 min, which suggests that time is required for the
equilibration of water diffusion on the surfactant sample
and its hydration. After 1 h, it is unchanged, and when the
temperature is increased to 80 °C, a phase transition to a
lamellar structure occurs. Similar behavior is observed
when the sample was heated to 110 °C and subsequently
cooled to 25 °C. After a heating—cooling cycle, the
lamellar structure remains unchanged after 12 and 24 h.

Sample SMME-1 Micrographs in Fig. 3a. At 25 °C, only
hydrated solid was observed. A hexagonal phase emerges
upon increasing the temperature to 80 °C. After cooling the
hexagonal phase to 25 °C, the structure becomes
undefined.

Sample SPME-1 Micrographs in Fig. 3a. A transition
phase from hexagonal (at 60 °C) to lamellar structure (at
80 °C) was observed upon raising the temperature. After
heating and subsequent cooling to 25 °C, the hexagonal
texture is restored.

Sample SLME-2 Micrographs in Fig. 3b. The POM
photos suggest the formation of a lamellar phase which
remains unchanged as a function of time and increasing
temperature.

Sample SMME-2 Micrographs in Fig. 3b. The micro-
graphs show that the structure changes from lamellar to
hexagonal when the sample is sufficiently hydrated and
when the temperature is increased to 45 and 65 °C. At
110 °C, the hexagonal phase emerges, which undergoes a

transition to the lamellar phase when the sample is cooled
for 12 h.

Sample SPME-2 Micrographs in Fig. 3b. Photos of the
polarizing textures show the lamellar phase at 25 °C,
which changes to the hexagonal phase when the sample is
hydrated and heated to 40 °C. No further change is
observed up to 80 °C. Upon heating the sample to 110 °C,
cooling it to 25 °C, and allowing it to sit for 12 h, a
lamellar structure is observed.

Investigation of Liquid Crystals by SAXS

The small-angle X-ray technique was used to resolve
periodic structures in these surfactants. The arrangements
of aggregates are reflected by the relative peak intensities.
Lamellar (flat micelles), two-dimensional hexagonal
(cylindrical micelles) or cubic phase structures (closed
micelles or bicontinuous) may be encountered [30, 31].
Structural information is directly obtained for the position
of the SAXS reflections [31, 32]. On the basis of literature
[33-35], when the positions of the peaks should obey to the
relationships 1:2:3, equidistant spaced reflections are
indicative of lamellar and double lamellar structures, and
when the number of Bragg peaks are in the ratio 1:3"%:2:7"
2.3, it is the hexagonal structure. The cubic structure is
characterized by 1: (2)"%: (4)"%: (6)"%: (8) V' [36-38].
Figure 4 shows the SAXS patterns of all surfactants in
the dry and hydrated state at 25 °C. They exhibit several
characteristic peaks which enable unambiguous identifica-
tion of the phases. The structures were first determined by
visual observation using POM. Then, SAXS measurements
were performed to verify the liquid crystalline phases
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SPME-1 T=60°C t

Fig. 3 a Images showing the evolution of recrystallization mor-
phologies of SLME-1, SMME-1 and SPME-1 during stages of heating
and subsequent cooling. ¢+ = time corresponding to a specific
temperature. b Images showing the evolution of recrystallization

present in the systems. Microscopically, lamellar and
hexagonal lyotropic liquid crystalline phases are clearly
observed. These structures depend on temperature and the
hydration time. From SAXS measurements, we observe a
lamellar structure for SLME-1, SPME-1, SLME-2 and
SPME-2, but a transition from lamellar to double lamellar
structures is observed for SMME-1 and from double
lamellar to lamellar structure for sample SPME-2 upon
hydration. To confirm the liquid crystalline phases, the
scattering vector modulus (g) and the interlayer spacing
were measured by SAXS (Fig. 4). The Bragg spacing
(d) and the theoretical and experimental extended chain
length (Icpmax) were determined and are presented in
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morphologies of SLME-2, SMME-2 and SPME-2 during stages of
heating and subsequent cooling down. ¢t = time corresponding to a
specific temperature

Table 2. The structure of the liquid crystalline phases can
be interpreted from the d-spacing values of the obtained
diffraction rings.

Sample SLME-1 The curve in Fig. 4 shows the intensity
of SAXS from the dry and hydrated sodium lauryl methyl
ester sulfonates at 25 °C. The diffraction peaks occurring at
g = 0.195 and 0.390 A~! (see Table 2) suggest a lamellar
structure for the dry and hydrated states. When the sample
is incubated with water for an extended duration (24 h), it
undergoes slight swelling, and a third peak that emerges
within our experimental window at g = 0.585 A~" con-
firms the lamellar structure. The position of peaks corre-
sponding to the ratio 1:2:3 confirms the lamellar phase.
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Fig. 3 continued (b)

SMME-2, T=110°C, t
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Fig. 4 The scattering profiles obtained at 25 °C. Images on the right correspond to the dry samples and those on the left to the hydrated samples

These structures in different states are very similar, and in
t!lis case, they correspond to a repeating distance of 32.20
A.

Sample SMME-1 The SAXS diffraction patterns in
Fig. 4 corresponding to the dry and hydrated sodium
myristyl methyl ester sulfonates at 25 °C show three
reflections occurring at ¢ = 0.173; 0.345 and 0.520 A~!
which indicate that the dry state structure is lamellar, but in
the presence of water, a new peak emerges. The reflection
of this peak occurs at g = 0.157A7", which suggests the
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double lamellar structure. This result leads to a distance of
36.30 A for the dry sample and a distance of 40.00-36.94 A
for the hydrated sample. SMME-1 exhibits a longer dis-
tance than the original spacing of the lamellar phase of
sample SLME-1.

Sample SPME-1 The scattering profile of the dry pal-
mityl methyl ester sulfonates in Fig. 4 shows three reflec-
tions occurring at ¢ = 0.150; 0.301 and 0.445 A~! that
suggests a lamellar structure. This structure is the same as
that observed for the hydrated sample with reflections
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Ifa 3:: \Z/ar?(t)flusmsl;ilplper SOI:) ;rtZieIfe d Sample abbreviations  Structure q (10\_ 1) d (A)
by SAXS at 25 °C Dry With water Dry With water Dry With water
SLME-1 Lamellar Lamellar 0.195 0.195 3220 32.20
SLME-2 Lamellar* Lamellar 0.197 0.197 31.87 31.87
SMME-1 Lamellar Double lamellar 0.173  0.157 36.30 40.00
0.170 36.94
SMME-2 Double lamellar Lamellar 0.161 0.170 39.00 37.00
0.169 37.15
SPME-1 Lamellar Lamellar 0.150 0.148 4186 424
SPME-2 Lamellar* Lamellar* 0.135 0.135 46.51 46.51
0.153  0.159 41.04 39.49

*In the structure next to the lamellar structure some extra peaks are present

occurring at g = 0.148; 0.295; 0.444 A~!. Table 2 shows
that the distance is even longer for SPME-1; it is
41.86-42.2 A for the dry and hydrated samples, respec-
tively, which suggests that increasing the number of carbon
atoms occurs with a concomitant increase of the distance
for the same series of surfactants.

Sample SLME-2 The SAXS curve in Fig. 4 confirms the
lamellar structure observed by polarizing optical micro-
scopy and shows some peaks and the values of reflections
at ¢ = 0.197 and 0.401 Al suggesting a lamellar struc-
ture for the dry sample. In the presence of water, the
reflections appear at ¢ = 0.197 and 0.388 At indicating
that the lamellar structure is unchanged. The calculated
repeating distance of 40.00 A s unchanged.

Sample SMME-2 The SAXS results in Fig. 4 exhibit
reflections at ¢ = 0.169; 0.347; 0.524 A~' and the
appearance of a peak at g = 0.161 A suggesting a
double lamellar structure. When the sample is hydrated, the
reflections appear at g = 0.170; 0.345; 0.518 A~!, indi-
cating that the structure has changed. Hydration gives rise
to a transition from the double lamellar to a lamellar
structure. This result gives a repeating distance of
39.00-37.15 A and 37 A for the dry and hydrated states.

Sample SPME-2 The microscopic observations are in
accordance with the SAXS curve in Fig. 4, which shows
the appearance of three reflections. These reflections
occurring at ¢ = 0.135; 0.276 and 0.415 Al suggest a
lamellar structure for the dry and hydrated state. In addi-
tion, some extra peaks were observed next to the lamellar
structure at g = 0.153 and 0.159 A~! for the dry and
hydrated state, respectively. Table 2 shows that the dis-
tance is even longer for SLME-2.

The structures of the surfactants synthesized from fatty
acids (SLME-1, SMME-1 and SPME-1) and those syn-
thesized from fatty acid esters (SLME-2 SMME-2 and
SPME-2) exhibit differences that may be due to their
composition. As explained previously, the methyl ester

sulfonates contain different proportions of the active mono-
salt and the disodium salt whose content is lower than 10%.
This difference in chemical composition impacts the water
solubility of the surfactants, and thus their hydration.
Furthermore, the composition (surfactant/water) has an
influence on the structure. Some surfactants have pseudo-
polymorph structures which are transformed to hydrated
states that are affected by the temperature and humidity
[39]. Abe et al. [40] reported that ¢p-MES forms some
hydrate crystals as evidenced by X-ray diffraction. Fuji-
wara et al. [11] obtained lamellar liquid crystals at 80 °C
for CI6MES, which has 3.5 wt% moisture content.
Watanabe et al. [12] found that the mixture of C16MES/
C18MES (3.5 wt% moisture content) in an 85:15 ratio by
volume at 20 °C formed hexagonal lattice and lamellar
structures at 80 °C. The same results are obtained for
SPME-1 and SPME-2 with 4.30 and 7.94 wt % moisture
content, respectively, at 25 °C. In addition, Watanabe et al.
[12] reported that the crystalline structure of (-MES was
transformed from a metastable crystal to a mixture of
anhydrous crystals and dehydrated crystals due to melt-
mediated crystallization.

The hexagonal phase shown in Fig. 3a, b can be
explained by the increase in temperature, which usually
leads to an increase in the surfactant monomer concentra-
tion. This reflects the increased solubility of the monomeric
surfactant [6] and the greater thermal mobility and solu-
bility of the hydrophobic tail. However, the higher tem-
perature reduces the degree of hydration, and facilitates the
formation of the lamellar aggregates. These results are in
accordance with literature data which report that the
crystalline structure of ¢-MES changes as a function of
temperature [12]. Schambil and Schwuger [10] showed that
methyl laurate and methyl palmitate transition occurs from
an isotropic solution to a hexagonal liquid crystalline phase
at higher temperatures. The cooling/heating cycle is also
necessary to form certain liquid crystals. The compounds
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exhibit phase transitions upon hydration followed by
heating, which enables greater penetration by water;
however, at elevated temperatures, the water evaporates.
Cooling also affects the structure of phases that appear as
lamellar and transition to hexagonal, as well as the reverse
process. These structures are easier to define after an
equilibrium period. These results are consistent with the
phases identified after cooling [41, 42]. Cooling may
change the normal (isotropic) liquid to anisotropic liquid
(nematic liquid crystal). Further cooling may cause the
anisotropic liquid to change into the lamellar structure; this
is the smectic A phase. On further cooling, the molecules
may tend to tilt a little giving rise to the smectic C phase. In
other substances, further cooling the smectic A phase
results in the breaking up of the layers into hexagons,
which constitutes the smectic By, phase [43].

The Krafft temperatures of the products were deter-
mined according to the procedure described in Ref. [17],
and were 25.0; 28.0; 33.9; 25.6; 29.0 and 33.3 °C for
SLME-1, SMME-1, SPME-1, SLME-1, SMME-1 and
SPME-1, respectively. This shows that the solubility
decreases with increasing chain length, which makes
hydration more difficult. These results are in accordance
with the work of Okano et al. [43] who found that almost
all sodium o-sulfonated fatty acid methyl esters studied
exhibited relatively high Krafft points and did not dissolve
in water at room temperature, leading the authors to sug-
gest that sodium o-sulfonated fatty acid esters form bilayer
membranes, like vesicles or lamellar liquid crystals, rather
than micelles in water.

Dimension Packing Parameters

The geometric packing parameters obtained by SAXS are
given in Table 3, which also includes the theoretical vol-
ume of the molecule (V,), the maximum hydrophobic
length (Icmax), the hydrophobic volume (V) according to
Tanford equations [1], the hydrophilic volume (V})) and the
hydrophilic length.

The theoretical hydrophobic length corresponds to
[1.265 x (nc — 1)] when the length of the chain is com-
pletely extended and the experimental hydrophobic length
value is obtained by (d/2). The hydrophobic lengths are
close to the maximum expected values, and the ratio of the
theoretical and experimental values of all samples are
around 0.9, which suggests that surfactants are tilted with
an angle of § = 25°. The area per molecule, calculated by
formula (6), shows that the area per molecule decreases
upon increasing the number of carbon atoms, which is in
agreement with the literature [5]. Myers [6] reported that
the molecules of surfactants were slightly tilted, and this
may lead to an increase in the effectiveness of adsorption
as the length of the alkyl chain is increased. This effect is
not surprising when one considers that a greater dispersion
force interaction resulting from a larger alkyl group can
lead to greater lateral interactions among surfactant mole-
cules, enabling a greater packing density for longer chains.

Emulsion Stability

Emulsions were prepared using a mixture of water and
n-decane in the presence of the synthesized surfactants
(SLME-1, SMME-1, SPME-1, SLME-2, SMME-2 and
SPME-2) and compared to the anionic surfactant, SDS.
Table 4 summarizes the emulsion stabilities of the syn-
thetic surfactants and SDS. After vigorous shaking, the
surfactants formed emulsions, which were stable after
2 weeks and were around 60% for all surfactants, with the
exception of SPME-2, which is comparable to that of SDS.
The instability of SPME-2 can be explained on the basis of
its composition (mono and di-salts). Hoefer et al. [44]
reported that among MES surfactants used in the produc-
tion of synthetic materials, such as the polymerization of
ethylenically unsaturated monomers, emulsifiers composed
of a 22:88 mixture of disodium sulfolaurate and sodium
sulfo methyl laurate formed emulsions that were more
stable than emulsions obtained from n-dodecylbenzene-
sulfonate. In the present study, the surfactants were first

g;l;ifl;erio;‘f“’s f;‘;‘f;:mc Sample abbreviations Iemax (A) I (A) A (AY) Ve (A% Vi, (A%) I (A)
SLME-1 16.68 (33.36)* 16.10 34.62 350.20 173.80 05.02
SMME-1 19.21 (38.42)* 18.15 31.46 404.00 167.00 05.30
SPME-1 21.74 (43.48)* 20.73 30.44 457.80 160.20 05.26
SLME-2 16.68 (33.36)* 15.93 34.61 350.20 173.80 05.02
SMME-2 19.21 (38.42)* 19.75 32.26 404.00 167.00 05.17
SPME-2 21.74 (43.48)* 23.6 30.55 457.80 160.20 05.24

*Refers to two chains, /¢, maximum hydrophobic length, V¢ volume of hydrophobic part of surfactant
are calculated from Tanford equations, /¢ experimental hydrophobic length, V), volume of hydrophilic part

of surfactant, [, hydrophilic length
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Table 4 Emulsifying performance of samples dissolved in water and then oil was added, thus favoring the

Sample abbreviations Time (h) Emulsion stability (%) formation of O/W emulsions as reported in the literature

[45, 46]. During the emulsification, the emulsifiers adsorb

SLME-1 1 83.33 at the oil-water interface, thereby reducing the interfacial

48 66.66 tension while providing steric and electrostatic stabilization

336 60.00 of the droplets. The emulsification properties and the type

SMME-1 1 71.01 of emulsion may change with as a function of the structure

48 65.21 of the emulsifier when the amounts and volumes of both

336 65.21 phases are the same. It was reported by Dong et al. [47]

SPME-1 1 72.22 that when hydrophilic emulsifiers preferably remain in the

48 70.45 aqueous phase, O/W emulsions will be formed. However

336 65.90 when hydrophobic emulsifiers are used, stable W/O

SLME-2 1 81.81 emulsions will be produced. As expected, O/W emulsions
48 63.63 are formed when ¢-MES is used.

336 56.36 Differences in the refractive index between dispersed

SMME-2 1 86.86 and continuous media confirmed that O/W dispersions

48 79.79 were formed [46]. These surfactants are water soluble and

336 70.20 form micelles and liquid crystals in aqueous solutions that

SPME-2 1 56.89 can favor the formation of O/W dispersions as observed by

48 52.06 optical microscopy. Bancroft’s rule states that the forma-

336 50.00 tion of more preferable emulsion types will occur in con-

SDS 1 83.84 tinuous phases where self-aggregation of the surfactant

48 62.68 takes place [5, 45, 46]. Thus, in water, ¢p-MES surfactants

336 61.22 will tend to give O/W emulsions. These results are in

agreement with the HLB values obtained in a previous
study [17], where the method of determination was

Fig. 5 Photomicrographs of emulsions for samples and SDS
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described for SLME-1 (HLB = 14.37) and SMME-1
(HLB = 13.11) along with SPME-1 (HLB = 13.31),
SLME-2 (HLB = 14.54), SMME-2 (HLB = 14.69) and
SPME-2 (HLB = 13.79). The results confirm the forma-
tion of an ‘oil-in-water’ emulsion, and show that the syn-
thesized surfactants and SDS exhibit a hydrophilic
tendency. Polarized light images (Fig. 5) show that SLME-
1 forms an emulsion with drops as large as those formed by
SDS. In the case of SPME-1 and SPME-2, the sizes are
very polydisperse, and the drops formed by SPME-2 are
larger than those of SPME-1. It has been reported that the
length of the hydrophilic chain of the surfactant has a
certain influence on the mean diameter of the dispersed
phase of the emulsion. In fact, the mean diameter of the
dispersed phase of the emulsion decreases significantly
when the chain length increases, which renders the emul-
sion unstable [48].

Conclusion

In the present paper, we have investigated the self-aggre-
gation and emulsifying properties of ¢-MES surfactants.
An understanding of the crystalline structures of this class
of surfactants, and the effect of parameters such as tem-
perature and hydration, is important for their application in
detergents. The POM study revealed the birefringent
structures of the studied surfactants, and SAXS results
obtained at room temperature demonstrated the presence of
crystalline phases. SAXS patterns showed the presence of
lamellar phases for SLME-1, SPME-1, SLME-2 and
SPME-2, and double lamellar phases for SMME-1 and
SMME-2. Polarizing optical microscopy revealed that
heating and cooling affected the structure of the liquid
crystal. Hydration was also found to play an important role
in defining the structure of the surfactants. In the majority
of cases, an equilibrium state was required for the orga-
nization of the surfactants in a regular packing motif. At
higher temperatures, POM showed that the degree of
hydration was reduced, and the lamellar aggregate was
formed and the hexagonal phase appeared with an increase
in temperature. With respect to the results of SAXS, the
Bragg distances were calculated and were found to
decrease upon increasing the carbon number from 13 to 17
for each series of surfactants. The values of repeating
distance (d) suggests that the chain structure of these sur-
factants is tilted. Surfactants with 15 carbon atoms, such as
SMME-1 and SMME-2, formed the most stable emulsions.
POMs showed that increasing the number of carbon atoms
(from 13 to 17 carbons) was accompanied by a decrease in
the size of the emulsions. Based on the images of the
polarizing optical microscopy and the obtained HLB

&\ Springer ANOCS &

values, ¢-MES surfactants formed O/W emulsions and may
hold potential for use in detergent applications.
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