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Abstract: The physical properties of sodium cocoyl glycinate (SCG) and the synergistic effects within
the SCG/CAPB complex system were investigated using visible–ultraviolet spectrophotometry and a
surface tension meter. Analysis of the synergistic parameters of the complex system revealed that
the combination of SCG and cocamidopropyl betaine (CAPB) yielded superior results compared to
the individual use of SCG. Building upon this, the ternary phase behavior of the SCG/CAPB/H2O
system was further explored. Different lyotropic liquid crystal phases were identified using polarized
optical microscopy (POM) and small-angle X-ray scattering (SAXS). Surfactant solutions with varying
mass fractions exhibited diverse phase behaviors, including the micellar phase (L1), micelle–solid
mixed phase (L1-S), hexagonal phase (H), and lamellar phase (Lα), with the insoluble solid phase
predominating. The investigation of the ternary phase diagram of SCG/CAPB/H2O provided
valuable guidance for detergent formulation screening, enriched the understanding of sodium cocoyl
glycinate complex systems, and further promoted the utilization of amino acid-based surfactants in
the field of personal care products.

Keywords: synergistic effect; SCG; phase behavior

1. Introduction

Surfactants are amphiphilic molecules possessing both hydrophilic and hydrophobic
groups. Due to their amphiphilic nature, surfactants self-assemble into various structures
in water through hydrophobic interactions, such as micelles [1–5] and lyotropic liquid
crystals [6–11]. Typically, phase diagrams are used to describe the different self-assembled
structures in surfactant systems. Lyotropic liquid crystals, as important assemblies of am-
phiphilic surfactants, have attracted extensive research interest among scholars. In aqueous
surfactant solutions, with increasing surfactant concentration, various lyotropic liquid crys-
tal phases can form, including hexagonal phase (H), lamellar phase (Lα), and cubic phase
(V) [6,12–16]. For surfactant mixtures, the system may exhibit more complex self-assembly
behaviors [17–20], and the microstructures may vary with different compositions. Under-
standing phase behavior is crucial for determining cleaning product formulations [21–23].
By understanding the phase behavior of different component mixtures, one can predict and
identify surfactant concentrations, thereby forming stable and semi-transparent solutions
containing various surfactants. Consequently, lyotropic liquid crystal phases formed by
surfactant mixtures have been extensively studied.

Sodium cocoyl glycinate (SCG) [24–26] is an amino acid-based surfactant known for
its mildness, low irritation, biocompatibility, and renewable raw materials. It also exhibits a
low critical micelle concentration, requiring only a small amount to significantly reduce the
surface tension of water [27–30]. Currently, it finds wide application in personal cleansing
products such as shampoos and body washes. Niu et al. [31] investigated the application
of sodium cocoyl glycinate in low-rank coal flotation processes, where its excellent surface
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properties shine. However, due to its relatively high cost and poor solubility in water,
sodium cocoyl glycinate is seldom used alone in practical applications. Moreover, single
surfactants often fail to meet the required performance criteria. Therefore, sodium cocoyl
glycinate is typically used in conjunction with cationic surfactants or amphoteric surfactants
to achieve the desired performance.

Cocamidopropyl betaine (CAPB) [32–34] is also a commonly used amphoteric surfactant
in personal care products. Due to its mildness and cost-effectiveness, it is often combined
with other surfactants to achieve optimal performance in personal care formulations.

The present study extensively investigates the physical properties of SCG, laying
a theoretical foundation for subsequent studies on complex formulations. Specifically,
the SCG/CAPB complex system was selected for detailed investigation, focusing on the
synergistic effects within this system. Surface tension measurements were conducted to
determine various synergistic parameters of the system. Additionally, the phase behavior of
the SCG/CAPB/H2O ternary system was studied. Polarized optical microscopy (POM) and
small-angle X-ray scattering (SAXS) were employed to identify the types of phases present.
Viscosity measurements were analyzed to understand the relationship between viscosity
and liquid crystal phases. Furthermore, based on the results of small-angle X-ray scattering,
the phase transition mechanisms between different phases were further explored.

Despite the extensive use of sodium cocoyl glycinate (SCG) in daily chemical and
petroleum industries [25,31,35,36], there has been no detailed report on the synergistic
effects and phase behavior of the SCG/CAPB/H2O ternary system to date. This study
holds significant implications for detergent formulation design, serving as a valuable
reference for subsequent formulation designs in the commercial sector. Additionally, it
enriches the understanding of phase behavior of amino acid-based surfactants, contributing
to the broader research landscape in this field.

2. Materials and Methods
2.1. Materials

Sodium cocoyl glycinate (SCG) and cocamidopropyl betaine (CAPB) were sourced
from Guangzhou Tianci Advanced Materials Co., Ltd. (Guangzhou, China). These raw
materials were synthesized using the Schotten–Baumann condensation method, with a
purity exceeding 95%. All chemicals were used as received without further purification.
The molecular structures of sodium cocoyl glycinate (SCG) and cocamidopropyl betaine
(CAPB) are depicted in Figure 1.
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Figure 1. Molecular structure of materials: (a) sodium cocoyl glycinate (SCG), (b) cocamidopropyl
betaine (CAPB).

2.2. Sample Preparation

The samples for surface tension experiments were prepared by successive dilutions
of a standard solution. Initially, a 0.1 mol/L surfactant solution was accurately prepared
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using a beaker and a volumetric flask. Subsequently, solutions of varying concentrations of
surfactant were obtained by diluting the 0.1 mol/L stock solution.

The samples for phase behavior were prepared based on the percentage composition
corresponding to each point in the phase diagram. For example, Sample 1 consisted of 15%
SCG, 5% CAPB, and 80% water by mass. Initially, 2.5 g of CAPB was dissolved in 40 g
of water. The solution was stirred at 600 revolutions per minute using a magnetic stirrer
(LICHEN, Shanghai, China)) at 25 ◦C for 0.5 h to obtain a homogeneous and transparent
CAPB aqueous solution. Subsequently, 7.5 g of SCG was added to the prepared CAPB aque-
ous solution, and stirring was continued at 600 revolutions per minute for approximately
2 h to achieve homogenization of the SCG/CAPB/H2O mixed solution. The prepared
samples were left to stand for about 2 weeks to eliminate bubbles in the solution. In this
study, the mixing ratio refers to the weight percentage of SCG/CAPB/H2O, with each
sample’s total mass controlled at 50 g. The preparation method for the other samples in
the phase diagram was the same as that for Sample 1, with approximately 100 samples
prepared in total.

2.3. Surface Tension Measurement

Different concentrations of sodium cocoyl glycinate (SCG) aqueous solutions were
prepared for surface tension testing using the Wilhelmy plate method [37–39]. The Wil-
helmy plate method employs a platinum plate. Prior to measurement, the platinum alloy
plate was heated until it was red-hot using an alcohol lamp to ensure that there were no
residues on the plate surface. At this point, due to the extremely high surface free energy of
platinum material, the wetting effect is ideal, resulting in a contact angle θ of 0◦ (cos θ = 1)
between the plate and the liquid.

The Wilhelmy equation is as follows:

γ =
F

L·cos θ
(1)

where γ represents the surface tension of the solution, measured in mN·m−1; F denotes the
force exerted on the platinum plate by the liquid surface, measured in mN; L stands for
the wetted length of the platinum plate, measured in m; and θ represents the contact angle
between the liquid surface and the platinum plate.

Surface tension measurements were conducted using the Kruss K100 surface tension
meter (Hamburg, Germany). Prior to measurement, the liquid surface was gradually raised
until it reached the platinum plate, then further raised to a height 2 mm above the platinum
plate before commencing measurements. During the measurement process, the liquid
surface height was slowly lowered, and the force exerted by the liquid surface on the
platinum plate was measured using the instrument’s high-precision mechanical sensor.
Thirty consecutive measurements were taken until the difference between consecutive
measurements was less than ±0.1 mN·m−1, indicating measurement completion.

2.4. UV–Visible Spectrophotometer

The transmittance of the samples was measured using a TU-1900 UV–Visible spec-
trophotometer (Beijing General Instruments Co., Ltd., Beijing, China). The variation in
transmittance with temperature was analyzed to determine the Krafft point of the surfactant
system. The wavelength was set at 600 nm.

2.5. Phase Behavior

Samples covering the entire compositional range of the ternary phase diagram of the
SCG/CAPB/H2O system were prepared. The required weight ratios of SCG, CAPB, and
H2O were mixed homogeneously at room temperature using a high-efficiency mechanical
stirrer. Phase diagrams were constructed using polarized optical microscopy (POM) and
small-angle X-ray scattering (SAXS). Polarized optical microscopy was utilized to roughly
determine the phase behavior of the SCG/CAPB/H2O system [40,41]. As different liquid



Appl. Sci. 2024, 14, 3081 4 of 16

crystal phases exhibit distinct polarized optical images, they can be identified using POM.
Additionally, SAXS was employed to confirm the results [42–45]. For rough mapping, the
compositional intervals were chosen as 5%, with smaller intervals of 1–2.5% defining the
phase boundaries in the transition regions. Phase equilibrium was determined by visual
observation. The types of liquid crystals and phase boundaries were confirmed using
polarized optical microscopy and small-angle X-ray scattering. In this study, samples were
tested within one day to one week after preparation.

2.6. Polarized Optical Microscopy (POM)

The birefringence of experimental samples was tested using a polarized optical micro-
scope (POM) from Chongqing BK-POL Company(Chongqing, China). This microscope
employs polarized light passing through crossed polarizers to observe the samples. A
computer connected to the microscope’s CCD module (Sony Corporation, Tokyo, Japan)
via a micro-USB interface monitors and captures images. For each test, approximately
0.1 g of sample was placed between a glass slide and cover slip, gently pressed to ensure
uniform distribution before observation. In this process, approximately 100 samples with
different mass fractions across the ternary phase diagram were tested. The magnification
was set to 10× during testing. The testing temperature was controlled at 25 ± 0.1 ◦C.

Different liquid crystal phases may exhibit anisotropic or isotropic behavior under po-
larized light, resulting in distinct patterns or textures [40]. For instance, the hexagonal phase
may display irregular bright spots or fan-shaped textures, while the lamellar phase may
present oily streaks or Maltese cross patterns. Micellar and cubic phases, being isotropic, ap-
pear uniformly dark in POM images. Therefore, the liquid crystal type can be preliminarily
determined by examining the sample’s image under a polarized optical microscope.

2.7. Small-Angle X-ray Scattering (SAXS)

Small-Angle X-ray Scattering (SAXS) is employed to determine the structure of liquid
crystal phases. SAXS experiments were conducted on the SAXSpace small-angle X-ray
scattering instrument from Anton Paar (Graz, Austria). The instrument operated at a
voltage of 40 kV, utilizing Cu Kα radiation with a wavelength (λ) of 0.15406 nm. SAXS
patterns within the 1–3◦ scanning range were collected at a scanning rate of 0.5 degrees per
minute using a tube current of 100 mA. The sample-to-detector distance was set to 317 mm,
and the acquisition time for all samples was 600 s. Throughout the entire testing period,
the experimental temperature was maintained at 25.0 ± 0.1 ◦C.

In the spectrum, a plot of scattering intensity versus scattering vector (q) was generated,
where q = 4πsinθ/λ, with λ representing the wavelength and θ denoting the scattering
angle. The type of liquid crystal phase was determined by the ratio of scattering vectors
at the SAXS peak [43,45]. For instance, the scattering vector ratio for the hexagonal phase
is 1:

√
3:2:

√
7, for the lamellar phase is 1:2:3:4, and for the cubic phase is 1:

√
2:
√

4:
√

6:
√

8.
Based on the scattering vector q corresponding to the first scattering peak, the lattice
parameter of the liquid crystal phase can be calculated using the formula d = 2π/q, where
d represents the interlayer spacing between layers in the layered phase and the lattice
parameter in the hexagonal phase.

2.8. Viscosity Measurement

Viscosity measurements were conducted using the Malvern Kinexus rotational rheome-
ter (Malvern Instruments Ltd., Malvern, UK). A cone–plate sensor with a diameter of 40 mm
and a cone angle of 2◦ was employed. The measurement temperature was maintained at
25 ± 0.1 ◦C. Each sample was gently inserted into the top of the cone–plate. Excess sample
extruded from the sensor system was gently removed. A stress relaxation period of 10 min
was allowed before measurements were taken.
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3. Results and Discussion
3.1. Synergistic Effect of SCG/CAPB Ternary Compound System
3.1.1. CMC of SCG/CAPB System

It is widely recognized that surfactants possess a crucial attribute in reducing the
surface tension of water. As the concentration of surfactants increases, surface adsorption
within the solution gradually intensifies. The hydrophobic segment of the surfactant aligns
towards the surface, disrupting the hydrogen bonding network within water molecules,
consequently leading to a gradual decline in surface tension. Upon reaching the critical
micelle concentration (CMC), micelle formation initiates. Further escalation of surfactant
concentration beyond this threshold elicits minimal alterations in surface tension. Using
the surface tension method, we determined the critical micelle concentrations (CMC) and
additional surface properties of individual surfactants SCG and CAPB, as well as their
binary SCG/CAPB system (where X1 = CSCG/(CSCG + CCAPB) . Figure 2 illustrates the
correlation between surface tension (γ) and the logarithm of concentration (logC).
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The surface tension decreases rapidly with increasing surfactant concentration, even-
tually reaching a plateau. Linear regression was employed to fit the trend lines of both
segments, and their intersection indicated the critical micelle concentration (CMC). At this
point, the corresponding surface tension represents the minimum achievable surface ten-
sion of the solution, donated as γCMC. Table 1 provides the critical micelle concentrations
and minimum surface tensions for individual surfactants as well as their mixed systems.
The critical micelle concentration (CMC) of sodium cocoyl glycinate is determined to be
3.013 mmol/L, which corresponds to approximately 0.84 g/L by mass concentration. This
value is slightly higher than the reported value of 0.57 g/L in the literature [31]. This
difference is likely attributed to variations in the content of sodium chloride in the raw
materials [46]. It is noteworthy that the reported CMC values of sodium cocoyl glycinate in
the literature [47,48] range from 0.21 to 33.8 mmol/L, which is also likely due to differences
in the sodium chloride content in the raw materials used in different studies. Similarly,
the CMC value of cocamidopropyl betaine was determined to be 0.974 mmol/L, which is
slightly higher than the reported value of 0.881 mmol/L in the literature [49]. Considering
the inevitable presence of sodium chloride impurities in the raw materials of cocamido-
propyl betaine [50], this also contributes to the observed discrepancies in the CMC values
reported in different studies [33,34,51–56]. The results demonstrate that the addition of a
small amount of CAPB significantly reduces both the CMC and γCMC of the SCG/CAPB
mixed system compared to the SCG system alone. This reduction indicates enhanced
surface activity in the mixed system.
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Table 1. CMC, CMC*, γCMC, and pC20 values for different molar fractions (X1) of the SCG/CAPB
mixed system.

X1 CMC (mmol·L−1) CMC* (mmol·L−1) γCMC (mN·m−1) pC20

0 0.974 - 32.8 4.69
0.2 0.172 2.124 25.9 4.21
0.4 0.148 1.640 26.8 4.36
0.6 0.152 1.336 26.7 4.38
0.8 0.185 1.127 22.4 4.41
1 3.013 - 29.3 3.62

To investigate whether mixed micelles exhibit ideal or non-ideal behavior, we em-
ployed a pseudo-phase separation model to analyze their properties. [57,58]. In this model,
micelles are considered equilibrium macroscopic phases containing respective monomer
solutions. The ideal critical micelle concentration (CMC∗) for binary surfactant can be
determined using Equation (2).

1
CMC∗ =

X1

CMC1
+

1 − X1

CMC2
(2)

In Equation (2), CMC1 and CMC2 represent the critical micelle concentrations (CMC)
of SCG and CAPB, respectively. The calculation results of CMC* for the SCG/CAPB system
is displayed in Table 1.

In Table 1, the experimental critical micelle concentration (CMC) value is one order
of magnitude lower than CMC*. This indicates that the SCG/CAPB mixture deviates
from ideal behavior, suggesting a strong synergistic interaction between SCG and CAPB.
Additionally, the efficiency factor pC20, denoting the logarithmic reduction in surfactant
concentration required to achieve a 20 mN·m−1 surface tension, exhibits a higher value
for the SCG/CAPB blend compared to the SCG system, surpassing 4.0. This observation
underscores the significantly enhanced surface activity of the SCG/CAPB combination
relative to SCG alone. The formation of micelles in surfactant mixtures is chiefly governed
by two factors: the electrostatic interaction between oppositely charged head groups and
the hydrophobic interaction among the hydrocarbon tails. The electrostatic screening of
surfactant head groups was experimentally confirmed through zeta potential measure-
ments. Chen [59] gradually introduced NPES into CTAB aqueous solution and measured
the zeta potential of the formed micelles. It was observed that the absolute value of the zeta
potential of the resulting mixed micelles decreased gradually. This observation confirmed
the occurrence of electrostatic interactions between NPES and CTAB head groups bearing
opposite charges, resulting in a reduction in the net charge carried by the head groups
and a decrease in the electrostatic repulsion between them. Regarding the SCG/CAPB
complex system, when forming mixed micelles, the anionic head groups of SCG attract
the cationic head groups of CAPB, reducing the electrostatic repulsion between the head
groups. Additionally, the molecular tails form dual hydrophobic chains. As a result, they
tend to form mixed micelles earlier, thereby reducing the CMC value of the complex system.

3.1.2. Krafft Point of Sodium Cocoyl Glycinate (SCG)

The solubility of surfactants in water varies with temperature. As the temperature
increases to a certain point, the solubility of the surfactant sharply increases. This temper-
ature is known as the Krafft point. To measure the lowest temperature at which micelle
formation occurs, the sum of the amounts of dissolved and undissolved surfactant in the
system must exceed the critical micelle concentration.

The experiment was conducted to determine the Krafft point of sodium cocoyl gly-
cinate solution at a concentration of 1.0 × 10−2 mol/L, slightly above the critical micelle
concentration. After maintaining the solution at various temperatures for 30 min, the
transmittance of red light in the visible spectrum was measured using a UV–visible spec-
trophotometer. The results are shown in Figure 3. It can be observed from the graph that at
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a temperature of 36 ◦C, there is a significant increase in the transmittance of sodium cocoyl
glycinate solution, reaching 100%. This indicates complete dissolution of the solute in the
solution, indicating the formation of micellar solution in water, significantly increasing
the solubility of sodium cocoyl glycinate in water. Therefore, the Krafft point of sodium
cocoyl glycinate was determined to be 36 ◦C. Notably, this is the first report for the Krafft
temperature of sodium cocoyl glycinate.
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3.1.3. Critical Packing Parameter (CPP) of Sodium Cocoyl Glycinate (SCG)

From the results of surface tension measurements, we can also deduce the aggre-
gation state of surfactant molecules at the air/water interface. The Gibbs adsorption
isotherm [60–62] is one of the fundamental equations for studying surface adsorption
of surfactant solutions. From the Gibbs adsorption equation, we can obtain a crucial
parameter—the maximum surface adsorption amount, denoted as Γmax:

Γmax = − 1
2.303nRT

(
∂γ

∂logC

)
T

(3)

In the equation, R denotes the gas constant (8.3144 J·mol−1K−1), T is the absolute
temperature, C stands for the concentration of surfactant, and ∂γ/∂logC is calculated as the
slope of linear surface tension γ with respect to the logarithm of concentration logC. Here,
sodium cocoyl glycinate is an ionic surfactant of the 1:1 electrolyte type [63], so n is taken
as 2. From the above equation, Γmax can be calculated as 3.085 × 10−6 mol·m−2.

After the surfactant dissolves in water, due to its amphiphilic nature, the surfactant
tends to preferentially aggregate at the interface between water and air. Therefore, Γmax can
be further utilized to determine the minimum cross-sectional area Amin with Equation (4).

Amin =
1018

NA·Γmax
nm2 (4)

Based on the previously calculated Γmax, Amin can be determined to be 0.538 nm2.
The morphology of organized molecular self-assembly depends on the geometric

structure of surfactants, particularly the relative sizes of the cross-sectional areas of the
hydrophilic and hydrophobic groups in solution. This concept has been defined by Is-
raelachvili [64] as the critical packing parameter (CPP); it can be calculated by Equation (5).

CPP =
Vc

Lc·Amin
(5)

Here, Vc refers to the volume of the hydrophobic portion of the surfactant molecule,
Lc denotes the chain length of the hydrophobic tail of the surfactant molecule, and Amin
indicates the cross-sectional area of the head group of the surfactant molecule.
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According to the Tanford equation [65], the volume Vc of the hydrophobic portion of
the surfactant molecule and the chain length Lc of the hydrophobic tail can be calculated
based on the number of carbon atoms n in the hydrophobic chain of the surfactant molecule:

Vc = (0.0274 + 0.0269n) nm3 (6)

Lc = (0.15 + 0.1265n) nm (7)

The calculations yield Vc = 0.3233 nm3, Lc = 1.5415 nm, and CPP = 0.7935. The physical
properties of sodium cocoyl glycinate are shown in Table 2.

Table 2. Physical properties of sodium cocoyl glycinate.

Parameter Value

Krafft point (°C) 36
Γmax

(
µmol·m−2) 3.085

Amin
(
nm2) 0.538

CPP 0.7935

3.1.4. The Interaction Parameter (β) for the SCG/CAPB System

According to conventional solution theory, the interaction strength between the head
groups of two surfactant molecules in a solution can be represented by the interaction
parameter β [66]. Typically, interaction parameters for mixed micelles (βm) and mixed inter-
faces (βσ) can be calculated accordingly. If β < 0, it indicates mutual attraction between the
two components; if β > 0, it suggests mutual exclusion between the two components; when
β = 0, it signifies no interaction between them. Generally, the interaction parameter β can
be determined by measuring the critical micelle concentration (CMC) of the corresponding
surfactant mixture. The interaction between surfactants in the SCG/CAPB binary mixture
system is evaluated using equations from the Rubingh non-ideal mixing theory [66,67].
This model is derived from the regular solution theory (RST). According to this theory,
the critical micelle concentration (Cm

12) of the surfactant mixture can be determined using
Equation (8).

C = Xm
1 f m

1 · Cm
1 = X1· Cm

12 (8)

In Equation (8), C represents the concentration of the surfactant SCG in the solution; X1
and Xm

1 denote the molar fractions of SCG in the solution and in the micelles, respectively;
Cm

1 and Cm
12 are the critical micelle concentrations (CMC) of SCG and the binary mixed

surfactant, respectively; f m
1 stands for the activity coefficient of SCG in the mixed micelles.

The activity coefficients of SCG ( f m
1 ) and CAPB ( f m

2 ) are associated with the interaction
parameters and can be determined by Equations (9) and (10).

ln f m
1 = βm(1 − Xm

1 )2 (9)

ln f m
2 = βm(Xm

1 )2 (10)

As f m
1 = X1Cm

12/
(
Xm

1 Cm
1
)

and f m
2 = Cm

12(1 − X1)/
[
Cm

2
(
1 − Xm

1
)]

, Xm
1 could be calcu-

lated from Equation (11). In Equation (11), Cm
2 represents the critical micelle concentration

(CMC) of the surfactant CAPB.

Xm2

1 ln
[(

Cm
12X1

)
/
(
Cm

1 Xm
1

)](
1 − Xm

1
)2ln

{(
Cm

12 (1 − X1 )
)
/
[
Cm

2
(
1 − Xm

1
)] } (11)

The interaction parameter βm can be calculated using Equation (12).

βm =
ln
[
Cm

12X1/Cm
1 Xm

1
](

1 − Xm
1
)2 (12)
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Similarly, the interaction parameter βσ for the mixed monolayer can be calculated
using the Rubingh formula [67], as given in Equations (13) and (14).

Xσ2

1 ln
[(

Cs
12X1

)
/
(
Cs

1Xσ
1

)](
1 − Xσ

1
)2ln

{(
Cs

12 (1 − X1 )
)
/
[
Cs

2
(
1 − Xσ

1
)] } = 1 (13)

βσ =
ln
[
Cs

12X1/Cs
1Xσ

1
](

1 − Xσ
1
)2 (14)

In the equations above, Xσ
1 represents the molar fraction of SCG in the mixed mono-

layer; Cs
1, Cs

2, and Cs
12 are the concentrations of SCG, CAPB, and the binary complex system,

respectively, at which the surface tension reaches 40 mN·m−1. The activity coefficients f σ
1

and f σ
2 for SCG and CAPB can be determined from the interaction parameter βσ of the

mixed monolayer, as in Equations (15) and (16).

ln f σ
1 = βσ(1 − Xσ

1 )
2 (15)

ln f σ
2 = βσ(Xσ

1 )
2 (16)

Through surface tension experiments, the concentrations of Cs
1, Cs

2, and Cs
12 were

determined, and subsequently, a series of parameters, such as Xm
1 , Xσ

1 , βm, βσ, etc., were
calculated, which are presented in Table 3. Evidently, all parameters of βm and βσ in the
binary mixed system exhibit negative values, indicating that the interaction between SCG
and CAPB in the mixed micelles and mixed monolayer surpasses that of each individual
surfactant alone. Furthermore, it is notable that βσ displays a more negative value com-
pared to βm, implying that the incorporation of two hydrophobic groups into micelles
presents a greater challenge than at the interface, indicative of stronger interactions at the
gas/liquid interface.

Table 3. The interaction parameter (β) for the SCG/CAPB system.

X1 Xm
1 Xσ

1 βm βσ ln Cm
1

Cm
2

ln Cs
1

Cs
2

βσ−βm ln Cm
2 Cs

1
Cm

1 Cs
2

0.2 0.490 0.529 −10.112 −12.531

−1.124 −0.902

−2.419

0.222
0.4 0.531 0.558 −9.854 −12.152 −2.298
0.6 0.567 0.583 −9.606 −11.685 −2.079
0.8 0.612 0.631 −9.254 −11.012 −1.758

3.2. The Phase Behavior of SCG/CAPB System

To determine the phase state of each sample, we conducted visual observation, polar-
ized light microscopy, and small-angle X-ray scattering (SAXS) tests. Visual observation is
the simplest and quickest method to determine the phase state of a sample. Micellar phases
are isotropic in nature, so for some clear and transparent solutions, we could easily judge the
micellar phase by visual observation. For solutions with lower transparency, polarized light
microscopy and SAXS techniques were employed to explore their microstructural phases.

3.2.1. POM and SAXS Results

In comparison to visual observation, polarized light microscopy allows for a more
precise determination of the phase state of anisotropic solution samples. Different phases
of samples exhibit distinct interference patterns under polarized light, presenting varied
texture structures when detected by a polarizer [8–10]. Selected representative samples
were characterized using polarized light microscopy, and the composition of these samples
is provided in Table 4.
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Table 4. The composition of typical samples.

Sample No. SCG (wt%) CAPB (wt%) H2O (wt%)

1 5 10 85
2 5 40 55
3 15 45 40
4 15 25 60

The polarized optical microscope images of samples 1–4 are shown in Figure 4. In
Figure 4a, the sample appears dark under the polarized microscope, indicating that it
belongs to an isotropic solution. Previous visual observations also confirmed the sample to
be a clear, colorless solution. Combined with visual observations and polarized microscope
characterization, it can be inferred that sample 1 is a micellar solution. Figure 4b exhibits the
characteristic “Maltese cross” pattern [68], indicating a layered phase. Figure 4c displays
fan-shaped stripes under the polarized microscope, providing strong evidence for the
existence of a hexagonal phase, as hexagonal phases exhibit distinctive fan-shaped textures
under polarized microscopy. Figure 4d shows pronounced oily streaks, suggesting that
sample 4 likely belongs to a layered phase. However, it should be noted that polarized mi-
croscopy characterizes the samples optically, providing only one perspective on their phase
behavior. To further confirm the results obtained from polarized microscopy, additional
characterization using small-angle X-ray scattering (SAXS) is necessary.
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Figure 4. Results of polarized light microscopy characterization of different samples at 25 ◦C:
(a) sample 1; (b) sample 2; (c) sample 3; (d) sample 4.

For samples in the POM characterization results where birefringence phenomenon is
not observed, they can be classified as micellar phase solutions. Both polarized light mi-
croscopy and viscosity measurements indicate their isotropic nature. Sample 1 falls into the
category of micellar phase solution, thus negating the necessity for SAXS characterization.

The small-angle X-ray scattering (SAXS) characterization results of samples 2, 3, and 4
were analyzed by calculating the ratios between the Bragg peaks to determine the phase
states of the samples. As depicted in Figure 5a, the ratio of the scattering vector q at the
Bragg peak positions is 1:2, which is a characteristic ratio for layered phases. Combined
with the “Maltese cross” pattern [68] observed in the POM (polarized optical microscope)
image in Figure 4b, it can be inferred that sample 2 exhibits a layered phase. In Figure 5b, the
ratio of the scattering vector q at the Bragg peak positions is 1:

√
3, which is a characteristic

ratio for hexagonal phases. This observation, coupled with the fan-shaped texture seen in
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the POM image in Figure 4c, indicates that sample 3 displays a hexagonal phase. Similarly,
in Figure 5c, the ratio of the scattering vector q at the Bragg peak positions is 1:2, in line with
the oily streaks observed in the POM image in Figure 4d, suggesting that sample 4 adopts
a layered phase. This interpretation integrates the small-angle X-ray scattering (SAXS) data
with the polarized optical microscopy (POM) images, providing comprehensive insights
into the phase behavior of the samples.
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3.2.2. Phase Diagram of SCG/CAPB/H2O Ternary Compound System

Based on the previous research results of this study, a phase diagram of the SCG/CAPB/-
H2O ternary system at 25 ◦C was constructed, as depicted in Figure 6. In Figure 6, S
represents the solid phase, L1 represents the micellar phase, Lα represents the lamellar
phase, and H represents the hexagonal phase. It can be observed that the SCG/CAPB/H2O
ternary system exhibits rich phase behavior, featuring one miscible phase, one micellar
phase, two liquid crystal phases, and one solid phase.
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Due to the low temperature (25 ◦C), significantly below the Krafft point of SCG (36 ◦C),
SCG exhibits low solubility and cannot completely dissolve in water. Therefore, undis-
solved surfactants swell in water, existing in the form of hydrated crystals in the aqueous
solution. On the other hand, CAPB has higher solubility and can fully dissolve in water to
form a micellar solution at low concentrations. A single SCG aqueous solution tends to
form a micelle–solid phase, resembling a suspension macroscopically. In contrast, a single
CAPB aqueous solution readily forms a micellar phase, and due to the anisotropic physical
properties of micellar solutions, its clear and transparent solution state is easily observed.

However, when the two solutions are mixed, diverse results are observed due to the
varying relative content of SCG and CAPB. With increasing CAPB content in the samples,
the less soluble solid surfactant gradually dissolves in the solution until a homogeneous
micellar phase solution is formed. This is likely due to the electrostatic interaction between
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the cationic part of CAPB and the anionic part of SCG, leading to mutual attraction between
the head groups of the two molecules and facilitating the entry of SCG molecules into the
gaps formed by CAPB micelles, thus increasing the solubility of SCG in water. Further-
more, the total mass fraction of surfactants also significantly affects the phase behavior
of the solution. As the total mass fraction of surfactants gradually increases, the solution
successively exhibits lamellar and hexagonal phases.

3.2.3. Mechanism of Phase Transition over SCG/CAPB/H2O System

In order to investigate the phase transition mechanism between different phases of
SCG/CAPB/H2O system, a series of samples were selected as the research objects. The
mass fraction, phase state, and viscosity of each component of samples 5–10 are shown in
Table 5.

Table 5. Mass fraction, phase state, and viscosity of each component of Sample 5–10.

Sample No. SCG (wt%) CAPB (wt%) H2O (wt%) Phase Viscosity (Pa·S)

5 15 5 80 S-L1 0.5168
6 5 15 80 L1 0.0072
7 5 25 70 L1 0.0176
8 10 30 60 Lα 1.1907
9 10 35 55 Lα 6.7612
10 15 35 50 H 16.3508

Sample 5 belongs to the region of mixed micelle–solid phase in the phase diagram. In
this region, SCG has not completely dissolved, and undissolved surfactant monomers form
hydrated crystals due to hydration and remain freely dispersed in the aqueous solution.
Viscosity testing was conducted on the sample, revealing that the viscosity of sample 5
is approximately 100 times that of sample 6. This could be attributed to the increased
relative content of CAPB in the solution. The cationic head groups of CAPB may exert
strong electrostatic attraction on the anionic head groups of SCG molecules, weakening
the hydrogen bonding interactions between SCG monomers and leading to the rupture
of intermolecular hydrogen bonds. As a result, the electrostatic interaction attracts SCG
molecules into the interior of CAPB micelles, increasing the solubility of SCG and reducing
the resistance to relative sliding between hydrated crystals, thereby decreasing viscosity.

Through POM, SAXS, and viscosity testing, it was observed that although samples 6
and 7 belong to the micellar phase, the viscosity of the solution increases with the higher
relative content of CAPB. This is because at this stage, both the number and size of CAPB
micelles increase, leading to an increase in relative sliding resistance between particles
in the solution. When the relative content of CAPB further increases in the solution, a
significant phase transition occurs from the micellar phase of sample 7 to the lamellar
phase of sample 8. It is speculated that the increasing compression between micelles
prevents them from maintaining their original spherical shape, and combined with the
strong hydrophobic effect of SCG molecular head groups, the micelles gradually transform
into a lamellar phase.

Samples 9 and 10 were subjected to small-angle X-ray scattering, and the SAXS results
are presented in Figure 7. Based on the scattering vector q corresponding to the first Bragg
peak, the interlayer spacing (d) for the layered phase and the distance (dH) between cylin-
drical layers in the hexagonal phase were calculated using (d = 2π/q) and (dH = 4π/

√
3q),

respectively. The calculations yielded an interlayer spacing (d) of 5.5477 nm for sample 9
and a distance (dH) between cylindrical layers of 6.0733 nm for sample 10. This indicates
that with an increase in the relative content of SCG, the system transitions from a layered
phase to a hexagonal phase, and the distance between the liquid crystal phases increases.
This increase is speculated to be due to the stronger interactions between SCG and CAPB
molecules, leading to a denser arrangement of SCG and CAPB within the cylindrical layers.



Appl. Sci. 2024, 14, 3081 13 of 16

Appl. Sci. 2024, 14, x FOR PEER REVIEW 13 of 16 
 

from maintaining their original spherical shape, and combined with the strong hydropho-
bic effect of SCG molecular head groups, the micelles gradually transform into a lamellar 
phase. 

Samples 9 and 10 were subjected to small-angle X-ray scattering, and the SAXS re-
sults are presented in Figure 7. Based on the scattering vector q corresponding to the first 
Bragg peak, the interlayer spacing (d) for the layered phase and the distance (dH) between 
cylindrical layers in the hexagonal phase were calculated using (d = 2π/q) and (dH = 
4π/√3q), respectively. The calculations yielded an interlayer spacing (d) of 5.5477 nm for 
sample 9 and a distance (dH) between cylindrical layers of 6.0733 nm for sample 10. This 
indicates that with an increase in the relative content of SCG, the system transitions from 
a layered phase to a hexagonal phase, and the distance between the liquid crystal phases 
increases. This increase is speculated to be due to the stronger interactions between SCG 
and CAPB molecules, leading to a denser arrangement of SCG and CAPB within the cy-
lindrical layers. 

 
Figure 7. The SAXS results of (a) sample 9 and (b) sample 10; the polarized light microscopy char-
acterization of (c) sample 9 and (d) sample 10. 

4. Conclusions 
In this study, we extensively investigated the physical properties of sodium cocoyl 

glycinate (SCG), including critical micelle concentration (CMC), Krafft point, and critical 
packing parameter (CPP). The synergistic effect of the SCG/CAPB surfactant complex sys-
tem was examined, and the synergistic parameters of the complex system were deter-
mined based on the critical micelle concentration under different blending ratios (X1) ob-
tained using a surface tension meter. It was observed that the interaction between SCG 
and CAPB in mixed micelles and mixed monolayers is stronger than the interaction of 
individual surfactants alone. Moreover, the surface activity of the SCG/CAPB complex 
system was significantly superior to that of the SCG system, with the CMC and 𝛾  of 
the SCG/CAPB complex system being much lower than those of the SCG system. These 
findings collectively suggest that the combination of SCG and CAPB surfactants yields 
superior results compared to using a single surfactant. 

Furthermore, the phase behavior of the SCG/CAPB/H2O ternary system was investi-
gated in detail. Solutions with different mass fractions of surfactants exhibited diverse 
phase behaviors, including micellar phase (L1), micelle–solid mixed phase (L1-S), hexago-
nal phase (H), and lamellar phase (Lα). Overall, when the mass fraction of SCG in the 

Figure 7. The SAXS results of (a) sample 9 and (b) sample 10; the polarized light microscopy
characterization of (c) sample 9 and (d) sample 10.

4. Conclusions

In this study, we extensively investigated the physical properties of sodium cocoyl
glycinate (SCG), including critical micelle concentration (CMC), Krafft point, and critical
packing parameter (CPP). The synergistic effect of the SCG/CAPB surfactant complex
system was examined, and the synergistic parameters of the complex system were de-
termined based on the critical micelle concentration under different blending ratios (X1)
obtained using a surface tension meter. It was observed that the interaction between SCG
and CAPB in mixed micelles and mixed monolayers is stronger than the interaction of
individual surfactants alone. Moreover, the surface activity of the SCG/CAPB complex
system was significantly superior to that of the SCG system, with the CMC and γCMC of
the SCG/CAPB complex system being much lower than those of the SCG system. These
findings collectively suggest that the combination of SCG and CAPB surfactants yields
superior results compared to using a single surfactant.

Furthermore, the phase behavior of the SCG/CAPB/H2O ternary system was inves-
tigated in detail. Solutions with different mass fractions of surfactants exhibited diverse
phase behaviors, including micellar phase (L1), micelle–solid mixed phase (L1-S), hexag-
onal phase (H), and lamellar phase (Lα). Overall, when the mass fraction of SCG in the
solution is relatively high, due to its poor solubility, undissolved surfactant monomers form
hydrated crystals through hydration and remain free in the aqueous solution. Conversely,
when the mass fraction of CAPB in the solution is higher, the samples tend to form lamellar
or hexagonal phases. During the investigation of the mechanism of phase transition, it was
discovered that the cationic head groups of CAPB exert a strong electrostatic attraction
on the anionic head groups of SCG molecules, leading to a weakening in the hydrogen
bonding interactions between SCG monomers. As a result, electrostatic forces replace the
hydrogen bonding interactions, causing the rupture of intermolecular hydrogen bonds.

This study enhances our understanding of surfactant complex systems involving acyl
amino acid surfactants, enriches the research on the phase behavior of acyl surfactants, and
lays a theoretical foundation for the widespread application of acyl amino acid surfactants.
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