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초록: 본 연구는 polyethylene glycol(PEG)-free 계면활성제인 polyglyceryl(PG)계 계면활성제를 이용하여 혼합 계면활          

성제의 hydrophilic-lipophilic balance(HLB) value gap이 MCT Oil-in-Water 유화액의 유화 특성과 안정성에 미치는 영            

향을 평가하였다. 혼합 계면활성제 HLB value(9.5~11.5)와 계면활성제의 양(2~4 wt%)을 독립변수로 설정하여 중심           

합성계획법(central composite design, CCD)을 수행하였다. 최적화 결과, HLB value gap이 큰 조합(ES-01)은 HLB            

value 10.37, 계면활성제의 양 3.47 wt%에서 ESI 97.7%, MDS 2.20 m, SPAN 1.00으로 나타났고, HLB value gap이                

작은 조합(ES-02)은 혼합 계면활성제 HLB value 10.26, 계면활성제의 양 3.59 wt%에서 ESI 97.4%, MDS 3.10 m,               

SPAN 0.90로 최적 조건이 도출되었다. 따라서 HLB value gap이 작은 계면활성제 조합이 큰 조합 대비 더 균일한                

계면 배열을 형성하여 안정한 것으로 확인되었다. 이는 기존 연구에서 계면활성제의 평균 HLB value의 영향만 논              

의된 것과 달리, 혼합 계면활성제의 HLB value gap이 유화 안정성에 직접적인 설계 인자로 작용함을 실험적으로              

제시한 점에서 차별성을 갖는다.

Abstract: This study evaluated the effect of the hydrophilic-lipophilic balance (HLB) value gap in mixed surfactants, 

using polyethylene glycol (PEG)-free surfactants of the polyglyceryl (PG) type, on the emulsification characteristics and 

stability of MCT Oil-in-Water emulsions. A central composite design (CCD) was conducted, setting the mixed surfactant HLB 

value (9.5~11.5) and amount of surfactant (2~4 wt%) as independent variables. As a result of optimization, the combination 

with a large HLB value gap (ES-01) showed an HLB value of 10.37 and a surfactant amount of 3.47 wt%, ESI of 97.7%, MDS 

of 2.20 m, and SPAN of 1.00. The combination with a small HLB value gap (ES-02) yielded optimal conditions at                 

a mixed surfactant HLB value of 10.26 and a surfactant amount of 3.59 wt%, ESI of 97.4%, MDS of 3.10 m, and                 

SPAN of 0.90. Therefore, the combination of surfactants with a small HLB value gap formed a more uniform interfacial 

arrangement and was more stable than combinations with a large gap. Unlike previous studies that only discussed the 

influence of the average HLB value of surfactants, this study experimentally demonstrates that the HLB value gap in 

mixed surfactants directly serves as a design factor for emulsion stability, which is a distinguishing feature of this study.

Keywords: oil-in-water emulsion, polyglyceryl ester, hydrophilic-lipophilic balance value, emulsion stability, central 

composite design.

Introduction

Oil-in-water (O/W) emulsions are thermodynamically unsta-

ble and tend to separate over time owing to various physico-

chemical mechanisms such as flocculation, coalescence, and 
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Ostwald ripening.1 A key factor determining the stability of 

these formulations is the interfacial structure between the oil 

and water phases. The composition and arrangement of mixed 

surfactant films formed at the interface directly influence drop-

let formation and long-term dispersion stability.2 Recently, 

polyglyceryl ester (PG-based) surfactants have attracted atten-

tion. Unlike polyethylene glycol (PEG) surfactants, which con-

tain ether bonds, PG-based surfactants have structures centered 

on ester bonds and do not generate oxidative byproducts; they 

possess excellent biodegradability and low irritation, making 

them increasingly popular as natural, PEG-free cosmetic ingre-

dients.3 PG-based surfactants commonly consist of a hydrophilic 

glycerol polyglyceryl-n (C3H5O)n backbone with hydrophobic 

fatty acids esterified to the backbone. The degree of hydro-

philicity and hydrophobicity varies depending on the value of 

n and the type of fatty acid, enabling the design of a wide range 

of hydrophilic-lipophilic balance (HLB) values.4 Thickeners also 

play a secondary but important role in ensuring emulsion sta-

bility. Thickeners increase the viscosity of the aqueous phase, 

reduce the rate of droplet sedimentation and flocculation, and 

lower the frequency of droplet collisions, thereby suppressing 

flocculation and coalescence. In particular, sodium polyacry-

late used in this study is an amphiphilic polymer thickener that 

adsorbs at the droplet interface to form a steric barrier, thus 

enhancing the physical stability of the emulsion.5 The oil used 

as the dispersed phase was medium-chain triglyceride (MCT) 

oil, which has been actively used in recent cosmetic formula-

tions owing to its high oxidative stability and light, refreshing 

skin feel. Accordingly, selecting a surfactant with an appropri-

ate HLB value is important.6 One important criterion for the 

selection and combination of surfactants is the HLB value, 

which indicates the balance between the hydrophilicity and 

lipophilicity of a surfactant. The HLB value ranges from 0 to 

20, with higher values indicating greater hydrophilicity and 

lower values indicating greater lipophilicity.7 It has been reported 

that when the HLB value of mixed surfactants approaches the 

required HLB value (rHLB) of the oil, the molecular packing 

at the interface becomes denser, and the strength of the inter-

facial film increases. However, previous studies have mainly 

focused on matching the average HLB value of mixed surfac-

tants to the rHLB value of the oil phase.8 To date, relatively little 

research has been conducted on the effects of the HLB value

gap between two mixed surfactants on the actual emulsification 

characteristics. As a result, the selection of mixed surfactants 

in industry often relies on conventional combinations or empir-

ical choices rather than scientific evidence or theoretical ratio-

nale, resulting in unclear standards for mixed surfactant selection. 

Therefore, this study aimed to clarify the effect of the HLB 

value gap between mixed surfactants on the emulsification 

characteristics of MCT oil-in-water emulsions and to provide 

a scientific criterion for selecting surfactant combinations. 

For this purpose, experiments were designed using central

composite design–response surface methodology (CCD-RSM)

based on combinations with large and small HLB value gaps.

The independent variables were the HLB value of the mixed 

surfactants and the amount of surfactant used, while the 

response variables were the emulsion stability index (ESI), 

mean droplet size (MDS), and droplet size distribution index, 

to compare and analyze the emulsification characteristics of 

each combination.

Experimental

Calculation of the Mixed-surfactant HLB Value. In this     

study, four polyglyceryl (PG)-based surfactants supplied by 

Ilshin Wells were used to evaluate the change in stability of O/W

emulsions as a function of the mixed-surfactant HLB value 

combinations. The molecular structures of the surfactants are 

presented in Figure 1.

Based on the HLB value gap of the mixed surfactant system, 

the formulation with a large gap was designated ES-01, and 

that with a small gap was designated ES-02. The compositions 

and HLB values of the two systems are listed in Table 1. According 

to the experimental conditions designed by CCD–RSM, the 

mixed-surfactant HLB value was calculated from the HLB val-

Figure 1. Chemical structures of the individual surfactants used in 

the formulation of ES-01 and ES-02: (a) glyceryl monostearate (used in 

ES-01); (b) polyglyceryl-10 myristate (used in ES-01); (c) polyglyceryl-

2 oleate (used in ES-02); (d) polyglyceryl-10 stearate (used in ES-02).
 Polym. Korea, Vol. 50, No. 5, 2026
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ues of the individual surfactants using Griffin’s mixing rule 

(Eq. (1)).9

 (1)

where  is the HLB value of each surfactant and fi rep-

resents the mass fraction of each surfactant in the blend.

Preparation of Emulsion. The emulsion was prepared      

using ultrapure water and sodium polyacrylate (Cosmedia SP, 

Germany) as the aqueous phase, and MCT oil (KLK Oleo, 

Malaysia) and a PG-based surfactant (Ilshin Wells, Korea) as 

the oil phase. The emulsion had an O/W ratio of 1:9 (w/w), 

and a total mass of 200 g was prepared, with the surfactant 

included in the mass of the aqueous phase. The concentration 

of the thickener was set to 0.15 wt% based on preliminary 

experiments. When the concentration of the thickener was low, 

droplet aggregation and phase separation of the emulsion 

occurred easily, whereas a higher concentration allowed the 

emulsion to remain stably maintained for more than three days. 

However, because the aim of this study was to evaluate changes 

in physical properties up to three days after preparation, the 

optimal condition was to maintain stability for at least 12 h 

immediately after emulsification and gradually separate there-

after, leading to a thickener concentration of 0.15 wt%. The 

aqueous and oil phases were weighed according to their respective 

mass ratios and heated to 70 ℃, then emulsified at 3000 rpm 

for 10 min using a high-speed stirrer (Homo mixer Mark Ⅱ 

2.5). The resulting emulsion was cooled to 30 ℃, stored in a 

25 ℃ incubator, and used for analyses to evaluate stability.

Evaluation of Emulsion Stability. To evaluate the stability       

of the emulsion, each sample was transferred into a glass bottle 

immediately after preparation and stored in a 25 ℃ incubator 

for three days for comparison and analysis. In this study, the 

response factors of RSM were set as the ESI, MDS, and Drop-

let Size Distribution Index (SPAN).

The ESI is an indicator used to assess the stability of emul-

sions, and it was evaluated by measuring the degree of phase 

separation due to gravity. The total height of the emulsion and 

the height of the cream layer in the glass bottle were measured 

and calculated using Eq. (2).10

(2)

In Eq. (2), HE represents the total height of the emulsion and 

HC represents the height of the creaming layer. An ESI value 

close to 100% indicates better emulsion stability. The mean 

droplet size (MDS) and droplet size distribution index of the 

emulsion were measured using a laser diffraction particle size 

analyzer (LA-960V2, Horiba). Ultrapure water with a refractive 

index (RI) of 1.333 was used as the dispersant, and the upper 

phase of the separated sample was used. To minimize errors during 

sample dispersion, the transmittance at red light (λ=655 nm) 

and blue light (λ=405 nm) was adjusted within the range of 

85–90%. Furthermore, to ensure the reliability of droplet size 

and distribution analyses, each condition was measured three 

times according to the ISO 13320 standard, and only samples 

with a coefficient of variation (COV) of 6% or less for D50, and 

10% or less for D10 and D90, were used for analysis.11

  (3)

In Eq. (3), wc is based on Stokes’s law and indicates the 

creaming rate of the emulsion. It is proportional to the square 

of the droplet diameter (d), increases with the density differ-

ence between the dispersed (d) and continuous (c) phases 

and gravitational acceleration (g), and decreases with the vis-

cosity of the continuous phase (). In particular, this relation-

ship indicates that as the MDS increases, the creaming rate 

increases nonlinearly, providing theoretical evidence that emul-

sion stability decreases. In other words, as the MDS decreases, 

the creaming rate decreases, resulting in less droplet separation 

due to gravity and improved physical stability of the emulsion .12

The droplet size distribution index was calculated using SPAN, 

according to Eq. (4).

 (4)
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Table 1. Composition and HLB value of Surfactant Combinations Used in This Study

Name Surfactant INCI name HLB value

ES-01
PG1-S Glyceryl monostearate 4.0

PG10-M Polyglyceryl-10 myristate 15.0

ES-02
PG2-O Polyglyceryl-2 oleate 7.5

PG10-S Polyglyceryl-10 stearate 12.0
폴리머, 제50권 제5호, 2026년
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In Eq. (4), D10, D50, and D90 represent the droplet diameters 

(m) corresponding 10%, 50%, and 90% of the cumulative 

volume of the droplet size distribution, respectively. A lower 

SPAN indicates a narrower distribution width, implying that 

the droplets are more uniformly dispersed within the emul-

sion.13

Physicochemical Characterization of Emulsions Prepared    

at the Optimal Conditions. Emulsions prepared under the       

optimal conditions predicted by CCD–RSM were character-

ized immediately after preparation and on day 7. When phase 

separation occurred, the upper and lower layers were collected 

and analyzed separately.

The droplet morphology and dispersion characteristics were 

observed using an optical microscope (KB-320, Optinity) at 

400× magnification under consistent conditions. Microscopic 

images were used to visually assess the droplet shape, disper-

sion uniformity, and presence of flocculation or coalescence.

The zeta potential was measured using a Zetasizer (Zen 3600, 

Malvern) to evaluate the electrostatic stability. Each sample 

(10 µL) was diluted in 20 mL of ultrapure water (continuous 

(b) ES-02

Table 2. Two Variables and Corresponding Response Values Using CCD-RSM

(a) ES-01

No.
Experimental Factors Levels Response Values

HLB value [-] Amount of Surfactant [wt%] ESI [%] MDS [m] SPAN [-]

1 9.50 2.00 96.0 3.41 1.24

2 11.50 2.00 94.9 3.52 1.31

3 9.50 4.00 96.8 2.57 1.09

4 11.50 4.00 96.0 2.63 1.16

5 9.09 3.00 95.6 2.84 1.24

6 11.91 3.00 95.3 3.32 1.29

7 10.50 1.59 95.0 3.41 1.35

8 10.50 4.41 97.3 2.66 1.08

9 10.50 3.00 97.6 2.29 1.03

10 10.50 3.00 97.7 2.32 1.05

11 10.50 3.00 97.4 2.25 1.01

12 10.50 3.00 97.1 2.37 1.03

13 10.50 3.00 97.8 2.19 1.02

No.
Experimental Factors Levels Response Values

HLB value [-] Amount of Surfactant [wt%] ESI [%] MDS [m] SPAN [-]

1 9.50 2.00 94.6 3.57 0.99

2 11.50 2.00 93.1 5.20 1.00

3 9.50 4.00 96.8 3.15 0.93

4 11.50 4.00 95.5 3.44 0.98

5 9.09 3.00 93.9 3.81 0.97

6 11.91 3.00 92.8 4.55 1.02

7 10.50 1.59 93.0 4.35 1.05

8 10.50 4.41 96.1 3.55 0.92

9 10.50 3.00 97.3 3.07 0.89

10 10.50 3.00 96.5 3.53 0.92

11 10.50 3.00 97.1 3.28 0.90

12 10.50 3.00 96.9 3.43 0.92

13 10.50 3.00 97.4 3.34 0.91
 Polym. Korea, Vol. 50, No. 5, 2026
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phase) and loaded into a DTS1070 cell (Malvern). Measure-

ments were performed in triplicate under identical conditions, 

and the mean values were used for analysis.

The viscoelastic properties of the emulsions were evaluated 

using a rheometer (MCR92, Anton Paar) equipped with a dou-

ble-gap geometry (DG26.7, Anton Paar). Measurements were 

conducted for the upper layer of the samples stored for 7 days. 

After determining the linear viscoelastic region (LVE range) by 

an amplitude sweep, a frequency sweep was performed within the 

LVE range to obtain the storage modulus (G′) and loss mod-

ulus (G″). Because G′ reflects elastic behavior and G″ reflects 

viscous behavior, their relative magnitudes provide important 

indicators of the physical stability and network formation in 

emulsions.14

Results and Discussion

CCD–RSM Design. Based on preliminary experiments, the      

independent variables were set to the mixed-surfactant HLB value 

(9.5~11.5) and total amount of surfactant (2~4 wt%), while the 

responses were the ESI, MDS, and SPAN. CCD–RSM was 

applied to generate 13 experimental runs for each system, and 

the experimental design and response data are presented in 

Table 2(a) and (b).

To assess the statistical significance of the models, analysis 

of variance (ANOVA) was performed, and the results are sum-

marized in Table 3(a) and (b). The F-value, P-value, and coef-

ficient of determination (R2) were used to evaluate statistical 

significance and model reliability. The F-value and P-value 

indicate the influence and significance of the independent vari-

ables; a P-value below 0.05 is generally considered statistically 

significant. The R2 value describes the goodness-of-fit of the 

regression model, and values closer to 100% indicate higher 

model adequacy and reliability.15

In Table 3, x1 and x2 denote the independent variables,

namely the mixed-surfactant HLB value and amount of sur-

factant, respectively. ANOVA results confirmed that, for both 

systems, the regression models were statistically significant for 

all responses (P-values below 0.05), and the R2 values exceeded 

90%, indicating high reliability. In addition, the lack-of-fit P-

Table 3. CCD-RSM Variance Analysis of Regression Coefficients for Various Response Values in Emulsification

(a) ES-01

Source
ESI [%] MDS [m] SPAN [-]

F-value P-value F-value P-value F-value P-value

Module 21.59 < 0.001 36.81 < 0.001 40.49 < 0.001

x1 5.63 0.049 5.82 0.047 5.73 0.048

x2 27.65 0.001 62.90 < 0.001 66.08 < 0.001

x1
2 58.39 < 0.001 68.98 < 0.001 93.24 < 0.001

x2
2 24.77 0.002 61.29 < 0.001 53.60 < 0.001

x1x2 0.19 0.678 0.04 0.846 < 0.001 0.987

Lack of fit 2.30 0.219 6.38 0.053 5.48 0.067

R2 93.9% 96.3% 96.7%

(b) ES-02

Source
ESI [%] MDS [m] SPAN [-]

F-value P-value F-value P-value F-value P-value

Module 16.40 0.001 12.84 0.002 15.94 0.001

x1 5.69 0.048 16.95 0.004 7.75 0.027

x2 24.22 0.002 21.12 0.002 22.61 0.002

x1
2 41.82 < 0.001 14.58 0.007 30.86 0.001

x2
2 16.12 0.005 6.90 0.034 23.00 0.002

x1x2 0.02 0.881 6.92 0.034 1.59 0.247

Lack of fit 6.26 0.054 3.71 0.119 4.31 0.096

R2 92.1% 90.2% 91.9%
폴리머, 제50권 제5호, 2026년
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values were greater than 0.05, supporting model adequacy. For 

both systems, the linear effect of x2 was stronger than that of 

x1, as reflected by higher F-values, indicating that the amount 

of surfactant had a greater linear contribution. However, among 

nonlinear terms, x1
2 showed a larger effect than x2

2, suggesting 

that the mixed-surfactant HLB value exerted a stronger influ-

ence on the response behavior in the nonlinear region.

Effect of Mixed-surfactant HLB Value. Figure 2 and Fig-        

ure 3 present contour plots constructed from the regression 

equations, illustrating the changes in the responses as functions 

of the independent variables, namely the mixed-surfactant HLB 

value and amount of surfactant, for ES-01 and ES-02, respec-

tively.

The regression models describing the effects of the mixed-

surfactant HLB value on ESI for ES-01 and ES-02 are given 

as follows.

(5)

 (6)

As shown in Figure 2(a) and Figure 3(a), the quadratic coef-

ficients of x1
2 in the regression equations are negative, indicat-

ing that ESI initially increased with increasing HLB value, 

followed by a slight decrease beyond an optimal HLB value. 

This behavior can be attributed to insufficient stabilization of 

the aqueous phase at low HLB values, which may promote 

droplet flocculation and formation of an unstable interfacial 

film. At the optimal HLB value, surfactant molecules are 

expected to pack efficiently at the interface, minimizing inter-

facial tension and maximizing stability. In contrast, at higher 

HLB values, excessive hydrophilicity may lead to increased 

dissolution/dispersion of surfactant molecules into the aqueous 

phase rather than remaining at the interface, thereby reducing 

the stabilization efficiency.16

The regression equations for MDS were obtained as follows:

(7)

(8)

Because the quadratic coefficients in the MDS models are 

positive, MDS decreased at first with increasing HLB value 

and then increased again after the optimum, which is consis-

tent with the trends observed in Figure 2(b) and Figure 3(b). At 

low HLB values, interfacial stabilization on the oil side may be 

relatively sufficient, whereas stabilization of the aqueous con-
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Figure 2. Contour graphs showing the effects of HLB value and sur- 

factant amount on (a) ESI; (b) MDS; (c) SPAN for ES-01.
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tinuous phase can be inadequate, resulting in the formation of 

larger droplets. At the optimal HLB value, more balanced inter-

facial packing is expected, leading to minimization of droplet 

size.17 At higher HLB values, excessive hydrophilicity may 

reduce effective adsorption/interaction at the oil–water inter-

face, resulting in an increase in MDS. Notably, at the same 

amount of surfactant, higher mixed-surfactant HLB values tended 

to yield larger MDS than lower HLB values. This trend may 

be related to an increased fraction of more hydrophilic PG10-

based surfactants (PG10-M and PG10-S) at higher HLB val-

ues, which could increase the effective molecular weight and 

interfacial cross-sectional area, thereby increasing the preferred 

radius of curvature and leading to larger droplets. In addition, 

enhanced hydrophilicity of the dispersed phase may facilitate 

partial migration of surfactant-associated species into the con-

tinuous phase and subsequent droplet association, which may 

contribute to droplet growth or aggregation.8

The regression equations for SPAN were obtained as fol-

lows:

(9)

(10)

As shown in Figure 2(c) and Figure 3(c), SPAN decreased as 

the mixed-surfactant HLB value increased. This indicates that, 

at low HLB values, the coexistence of relatively large and 

small droplets resulted in a broad size distribution and thus a 

higher SPAN. At the optimal HLB value, a better balance in 

affinity between the oil and aqueous phases likely improved 

interfacial packing and droplet uniformity, leading to the min-

imum SPAN. Beyond the optimal HLB range, SPAN increased 

again. This trend is consistent with previous findings that 

denser surfactant packing at the interface promotes a more uni-

form droplet size distribution.18

Overall, the mixed-surfactant HLB value was confirmed to 

be a key factor affecting ESI, MDS, and SPAN. At low HLB 

values, insufficient stabilization of the aqueous phase likely 

promoted droplet aggregation, whereas at high HLB values, 

excessive hydrophilicity may have caused surfactants to par-

tition preferentially into the aqueous phase rather than remain 

at the interface, reducing stabilization efficiency. Therefore, 

interfacial stabilization is maximized at an optimal mixed-sur-

factant HLB value, highlighting its critical importance in emul-

sion system design.

Effect of Amount of Surfactant. In Figure 2(a) and Figure    

3(a), both systems showed a clear increase in ESI as amount of 

surfactant increased, followed by a slight decrease beyond the 
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Figure 3. Contour graphs showing the effects of HLB value and sur-

factant amount on (a) ESI; (b) MDS; (c) SPAN for ES-02.
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optimal concentration. At low surfactant levels, insufficient 

adsorption at the interface likely resulted in poor stability; as 

the amount increased, interfacial coverage approached satura-

tion and droplet–droplet association was suppressed, improv-

ing stability.19 At relatively low amounts, surfactant molecules 

tend to remain as monomers in solution, where the entropy of 

mixing dominates. However, once the amount of surfactant 

exceeds the critical micelle concentration (CMC), surfactant 

molecules spontaneously self-associate to form small colloidal 

aggregates referred to as free micelles. Under such conditions, 

the interface may already be saturated, and additional surfac-

tant is less likely to further enhance emulsion stability.20

In Figure 2(b) and Figure 3(b), MDS gradually decreased 

with increasing amount of surfactant. When surfactant was 

insufficient, interfacial tension reduction at the oil–water boundary 

was limited, leading to the formation of larger droplets. In contrast, 

when surfactant was excessive, the formation of free micelles 

likely reduced the fraction of surfactant available for interfacial 

adsorption, thereby limiting further decreases in droplet size. 

At the optimal amount of surfactant, efficient interfacial orga-

nization may maintain a balance between attractive van der 

Waals interactions and repulsive forces, resulting in smaller 

and more stable droplets.21

Similarly, SPAN in Figure 2(c) and Figure 3(c) was relatively 

high at a low amount of surfactant, but reached a minimum 

near the optimal condition. Beyond this point, SPAN no longer 

decreased and showed only minor changes. This can be inter-

preted as follows: when surfactant is insufficient, interfacial ten-

sion remains relatively high and droplet size uniformity decreases; 

additionally, Ostwald ripening may broaden the size distribu-

tion as smaller droplets diminish and larger droplets grow. In 

contrast, at an excessive amount of surfactant, free micelle for-

mation may increase inefficiencies in the interfacial surfactant 

distribution, limiting further improvements in droplet-size uni-

formity.22-23

Taken together, an optimal amount of surfactant resulted in 

balanced improvements across all responses, suggesting efficient 

interfacial action of the surfactants. These results indicate that 

controlling the amount of surfactant is an essential consider-

ation in emulsion formulation design.

Comparison of Emulsification Characteristics of Emulsions     

Prepared at the Optimal Conditions. In this study, optimal        

emulsification conditions were determined for two mixed-sur-

factant systems with different HLB value gaps, and the phys-

icochemical properties of ES-01 and ES-02 emulsions prepared at 

their respective optima were comparatively evaluated. From 

the multi-response optimization, the optimum for ES-01 was 

obtained at a mixed-surfactant HLB value of 10.37 and amount 

of surfactant of 3.47 wt%, yielding ESI of 97.7%, MDS of 

2.20 m, and SPAN of 1.00. For ES-02, the optimum was 

derived at a mixed-surfactant HLB value of 10.26 and amount 

of surfactant of 3.59 wt%, with ESI of 97.4%, MDS of 3.10 m, 

and SPAN of 0.90.

When comparing the predicted responses with experimental 

validation, ES-01 showed ESI of 97.3%, MDS of 2.41 m, 

and SPAN of 1.03, with an average error within ±4.05%. For 

ES-02, the experimental results were ESI of 96.9%, MDS of 

3.25 m, and SPAN of 0.90, with an average error within ±3.67%. 

These results suggest that, in PG-based surfactant systems for 

MCT O/W emulsions, an appropriate combination of the mixed-

surfactant HLB value and amount of surfactant plays a critical 

role in interfacial stabilization.

The emulsions prepared at the optimal conditions were fur-

ther characterized during storage for 7 days, and the upper and 

bottom layers were separately collected for analysis. Droplet 

size distribution and microstructure were evaluated using a 

particle size analyzer and optical microscopy, while electro-

static stability and viscoelastic properties were assessed using 

a Zetasizer and Rheometer, respectively.

First, using a particle size analyzer, the MDS and SPAN of 

ES-01 and ES-02 were analyzed, which revealed different par-

ticle size characteristics, as shown in Figure 4. In Figure 4, 

both combinations displayed a gradual increase in the MDS 

and SPAN of both the upper and lower layers as the storage 

period progressed. This phenomenon indicates the occurrence 

of droplet aggregation and coalescence at the interface, reflect-

ing the characteristics of a thermodynamically unstable emulsion 

system. The interfacial free energy of the emulsion system can 

be expressed as shown in Eq. (11).

(11)

Here, dG represents the change in interfacial free energy, 

SdT is the entropy term, Ad is the interfacial term due to 

interfacial tension, and nidi indicates the composition term. 

In other words, the free energy of the emulsion depends directly 

on the interfacial energy and the surface area of the droplets; 

thus, to minimize the free energy, the emulsion system tends to 

stabilize itself by minimizing the surface area of the droplets 

through aggregation and coalescence. Therefore, it can be inter-

preted that MDS and SPAN gradually increase as storage time 

elapses.24

In the upper layer of Figure 4(a) and Figure 4(b), ES-01 had 

 
ii   dG S dT Ad n d     
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a relatively small MDS but displayed a large SPAN, indicating 

a high polydispersity, whereas ES-02 showed a somewhat 

higher MDS but a lower SPAN, demonstrating a monodisperse 

distribution. This suggests that in ES-01, which has a large HLB 

value gap, the surfactant molecules are unevenly arranged at 

the interface, causing both large and small droplets to coexist. 

In contrast, ES-02, with a small HLB value gap, achieved an 

optimized ratio of hydrophilic and hydrophobic groups at the 

interface, resulting in the formation of monodisperse droplets. 

Longer chain lengths in PG-based surfactants result in better 

saturation on the droplet surface but yield a relatively larger 

MDS. Shorter chains, on account of smaller molecular weight 

and size, allow for faster adsorption kinetics and less steric hin-

drance, leading to the formation of droplets with greater cur-

vature and thus a relatively smaller MDS.25 Moreover, the higher 

the degree of glycerol polymerization in PG-based surfactants, 

the larger the hydrophilic head, forming a stronger steric bar-

rier and allowing for faster and more uniform adsorption to the 

interface, making it more stable.26 Therefore, ES-01, composed 

of shorter chains (PG1-S and PG10-M) compared to ES-02 

(PG2-O and PG10-S), had a relatively lower MDS, but because 

of its lower glycerol polymerization degree, it was less stable 

and showed a relatively higher SPAN. 

Notably, in the lower layer of Figure 4(c) and Figure 4(d), 

the MDS increased rapidly from 2.38 m initially to 3.65 m 

after seven days of storage, and the SPAN showed a sharp rise 

from 0.92 to 1.34. This indicates that structural instability of 

the interfacial film due to the large HLB value gap accelerated 

polydispersity by promoting droplet coalescence, meaning aggre-

gation and coalescence continued steadily over time. Meanwhile, 

Figure 4. Time-dependent changes in (a) MDS of the upper layer; (b) SPAN of the upper layer; (c) MDS of the bottom layer; (d) SPAN of

the bottom layer for emulsions prepared with different surfactant combinations.
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ES-02, with relatively longer chain lengths and a higher degree 

of glycerol polymerization, yielded larger but more stable and 

uniform droplets. This is believed to occur because small-headed 

PG2-O fits between large-headed PG10-S, changing the optimal 

curvature of the interface, thereby achieving higher surface ten-

sion and lower interfacial tension. This is consistent with previous 

studies that found using surfactants with an appropriate hydro-

philic-lipophilic volume ratio reinforces the interfacial layer, 

preventing droplet fusion and resulting in a stable emulsion.27

In particular, in contrast to ES-01, ES-02 showed that the MDS 

in the upper layer increased rapidly from 2.75 m to 3.32 m 

within the first three days, then rose slowly to 3.72 m, and 

both layers maintained a relatively stable SPAN. This suggests 

that, with surfactants of similar HLB values, droplets concen-

trated in the upper layer due to creaming initially underwent 

collision and coalescence but quickly restabilized as the inter-

facial film rearranged.

Next, changes in droplet size and distribution in the upper 

and bottom layers of ES-01 and ES-02 emulsions were observed 

immediately after preparation and after three and seven days of 

storage, using optical microscopy images as shown in Figure 5 

and Figure 6. Immediately after preparation, both combina-

tions exhibited relatively spherical droplets evenly dispersed, 

but from the third day of storage, the upper layers began to 

show aggregation of smaller droplets, and by the seventh day, 

these combined to form relatively larger droplets. In the bottom 

Figure 5.  Optical microscopy images of ES-01 emulsions showing: (a) immediately after preparation; (b) upper layer after 3 days; (c) bottom 

layer after 3 days; (d) upper layer after 7 days; (e) bottom layer after 7 days (scale bar = 10 m).
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layers, due to the presence of a water-phase thickener, there was 

less aggregation compared to the upper layer, but after seven 

days, clusters of small droplets around large droplets were still 

observed, suggesting gradual interfacial destabilization was 

underway.

Optical microscopy showed that ES-02 had larger droplet 

sizes than ES-01, consistent with earlier particle size analysis. 

ES-01 initially exhibited a distribution of small and compact 

droplets, but rapid aggregation and coalescence occurred over 

time. This is interpreted as resulting from decreased interfacial 

stability in a mixed surfactant system with a large HLB value 

gap, where surfactant molecules are unevenly arranged at the 

interface. In contrast, ES-02 formed relatively large droplets 

initially, but maintained a fairly stable distribution during stor-

age, owing to a small HLB value gap that allowed for more 

uniform molecular arrangement at the interface. In addition, 

the high glyceryl polymerization degree of PG10-S created a 

strong steric barrier, effectively suppressing droplet coales-

cence.

Figure 7 is a graph showing the changes in zeta potential of 

the upper and bottom layers according to the HLB value gap 

of the surfactant. For both ES-01 and ES-02, the absolute value 

of the zeta potential increases until the third day of storage, 

then decreases. This is believed to be the period during which 

the surfactant rearranges on the droplet surface and achieves 

stabilization.28 For ES-01, based on the absolute value, it started 

Figure 6. Optical microscopy images of ES-02 emulsions showing: (a) immediately after preparation; (b) upper layer after 3 days; (c) bottom 

layer after 3 days; (d) upper layer after 7 days; (e) bottom layer after 7 days (scale bar = 10 m).
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at –43.6 mV, increased to –53.3 mV on the third day, and then 

decreased to –49.5 mV. This is associated with the structural 

weakening of the interfacial membrane due to the uneven molec-

ular arrangement at the interface, caused by the extreme hydro-

philicity and hydrophobicity difference. ES-02 increased from 

–55.9 mV to –71.8 mV on the third day, and then decreased to 

–55.4 mV. After the third day, it was also confirmed that creaming 

was almost complete, so the amount of change was not sig-

nificant. Since both the upper and bottom layers of ES-02 have 

a larger absolute value than ES-01, it can be interpreted that 

ES-02 has greater repulsive forces between droplets than ES-

01, thus preventing aggregation and coalescence and resulting 

in superior physical stability. This is believed to be due to the 

formation of a dense and uniform molecular arrangement at 

the interface, creating a strong electric double layer.29 In both 

combinations, the bottom layer maintained a slightly higher 

absolute value than the upper layer, which can be interpreted as 

the result of using sodium polyacrylate as a thickener, which 

forms a large number of carboxylate groups in aqueous solu-

tion and exhibits strong negative charge, thus producing a 

higher zeta potential.30

Figure 8 shows the rheometer measurement results of the 

upper phase separated layer of ES-01 and ES-02 after seven 

days of storage. Figure 8(a), the amplitude sweep, which shows 

the changes in storage modulus (G') and loss modulus (G'') as 

shear strain increases from 0.1% to 100% at a constant frequency 

of 1 rad/s. ES-01 had a shorter linear viscoelastic region com-

pared to ES-02, and G'' was greater than G' in all regions. For 

Figure 7. Zeta potential variations of the upper and bottom layers 

in (a) ES-01; (b) ES-02 emulsions over a 7 day storage period.
Figure 8. Rheological properties of ES-01 and ES-02 emulsions 

after 7 days of storage: (a) amplitude sweep; (b) frequency sweep.
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ES-02, G' was greater than G'' at low shear strain, but as the shear 

strain increased, G'' became larger. Also, compared to ES-01, 

the absolute values of both G' and G'' were generally higher 

and the linear viscoelastic region was longer, indicating that it 

can withstand relatively higher shear strain. Figure 8(b), the 

frequency sweep, shows the values of G' and G'' when the shear 

strain is kept constant at 0.5% and the frequency is varied from 

0.1 to 10 Hz. At first, both systems were gel-like since the stor-

age modulus predominated, but as the frequency increased, loss 

modulus became dominant, showing more liquid-like behavior. 

For ES-01, the network between droplets easily broke down 

even at low frequency, which is why G'' was predominant. 

Similar to the amplitude sweep, ES-02 showed a higher abso-

lute value for the modulus compared to ES-01, and the fre-

quency at which G'' overtakes G' was also higher for ES-02. 

This suggests that the dense adsorption layer of surfactant mol-

ecules in ES-02 forms a strong steric barrier, providing excel-

lent structural resilience to external stimuli.31

Conclusion

In this study, the impact of the HLB value gap of polyglyc-

eryl (PG-based) mixed surfactants on the emulsification prop-

erties of MCT Oil-in-Water emulsions was evaluated. According 

to the CCD-RSM results, which set the mixed surfactant HLB 

value and surfactant amount as independent variables, for ES-

01, the optimal conditions were a mixed surfactant HLB value 

of 10.37 and surfactant amount of 3.47 wt%, resulting in an 

ESI of 97.7%, MDS of 2.20 m, and SPAN of 1.00. For ES-

02, the optimal conditions were a mixed surfactant HLB value 

of 10.26 and surfactant amount of 3.59 wt%, yielding an ESI 

of 97.4%, MDS of 3.10 m, and SPAN of 0.90. It was con-

firmed that the ES-02 combination, with a smaller HLB value 

gap, exhibited superior droplet distribution uniformity and 

droplet stability. Both combinations achieved a certain level of 

stability despite being thermodynamically unstable systems. 

However, ES-01, with a larger HLB value gap, formed rela-

tively smaller MDS but had a larger SPAN, and aggregation 

and coalescence proceeded rapidly during storage. In contrast, 

ES-02, with a smaller HLB value gap, formed slightly larger 

MDS but demonstrated a smaller SPAN, maintaining high zeta 

potential and excellent viscoelastic properties over the storage 

period. These results show that the HLB value gap directly 

affects the uniformity of surfactant molecular arrangement, the 

structural strength of the interfacial film, and the electrostatic 

repulsion between droplets, playing a decisive role in the long-

term stability of emulsions. This indicates that, in addition to 

the average HLB value of mixed surfactants, the HLB value 

gap also significantly influences interfacial structure and emul-

sification properties. Therefore, this study suggests that intro-

ducing the concept of the HLB value gap in the design of PG-

based, PEG-free emulsion systems can serve as a foundational 

reference for developing more stable and uniform cosmetic 

formulations.
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