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Abstract 
Compared with traditional surfactant-stabilised emulsions, Pickering emul-
sions, stabilised by clay nanoparticles, have the advantages of strong interface 
stability, strong versatility, and low toxicity. Moreover, they have excellent 
application potential in the fields of food and medicine. In this study, a 
food-grade Pickering emulsion stabiliser was prepared by physically adsorb-
ing the cationic surfactant ethyl lauroyl arginate (LAE) on the surface of na-
no-montmorillonite (NMMT). Different LAE/NMMT combinations were 
assessed for their capacity to stabilise an oil-in-water emulsion at a low solid 
concentration (0.5%, w/v). The controllability of the droplet diameter and 
stability of the Pickering emulsions can be realised by changing the content of 
LAE. Scanning electron microscopy (SEM), and laser confocal microscopy 
(CLSM) confirmed the successful preparation of sunflower oil Pickering 
emulsion droplets stabilised by LAE/NMMT (0.0075%/1%). Additionally, the 
LAE/NMMT studied in this work could be used as a highly effective antibac-
terial surfactant with inorganic nanoparticles to efficiently stabilise Pickering 
emulsions, thus expanding the potential of preparing edible Pickering emul-
sion formulae. 
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1. Introduction 

The emulsion is thermodynamically unstable and requires particular strategies 
to ensure long-term stability [1]. Pickering emulsions stabilise emulsions uni-
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quely, by virtue of forming a dense granular film at the oil/water interface to sta-
bilise the droplets [2]. Compared with traditional emulsions stabilised by small 
molecular surfactants such as Tween and Span, the adsorption of particles in 
Pickering emulsions at the oil-water interface is irreversible, thus ensuring that 
Pickering emulsions have the advantages of strong stability, isothermal quench-
ing resistance, and good safety. Therefore, Pickering particles exhibit good ap-
plication potential for carrying and releasing active substances and improving 
nutritional quality [3] [4]. Moreover, Pickering emulsions are an ideal choice for 
food manufacturers because of their low particle concentration. Thus, research 
into Pickering emulsions is very dynamic within the food industry and is ex-
pected to provide a safe and green food-grade emulsion formula [5] [6]. 

Nano-montmorillonite (NMMT), a type of 2D inorganic nanoparticle, exhi-
bits excellent adsorption capacity and expansibility and also exhibits the charac-
teristics of flexibility, low density, high moldability, heat stability, good strength, 
and chemical stability, which ensure it is widely used [7] [8]. However, the 
property of two-dimensional platelet-like NMMT is severely hindered by its 
tendency to aggregate or stack. Methods to solve this problem have been pro-
posed, including the creation of hierarchical structures, the generation of inter-
layer spaces, and the assembly of 2D-material sheets into 3D macrostructures 
[9]. Moreover, the surface of NMMT contains many hydrophilic hydroxyl 
groups; thus, when preparing Pickering emulsions as solid-particle stabilisers, it 
is necessary to modify the nano-clay particles to adjust their surface potential 
and wettability [10] [11]. The amphipathic nano-sized clay particles that are hy-
drophobically modified are usually suitable for fabricating Pickering emulsions 
exhibiting excellent stability. Ethyl lauroyl arginate (LAE) is a cationic surfactant 
with broad-spectrum antibacterial function, and is widely used in the cosmetics 
and food industries in many countries worldwide. LAE has been approved by 
the Codex Alimentarius Commission as a food processing aid [12] [13]. As a 
surfactant, LAE has been successfully applied to many Pickering systems [14] 
[15]. The particles of the LAE/NMMT composite should be partially wetted by 
two phases of the Pickering emulsion; NMMT is too hydrophilic, therefore, its 
emulsifying ability is weak, and the hydrophobic tail of LAE improves the am-
phipathic property of the LAE/NMMT composite, thereby, enhancing the appli-
cation potential of the Pickering emulsion system as a stabiliser in the food in-
dustry [16] [17]. 

Herein, we evaluate the microstructure and physicochemical properties of a 
sunflower oil Pickering emulsion stabilised by LAE/NMMT electrostatic com-
plexes. The interaction mechanism between LAE and NMMT in aqueous solu-
tion and the properties of the Pickering emulsion system comprising different 
LAE contents were analysed and characterised. Ultra-high resolution confocal 
laser scanning microscopy (CLSM) was used to determine the particle distribu-
tion of the LAE/NMMT complex at the oil-water interface and the continuous 
phase, to study the general mechanism behind the stability of the Pickering 
emulsion. Routine experiments of stability analysis, rheological properties, in-
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fluence of pH values, and long-term storage stability were performed to provide 
theoretical support and feasible preparation methods for the preparation of 
food-grade green Pickering emulsion systems. The introduction of functiona-
lised nano-montmorillonite into food-grade emulsions to prepare stable and 
edible emulsions is a long-term project that will facilitate the colloid interface 
chemistry and enrich the application of clay materials in food science. 

2. Materials and Methods 
2.1. Materials 

Nano-montmorillonite, a platelet-like particle with a thickness of 1 nm and a di-
ameter of 20 to 25 nm, was purchased from Macklin (Shanghai, China) as a white 
powder; Ethyl-Nα-lauroyl-L-arginate hydrochloride (≥98% purity, C20H41N4O3Cl, 
MW 421.02) was provided by Macklin (Shanghai, China); sunflower seed oil, 
corn oil, and docosahexaenoic acid were purchased from a supermarket and 
were not purified further before use; alkenyl succinic anhydride (ASA) was 
purchased from Kemira (Shanghai, China); liquid paraffin, hexane, dode-
cane, and n-heptane were purchased from Macklin (Shanghai, China). Nile 
blue and Nile red were provided by Aladdin (China). All chemical reagents 
were analytically pure and were used without further purification. Ultrapure 
water (18.2 M∙Ω∙cm) (Elga PURELAB flex 4, UK) was used to prepare all so-
lutions. 

2.2. Preparation and Characterisation of LAE/NMMT Complexes 

Deionised water was used to prepare the NMMT powder in a 2 wt% suspension, 
stirred, and allowed to stand for one week to swell fully. Thereafter, a specific 
quantity of LAE (0 - 0.05 wt%) was added to the NMMT suspension, and the ob-
tained mixture was shaken for 30 s, and treated with a KQ-700V ultrasonic cell 
disruptor (Kunshan, China) for 5 min to obtain a suspension of the LAE/NMMT 
complex. Photographs of the LAE/NMMT suspensions comprising the different 
LAE concentrations were taken and the suspensions were used immediately after 
preparation. 

A Nano-ZS Zetasizer instrument (Malvern Instruments, UK) was used to measure 
the zeta potential and droplet size of the samples. Before measurement, the sam-
ple was diluted with deionised water to avoid multiple scattering effects. The in-
terfacial tension was measured using the drape method using an OCA25 auto-
matic video optical contact angle metre (Dataphysics, Germany). Sunflower oil 
was added to the cuvette, and the transmittance of sunflower oil was checked 
before measurement. In brief, solution suspension droplets (5 μL) containing 
pure NMMT or the LAE/NMMT complex formed at the end of the low reten-
tion pipette tip immersed in the oil phase. After balancing the formed droplets at 
ambient temperature (25˚C) for 10 min, the interfacial tension was calculated 
according to the droplet shape that was recorded in the balancing process. The 
surface tension was measured using the same method but air was used as the 
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continuous phase. The optical turbidity (at 600 nm) of the LAE/NMMT complex 
suspension was measured using an ultraviolet-visible spectrophotometer (Agi-
lent, China) operating at ambient temperature. The sample was contained in an 
optical element having an optical path length of 1.0 cm. All measurements were 
performed on freshly prepared duplicate samples within 2 h of preparation. The 
three-phase contact angles were measured using an OCA40 micro contact angle 
measuring tool (Dataphysics, Germany) and a traditional particle-platelet me-
thod [18]. Prior to measurement, an HY-12 tablet machine (Tianguang, China) 
was used to coat the solid particles onto 2 mm-thick circular pieces. The NMMT 
and LAE/NMMT samples were analysed using a Fourier transform infrared spec-
trometer (ALPHA Bruker, Germany) with a scanning range of 4000 - 400 cm−1. 
The morphology was observed using a JEM 2100 tungsten filament 80 kV trans-
mission electron microscope (Hitachi, Japan). 

2.3. Preparation and Characterisation of LAE/NMMT-Pickering  
Emulsion 

The ratio of sunflower oil to the LAE/NMMT complex suspension was 1:5, and 
the LAE/NMMT-Pickering emulsion was obtained using ultrasonic treatment (3 
min) with an ultrasonic cell disruptor (KQ-700 V Kunshan, China). Before cha-
racterisation, photographs and micrographs of the emulsion were taken within 6 
h of preparation. 

Pickering emulsions obtained by emulsifying n-hexane with LAE/NMMT 
complexes were diluted 20 times and then dropped onto a single-layer mica 
sheet via a pipette. After the oil phase was completely volatilised by freeze dry-
ing, the morphology of the droplets of the LAE/NMMT-Pickering emulsion and 
the particle film of the LAE/NMMT complexes, coated on the surface of drop-
lets, were observed by AFM (Multimode 8, Bruker, USA). All rheological mea-
surements were performed using a strain-controlled rheometer (MCR 300, An-
ton Paar, Germany) using a cone and plate clamp. The cone had a diameter of 50 
mm and a radius of 0.0398 rad. The gelation of the LAE/NMMT-Pickering 
emulsion was detected by frequency scanning (0.1 - 100 rad/s) and shear scan-
ning (shear rate 0.01 - 100 s−1), and the relationship between the elastic modulus, 
loss modulus, and frequency was recorded. During the measurements, the tem-
perature was maintained at 25˚C. The Pickering emulsion, obtained by emulsi-
fying n-hexane with LAE/NMMT, was diluted 20 times and then dropped onto a 
conductive glass sheet. The oil phase of the emulsion was completely volatilised by 
freeze drying. The morphology of the droplets of the LAE/NMMT-Pickering emul-
sion and the particle film of the LAE/NMMT compound, coated on the surface of 
the droplets, were observed using AFM (Multimode 8, Bruker, USA). To observe the 
aggregation of NMMT in the emulsion system, the dyed LAE/NMMT-Pickering 
emulsion was observed using a laser confocal microscope (SP8-X, Leica, Ger-
many). Before observation, oil droplets (2 mL, top layer) were stained with Nile 
Red solution (0.2 mL). After mixing evenly with a pipette and equilibrating at 
ambient temperature for 10 min, the stained sample (6 μL) was transferred to a 
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microscope slide and covered with a cover glass. The excitation and emission 
spectra of Nile Red were 488 and 539 nm, respectively. Optical microscopy (Lei-
ca, Germany) images of the LAE/NMMT complex and sunflower oil were taken 
simultaneously with a 63 × oil immersion objective lens. Before preparing the 
emulsion, sunflower oil was dyed with Nile Red, and NMMT was stained with 
Nile blue. The excitation and emission spectra of Nile blue were obtained at 633 
and 672 nm, respectively. An SU3500 scanning electron microscope (Hitachi, 
Japan) equipped with a cryo-SEM preparation system was employed to examine 
the morphology of the droplets stabilised by LAE/NMMT. 

3. Results and Discussion 
3.1. Characterisation of LAE/NMMT 

The possible electrostatic binding and interaction between NMMT and LAE is 
shown in Figure 1(a). The combination of NMMT and LAE mainly depends on 
the surface property of NMMT and the characteristics of the tail and head 
groups of LAE, which follow the complex process of the oppositely charged po-
lymer and/or surfactant system [19]. As expected, the zeta potential, turbidity, 
and interfacial behaviour of the LAE/NMMT complexes were affected by the  
 

 

Figure 1. (a) Schematic drawing (not to scale) of electrostatic binding between the na-
no-montmorillonite and the guanidinium group of LAE. (b) Zeta potential of NMMT 
(2.0 wt%) dispersed in aqueous LAE solutions as a function of initial surfactant content. 
(c) Surface tension and interfacial tension of aqueous solutions containing LAE without 
and with nano-montmorillonite nanoparticles (2.0 wt%) as a function of initial surfactant 
concentration at 25˚C. (d) FTIR spectra of original NMMT and modified NMMT with 
LAE. (d) TEM images of the prime NMMT platelets and ((e), (f)) LAE/NMMT complex-
es. 
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quantity of LAE added. As the LAE concentration increased (0 - 0.05 wt%), the 
suspension became increasingly turbid, but the obvious macroscopic phase se-
paration did not occur (Figure 1(a)). It can be explained by the electrostatic sta-
bility caused by strong electrostatic repulsion between LAE/NMMT complexes 
at low LAE concentration [17]. The bonding between the LAE and NMMT sur-
faces is determined mainly by the long-range electrostatic attraction between the 
sulfuric acid group and the cationic head group of LAE. NMMT is covered by 
the surfactant, LAE, and its negative surface is neutralised, leading to a change in 
the zeta potential (Figure 1(a)).  

The surface (air-water) and interface (sunflower oil-water) behaviours of the 
LAE/NMMT complexes were studied using a video contact angle measuring in-
strument with the hanging drop method (see Figure 1(c)). The surface tension 
of the LAE/NMMT suspension decreased from 72 to 42 mN/m, and the interfa-
cial tension decreased from 25.5 to 15 mN/m, with the addition of LAE. At ap-
proximately 0.01 wt% LAE, interface tension and surface tension both decreased 
obviously, indicating the hydrophobic interactions between LAE tail groups. It 
was the result of the increase of LAE content and the basic polymer-induced 
micellization caused by negatively charged NMMT surface [14]. When the con-
centration of LAE (CLAE) was 0.03 wt%, the surface and interfacial tension 
reached a plateau of 41 and 15 mN/m, respectively. This may be due to the dis-
sociative LAE micelles in the continuous phase, indicating the saturation point 
where the LAE binds to NMMT through electrostatic interaction. The experi-
mental results also indicate that the LAE/NMMT complex can significantly re-
duce the interfacial tension to sunflower oil, which could be explained by the 
hydrophobic modification of NMMT by LAE. 

The FT-IR spectra of the original NMMT, LAE, and LAE/NMMT complex are 
shown in Figure 1(d). The adsorption of LAE onto the NMMT surface was con-
firmed by multiple peaks. The two new bands at 2849 cm−1 and 3061 cm−1 are 
attributed to the symmetrical stretching and asymmetrical of CH2 from the long 
alkyl chain of LAE [20]. In the FT-IR spectrum of the LAE/NMMT, the band at 
1731 cm−1 corresponds to the carbonyl group of the side chain of LAE. Moreo-
ver, the signals at 1527 cm−1 and 1380 cm−1 are related to amide II (combined 
C-N stretching N-H deformation) and the deformation vibration of the satu-
rated C-H on the methyl group, respectively. This result is consistent with those 
of previous reports [20] [21]. Transmission electron microscopy (TEM) was em-
ployed to further study the structure of the complexes (Figures 1(e)-(g)). The 
origin NMMT particles comprised stacked irregular clusters of nanoplatelets, which 
may be induced by the nanoscale structure and electrostatic attraction of the mont-
morillonite (Figure 1(e)). However, with the addition of LAE, the LAE/NMMT 
complexes became regularly stacked, exhibiting hexagonal 2D-platelet-like par-
ticles surrounded by a thin LAE layer (see Figure 1(f)). It is proved that the suc-
cessful adsorption of LAE onto the surface of NMMT. As reported in our pre-
vious work [12], the improved emulsification and structural stability of the com-
plexes can result from the adhesive action of LAE to bind the nano-clay particles. 
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In the higher-magnification TEM image (Figure 1(f)), it can be clearly seen that 
the single MMT platelet was rough and a substantial quantity of LAE molecules 
were regularly and closely stacked onto it, which resulting from the LAE attach-
ing onto the NMMT surface. 

3.2. Pickering Emulsion Stabilised by LAE/NMMT 

An NMMT/LAE-stabilised oil-in-water Pickering emulsion was prepared using 
the LAE/NMMT suspension and sunflower oil comprising various LAE concen-
trations; the visual appearance and optical micrographs of the as-prepared Pick-
ering emulsion are shown in Figure 2(a). All the emulsions exhibited uniform 
appearance without phase separation, but the microtopography of the droplets 
showed a huge difference with varying CLAE. However, the emulsions containing 
unmodified NMMT showed instability and experience frequent and strong coa-
lescence between oil droplets, resulting in a large average droplet size (>100 μm). 
A uniform emulsion stabilised by LAE/NMMT with a small droplet size of ~1.0 
μm can be obtained by using 0.0075 wt% LAE. Introducing LAE markedly re-
duced the average droplet size from 56.2 to 1.0 μm. Further increasing the CLAE 
from 0.02 wt% to 0.05 wt% led to an enlarged droplet size and coalescence, 
which could affect the centrifugal stability of the emulsions. After the concen-
tration of LAE increased to 0.04 wt% (0.04 - 0.05 wt%), the appearance of the 
LAE/NMMT-Pickering emulsion did not exhibit obvious oil phase precipitation;  
 

 

Figure 2. (a) Visual appearance and optical micrographs of NMMT/LAE-stabilised oil-in-water Pickering emulsions comprising 
different concentrations of LAE. The dosage of NMMT is fixed to 1.0 wt% (based on aqueous dispersion). (b) Relationship be-
tween apparent viscosity and shear rate of LAE/NMMT-Pickering emulsion stabilised using different concentrations of LAE. (c) 
Oscillation frequency scanning curve of LAE/NMMT-Pickering emulsion stabilised using different concentrations of LAE. (d) 
Three-phase contact angle of LAE/NMMT complexes. Inset is the schematic drawing (not to scale) of possible electrostatic bind-
ing between the laponite and the guanidinium group of LAE. 
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however, a high degree of flocculation occurred in the emulsion system as evi-
dent through micrographs. The increased flocculation indicated that the emulsi-
fying ability of the LAE/NMMT complex to sunflower oil decreased further with 
the continuous increase in the LAE concentration.  

The rheological properties of food-grade Pickering emulsions have a major 
influence on their application and processing [22]. The effect of the LAE con-
centration on the rheological properties of the LAE/NMMT-Pickering emulsion 
is shown in Figure 2(b) and Figure 2(c). All the samples showed shear thinning 
behaviour, which is related to the deformation and destruction of aggregation 
between droplets when the shear rate increased (Figure 3(a)). The viscosity of 
the emulsion maintained a high value with high concentration of LAE, which may 
be related to the flocculation of the emulsion under high concentrations of LAE. The 
measurement results of the oscillation frequency also supported the viscosity (Figure 
2(c)). At low LAE concentrations; the G' value of the LAE/NMMT-Pickering emul-
sion was higher than that of G'', suggesting that the emulsion showing significant 
gel-like properties and good elastic behaviour [23]. With the increase in fre-
quency, both G' and G'' increased slightly, indicating that the physical interac-
tion aided the formation of Pickering emulsions. 

Figure 2(d) shows the three-phase contact angle of the LAE/NMMT compo-
site. With increasing LAE concentrations, the hydrophobic tail of LAE enhanced 
the hydrophobicity of the LAE/NMMT complex and reached its highest value 
(87.6˚) when the LAE concentration was 0.01%. As the increasing LAE concentra-
tion, the three-phase contact angle showed a downward trend. When the concen-
tration of LAE was between 0.0075% and 0.02%, the three-phase contact an-
gle of the LAE/NMMT complex was approximately 90˚, which indicated that 
the LAE/NMMT complex had stronger amphiphilic property and better emulsi-
fying ability. It was consistent with the microscopic observation [24]. The oil-water 
contact angle, measured through water in the oil phase having strong polarity, 
was larger, and the particles combined more easily at the oil-water interface, 
which was beneficial to the formation and stability of oil-in-water Pickering 
emulsions [25]. 

3.3. Stabilisation Mechanism 

The morphology of the oil-water interface was further investigated by SEM to 
clarify the dispersive behaviour of LAE/NMMT at the interface. The oil-water 
interface effectively adsorbed the LAE/NMMT complex, and a dense granular 
film formed on the surface of the Pickering emulsion droplets (Figure 3(a)). The 
LAE/NMMT complexes effectively formed matrix at the oil-water interface, 
where the matrix with a specific strength was present between adjacent emulsion 
droplets (yellow dot box) [26]. The existence of LAE/NMMT matrix with a gel 
network structure was further corroborated by cryo-SEM (Figure 3(b)). The in-
teraction between the LAE/NMMT complexes formed a three-dimensional net-
work structure, which led to an increase in the viscosity of the continuous phase 
and reduced the migration speed of emulsion droplets, thereby, preventing the  
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Figure 3. (a) SEM images of the n-hexane Pickering emulsion stabilised by LAE/NMMT. 
(b) Cryo-SEM and (c) CLSM images of the sunflower oil Pickering emulsion stabilised by 
LAE/NMMT after 1 d storage time. Inset is the appearance of the as-prepared Pickering 
emulsion. The sunflower oil was stained with Nile red before emulsion preparation, and 
LAE/NMMT complexes were dyed with Nile blue prior to observation. 
 
coalescence of emulsion droplets, and improving the stability of the emulsion [27]. 
CLSM images of the sunflower oil Pickering emulsion stabilised by LAE/NMMT af-
ter 1 d storage time are shown in Figure 3(c). The location of the LAE/NMMT 
complexes was traced to further probe the stabilisation mechanism of sunflower 
Pickering emulsion. NMMT/LAE complexes were stained with Nile bule, show-
ing blue in the CLSM images, and the sunflower oil was stained with Nile red 
(red). Figure 3(c) presents the distribution of the LAE/NMMT matrix building 
up in the aqueous phase and the particle film coating on the surface of the oil 
droplet. The LAE/NMMT complexes were clearly visible on the o/w interface of 
emulsions. Emulsion showed homogenous droplets without demulsification and 
coalescence after 1 week storage time. Honeycomb-like structure played a role of 
barrier in the aqueous phase; that means the permeation of oil molecules among 
droplets were strengthened for acrossing the LAE/NMMT matrix which stood 
between adjacent drops in direct contact.  

The possible mechanism of the binding interaction between NMMT and LAE 
is shown in Figure 4. The combination of NMMT and LAE depends mainly 
on the surface chemical properties of NMMT and the head-tail characteris-
tics of LAE, and their interaction follows the complex process of the poly-
mer/surfactant system comprising opposite charges. At low LAE concentrations 
(0.001% - 0.002%) (Figure 4(a)), the bonding between LAE and the surface of 
NMMT was caused predominantly by the long-distance electrostatic attraction 
between the cationic head group of the LAE and the surface negative charge of 
NMMT. The LAE monomer was bound to the negatively charged surface of 
NMMT and existed freely at the oil/water interface or in solution [19], which 
may have a distinct dynamic equilibrium. The ζ potential results showed that a 
few LAE/NMMT complexes were attached to the oil-water interface, the ζ po-
tential didn’t change significantly (−38.1 - −32.7 mV) and the emulsion didn’t 
show obvious improvement. As the LAE concentration increased (0.002% - 
0.0075%) (Figure 4(b)), the ζ potential showed a significant change (−32.7 -  
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Figure 4. Schematic representation (not drawn to scale) of the interaction mechanism 
between LAE and NMMT as a function of surfactant concentration at (a) 0.001%, (b) 
0.0075%, (c) 0.02% and 0.1%. The concentration of NMMT is fixed at 2.0% before the ti-
tration of LAE stock solution. 
 
−7.1 mV), indicating the negative electrode surface of NMMT was neutralised 
and covered by the surfactant LAE monolayer. In addition, it changed the hy-
drophobicity and aggregation state of NMMT; thus, the aggregated LAE/NMMT 
complexes were dispersed. As expected, the increased LAE addition produced 
complexes with less-negative ζ-potential. Hydrophobic interactions started to 
dominate the persistent adsorption of NMMT by LAE, the LAE bound on the 
surface of NMMT could be hydrophobically associated with the free LAE in so-
lution or the other LAE bound on adjacent NMMT, resulting in larger charge 
reversal and cross-linked aggregates on the surface of NMMT (Figure 4(c)). At 
this concentration range of LAE (0.0075% - 0.02%), more LAE/NMMT com-
plexes with less-negative ζ-potential (−7.1 - −4.6 mV) were attached to the 
oil-water interface, forming a granular layer with barrier function. This “barrier” 
layer played a significant role in the stability of emulsion. Nonetheless, the tran-
sition point for charge compensation or balance occurred and strong hydro-
phobic association led to the agglomeration of the LAE/NMMT complexes when 
the concentration of LAE exceeds a certain range (0.03% - 0.05%) (Figure 4(d)) 
[28]. It engendered a negative effect on the stability of emulsion. 

3.4. Effect of Oil Type on the Stability of LAE/NMMT-Based  
Pickering Emulsion 

Eight oil phaseswith different polarities, including sunflower oil, ASA, corn oil, 
DHA, n-hexane, liquid paraffin, dodecane, and n-heptane were selected to 
prepare the Pickering emulsion for observing the emulsifying ability of the 
LAE/NMMT complex in different oil phases. The LAE/NMMT complex had a 
better emulsifying and stabilisation performance for the non-polar oil phase 
compared with that for the polar oil phase (Figure 5). The Pickering emulsions 
prepared using the four selected polar oil phases exhibited long-term stability  
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Figure 5. Emulsion index of the Pickering emulsion showing different oil phases stabi-
lised by LAE/NMMT after 0, 1, and 7 d of storage time. 
 
after standing for 7 d. Long-term storage (≥30 d) of sunflower oil emulsions sta-
bilised by LAE/NMMT were also feasible. In contrast, the Pickering emulsions 
that contained a non-polar oil phase showed poor stabilisation but still have an 
EI of 70% after standing for 7 d. These results suggested that the LAE/NMMT 
complexes have positive effects on both the stability and the formation of the 
Pickering emulsions, especially for polar oil emulsions with strong polarity con-
taining more hydroxyl and carboxyl groups, which could facilitate the adsorp-
tion of LAE/NMMT onto the oil/water interfaces. 

4. Conclusion 

By combining NMMT with the food-grade cationic surfactant LAE, sunflower 
oil was successfully emulsified to prepare a stable Pickering emulsion. The sur-
face coverage of LAE/NMMT-Pickering emulsion droplets reached 70.9%, and 
the average droplet size was reduced from 56.2 to 1.0 μm when the optimal quan-
tity of LAE was used. The LAE/NMMT complex comprising 0.01 wt% NMMT 
and 0.0075 wt% LAE had the best emulsifying properties. The wettability of 
LAE/NMMT composites is affected by the concentration of hydroxyl groups, 
which may disrupt the strength of network structure in the emulsion system. 
The LAE/NMMT-Pickering emulsion system based on a polar oil phase exhibits 
good emulsification and long-term stability in alkaline environments with pH = 
7.0 - 10.0. These findings are of significance for pharmaceutical preparations and 
real food products. It would be prudent to consider surface-active electrostatic 
complexes based on clay nanoparticles and the effect of pH on the stability of 
Pickering emulsion formulations. 
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