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Ethyl cellulose nanodispersions as 
stabilizers for oil in  water Pickering 
emulsions
Xia Wu1,2, Li Zhang3, Xingzhong Zhang1, Ya Zhu1, Yuehan Wu1, Yan Li1, Bin Li1, Shilin Liu1,2, 
Jinping Zhao3 & Zhaocheng Ma1

Ethyl cellulose (EC) nanodispersions have been prepared through a facile procedure, a process involved 
the dissolution of EC into ethanol, followed by dipping it in Xanthan Gum (XG) solution (0.1%, used 
as anti-solvent), and then removed the ethanol. The influences of preparation conditions on the 
structure and properties of the EC nanodispersions were investigated. The prepared EC nanodispersion 
had a negative surface potential, which contributed to its stabilization. The particle size of the 
nanodispersions could be controlled by changing the concentration of EC. Furthermore, the EC 
nanodispersions had a potential application for the stabilization of oil/water Pickering emulsion. The 
obtained Pickering emulsions showed high stability.

Pickering emulsion is a  new classification of emulsions, in which solid particles are used in place of conventional 
surfactants1. Compared with traditional emulsions, Pickering emulsions have ultra-high stability, low toxicity 
and environmental responsive character, and thus can be used for drug delivery or as templates for preparation 
of functional materials. Many types of particles including calcium carbonate2, carbon nanotubes3,4, PMMA par-
ticles5, silica nanoparticles6,7 were used as stabilizers. Some food systems, e.g. mayonnaise, margarine, whipped 
cream, are also related to Pickering emulsion system8. This type of emulsions could act as a delivery system for 
active substances, lower calories in food, and modify the texture of food, as well as keep the taste and relish of 
foods. Some attempts on the food-grade particles have been carried out for the use in Pickering stabilization based 
on natural materials, such as starch granules9, chitin nanocrystals10, kafirin nanoparticles11, whey protein micro-
gel particles12, and fat crystals13. Moreover, modified biomacromolecules, for example chitosan-tripolyphosphate 
nanoparticles14, and modified starch15 were also developed. Pea globulin and a gliadin proteins with gumarabic 
Gum Arabic16 were employed as well. The application of hydrophobic modified cellulose particles for Pickering 
emulsion has been rarely reported till now. Finding edible, nutrient enriched, low-cost, extensive source and effi-
cient emulsifiers is becoming a hotspot and challenging problem in the food colloids science17.We have conducted 
an intensive research on cellulose polysaccharide18–20. Recently we have reported the uniform-sized cellulose 
colloid particles and the application as stabilizer for Pickering emulsions21. It is well known that the surface partial 
hydrophobic properties of the particles were ideal for the usage in the Pickering emulsions, which is required to 
ensure the partial wetting by water and oil22. In this work, we presented a versatile anti-solvent method to prepare 
ethyl cellulose (EC) colloidal dispersion. The whole process did not require unnecessary chemical reagents. The 
EC nanodispersions prepared from various initial raw materials were characterized through measuring the par-
ticle size and the zeta-potential. Further investigations were conducted to elucidate the synergistic effect of EC 
particles and surfactant on the stabilization of oil/water (O/W) emulsions. The influence of the pH, ionic strength, 
and storage time on the stability of the formed emulsions was also clarified.

Results and Discussion
Preparation and properties of EC particles. The influence of initial EC concentration on the size and 
charge distribution. The “drowning-out” method was used for the preparation of the nanodispersions from EC 
polymer materials. The property of the selected continuous phase was important. In this work, ethanol was used 
to dissolve EC. XG was selected as an interfacial active polymer for the stabilization of the formed solid particles. 
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When the EC solution was added into the continuous phase (water containing XG), ethanol would diffuse into 
the continuous phase, and this process left EC as the central feature of the resultant particles, and the interfacial 
active XG on the surface of resultant particles would increase the colloidal stability. Figure 1 showed the TEM 
images of EC nanodispersions prepared from EC with different concentrations. The results showed that the parti-
cle size of the EC nanodispersions was in the range of 60–100 nm. The XG that used as interfacial active polymer 
had little influence on the particle size of the EC nanodispersions, as shown in Fig. 1a–e and g. Of note, the EC 
concentration had a slight influence on the particles size of the nanodispersions, e.g., a higher initial concentra-
tion of EC led to a little increase in the particle size, as shown in Fig. 1e–j.

Figure 2a showed the particle size distribution of the obtained EC nanodispersions. All of the EC nanodis-
persions prepared from EC solution with different concentrations had a single peak, indicating no aggregation, 

Figure 1. TEM images of the prepared particles with different XG or EC concentrations, (a–d) and were for 
the XG with concentration of 0.01%, 0.03%, 0.05% and 0.07%, respectively, and EC solution concentration 
was 1.0%; (e–j) were for the EC with concentration of 0.5%, 0.8%, 1.0%, 1.2%, 1.5% and 2%, respectively, XG 
solution concentration was 0.1%.

Figure 2. The effect of the concentrations of EC on the particle size distribution (a) and Zeta potential (b) of the 
prepared EC nanodispersions, and the concentration of XG solution was fixed at 0.1%. Dependence of particle 
size (c) and zeta-potential (d) of EC colloidal particle dispersion prepared from different concentration of the 
XG, and the concentration of EC solution was controlled to  1.0%.
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which was most likely resulted from the electrostatic repulsion between the EC particles. The zeta-potential of 
original XG solution with concentration of 0.01% was about −48 mV, while the zeta-potential for EC nanodis-
persions prepared was negative, and it increased dependent on the increase of concentration of the EC solution 
(Fig. 2b). The zeta-potential of the EC nanodispersions that prepared from EC concentration of 1% solely through 
the similar conditions was about −29.88 mV (mean particle size ~154.78 nm), and showed a stable state. It was 
well known that hydrophobic particles would aggregate to form larger masses when they were dispersed in a 
hydrophilic phase. Looking at the molecular structure of EC, it was difficult to foresee the origin of a native neg-
ative charge to ensure the homogeneously disperse of the nanodispersions.

In order to clarify the effects of the XG on the zeta-potential of the EC nanodispersions, the relationship 
between the XG concentration and the property of the EC nanodispersions prepared from 1% EC was investi-
gated. As it was shown in Fig. 2c,d, the EC nanodispersions prepared from 1.0% EC and different concentration 
of XG had a single peak, however, the concentration of XG had little influence on the particle size and particle size 
distribution of the EC nanodispersions, when initial concentration of the EC solution was controlled (Fig. 2c). 
The EC particles had a stable state in H2O, and the zeta-potential  ranged from −30 to −35 mV with the increas-
ing the concentration of the XG solution from 0.01% to 0.1%. The results indicated that the concentration of XG 
had little influence on the zeta-potential of the EC nanodispersions. Based on our experimental process, the XG 
would be removed during the dialysis of the EC nanodispersions with deionized water.

The origin of negative charge on surface of EC particles. FT-IR was used to characterize the molecular structure 
of the pure XG, EC and achieved EC nanodispersions, as shown in Fig.S1. XG showed a wide peak at 3426 cm−1, 
which was ascribed to the stretching vibration of -OH bonds. Band at 1642 cm−1 represented C=O stretching 
carboxylate group of typical saccharides. A weak peak at 1413 cm−1 represented the C-C stretching vibration of 
the pyranose ring, combined with several peaks between 1048 and 1004 cm−1 that denoting the characteristic 
stretching vibration of C-O-C bond of the anhydroglucose unit23. In the FT-IR spectrum of EC, a broad absorp-
tion peak appeared at the region of 3550 cm−1 was ascribed to the stretching vibration of -OH groups on the EC 
chains. The bands at 2980 and 2873 cm−1 were assigned to the C-H aliphatic stretching position. The absorption 
peak at 1375 cm−1 was ascribed to -CH3 bending. These peaks appeared in all FT-IR spectra of the EC nanodis-
persions. It indicated that it was hard to detect the XG coexisted with the EC nanodispersions after dialysis. It had 
been reported that OH− could be absorbed on the surface of hydrophobic particles in water24, the interfaces of 
oil-water25 when emulsion was stabilized with nonionic surfactants or no surfactants, even at the air-water inter-
face. Such spontaneous absorption of OH− could be occurred on hydrophobic surfaces in contact with water. This 
hypothesis also could be supported by changing the pH of the EC nanodispersions, where the zeta-potential of 
the EC nanodispersions would be increased with the decreasing of the pH.

The influence of pH or ironic strength on stability of EC dispersion. The stability of the EC nanodispersions was 
characterized by changing the concentrations of added electrolyte NaCl from 1 mM to 0.8 M. Different perfor-
mances were observed in the EC nanodispersions (Fig. 3a). When the concentration of NaCl was lower than 
10 mM, the sedimentation times were almost same to that of without salt. It indicated high stability against 
agglomeration. This concentration range was noted in the region 1. At the concentration of NaCl in the range of 
10–500 mM that noted as region 2, the sedimentation times decreased from about 17 h to 3.0 h when the con-
centration of the salt was increased. It indicated that the nanodispersions agglomerated significantly, which was 
comparable to the sedimentation time. The agglomeration contributed to the formation of clusters, leading to 
a wide range of the sedimentation time. The results suggested that in the region 2 there was a colloidal interac-
tion26. When the salt concentration was  increased from 0.5 to 0.8 M, named region 3, a white precipate formed 
quickly. That indicated that some particles agglomerated rapidly and formed large clusters. In this region, the 
sedimentation time was about 3 h independent of the salt concentration. The results indicated that agglomeration 
was occurred faster than sedimentation, it supported that EC nanodispersions had an apparent charge due to 
OH− ions, which was ionic sensitive.

Figure 3c,d showed the influence of pH on the stability of the EC nanodispersions, when the pH of EC disper-
sion was decreased from 7.5 to 2.0, the zeta-potential of EC nanodispersions changed from −46 mV to −12 mV, 
and the mean particle size of EC nanodispersions increased from 130 nm to several micrometers. EC nanodisper-
sions acidified to pH below 3.0 showed phase separation, as the insert photo shown in Fig. 3c. Phase separation 
was a result of a decreased electrostatic repulsion. The aggregation of the EC particles at either low pH or high salt 
was a result of a decreased electrostatic repulsion, which was sufficient to destabilize the dispersion. These results 
supported that there was spontaneous absorption of OH− ion on the surface of EC nanodispersions.

Hydrodynamic behavior of EC dispersion. The rheological behavior reflected the viscoelastic properties 
of nanodispersions under applied shear stress, giving useful information on interactions between adjacent par-
ticles in the dispersion, which was technologically important in many applications. Figure 4a demonstrated the 
plots of viscosity versus shear rate for EC dispersion characterized only by initial EC concentration. EC dispersion 
was a typical shear thinned fluid since the viscosity decreased with the increase of the shear rate27. The viscosity 
of the dispersion with same solid content was in negative correlation with initial EC solid content. This phenom-
enon indicated that smaller size particles had relatively thicker solvation layers and volume for fluid dynamics 
increase28. The plot of viscosity versus shear rate for EC dispersion was presented in Fig. 4b. With the increasing 
of the solid content, the viscosity of the system increased, and each curve exhibited similar profile in the whole 
process except for the curve of 0.6 wt% and 1.0 wt% at low shear rates. At low shear rates, the dispersion exhibited 
an obvious non-Newtonian behavior29. This shear-thinning behavior became more pronounced at the higher 
concentration of dispersion due to the stronger interactions between particles with the increasing of concentra-
tions. The viscosity of dispersion tended to reach a Newtonian plateau at high shear rates, viscosity of the system 
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gradually dropped to closer to zero. Figure 4c depicted the plots of stress versus shear rate for nanodispersions 
with different solid contents. The shear stress increased with the increasing in the solid content of EC disper-
sion. The Bingham plastic, power-law and Herschel-Bulkey models were applied to fit their shear stress-shear 
rate curves. The corresponding fit parameters were summarized in Table 1. The power-law and Herschel-Bulkey 
model were more suitable to the shear stress-shear rate curves compared with Bingham plastic model, which was 
evidenced by the higher values of R2, It could be seen that EC dispersion with higher solid content had increased 
yield point value, which could be used by food industry to optimize the manufacturing processes of food stuffs.

Figure 3. The influence of ionic strength (0–800 mM) on the zeta-potential and particle size of EC dispersion 
(a). The influence of pH on the zeta-potential (c) and particle size (d) of EC dispersion.
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The influence of EC particle content O/W emulsions. A set of emulsions (the volume ratio of oil phase 
and water phase was 10:90) stabilized by controlled content of Tween 80 (0.5%) and EC nanodispersions with 
content ranging from 0 to 1.20% (w/v) were prepared through Homogenization. The results indicated that the 
emulsion was not stable when it was stabilized only with Tween 80 with low content, and the particle size of the 
emulsion was not homogeneous, as it was shown in Fig. 5a. In the systematic study, it indicated that the lowest 
content of EC nanodispersions coexisted with Tween 80 (0.5%) should be set to about 0.40%, otherwise the pre-
pared emulsion was not stable. The highest content of EC nanodispersions was set to 1.20% (w/v), the emulsion 
remained well flowability. There was little change in the particle size of the emulsions that prepared with the 
increasing the content of EC nanodispersions, as it was shown in Fig. 5b–f. The size distribution of emulsions 
shown in Fig.S2 amplify this as well. However, the stability of the emulsion prepared with higher content of EC 
nanodispersions was increased. In general, a higher content of EC nanodispersions possibly enabled the adsorp-
tion of more EC nanoparticles at the oil-water interface, which could reduce the surface tension of the emulsions. 
It suggested that the EC nanodispersions with a higher content had more powerful ability for the stabilization of 
the O/W Pickering emulsions. Digital photographs inserted in Fig. 5 were taken after being stored at 4 °C for 12 

Figure 4. (a) Viscosity versus shear rate for EC dispersion prepared with different EC concentrations. (b) Plot 
of viscosity versus shear rate for EC colloidal dispersion with different solid content. (c) Plot of shear stress 
versus shear rate for EC colloidal dispersion with different solid content.
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days, creaming could be observed, this phenomenon often happened in Pickering emulsions, which was ascribed 
to the oil droplets with a lower density than aqueous phase, but the under-layers of emulsion with higher concen-
tration of EC particle were more turbid. It could be seen that the emulsified phase volume changed hardly with 
the increasing the content of EC nanodispersions, the opaque bottom water phase suggested the existing of excess 
EC nanodispersions which did not anchor onto the droplet interface as it was shown in Fig.S3.

Surface tension measurements at O/W interface were carried out for Tween 80 with different solid content of 
EC nanodispersions, and it was shown in Fig. 6, the surface tension γ for Tween 80 (0.5%) solution was about 8.5 
mN/m, while for the same solution with 0.4% (w/v) EC nanodispersions, it decreased to 6.5 mN/m. Generally, 
increasing content of EC nanodispersions in the H2O containing Tween80 (0.5%) from 0.4% to 1.2% led to a 
gradual decrease in the residual interfacial tension from 6.5 mN/m to 5.6 mN/m. The shapes of surface tension 
decreased were similar in the first 100 s, which was mainly attributed to Tween 80 molecules spread to the surface 
faster than EC nanoparticle. Then the parts of EC nanoparticles diffused to the interface and even displaced some 
adsorbed tween80 to decrease the contact area of oil–water30, thereby reduced the interfacial energy and the inter-
facial tension decreased faster, and the surface tension decreased slightly. The interfacial tension between pure 
dodecane and water showed a decrease from 53.3mN/m to about 48.5 mN/m, which could be attributed to the 
possible surface activity of 1% impurities in dodecane. These observations above all supported that Tween 80 and 
EC particles do indeed coexist at oil/water interface. The kinetics of adsorption is slowly, with characteristic time 
of more than 5000 s. Differences were observed in the shape of the isotherm for each concentration of EC dis-
persion, and it could be seen that with increasing concentration, the decreasing rate of surface tension increased.

Since the EC nanodispersions had a negative ζ-potential, the effect of the pH or ionic strength on stability 
of the emulsions had been investigated, and the data was shown in Fig. 7. It indicated that the O/W emulsions, 
which were stabilized by EC nanodispersions and Tween 80 (0.5%), had pH sensitive property, and no breaking of 

models

Solid concentration of EC dispersion (wt %)

0.4 0.6 0.8 1 1.2

BP

τ0 0.0489 0.0761 0.1319 0.2010 0.2763

μp 0.0077 0.0122 0.0140 0.0184 0.0185

R2 0.9653 0.9659 0.9434 0.9530 0.9040

PL

K 0.0370 0.0580 0.1017 0.5374 0.2256

n 0.6474 0.6507 0.5600 0.5374 0.4512

R2 0.9998 0.9999 0.9997 0.9812 0.9991

HB

τ0 0.0022 0.0025 0.0068 0.0778 0.0073

K 0.0359 0.0567 0.0972 0.096 0.2196

n 0.6540 0.6555 0.5694 0.6306 0.4566

R2 0.9999 0.9999 0.9998 0.9850 0.9990

Table 1. Calculated parameters for EC colloidal dispersion with different EC concentrations using Bingham 
Plastic (BP), Power-Law (PL), and Herschel-Bulkley (HB) Models.

Figure 5. Optical microscopy of Pickering emulsions stabilized by 0.5% Tween 80 in tandem with different 
concentration of EC dispersion, (a) 0%, (b) 0.4%, (c) 0.6%, (d) 0.8%, (e) 1.0%, (f) 1.2%.
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the emulsions was observed within range of pH 2.0 to 9.0. However, significant creaming occurred from pH 5.0 to 
9.0, which was similar as phenomenon described earlier when the pH of emulsion wasn’t adjusted. It is interesting 
to note that a stratification with a well-distributed superstratum and a transparent substratum appeared in a pH 
range 2.0–4.0. The negative charge of particle surface would be screened to a higher value influenced by OH− ion 
concentration, which would decrease the electrical barrier between particles and the interface agglomeration of 
particles on the oil droplet surface31. Unlike EC dispersion, since the greater difference in density, oil droplets 
enwrapped with EC particle oil rose to the upper-layer. Furthermore, the speed and degree of condensation were 
enhanced when emulsion was adjusted to a lower pH. Similar separation of emulsions was shown in Fig. 7B when 
the concentration of NaCl was higher than 20 mM, which was in consistent with the data shown in Fig. 3. The 
compression speed of turbid upper layer containing aggregated emulsion droplets and EC particles rose with the 
ionic strength, and to similar a height at last. Since Tween 80 added in our emulsion was nonionic surfactant, the 
influence of ionic strength on it could be neglected.

Conclusions
EC nanodispersions with a mean particle size about 110 nm were prepared, and the particle sizes of the nano-
dispersions increased slightly with the increasing of the initial concentration of EC solution, nevertheless, there 
seemed no discernible correlationship between the particle size and XG. The surface charge of the EC nanodisper-
sions could be controlled by adding acid, base or salt, and then its stability was changed. The obtained EC disper-
sion displayed typical shear-thinning behavior. Moreover, we have shown that oil-in-water emulsion system could 
be formed by using EC particles in coordination with Tween 80. The emulsion stability of EC nanodispersions 
was found to be depended greatly on the solid content. The pH and ionic strength could influence the absorption 
of particles on oil droplets and appearance of emulsion. Since its tunable drop size, decent stability and environ-
mentally responsibility, emulsion stabilized by EC particles owning food grade status may offer a scope for many 
specific applications in food industry.

Methods
Materials. Ethyl cellulose (EC) with an ethyoxyl content of 51% and Xanthan Gum (XG) at USP grade were 
purchased from Shanghai Aladdin Co., Ltd. Dodecane (99%) was purchased from Shanghai Macklin Biochemical 
Co., Ltd. Absolute ethanol and Tween 80 were purchased from Sinopharm Chemical Reagent Co., Ltd. Deionized 
water and Water purified by a Milli-Q system was used for the experiments.

Preparation of EC nanodispersions. The anti-solvent precipitation method was used to prepare the EC 
particles. Briefly, EC powder was dissolved in ethanol to obtain the EC solution. XG powder was dissolved in 
deionized water. Then the EC solution was dropped into the XG solution under mechanical stirring (300 rpm). 
Vacuum rotatory evaporator and dialysis were employed to remove ethanol and XG separately. Finally, the EC 
nanodispersions were obtained. To optimize the preparation conditions of EC colloidal particles, the XG concen-
tration was fixed at 0.1%, and the initial concentration of EC solution were set as 0.5%, 0.8%, 1.0%, 1.2%, 1.5% 
and 2.0%, respectively. A fixed EC concentration was 1.0%, XG concentrations were set as 0.01%, 0.03%, 0.05%, 
0.07% and 0.1%.

Preparation of EC nanodispersions stabilized Pickering emulsion. The ratio of oil to water was set 
to 1:9 (v:v) and the emulsions were formulated with oil phase: dodecane and aqueous phase which contains (all 
in weight proportion) 0.5% Tween 80 and various levels of EC colloidal particles (0%, 0.4%, 0.6%, 0.8%. 1.0% and 
1.2%). Tween 80 was dissolved in deionized water and then mixed with EC dispersion. Finally the mixture was 
homogenized (Ultra Turrax T18 digital, Germany) at the speed of 5,000 rpm for 5 min to get the emulsion. In 
order to investigate the stability of the emulsion, the prepared emulsions (8 mL) were separately transferred into 
10 mL glass tubes and stored at 4 °C for 12 days. Photographs were taken after 12 days since the emulsions were 
prepared.

Figure 6. The time-dependence of interfacial tension at the dodecane-water interface on different water phase.
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Characterizations. The size of the EC particles was characterized with transmission electron microscopy 
(TEM) (JSM-6390LV, Japan). EC nanodispersions were gently vibrated in a tube before analysis to ensure that 
they were homogenous, and then one drop of the nanodispersions was added to the surface of the Cu grid (200 
mesh), and dried at ambient condition for TEM measurement. The particle size distribution and zeta poten-
tial of the nanodispersions were characterized by using a laser diffraction device (MasterSizer2000, Malvern 
Instruments, Worcestershire, UK). In order to clarify the effect of pH and ionic strength on the stability of the 
EC nanodispersions, the pH of EC nanodispersions was adjusted by adding either HCl or NaOH to the desired 
pH value in the range of 2–10. The EC nanodispersions were diluted with salt (NaCl) solutions to several ions 
concentrations (0–800 mM) and vortexed for 45 s, and the dependence of the particle size and zeta potential of 
these nanodispersions on pH and ionic strength were investigated. Fourier transform infrared (FT-IR) tests were 
carried out with a FTIR analyzer (470-Nexus, Nicolet, USA) in the wave number range from 400 to 4000 cm−1.
The morphology of the Pickering emulsions was imaged by using optical microscopy (Axioskop Zeiss, Germany) 
equipped with a CCD camera (AxioCam HRC, Zeiss). Particle size and particle size distribution of the emulsions 

Figure 7. The influence of time on the stability of the Pickering emulsions stabilized by EC nanodispersions 
under different (A) pH or (B) ionic strength (concentration of NaCl: mM). The content of EC nanodispersions 
was controlled to 1.2%.
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was determined using a laser diffraction device (MasterSizer2000, Malvern Instruments, Worcestershire, UK). 
Surface tension and interfacial dilational viscoelasticity were characterized through a drop shape tensiometer 
(Tracker-H, TECLIS, France), the dynamic surface tension was recorded through the axisymmetric drop shape 
analysis32. To ensure enough transparency of samples in cuvette, the water phases for emulsions were diluted 20 
times. The stability of emulsions under various pH and ionic strength was evaluated by visual observation; pho-
tographs were taken in 14 days after adjusting.

Rheological behaviors of the prepared samples were investigated by using rotational rheometer (Discovery 
DHR-2, America), the measurement spacing were set to 14μm to record the whole process of shear stress and 
viscosity. The steady-state shear viscosity was measured at shear rate in ranging from 0 to 1000 s−1. All rheological 
tests were repeated three times with the same sample and performed at temperature of 25 °C unless otherwise 
mentioned. The colloidal dispersion is a semisolid rather than an actual fluid. While for non-Newtonian fluids, 
Bingham, Power-Law and Herschel-Bulkey models, they were commonly applied to find the relationship between 
shear stress and shear rate33. The Bingham plastic model was given by the following equation:

⁎τ = τ + μ γ (1)0 p

where τ was the shear stress, τ0 was the yield stress, μp was the plastic viscosity, and γ was the shear rate. From 
the Bingham plastic model, the yield stress and plastic viscosity could be obtained34, while for a more complex 
fluid, the linear relationship between the shear stress and shear rate no longer exists35. Therefore, a developed 
power-law model was built:

K (2)nτ = ∗ γ

where K was the flow consistency coefficient, n was the flow behavior index. However, the power-law model was 
not comprehensive to fit the rheological curves due to the lack of yield point. The Herschel-Bulkey model was 
developed36:

K (3)0
nτ = τ + ∗ γ

where τ0 was the yield stress, K was the flow consistency coefficient, and n was the flow behavior index37.

References
 1. Yang, H., Fu, L., Wei, L., Liang, J. & Binks, B. P. Compartmentalization of incompatible reagents within pickering emulsion droplets 

for one-pot cascade reactions. J. Am. Chem. Soc. 137, 1362–1371 (2015).
 2. Cui, Z. G., Shi, K. Z., Cui, Y. Z. & Binks, B. P. Double phase inversion of emulsions stabilized by a mixture of CaCO3 nanoparticles 

and sodium dodecyl sulphate. Colloids Surf. A. 329, 67–74 (2008).
 3. Wang, H. & Hobbie, E. K. Amphiphobic carbon nanotubes as macroemulsion surfactants. Langmuir. 19, 3091–3093 (2003).
 4. Bornaee, A. H., Manteghian, M., Rashidi, A., Alaei, M. & Ershadi, M. Oil-in-water Pickering emulsions stabilized with 

functionalized multi-walled carbon nano Pawlik tube/silica nanohybrids in the presence of high concentrations of cations in water. 
J. Ind. Eng. Chem. 20, 1720–1726 (2014).

 5. Dinsmore, A. D. et al. Colloidosomes: selectively permeable capsules composed of colloidal particles. Science. 298, 1006–1009 
(2002).

 6. Xue, F., Zhang, Y., Zhang, F., Ren, X. & Yang, H. Tuning the Interfacial Activity of Mesoporous Silicas for Biphasic Interface Catalysis 
Reactions. ACS Appl. Mater. Interfaces. 9, 8403–8412 (2017).

 7. Huang, J., Cheng, F., Binks, B. P. & Yang, H. pH-Responsive Gas–Water–Solid Interface for Multiphase Catalysis. J. Am. Chem. Soc. 
137, 15015–15025 (2015).

 8. Pawlik, A., Kurukji, D., Norton, I. & Spyropoulos, F. Food-grade Pickering emulsions stabilised with solid lipid particles. Food Funct. 
7, 2712–2721 (2016).

 9. Rayner, M., Timgren, A., Sjöö, M. & Dejmek, P. Quinoa starch granules: a candidate for stabilising food-grade Pickering emulsions. 
J. Sci. Food Agric. 92, 1841–1847 (2012).

 10. Tzoumaki, M. V., Moschakis, T., Kiosseoglou, V. & Biliaderis, C. G. Oil-in-water emulsions stabilized by chitin nanocrystal particles. 
Food hydrocolloids. 25, 1521–1529 (2011).

 11. Xiao, J., Wang, X. A., Gonzalez, A. J. P. & Huang, Q. Kafirin nanoparticles-stabilized Pickering emulsions: Microstructure and 
rheological behavior. Food Hydrocolloids. 54, 30–39 (2016).

 12. Destribats, M., Rouvet, M., Gehin-Delval, C., Schmitt, C. & Binks, B. P. Emulsions stabilised by whey protein microgel particles: 
towards food-grade Pickering emulsions. Soft matter. 10, 6941–6954 (2014).

 13. Frasch-Melnik, S., Norton, I. T. & Spyropoulos, F. Fat-crystal stabilised w/o emulsions for controlled salt release. J. Food Eng. 98, 
437–442 (2010).

 14. Shah, B. R. et al. Preparation and optimization of Pickering emulsion stabilized by chitosan-tripolyphosphate nanoparticles for 
curcumin encapsulation. Food Hydrocolloids. 52, 369–377 (2016).

 15. Kargar, M., Fayazmanesh, K., Alavi, M., Spyropoulos, F. & Norton, I. T. Investigation into the potential ability of Pickering emulsions 
(food-grade particles) to enhance the oxidative stability of oil-in-water emulsions. J. Colloid Interface Sci. 366, 209–215 (2012).

 16. Chourpa, I., Ducel, V., Richard, J., Dubois, P. & Boury, F. Conformational modifications of α-gliadin and globulin proteins upon 
complex coacervates formation with gum arabic as studied by raman microspectroscopy. Biomacromolecules. 7, 2616–2623 (2006).

 17. Vignati, E., Piazza, R. & Lockhart, T. P. Pickering emulsions: interfacial tension, colloidal layer morphology, and trapped-particle 
motion. Langmuir. 19, 6650–6656 (2003).

 18. Li, W. et al. Porous cellulose microgel particle: a fascinating host for the encapsulation, protection, and delivery of lactobacillus 
plantarum. J. Agric. Food Chem. 64, 3430–3436 (2016).

 19. Li, W. et al. Probiotics in cellulose houses: Enhanced viability and targeted delivery of Lactobacillus plantarum. Food Hydrocolloids. 
62, 66–72 (2017).

 20. Wu, Y. et al. Green and biodegradable composite films with novel antimicrobial performance based on cellulose. Food Chem. 197, 
250–256 (2016).

 21. Zhu, Y. et al. Cellulose gel nanodispersions: fascinating green particles for the stabilization of oil/water Pickering emulsion. Cellulose. 
24, 207–217 (2017).

 22. Chevalier, Y. & Bolzinger, M. A. Emulsions stabilized with solid nanoparticles: Pickering emulsions. Colloids Surf. A. 439, 23–34 
(2013).



www.nature.com/scientificreports/

1 0SCiEnTifiC REPORts | 7: 12079  | DOI:10.1038/s41598-017-12386-4

 23. Falkeborg, M. & Guo, Z. Dodecenyl succinylated alginate (DSA) as a novel dual-function emulsifier for improved fish oil-in-water 
emulsions. Food Hydrocolloids. 46, 10–18 (2015).

 24. Gonzenbach, U. T., Studart, A. R., Tervoort, E. & Gauckler, L. J. Macroporous Ceramics from Particle-Stabilized Wet Foams. J. Am. 
Ceram. Soc. 90, 16–22 (2007).

 25. Marinova, K. G. et al. Charging of oil−water interfaces due to spontaneous adsorption of hydroxyl ions. Langmuir. 2, 2045–2051 
(1996).

 26. Bendersky, M. & Davis, J. M. DLVO interaction of colloidal particles with topographically and chemically heterogeneous surfaces. 
J. Colloid Interface Sci. 353, 87–97 (2011).

 27. Moakes, R. J. A., Sullo, A. & Norton, I. T. Preparation and characterisation of whey protein fluid gels: The effects of shear and thermal 
history. Food Hydrocolloids. 45, 227–235 (2015).

 28. Hadadian, M., Goharshadi, E. K. & Youssefi, A. Electrical conductivity, thermal conductivity, and rheological properties of graphene 
oxide-based nanofluids. J. Nanopart. Res. 16 (2014).

 29. Xiao, J., Lu, X. & Huang, Q. Double emulsion derived from kafirin nanoparticles stabilized Pickering emulsion: Fabrication, 
microstructure, stability and in vitro digestion profile. Food Hydrocolloids. 62, 230–238 (2017).

 30. Sun, Q. et al. Aqueous foam stabilized by partially hydrophobic nanoparticles in the presence of surfactant. Colloids Surf. A. 471, 
54–64 (2015).

 31. Williams, D. F. & Berg, J. C. The aggregation of colloidal particles at the air-water interface. J. Colloid Interface Sci. 152, 218–229 
(1992).

 32. Zhang, P. et al. The dynamic interfacial adsorption and demulsification behaviors of novel amphiphilic dendrimers. Colloids Surf. A. 
443, 473–480 (2014).

 33. Farjoud, A., Vahdati, N. & Yap Fook, F. Mathematical Model of Drum-type MR Brakes using Herschel-Bulkley Shear Model. J. Intell. 
Mater. Syst. Struct. 19, 565–572 (2008).

 34. Abbastabar, B., Azizi, M. H., Adnani, A. & Abbasi, S. Determining and modeling rheological characteristics of quince seed gum. 
Food Hydrocolloids. 43, 259–264 (2015).

 35. Ali, R., Yaolin, Y. & Alireza, B. Annular fluid pressure estimation during pilot boring. Int. J. Pet. Eng. 2, 79–90 (2016).
 36. Naji, S., Razavi, S. M. A. & Karazhiyan, H. Effect of thermal treatments on functional properties of cress seed (Lepidium sativum) 

and xanthan gums: A comparative study. Food Hydrocolloids. 28, 75–81 (2012).
 37. Li, M. C., Wu, Q., Song, K., Qing, Y. & Wu, Y. Cellulose nanoparticles as modifiers for rheology and fluid loss in bentonite water-

based fluids. ACS Appl. Mater. Interfaces. 7, 5006–5016 (2015).

Acknowledgements
This work was supported by the National Science-technology Support Plan Projects (No. 2015BAD16B06) 
and Wuhan Youth Science and technology plan (2016070204010096), and Jiangsu Province Biomass Energy 
and Materials Laboratory (JSBEM201606),and Fundamental Research Funds for the Central Universities 
(2662017PY007).

Author Contributions
X. Wu performed the experiments and data solely. X. Wu., L. zhang, X. Zhang., Y. Zhu., Y. Wu., Y. Li., B. Li., S. Liu, 
S. Zhao and Z. Ma contributed jointly to data interpretation and manuscript preparation. All authors reviewed 
the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12386-4.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-12386-4
http://creativecommons.org/licenses/by/4.0/

	Ethyl cellulose nanodispersions as stabilizers for oil in  water Pickering emulsions
	Results and Discussion
	Preparation and properties of EC particles. 
	The influence of initial EC concentration on the size and charge distribution. 
	The origin of negative charge on surface of EC particles. 
	The influence of pH or ironic strength on stability of EC dispersion. 

	Hydrodynamic behavior of EC dispersion. 
	The influence of EC particle content O/W emulsions. 

	Conclusions
	Methods
	Materials. 
	Preparation of EC nanodispersions. 
	Preparation of EC nanodispersions stabilized Pickering emulsion. 
	Characterizations. 

	Acknowledgements
	Figure 1 TEM images of the prepared particles with different XG or EC concentrations, (a–d) and were for the XG with concentration of 0.
	Figure 2 The effect of the concentrations of EC on the particle size distribution (a) and Zeta potential (b) of the prepared EC nanodispersions, and the concentration of XG solution was fixed at 0.
	Figure 3 The influence of ionic strength (0–800 mM) on the zeta-potential and particle size of EC dispersion (a).
	Figure 4 (a) Viscosity versus shear rate for EC dispersion prepared with different EC concentrations.
	Figure 5 Optical microscopy of Pickering emulsions stabilized by 0.
	Figure 6 The time-dependence of interfacial tension at the dodecane-water interface on different water phase.
	Figure 7 The influence of time on the stability of the Pickering emulsions stabilized by EC nanodispersions under different (A) pH or (B) ionic strength (concentration of NaCl: mM).
	Table 1 Calculated parameters for EC colloidal dispersion with different EC concentrations using Bingham Plastic (BP), Power-Law (PL), and Herschel-Bulkley (HB) Models.




