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Abstract
Pickering emulsions are fine dispersions of minute droplets of two immiscible phases stabilized by solid particles adsorbed at the liquid-liquid interface. In the case of 
oil-in-water (o/w) or water-in-oil (w/o) emulsions, such types of Pickering emulsions have utility in various applications such as the preparation of porous materials 
due to their ability to self-assemble at the o/w interface.  Iron oxide nanoparticles (Fe3O4 NPs) are known to play an important role in stabilizing Pickering emulsions 
due to their variable functionality and hydrophobicity. The efficiency of Fe3O4 NPs in stabilizing Pickering emulsions depend on the polarity of the oil used in the 
preparation of the Pickering emulsion. Fe3O4 NPs can be surface modified through coordination via carboxylic acids and silane coupling agents. Non-modified and 
carboxylic acid-modified Fe3O4 NPs provide greater stability for o/w emulsions prepared with nonpolar or weakly polar oils. Silane-coated Fe3O4 NPs are more useful 
in stabilizing o/w emulsions, where the oil phase is strongly polar. The chain length of the modifying agent plays an important role on the stability of emulsions. 
Modifying agents with long alkyl chains result in greater hydrophobicity that adversely affect the stability of such Pickering emulsions. Other factors governing the 
stability of these emulsions include the pH of the aqueous phase, oil polarity, concentration/size of particles, ion concentration as well as oil/water volume ratio. 
A key parameter used for determining the effectiveness of particle stabilization of Pickering emulsions is the contact angle at the o/w interface. Contact angle (θ) 
measurements provide a measure of the particle hydrophobicity, while θ values provide a measure of colloidal stabilization of such particles. The aim of this review is 
to provide an overview of the effectiveness of Fe3O4 NPs as stabilizing agents for Pickering emulsions and to bridge the knowledge gaps related to this topic in the 
last 5 years. This review describes the utility of iron oxide NPs as emulsion stabilizers by outlining aspects of the structure and the physicochemical properties of such 
systems. The use of surface modified Fe3O4 NPs as stabilizing agents is anticipated to grow, where the results of this overview will catalyze further studies directed at 
advanced research and development of such systems for diverse applications in materials science, colloid chemistry and medicine.
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Introduction
Emulsions are defined as fine dispersions of minute droplets of 

one liquid in another immiscible liquid which are often formed either 
spontaneously or due to mechanical agitation. Emulsions are made up 
of the continuous and dispersed phases, where the dispersed phase in 
the form of a droplet is typically suspended in the continuous phase. 
Emulsions may be classified into: i) oil-in-water (o/w) ii) water-
in-oil (w/o) and iii) complex emulsions [1-3]. The high interfacial 
energy of the dispersed droplets in the emulsion phase contributes 
thermodynamic instability. Therefore, stable emulsions can be 
obtained using substances known as emulsifiers which are able to 
decrease the interfacial tension between the phases and are usually 
included in emulsion formulations [2]. An emulsifier is described as 
chemical species with amphiphilic properties that adsorbs strongly at 
the oil/water (o/w) interface. The adsorption of the emulsifiers at this 
interface lead to the formation of a protective film which resist droplet 
coalescence and phase separation, thus aiding emulsion stabilization. 
Conventional emulsifiers include low molar mass surfactants such as 
sodium dodecyl sulfate or surface-active polymers [2,4].

In 1903 and 1907, the studies of Ramsden [5] and Pickering [6] 
revealed that solid particles are able to adsorb at the oil–water interface 
and are suitable for stabilizing emulsions of oil and water [2,4,7]. 
The particle-stabilized emulsions were henceforth named Pickering 
emulsions after S. U. Pickering, even though the effect was first 
recognized by Walter Ramsden. The low toxicity and superior stability 
of Pickering emulsions lend unique properties when compared against 

classical emulsions stabilized by surfactants. Several studies on particle-
stabilized emulsions have shown that thermodynamic and kinetically 
stable Pickering emulsions were prepared using nanoparticles (NPs) 
from various materials such as gold [8], biomaterials [9], latex [10], 
carbonyl iron [7], modified and non-modified iron oxide [11-14], silica 
[10], titanium dioxide [15] and zinc oxide [16]. The characteristics 
of these particles that contribute uniquely relative to conventional 
emulsifiers include irreversible interfacial adsorption, stability against 
coalescence, sedimentation, flocculation and creaming, along with 
the ability to stabilize emulsions with large droplet size (up to several 
millimeters) [17].

Among the various types of NPs used for the stabilization of 
Pickering emulsions mentioned above, iron oxide (Fe3O4) NPs 
have generated great interest due to their magnetic properties and 
biocompatibility [18,19]. Previous studies (Table 1) on the use of 
Fe3O4 NPs as stabilizers for Pickering emulsions have shown that 
modified [12-14] as well as non-modified Fe3O4 NPs [11] are suitable 
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for stabilizing Pickering emulsions. The modification of Fe3O4 NPs 
may be achieved via coating with carboxylic acids [4,12,14] silane 
coupling agents [12,20], polystyrene [21] and graphene oxide [22]. 
Non-modified and carboxylic acid-modified Fe3O4 NPs provide 
greater stability for o/w emulsions of non-polar or weakly polar oils. 
By comparison, silane-coated Fe3O4 NPs are better stabilizers for 
o/w emulsions whose oil component is both non-polar and strongly 
polar [14,20,23]. The unique properties of magnetic-based Pickering 
emulsions include greater stability and biocompatibility which allow 
usage for encapsulation, chemotherapy, in  vivo  Magnetic Resonance 
Imaging (MRI), genomics and theranomics applications [14,24-27]. 
This study presents an overview of the factors affecting the stability of 
Fe3O4 NPs stabilized Pickering emulsions. This overview will provide a 
greater understanding of the effectiveness and drawbacks of Fe3O4 NPs 
as stabilizing agents for Pickering emulsions and to provide a bridge to 
address the knowledge gaps in this field over the last 5 years [9,28-34].

Types of pickering emulsions
Pickering emulsions can be classified into three general classes as 

follows: i) oil-in-water (o/w), ii) water-in-oil (w/o) emulsions and iii) 
complex emulsions.

Oil-in-water (o/w) pickering emulsions
Oil-in-water Pickering emulsion refers to an emulsion where 

droplets of oil are dispersed in water as the continuous phase (Scheme 
1). This type of Pickering emulsion is generally stabilized by NPs 
whose contact angle is less than 90o. Previous studies have reported the 
use of modified and non-modified Fe3O4 NPs for the stabilization of 
Pickering emulsion systems containing dodecane, octadecenyl succinic 
anhydride (ODSA), toluene and butyl butyrate in water, respectively 
[4,11,35].

Water-in-oil (w/o) pickering emulsions
Water-in-oil Pickering emulsions contain droplets of water as the 

dispersed phase and oil as the continuous phase (Scheme 2). NPs with 
contact angle greater than 90o are the best stabilizing agents for these 
types of emulsions. Liu et al. [36] have reported the stabilization of o/w 
Pickering emulsions by magnetic NPs

Complex pickering emulsions
Multiple Pickering emulsions are complex polydisperse systems 

where tiny droplets are suspended in bigger droplets suspended 
in a continuous phase and they exist simultaneously. In this type of 
Pickering emulsion (w/o/w), the primary w/o emulsion is stabilized 
by hydrophobic nanoparticles; whereas, hydrophilic nanoparticles are 

used as stabilizers in the secondary emulsification process. Complex 
emulsions can be in the form of water-in-oil-in-water (w/o/w) or oil-
in-water-in-oil (o/w/o) (Scheme 3), [37].

Preparation of pickering emulsions
Different types of Pickering emulsions can be prepared in a 

manner similar to classical surfactant-based emulsions. Typically, the 
stabilizing agent is first solvated in the primary liquid with mechanical 
agitation followed by the addition of the second liquid. For example, 
o/w emulsions are prepared by wetting hydrophilic nanoparticles in 
the aqueous phase (primary liquid) with mechanical agitation using 
gentle magnetic stirring or ultra-sonication. This is followed by 
emulsification of the oil phase using a suitable process that depends 
on the required droplet size. On the other hand, a w/o emulsions can 
be prepared as described above, where a key difference relates to the 
initial wetting of the hydrophobic stabilizing agent in the oil phase. 
For complex emulsions such as a w/o/w, the primary w/o emulsion is 

Particle Modifier Emulsion type References
Fe3O4 NP Stearoyl lactylate o/w and w/o [4]
Fe3O4 NP Oleic acid o/w [32]
Fe3O4 NP w/o [11]
Fe3O4 NP Silane coupling agents/ 

carboxylic acids
o/w [23]

Fe3O4 NP Oleic acid o/w [13]
Fe3O4 NP Oleic acid o/w [14]
Carbonyl iron NA o/w [7]
FeOx polystyrene o/w [21]
Fe3O4 NP Carboxylic acid w/o [33]
Fe3O4 NP Graphene oxide w/o [34]
Fe3O4 NP Silane coupling agent o/w [20]

Table 1. Summary of selected studies on Fe3O4 NP stabilized emulsions.

Scheme 1. Schematic presentation of stabilization of o/w Pickering emulsion by iron 
oxide.

Scheme 2. Conceptual stabilization of w/o Pickering emulsions by iron oxide NPs.

Scheme 3. Illustrative view of the distribution and stabilization of complex Pickering 
emulsion by iron oxide (a) o/w/o, (b) w/o/w.
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stabilized by hydrophobic NPs followed with dispersion of the primary 
emulsion in water using hydrophilic NPs as emulsifiers. Generally, the 
nature of agitation after addition of the primary and secondary phases, 
along with the size and nature of particles, affect the droplet size of the 
resulting emulsion (Table 2 and Figure 2).

For example, dispersion of the primary liquid with ultra-sonication 
yields fine suspension of particles with a 100 nm mean diameter, while 
high speed (10,000–20,000 rpm) mechanical stirring (using Ultra-
Turrax) results in particles ca. 2 μm diameter. Also, emulsification of 
the secondary liquid with an Ultra-Turrax rotor stator device rotating 
at 10,000–20,000 rpm (Figure 1) for 10 mins. Yield droplets with 
an average diameter ca. 2–5 μm range (Figure 2), depending on the 
viscosity of the liquid [11,20,29,38].

Stabilization of pickering emulsion by iron oxide 
nanoparticles (Fe3O4 NPs)

Fe3O4 NPs typically exhibit particle diameters between 1 to 100 
nm [39]. These NPs have attracted significant interest due to their 
unique properties which contribute to their potential applications 
in biosensors, magnetic resonance imaging (MRI) contrast agents, 
emulsifiers and magnetic fluid hyperthermia. These properties 
include high surface area, benign nature, and amenability to surface 
modification, negligible toxicity, biocompatibility, biodegradability 
and physical/chemical stability. Among the properties listed above, 
the relatively high surface area and facile surface modification enable 
favorable adsorption at the o/w interface. Thus, Fe3O4 NPs are suitable 
stabilizing agents, where the application of modified and non-modified 
NPs was previously reported as Pickering emulsion stabilizing agents 
[11-14,40]. These studies highlighted the variable factors that affect the 
stabilization of Pickering emulsions by Fe3O4 NPs.

It is worthwhile to note that some challenges exist for the effective 
application of Fe3O4 NPs as emulsion stabilizers. These include but 
are not limited to NPs with controlled size, shape, stability, and the 
inability to be dispersed in certain types of solvents. The tendency 
of NPs to undergo aggregation is related to the minimization of the 
surface energy. Large surface energy is a consequence of their large 
surface to volume (S/V) ratio. The unmodified Fe3O4 NPs are easily 
oxidized due to their high chemical activity. One method to overcome 
such challenges involves surface modification of the NPs with a suitable 
organic or inorganic moiety. Surface modification not only stabilizes 
the Fe3O4 NPs, but it can lead to further functionalization of the 
particles [41].

Factors affecting the stability of pickering emulsions
The wettability of Fe3O4 NPs at the o/w interface plays a critical 

role in the emulsification efficacy of these particles. Particle wettability 
can be characterized using the contact angle (θ) at the oil-particle-water 
interface (Scheme 4). Hydrophilic particles usually exhibit θ < 90°; 
whereas, hydrophobic particles are characterized by a greater contact 
angle (θ > 90°) with water. According to equation 1, particles with θ = 
90° at the oil/water interface possess the maximum desorption energy 
and are generally not suitable for stabilizing Pickering emulsions [2].

E = πR2γow (1+ cos θ2)                  (1)

γow represents the tension of the o/w interface and R represents the 
radius of a single spherical particle [2]. The factors that influence the 
wetting properties of NPs at the o/w interface are discussed in the 
section below.

Effects of modification of Fe3O4 NPs
Among the factors influencing the stability of Pickering emulsions, 

Emulsion type/ 
droplet size

Types 
of nanoparticles

Process

o/w emulsion 
(< 1 μm)

Hydrophilic NPs 1. Dispersion of NPs in the water phase.
2. Emulsification of the oil phase using ultrasound or high pressure homogenizer.

From 1 μm to 10 μm Hydrophilic nano- or sub-micron sized particles 1. Dispersion of particles in water.
2. Emulsification of the oil phase using a high speed rotor stator device.

From 10 μm to 100 μm Hydrophilic micro- or sub-micron sized 
particles

1. Dispersion of particles in water.
2. Emulsification of the oil phase using a rotating propeller stirrer.

Above 100 μm Hydrophilic micro particles 1. Dispersion of particles in water.
2. Emulsification of the oil phase by means of gentle mixing: hand shaking or rotating blade stirrer.

w/o emulsion Hydrophobic particles 1. Dispersion of particles in oil phase.
2. Emulsification of the water phase by means of appropriate technology with respect to the desired droplet size.

Complex (w/o/w) 
emulsion 

Hydrophobic particles for the primary w/o 
emulsion and hydrophilic particle for the 
secondary emulsion

1. Preparation of the primary w/o emulsion.
1.1 Dispersion of the particles in the oil phase.
1.2 Emulsification of the water phase by means of appropriate technology with respect to the desired droplet size.
2. Preparation of the w/o/w emulsion.
2.1 Dispersion of the particles in the aqueous phase.
2.2 Emulsification of the primary emulsion into the aqueous phase under low shear.

Table 2. Preparation of Pickering emulsions*.

* Adapted from Chevalier and Bolzinger, 2013 [29]

 

Figure 1. Ultra-Turrax rotor stator device. Adapted from the following source: https://
profilab24.com/Dispersers-Homogenizers-High-Speed-Mixers [38].

 
Figure 2. Microscope images showing different emulsion droplet sizes.Reproduced with 
Permission [11].

https://profilab24.com/Dispersers-Homogenizers-High-Speed-Mixers
https://profilab24.com/Dispersers-Homogenizers-High-Speed-Mixers
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hydrophobicity/hydrophilicity of the particles is a key parameter 
since it determines the wettability of the NPs at the o/w interface. 
One way of tuning the hydrophobicity and hydrophilicity of NPs is 
surface modification using carboxylic acids, silane coupling agents 
and polystyrene, etc. Zhou et al. [11] reported that non-modified 
and carboxylic acid-modified Fe3O4 NPs were shown to provide greater 
stability for o/w emulsions using non-polar or weakly polar oils. By 
contrast, silane-coated Fe3O4 NPs are more useful in stabilizing o/w 
emulsions whose oil component is strongly polar. They also reported that 
the chain length of the carboxylic acid modifier influences the stabilizing 
efficiency of the resulting Fe3O4 NPs. Modification of the NPs by enhancing 
the hydrophobicity occurs by decreasing the relative amount (%) of 
hydroxyl groups on the NP surface. Ingram et al. [13] and Lan et al. [14] 
reported the use Fe3O4 NPs coated with oleic acid bilayers (cf. Figure 3a) for 
the stabilization of Pickering emulsions. Vengsarkar [4] also reported the 
stabilization of Pickering emulsions using monolayer and bilayer stearoyl 
lactylate coated Fe3O4 NPs (Figure 4).

The study revealed that the monolayer coated Fe3O4 NPs (Figure 
3b) generated extremely unstable w/o emulsions; whereas, the bilayer 
coated Fe3O4 NPs successfully stabilized an o/w emulsion. The study 
carried out by Kaiser et al. [21] showed that polystyrene coated Fe3O4 
NPs displayed good emulsion stability due to entanglement of the 
polymer shell. In another report, Qiao et al. [20] discovered that silane 
coated Fe3O4 NPs were able to stabilize emulsions of both dodecane 
and butyl butyrate. They reported that despite the appearance of 
emulsion creaming, the systems reached a stable state by approximately 
500 minutes, except for the butyl butyrate-in-water emulsion which 
showed a continual gradual decrease in the residual emulsion fraction.

pH of aqueous solution
The pH of the aqueous solution is another factor that influences the 

emulsion stabilization capacity of Fe3O4 NPs. This relates to a change in 

 
Figure 3. Structures of a) bilayer oleic acid coated Fe3O4 NPs and b) monolayer coated 
Fe3O4 NPs. Reproduced with Permission [4].

 

Oil Oil 

Water Water θ 
θ 

Contact angle 

r 
r 

Scheme 4. Contact angles (θ) at the oil/water interface where r is the radius of the particle, 
where r above refers to R in eqn 1.

 
Figure 4. Stabilization of Pickering emulsion by a) SL monolayer and b) SL bilayer coated iron oxide NPs. (pH of aqueous phase = 10 and iron oxide NP concentration = 0.1 wt %). 
Reproduced with Permission [4].
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pH due to its effect on the surface chemistry of the particles according 
to their respective pH of point-of-zero net charge (PNZC). Studies 
[4,13,14] directed at the influence of pH on the emulsification capacity 
of Fe3O4 NPs modified with oleic acid and stearoyl lactylate show that 
the zeta potential of modified NPs increased with increasing pH except 
after pH 10 (Figure 5). 

With the use of optical microscopy, Vengsarkar [4] revealed that 
alkaline emulsifying conditions (pH ≥ 9) result in o/w emulsionswith 
oil droplet sizes of approximately 20 µm. By contrast, reduced pH 
conditions (pH ≤ 8) result in a droplet size of ca. 35 µm (Figure 6). The 
greater droplet size for the samples at the lower pH provide support that 
the particles exhibit better emulsion stabilizing capacity relative to pH 
values between 8 and 10. The improvement in emulsion stabilization 
capacity of the modified Fe3O4 NPs was related to cooperative 
stabilization by the modifiers and the NP domains of the emulsifier. 
Lan et al. [14] also studied the influence of pH on Pickering emulsions 
stabilized by oleic acid coated Fe3O4 NPs. They reported variable long-
term stability of Pickering emulsions at different pH values. They 
showed that acidic pH conditions (3.80 <pH <6.80) favoured the 

formation of w/o emulsions while alkaline pH conditions (8.40 <pH 
<11.30) supported the stabilization of o/w emulsions by the modified 
NPs. They also reported the phase inversion of Pickering emulsions at 
pH values 2.00 <pH <12.05.

Concentration/size of nanoparticles (NPs)
Zhou et al. [11] reported a study on the influence of particle 

concentration on the stability of Fe3O4 NPs stabilized Pickering 
emulsions. They showed that the concentration of NPs had no 
apparent effect on the stability of the prepared emulsions. The results 
also showed that the average droplet size decreased with an increase in 
particle concentration except for 0.5 wt % (Figure 7). 

Binks and Rodrigues [42] reported that multiple w/o/w emulsions 
were formed at low particle concentrations, but simple o/w emulsions 
are preferred near and above 1 wt % in water for silica particle- stabilized 
Pickering emulsions containing a triglyceride oil. Binks and Lumsdon 
[43] reported on the stabilization of oil-in-water emulsions by using 
monodispersed latex particles. The average emulsion drop diameter 
(35-75 μm) increased initially with increasing particle size and then 
remained constant thereafter, in agreement with another independent 
report [10].

Oil polarity
Studies [11,12,14,23] on the effect of oil polarity on the stability 

of the resulting Pickering emulsion systems reveal that oil polarity 
influences the wettability of Fe3O4 NPs at the o/w interface. The reports 
show that the non-modified and carboxylic acid modified Fe3O4 NPs 
exhibit good stabilization efficiency for emulsions prepared with weakly 
polar and non-polar oils (Figure 8). By comparison, hydrophobic 
particles such as silane-coated Fe3O4 NPs are very efficient in stabilizing 
Pickering emulsions of highly polar o/w systems.

Oil/water volume ratio
The influence of oil/water volume fraction on the stability of 

Pickering emulsions for variable oil types was studied by Zhou et al. 
[11] The results show that the residual emulsion fraction increased as 
the oil/water volume fraction increased. After 500 and 1000 minutes, 
respectively, the emulsion with oil/water volume fraction at 0.8 
containing dodecane or polydimethylsiloxane (PMDS) as the oil phase 
was completely stable (Figure 9). 

However, the butyl butyrate-water and decanol-water emulsion 

 
Figure 5. Stability analysis using zeta-potential of SL bilayer coated iron oxide nanoparticles 
at various pH values. Reproduced with Permission [4].

 

Figure 6. pH-responsiveness studies on oil-in-water Pickering emulsions generated using 
SL bilayer coated iron oxide nanoparticles. Reproduced with Permission [4].

 

Figure 7. Microscope images 20 days after the preparation of dodecane-in-water Pickering 
emulsions stabilized by Fe3O4 nanoparticles at different volume fraction (Øo) values and 
particle concentrations: (a) 0.2, 1 wt %; (b) 0.4, 1 wt %; (c) 0.6, 1 wt %; (d) 0.8, 1 wt %; (e) 
0.8, 0.5 wt %; and (f) 0.8, 2 wt %. Reproduced with Permission [11].
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systems were completely unstable over the range of oil/water volume 
fractions studied. The foregoing provides support that dodecane-water 
and PDMS-water systems can form emulsions that resist coalescence 
due to the adsorption of Fe3O4 NPs at the o/w interface. Binks and 
Rodrigues [42] have demonstrated that the average drop size increased 
while the polydispersity decreased as the volume fraction of oil 
increased at a fixed particle concentration in water for o/w emulsions 
(Figure 10). They also reported that when particles were initially wetted 

with low water content relative to the oil fraction, the corresponding 
emulsions underwent a phase inversion from simple w/o to o/w.

Effects of ion concentration
Previous reports have revealed variable effects of ionic strength on 

the stability of Pickering emulsions [4,14]. The variation in emulsion 
stability was dependent on the nature of the modifier used for coating 
of the Fe3O4 NPs. For example, Lan et al. [14] reported the change 
in contact angle and zeta potential of oleic acid bilayer coated Fe3O4 
NPs as the ionic strength increased. They also reported the formation 
of o/w emulsions when [NaCl] <0.2 M and w/o emulsions when 
[NaCl] >0.2 M. The emulsions were very stable to creaming and show 
coalescence over a wide range of NaCl concentration (0.10 M <[NaCl] 
<0.62 M), irrespective of the type of the emulsion. On the other hand, 
over the range of salt concentration, 0.03 M <[NaCl] <0.1 M and 0.62 
M <[NaCl] <2.0 M, the emulsions were stable to coalescence but not 
creaming. Outside the range of concentrations described above, the 
emulsions were unstable to coalescence and creaming. The studies also 
showed that the size of emulsion droplets at pH 10.70 initially decreased 
before increasing with an increase in ionic strength. In another study, 
Vengsarkar [4] reported that an ionic strength of 0.1 to 3.5 wt% had no 
measureable effect on the stability of emulsions stabilized by Fe3O4 NPs 
coated with stearoyl stearate (Figure 11). Creaming was observed after 
10 days resulting in a decrease in the volume fraction of the residual 
emulsion to around 50%. An optical microscopy study of the samples 
revealed that for samples with an ionic strength > 0.1%, the size of the 
emulsion droplets increased (> 50 μm) due to coalescence.

 

Figure 8. Photographs of the vessels containing magnetic Pickering O/W emulsions 
stabilized by 1 wt % Fe3O4NPs initially in water taken 20 days after emulsion preparation. 
From left to right, Øo = 0.2, 0.4, 0.5, 0.6, and 0.8: (a) dodecane, (b) 10 mPa s PDMS, (c) 
butyl butyrate, and (d) decanol. Reproduced with Permission [11].

Figure 9. Change in the volume fraction of the residual emulsion vs time for o/w emulsions stabilized by 1 wt % Fe3O4NPs initially in waterwith (a) dodecane, (b) 10 mPa s PDMS, (c) butyl 
butyrate, and (d) decanol. Reproduced with Permission [11].
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Assessment of stability of pickering emulsions
Generally, emulsions are thermodynamically unstable due to the 

large interfacial area between water and oil upon emulsification. The 
instability is also related to the corresponding increase in the interfacial 
Gibbs energy. In principle, this means that all emulsions tend to phase 
separate. Surfactant-based emulsifiers lower the Gibbs energy upon 
emulsification by reducing the interfacial tension of the oil/water 
interface. On the other hand, solid particles do stabilize emulsions by 
adsorbing strongly at the w/o interface, thus reducing the surface area 
of the oil/water interface. The surface free energy dGσ  is related to three 
components: an entropy term SσdT, an interfacial energy term Adγ, and 
a composition term ∑ nidμi (ni is the number of moles of component i 
with chemical potential μi), according to the Gibbs–Duhem equation

dGσ= −SσdT + Adγ+ ∑ nidμi.                 (2)

At constant temperature and composition, 

dGσ= Adγ                   (3)

therefore,γ= (Gσ/dA) T, ni                     (4)

Fe3O4 NPs possess high surface-to-volume (S/V) ratio which 
culminates in large surface energies. According to equation 3, a 
decrease in the S/Vratio as well as their surface energies, as evidenced 
by aggregation of the particles in solvents [41]. This challenge can be 
minimised by surface modification of the NPs by functionalization of the 
particle surface groups. Thermodynamic studies provide information 
on processes taking place before and after the emulsification process. 

 

Figure 10. Microscope images 20 days after preparation of butyl butyrate-in-water 
Pickering emulsions stabilized (c) 1% wt. 0.01OS-Fe3O4, 1:1, (d) 1% wt. 0.01OS-Fe3O4 
1:2. Reproduced with Permission [12].

 

Figure 11. Effect of pH on the stability of Pickering emulsions generated using SL bilayer 
coated iron oxide NPs. (pH of aqueous phase before salt addition = 7.5 and iron oxide NP 
concentration = 0.1 wt %). Reproduced with Permission [4].

 

Figure 12. Creaming of Fe3O4 NPs stabilized emulsion after 3 days. Reproduced with 
Permission [32].

By contrast, kinetic studies afford the determination of the rate at 
which these processes occur. During the preparation of a Pickering 
emulsion, wetting of NPs in the primary phase and addition of the 
secondary phase results in emulsion formation. After a certain time, 
de-emulsification may occur which is characterized by aggregate 
formation and/or phase separation, where distinct layers of oil and 
water are visible. The phenomena of aggregate formation and phase 
separation relate to thermodynamic instability, while the time taken for 
the distinct layers to be visible relate to kinetic instability factors [30]. 
The thermodynamic and kinetic stability of Pickering emulsions may 
be assessed further, as discussed below.

Aggregate formation
Aggregate formation often occurs in the form of coalescence and 

flocculation and generally takes place because the emulsion droplets 
are always in motion (Brownian motion) and undergo collision. This 
motion usually induces aggregation or separation of the droplets. 
Flocculation is the aggregation of droplets whilst maintaining 
their physical properties; whereas, coalescence is characterized by the 
aggregation of droplets. During coalescence, the droplets eventually merge 
together to form larger droplets (Figure 12 and Scheme 5). Coalescence 
and flocculation of emulsion droplets may be assessed using methods that 
characterize droplet size such as microscopy and light scattering [7,11,14]. 
The rate of flocculation can be determined by measuring the floc size 
dynamically as a function of time.

Phase separation
Phase separation is a result of the disparity in the density of 

 

Scheme 5. Illustration of the factors that cause instability of Pickering emulsions. The blue 
region represents the water phase, yellow ovals represent oil droplets and red dots represent 
the stabilizing agent.
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emulsion droplets and the continuous phase. The difference in droplet 
density tends to cause the migration of droplets up or down vertically 
through the continuous phase. Droplets with a lower density tend to 
form a layer of emulsion droplets above the continuous phase of the 
emulsion. This phenomenon is known as creaming. Conversely, if the 
droplets are denser, they form a layer at the bottom of the emulsion. 
This phenomenon is known as sedimentation (Scheme 5). Generally, 
o/w emulsions undergo creaming due to the lower density of oil 
relative to water, while w/o emulsions tend to sediment. Creaming or 
sedimentation in emulsions can easily be assessed by visual inspection 
and appropriate spectroscopic measurements. The rate of emulsion 
creaming or sedimentation can be estimated by measuring the volume 
fraction of the residual emulsion and/or the oil/water phase as a 
function of time, using appropriate techniques [7,11,12].

Wettability and contact angle
The wettability of particles used as stabilizers in Pickering emulsions 

is a significant factor that influences the effectiveness of particles in 
stabilizing emulsions. This property is usually assessed by measuring 
the three-phase contact angle at the o/w interface. Particles with a 
contact angle less than 90o are considered hydrophilic and suitable for 
the stabilization of o/w emulsions. On the other hand, particles with 
contact angle greater than 90o are hydrophobic and are more effective 
for the stabilization of w/o emulsions, including emulsions containing 
highly polar oils. The contact angle can be measured using a variety 
of methods such as the classical drop-shape method, Washburn 
capillary rise (WCR) method, sessile drop method, Wilhelmy plate 
method, microcalorimetry, atomic force microscopy (AFM) and the 
gel trapping technique (Figure 13) (GTT) [14,44,45].

Applications of pickering emulsions
The stability of Pickering emulsions has contributed to the use of 

such systems in diverse applications involving colloidal phases. Various 
industrial applications include biomedical devices and controlled 
drug delivery. Drug delivery refers to administering pharmaceuticals 
in humans or animals with the aim of achieving a healing effect. The 
drug may be administered via various routes which include oral, nasal, 
topical and pulmonary, etc. [46] The properties of Pickering emulsions 
that justify their prominence in such applications relate to emulsion 
stabilization. Pickering emulsions are stabilized by the tendency of 
such particles to adsorb strongly at the oil/water interface, as evidenced 
by the formation of dense coatings on emulsion droplets. These 
dense coatings alter the mass transfer barrier by creating a barrier to 
diffusion of drug molecules. Thus, Pickering emulsion droplets serve 
as suitable encapsulation systems [47-49]. Moreover, the adjustable 
permeability of Pickering emulsions and related materials provide 
distinctive advantages for selected applications. The specific properties 
of the droplet surface such as pH and thermo-responsiveness, along 
with magnetic responsive behavior afford magnetic-based targeting 
into tissues in a different manner over conventional surfactant-based 
emulsions. For example, the application of drug loaded Pickering 
emulsions in dermal delivery via topical routes illustrate the significant 
potential of these systems as advanced drug delivery systems. 
Frelichowska et al.[50] reported the delivery of a hydrophilic drug 
(caffeine) from w/o Pickering emulsions to the skin. The results reveal 
that rapid delivery was observed relative to surfactant-based emulsions 
having similar chemical composition and viscosity. Similar results have 
been reported for w/o emulsions loaded with a fluorescent probe [51] 
and methyl salicylate [52], respectively. 

Jarzyna et al. [53] investigated the application of iron oxide core 
oil/water emulsions as a multifunctional NP platform for tumor 
targeting and imaging. The authors reported the application of the 
nanoemulsions for in vitro studies, where the nanoemulsion was found 
to be biocompatible. Supporting evidence was found by the viability 
of the cells at the applied high NP dosage, in agreement with reports 
for other commercially available contrast agents [54]. The study also 
reveals that nano-emulsions were suitable for in vivo fluorescence 
studies as well as in vivo magnetic resonance imaging (MRI) studies. 
The unique properties of Fe3O4 NPs such as thermal stability and 
magnetic responsiveness have added benefits over other particles 
based on organic scaffolds. The greater thermal stability of Fe3O4 NPs 
provides support for their utility in stabilized Pickering emulsions 
for high temperature applications. In the treatment of hyperthermia, 
the magnetic responsiveness of such NPs enhance their application 
in magnetic fluids for MRI [53]. Other industrial applications of 

 

Figure 13. Schematic presentation of determination of the contact angle of NPs via a 
combination of the gel trapping technique (GTT) and atomic force microscopy (AFM). 
Reproduced with Permission [45].

Figure 14. The application of magnetic NPs in controlled drug delivery. Reproduced with 
Permission [55].
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Pickering emulsions include heavy oil transport, oil recovery, emulsion 
polymerization, catalyst recovery and cosmetics. Pickering emulsions 
stabilized by NPs are also being investigated for their potential utility 
as alternatives or supplementary dispersants for oil-spill remediation. 
The tendency of the emulsifiers to self-assemble at the o/w interface is 
being exploited for the synthesis of microparticles, along with hollow 
particles [2,4,12,19,31,55]. A recent review by Dickinson [56] provides 
an overview on the application of Pickering emulsions in various 
aspects of food processing. 

Future research
Although there are emerging studies on the application of cellulose 

biopolymers and cellulose/Fe3O4 NPs composite materials as Pickering 
emulsion stabilizing agents [28,57,58]. A number of such studies 
have employed nanocrystalline cellulose or its modified forms as the 
emulsifying agent due to its high S/V ratio [59]. There have been sparse 
reports on the application of bulk cellulose to prepare supported Fe3O4 
NPs composites, especially their use as Pickering emulsion stabilizing 
agents. The lack of such studies may relate to the recalcitrant nature 
of bulk cellulose. Cellulose supported NPs in the form of composites 
can allow for subtle surface modification whilst enhancing NP 
stability. In the light of the above, future studies are suggested as 
follows: i) design anisotropic cellulose supported NPs composite 
with variable amphiphilic properties, aspect ratio, and polydispersity 
index, ii) evaluate the Pickering emulsion stabilizing efficacy of 
the cellulose Fe3O4 NP composites, and iii) evaluate the effects of 
differing levels of fibrillation (nano-, micro-, and bulk cellulose) on 
the emulsion stabilizing efficiency of such composites. The modified 
cellulose materials (hybrids) may be studied using various materials 
characterization techniques such as infrared (IR) spectroscopy, 
scanning electron microscopy (SEM) and thermal analytical methods 
(TGA and DSC). The emulsion stabilization efficacy of the modified 
cellulose can be evaluated by preparing Pickering emulsions of both 
polar and non-polar oils, where their thermodynamic and kinetic 
stability can be assessed. 

Conclusions
This mini-review provides an overview of the effectiveness of Fe3O4 

NPs as stabilizing agents for Pickering (particle stabilized) emulsions 
of both polar and non-polar oils. Pickering emulsions are prepared as 
o/w, w/o, and as complex (w/o/w or o/w/o) emulsions. These emulsion 
systems are typically prepared by wetting the stabilizing agent in the 
primary liquid with mechanical agitation before the addition of the 
secondary liquid. Among the various stabilizing agents for Pickering 
emulsions, Fe3O4 NPs are anticipated to be the subject of future research 
due to the availability, synthetic versatility, unique physicochemical 
properties (high surface area, ferromagnetism, etc.) and amenability 
to surface modification. The surface modification of NPs result in 
systems with variable hydrophile-lipophile balance which possess 
variable adsorption affinity and stabilization of the o/w interface. 
Structural modification of NPs to yield variable surface functionality 
and textural properties will lead to further structural diversity and 
functional versatility as stabilizing agents for Pickering emulsions. 
While hydrophobic particles are suitable for stabilizing w/o emulsions, 
hydrophilic particles are employed as stabilizers of o/w emulsions. The 
modification of Fe3O4 NPs allows for the ability to tune the hydrophile-
lipophile balance of NPs. In turn, this leads to stabilization of emulsions 
containing highly polar vs. nonpolar oils. Factors such as pH of the 
aqueous solution, oil/water volume ratio, polarity of the oil phase, ionic 
strength, nature of modification of the Fe3O4 NPs and concentration of 

the NPs affect the stability of Pickering emulsions. The thermodynamic 
and kinetic stability of Pickering emulsions can be assessed by a range 
of conventional spectroscopic methods such as contact angle, light 
scattering, and microscopy and bulk physical properties. Pickering 
emulsions are predicted to find increasing applications in colloidal 
dispersions due to the emerging need to develop sustainable and 
alternative stabilizers for diverse applications in the production of 
foods, fuels, personal care products, and medicine. 
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