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1. Introduction
Food is a basic essential for human beings. Therefore, the overall product quality such as nutrition,
texture, appearance, taste, and stability are of fundamental considerations. To provide food with good
stability along with desirable texture and appearance, stabilizers have been usually added into pro-
cessed food products. Stabilizers are generally added into processed foods containing mixtures of
aqueous and oil phases. It functions as an enhancement to food texture and appearance, since it helps
produce a stable emulsion. Emulsifiers are among the stabilizers which promptly enhance the stability
of water-in-oil (W/O) or oil-in-water (O/W) emulsionebased food products. Emulsifiers consist of
polar heads and nonpolar tails, and they reorient themselves on the interface of oil and water emulsion
to lower the surface tension arising between those two immiscible phases, thus enabling the stable
dispersion of one phase into another.

Natural emulsifiers have been replaced by synthetic ones for a long time since they can be mass
produced and are therefore lower in price. However, there has in recent times been a growing popu-
larity in natural emulsifiers due to the undesirable health effects of synthetic emulsifiers over the long-
term such as obesity and related issues (Simmons et al., 2014). On the other hand, natural emulsifiers
have low toxicity, are easily degradable, biodegradable, are effective in extreme conditions, and are
able to be reused via regeneration, so that they enjoy preference in the food industry despite their
higher price (Koglin et al., 2010).

Solid particles have existed in emulsion formulation for many years, such as those used in the food,
oil, pharmaceutical, and agrochemical industries (Binks, 2002). They are believed to enhance stability
to some extent. In many food and foam emulsions stabilized mainly through proteins and phospho-
lipids, solid particles play a significant role for necessary stabilization, such as ice crystals in ice cream
and the particles of fat in whipping cream (Binks, 2002). The use of colloidal particles to stabilize
emulsions and foams known as the Pickering emulsion has been known for at least a century (Aveyard
et al., 2003). Ramsden (1903) concluded that the existence of viscous material at the two immiscible
liquids’ interfaces contributed, in part, to the stability of many emulsions.

Solid and stabilized emulsion was formed, thanks to finely divided solids dispersed between the
interfaces of oil and water. Pickering (1907) observed that colloid particles dampened more easily by
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water than by oil could more likely stabilize O/W emulsions. However, the Pickering emulsion has
been slowed down, a slow development until the 1980s (Dyab, 2012). Since then, along with progress
in the characterization techniques of colloidal particles, there has been renewed interest in Pickering
emulsions. Solid particles like metal sulfates, hydroxides, alumina, carbon, and iron oxide have been
used as stabilizers of O/W or W/O emulsions (Binks, 2002; Wang et al., 2004; Dyab, 2012; Xie et al.,
2018). Recently, some other solids such as hydroxyapatite (Hap), magnetic nanoparticles, chitosan
(CS), nanotube, cyclodextrin (CD), and some food-grade stabilizers and organic particles can effec-
tively serve as Pickering emulsifiers (Yang et al., 2017; Dai et al., 2018a, 2018b). Therefore, the
applications of Pickering emulsions have become very widespread, for example, as porous scaffolds,
catalysts, stimulieresponsive materials, delivery vehicles, and so on (Yang et al., 2017). Pickering
emulsions have drawn significant research interest as templates in many fields due to the following
advantages: (i) solid particles minimize droplet coalescences and bring about higher emulsion sta-
bility; (ii) many solid particles bestow materials with preferred traits such as porosity, responsiveness,
etc; and (iii) some solid food-grade particles possess reduced toxicity, making them safer to use in vivo
(Yang et al., 2017).

There are many behavior similarities of small solid particles and emulsifier molecules at the liq-
uids’ interfaces. Colloidal particles show similar behavior like surfactant molecules, especially when
accumulated at the interfaces due to their partitioning between the immiscible liquids, rendering the
stability to the emulsion. Solid particles likewise surfactants or emulsifiers tend to be adsorbed on the
interface between two phases since they possess hydrophilic portions as well as hydrophobic portions.
The tendency of an emulsifier toward oil or water liking is reflected by the term hydrophileelipophile
balance number, which is equivalent with the term wettability and contact angle for a spherical particle
(Binks, 2002). It is well known that low molar mass emulsifiers and surface-active polymers can help
diffuse powdered materials in a liquid by forming aggregated structures in liquid media. In contrast to
emulsifiers, individual solid particles do not form aggregates such as micelle, therefore solubilization
phenomena is not seen in the particle case. Spherical particles just simply adsorb to oilewater in-
terfaces depending on the contact angle q which governs the particles’ wettability. The wetting effi-
ciency of the solid by one liquid is likely greater than that of the other, leading to the weaker wetting
liquid becomes the dispersed phase. For hydrophilic particles, e.g., metal oxides and silica, the particle
surface stays more in water than in the oil phase and q measured is normally less than 90�. For hy-
drophobic particles such as modified silica and carbon, the particle stays more in oil than in water and q
measured is generally greater than 90� (Binks, 2002; Aveyard et al., 2003). Colloidal particles could
effectively stabilize emulsions if they were wetted in partial by both aqueous and oil phases, thereby
considered to be an important group of emulsifying agents (Tambe & Sharma, 1993). Water-wet
particles or hydrophilic solid particles tend to stabilize O/W emulsions, while oil-wet particles or
hydrophobic solid particles tend to stabilize W/O emulsions (Binks, 2002; Aveyard et al., 2003). The
emulsion-stabilizing efficiency of these solids depends on such things as interparticle interactions,
particle size, and particle wettability. Furthermore, the stability and type of emulsions formed depends
on particle concentration, wettability, pH of the aqueous phase, the presence of ions in the aqueous
phase, and the concentration and type of emulsifier present in the system (Tambe & Sharma, 1993).
Particles used for emulsion stabilization are normally submicrometer to a few micrometers in size
(Tambe & Sharma, 1993). Each particle size should be smaller than the emulsion droplets themselves
for the particles to properly cover the droplets. The particle interaction at some degree especially
between particles at the interface is necessary for an effective stabilization. From gathered evidence, in
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some systems it seems that weak particle flocculation improves stability of the emulsion (Aveyard
et al., 2003). Adjusting the pH, salt concentration, and temperature can modify the wettability of the
particle (Binks et al., 2006). The adsorption of certain surfactants can also change the particles’
wettability and may occasionally lead to emulsion-phase inversion (Binks, 2002).

The solid particles’ ability to steady the emulsions relates to the formation of the interfacial barrier
which provides the steric hindrance to dropletedroplet fusion and the modification of the interfacial
region’s rheological properties due to the particulate presence. The particles can arrest the Ostwald
ripening process in emulsions due to the resulting capillary effects and high desorption energy of the
particles (Tcholakova et al., 2008). The formation of highly viscous and rigid films at the interface
layer induced by colloidal particles such as clays, resins, asphaltenes, wax, and biopolymers appar-
ently promote emulsion stability (Urdahl & Sjöblom, 1995; Al-Sahhaf et al., 2009; Hong & Fischer,
2016; Dai et al., 2018a; Lu et al., 2018; Li et al., 2019). The capacity for solid particles to diffuse and
remain in the interfacial region in a state of mechanical equilibrium would also dictate its emulsion-
stabilizing capacity. The adsorbed solid particles at the interface would then form rigid layer that can
sterically curb the fusion of dispersed droplets. For obtaining a stable emulsion, there should be a
minimum concentration of particles to sufficiently form a dense layer of particles around the droplets
and to modify the degree of interparticle interaction. A heavy layer of solid particles at interfacial layer
would influence the capacity of the colloidal particles to stabilize emulsions. The interfacial rheo-
logical properties change as the surface concentration of particles increase, resulting in full surface
coverages. The interfacial region will tend to demonstrate viscoelastic behavior when the concen-
tration of particles becomes sufficiently high (Tambe & Sharma, 1993). The displacement of the
colloidal particles along the interface results in droplet coalescences leading to emulsion instability.
The forming of a fixed protective interfacial film, with particular interfacial rheological characteristics,
is of great value to the stability of these Pickering emulsions. Moreover, the huge free energy of
adsorption for particles of moderate wettability (50� < q < 130�) leads to incredible stability for
certain emulsions due to irreversible adsorption, in contrast to emulsifier molecules which are typically
in rapid dynamic equilibrium between the bulk phases and the oilewater interface (Aveyard et al.,
2003). These properties offer several possible advantages of particulate emulsifiers over conventional
surfactant in providing greater stability against coalescence and a reduced rate and extent of creaming/
sedimentation due to the improved viscosity of the continuous phase (Binks, 2002; Aveyard et al.,
2003; Binks et al., 2006). The high-level stability found in solid-stabilized emulsions greatly benefits
the shelf life of formulas that include those (Binks, 2002).

The stability of the formed emulsions increases as emulsifiers are added to the system (Tambe &
Sharma, 1993). The wettability of the solids is modified by the presence of emulsifier in the system and
most likely enhances the interparticle interaction too. Along with extra surfactant molecules comes an
enhanced emulsification capacity, which may be due to an alteration in particle wettability that ac-
companies surfactant adsorption, thereby modifying the contact angle (Binks & Whitby, 2005). The
incorporation of cationic surfactant also enhanced emulsion stability. This is predominantly due to the
adsorption of emulsifier molecules both at the interfaces between solideliquid and liquideliquid
(Binks & Whitby, 2005). The added emulsifier molecules are partitioned to the interface, and in most
cases, colloidal particles would be adsorbed at the oilewater interface, rendering steric hindrance
against droplet coalescences. The proceeding interfacial structure is therefore a combination of
emulsifiers associated with colloidal particles which leads to long-term stable O/Wemulsion due to the
very rigid film surrounding the oil droplets (Reger et al., 2011) and viscoelastic interfaces that increase
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the magnitude of steric hindrance and decrease the rate of film thinning between coalescing droplets
(Tambe & Sharma, 1995; Reger et al., 2012).

2. Silica for stabilization of O/W emulsion
Silica or silicon dioxide (SiO2) is omnipotent in nature consisting of 26% of the earth’s crust (Martin,
2007) and is present in a crystalline form in nearly all the minerals rocks, clays, and sands on the earth.
It belongs to the only inorganic polymer which is most often colorless to white and insoluble in water.
The term “biosilica” used in this context referred to silica biopolymer which was accumulated in the
living tissues such as rice husk and was isolated thereof. Biosilica is also found in silica-rich plants
such as horsetail (Sapei et al., 2007, 2008), bamboo, and grass. In lower creatures such as diatoms and
radiolarian, silica was mainly deposited in their cell walls. Biosilica is amorphous in nature and tends
to be hydrophilic due to the presence of hydroxyl group on their surface as depicted in Fig. 18.1.

Silica has widespread industrial applications as an antifoaming agent, as an excipient in drugs and
vitamins, as dough modifier, and as adsorbent to clarify beverage and as viscosity modifier (Martin,
2007). Silica is also among the additive for foods (E 551) and is typically used as an anticaking agent.
Silica was reported to have many potential health benefits. Many evidences supported a beneficial role
of silicon in collagen formation, improving bone, cartilage, and connective tissue structure, prevention
of toxicity to the brain, and maintenance of blood vessel integrity (Martin, 2007). Silica is common in
the typical human diet and largely considered safe. There is no observed adverse effect level of
50,000 ppm (mg/L) for dietary silica (Martin, 2007).

Biosilica accumulated in plants consisted of colloidal primary particles of about 2 nm (Sapei et al.,
2007), and therefore it has a great potential to be used for stabilizing O/W emulsion by diffusing into
the oilewater interfaces forming a rigid and densely packed silica particle layer. There were few
publications related to biosilica for the stabilization of food-grade O/Wemulsions. Sapei et al. (2017a;
2017b) has reported the kinetics of destabilization of O/W emulsion stabilized by rice husk silica

FIGURE 18.1

Schematic illustration of the nature of amorphous hydrated biosilica
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combined with lecithin and Tween-20. The destabilization rate of emulsions stabilized with biosilica
and lecithin was reduced by w10% in comparison with the emulsions prepared without added
emulsifiers (Sapei et al., 2017a). It seemed that the varying concentrations of both lecithin and silica
slightly affected the destabilization rates of O/Wemulsions. The emulsion destabilization rate constant
was reduced by w20% when the emulsion was stored at refrigerated temperatures (Sapei et al.,
2017a). In the O/W emulsion stabilized with rice husk silica/Tween-20, it was demonstrated that the
varying concentration of Tween-20 significantly influences the overall emulsion stability. The emul-
sion stability increased with the increase of Tween-20 concentration (Sapei et al., 2017b). The addition
of Tween-20 could help increase the wettability of biosilica to be firmly attached on the interfaces,
rendering the stability of the resulting Pickering emulsion. The instability of O/W emulsion process
due to mainly oil droplet coalescences followed the first-order kinetic model. Recent study demon-
strates the influence of pH on the stability of W/O/W emulsion stabilized with rice husk silica/Tween-
20 on the outer emulsion (Sapei et al., 2018). The acidic environment of the outer aqueous phase
(pH < 4) enhanced the stabilizing action of rice husk silica particles on the interfacial layer. The silica
particles formed a closely congested layer due to the biosilica particle aggregations, thereby improving
the barrier properties against droplet coalescences. The resulting double emulsions had in turn higher
stabilities of about 97% after a storage period of 7 days.

Pichot et al. (2009, 2010) investigated the effect of surfactant addition on the “food-grade” O/W
emulsion stabilized by colloidal hydrophilic silica particles (Aerosil 200). Pichot et al. (2009) found
out that the concentration of both monoolein and silica particles influenced the stability of O/W
emulsion. Initially, monoolein decelerated the coalescence phenomena and further induced droplet
break-up, during emulsification, while reducing interfacial tension by rapidly covering the newly
created interfaces, thus allowing the deposition of the silica particles at the interfaces to render long-
term stability. Pichot et al. (2010) investigated the effect of different emulsifiers’ types and concen-
trations on the O/W stability stabilized by colloidal particles. Colloidal silica particles were combined
with lecithin and Tween-60/Sodium Caseinate. Emulsion stabilized by mixed emulsifiers and silica
particles contained smaller droplets in comparison with the emulsion stabilized by either emulsifiers or
silica particles. As the emulsifier concentration increased, dispersed droplets began to increase, fol-
lowed by the detachment of silica particles from the surfaces. Pichot et al. (2012) investigated the
effect of surfactants’ concentrations and types (Tween-60, Na-caseinate, and lecithin) on the contact
angles and interfacial tensions in the presence of hydrophilic silica particles. The contact angle profile
was governed by both emulsifiers and particles at low emulsifier concentration regardless of the
surfactant’s type, whereas it was influenced by the emulsifier only at high concentration.

Eskandar et al. (2011) investigated the interfacial structure along with the formation and stability of
MCT (medium chain triglyceride) or paraffin-based O/W emulsions which were stabilized with either
lecithin or oleylamine and nanoparticles of hydrophilic silica (Aerosil 380). A synergism between
emulsifiers and hydrophilic silica nanoparticles in stabilizing O/Wemulsion was observed. Dyab (2012)
investigated the destabilization of Pickering emulsions in the presence of hydrophobic silica fumed
nanoparticles by dictating the pH. The results suggested that pH strongly affected the silica particles’
wettability, hence their contact angles. Frelichowska et al. (2010) investigated the stability of O/W
emulsions stabilized by hydrophobic fumed silica. Silica particle aggregation became an important
parameter for the emulsion stability. A supplementary mechanism of oil adsorption and capillary
condensation of oil within the silica aggregates contributed to the stability of emulsion as well. Binks and
Whitby (2005) studied the use of hydrophilic nanoparticle silica in stabilizing O/W emulsion. The oil
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used included toluene, heptanes, isopropyl myristate, and methyl myristate. Changes in pH and the
addition of divalent electrolyte altered the particle charge and flocculation causing temporary en-
hancements in emulsion stability. In addition, the incorporation of cationic type surfactant improved the
emulsion stability. The particle layer formed around the droplets sterically hindered the flocculation, thus
stabilizing the droplets against coalescences (Binks & Whitby, 2005). Midmore (1998) observed the
synergism action between silica (Ludox) and polyoxyethylene emulsifier during the formation of O/W
emulsions. There were three main roles of the surfactant, i.e., promoting solid particle flocculation,
modifying the particle wettability, and lowering the interfacial tension. Surfactants played a significant
role in modifying the silica surface properties (Lebdioua et al., 2018). Tambe and Sharma (1993)
investigated several solid particles including hydrophilic silica in a nonefood-grade O/Wemulsion with
n-decane as oil phase. It turned out that low pH values (4 and 6) favored the formation of highly stable
O/Wemulsions stabilized by silica particles and an emulsifier, vice versa a high pH value (8 and 10) was
suitable for achieving W/O emulsion with high stability. W/O emulsions are favored as Dai et al. (2019)
observed the formation of solid-like films due to the self-assembly of nanosilica/surfactant at the oile
water interface. Under weakly acidic conditions, higher surface coverage and lower interfacial tension
was observed. Rı́os et al. (2018) found that silica particles increased the surface activity of anionic
surfactant by considerably reducing their critical micelle concentration, while the effects were reversed
in case of nonionic surfactants. Silica particles were considered as nontoxic and even reduced the toxicity
of surfactant solutions. Pickering emulsion stabilized with silica nanoparticles demonstrated an increase
in thermal resistance at high temperatures and remained stable in harsh conditions, thanks to a rigid
nanoparticle layer at the oilewater interface (Taherpour & Hashemi, 2018).

3. Effect of emulsifier addition combined with rice husk silica in
stabilizing O/W emulsion

Pickering emulsions stabilized with particles exhibited a much higher stability when combined with
the amphiphilic emulsifiers. It was shown that emulsions involving oil and water were less stable when
only solid particles or only emulsifiers were used (Pichot et al., 2009, 2010; Eskandar et al., 2011;
Sapei et al., 2017a, 2017b). There was a synergistic mechanism between solid particle and amphiphilic
emulsifier in stabilizing O/W emulsion. The polymeric emulsifier was easily adsorbed onto the oile
water interfaces, which lowered the interfacial tension while facilitating the further adsorption of the
particles onto the droplet surface providing the steric barrier against droplet coalescences. The
emulsions showed higher stability with greater long-term stability (Pichot et al., 2009; Sapei et al.,
2017b) and lower destabilization rate constants (Sapei et al., 2017a, 2017b). The effect of the addition
of lecithin and Tween-20 together with rice husk silica on the overall stability of O/W emulsions was
described in the following Sections 3.1 and 3.2, respectively. No pH adjustment was made during the
experiments. However, the slightly acidic pH of the outer aqueous phase favored the formation of
stable O/W emulsion (Tambe & Sharma, 1993).

3.1 Addition of lecithin in the oil phase
The O/Wemulsion was prepared by dispersing soybean oil into the aqueous phase with the fraction of
20%. Emulsification was carried out using a rotorestator homogenizer. Lecithin was added into the oil
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phase, whereas pure biosilica derived from citric acideleached rice husk (Sapei et al., 2017b) was
dispersed in the aqueous phase. Concentrations of lecithin and silica were varied in order to study their
effect on the overall emulsion stability as depicted in Table 18.1. The emulsion stability was measured
based on the fraction of emulsion and cream indicated by their corresponding height in the glass vial
(Sapei et al., 2017a).

The results showed that the O/W emulsion without any emulsifiers had the lowest emulsion sta-
bility of below 60% after 2 days. The use of rice husk silica alone as a stabilizer enhanced the emulsion
stability. However, when the concentration of silica particles was too low or too high, its emulsion
stabilizing ability decreased. The optimum rice husk silica concentration obtained was 2% indicated
by the higher short-term (after 1 h) as well as long-term (after 2 days) stability. A minimum con-
centration of particles is required to sufficiently form a dense layer of particles around the droplets and
to modify the degree of interparticle interaction (Tambe & Sharma, 1993). The solid silica particles
would diffuse and adsorb onto the interfacial layer, thus rendering a steric hindrance to inhibit the
coalescence of oil droplets and increasing emulsion stability. When the silica particles increase, they
tend to sediment since the interaction among particles at the oilewater interface is not strong. The
silica particles tend to have negative charges over their surface, thereby increasing the electrostatic
repulsion between the particles and lessening the silica flocculation at some degree which is required to
form a rigid film barrier. Stabilization of O/W emulsion using bare silica particles resulted in an
emulsion with low stability since creaming and coalescence occurred rather quickly (Frelichowska
et al., 2009).

The addition of lecithin ranged from 0.1% to 1.5% did not significantly improve the emulsion
stability. In general, an increase in lecithin concentration slightly improved both short-term and long-
term emulsion stability. The optimum emulsifier’s mixture was found to be 2% rice husk silica and
1.5% lecithin which demonstrated the highest short-term emulsion stability. The influence of W/O
surfactant on the stability of O/W emulsion was almost negligible according to previous investigation
(Pichot et al., 2010).

Table 18.1 Stability of oil-in-water (O/W) emulsion stabilized by Rice Husk Silica and Lecithin.

Emulsifiers
Emulsion stability
after 1 h (%)

Emulsion stability after
2 days (%)

No emulsifiers 71.15 59.97

1% S 69.23 62.18

2% S 73.72 64.38

3% S 71.15 61.54

2% S þ 0.1% L 71.79 64.10

2% S þ 0.6% L 73.08 65.10

2% S þ 1% L 73.72 64.46

2% S þ 1.5% L 74.36 63.82

Oil phase of 20% consisted of soybean oil and lecithin was dispersed in aqueous phase containing rice husk silica. The resulting
O/W emulsions were stored at room temperature (w28�C).
S and L denoted to silica and lecithin, respectively.
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3.2 Addition of Tween-20 in the aqueous phase
The O/W emulsion with palm oil fraction of 20% was dispersed in the aqueous phase containing pure
biosilica derived from citric acideleached rice husk (Sapei et al., 2017b) and Tween-20 using a
rotorestator homogenizer. It was obvious as seen in Table 18.2 that O/W emulsion prepared without
any emulsifiers had the lowest stability of below 50%. The addition of bare rice husk silica particles up
to 2% increased the emulsion short-term stability of about 33%. Furthermore, the incorporation of 1%
Tween-20 with 2.5% silica drastically increased the short-term emulsion stability of about 90% and
43% compared to those without emulsifiers and with bare rice husk silica, respectively. The long-term
emulsion stability was also increased upon the addition of rice husk silica to about 58% and further
increased to about 73% with the incorporation of Tween-20.

The emulsion stability decreased with time for the first 1 h. after the emulsion preparation, as the
function of various rice husk silica concentration could be seen in Fig. 18.2. Similar trends with
emulsions prepared with rice husk silica/lecithin showed that the emulsion stability escalated with the
increase of rice husk silica concentration until the optimum concentration was reached and then
decreased. A minimum amount of silica particles seemed to be required to cover the oilewater
interface, thus providing a rigid barrier against oil droplet coalescences. As silica concentrations were
further increased, some particles would be more suspended into the aqueous phase prior to sedi-
mentation due to weak particle interaction in the interface region. The particles on the interfacial layer
would probably detach and leach into the aqueous phase due to the van der Waals attraction forces
among the suspended silica particles and hydrogen bonding among hydroxyls from both silanols and
water. It was obvious that at the optimum rice husk silica concentration of 2%, the emulsion stability
exhibited higher value compared to others within the timeframe of 10e60 min. This could be due to a
higher interaction between silica particles on the interfacial region that made the formation of rigid
film possible.

In Fig. 18.3, the emulsion stability profiles all emulsions stabilized with different emulsifiers and
without emulsifiers. It was observed that the emulsion stability increased with the sequences as

Table 18.2 Stability of oil-in-water (O/W) emulsion stabilized by Rice Husk Silica and
Tween-20.

Emulsifiers
Emulsion stability
after 1 h (%)

Emulsion stability
after 2 days (%)

No emulsifiers 46.67 42.22

1% S 60.00 57.78

2% S 62.22 57.78

3% S 44.44 40.00

2.5% S þ 0.1% T 51.11 47.78

2.5% S þ 0.3% T 82.22 71.11

2.5% S þ 0.7% T 86.67 73.33

2.5% S þ 1% T 88.89 71.11

Oil phase of 20% consisted of palm oil was dispersed in aqueous phase containing rice husk silica/Tween-20. The resulting O/W
emulsions were stored at room temperature (w28�C).
S and T denoted to silica and Tween-20, respectively.
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follows: mixture of 2.5% rice husk silica and 1% Tween-20 > 1% Tween-20 > 2% silica > without
emulsifier. The results suggested a noticeable enhancement of emulsion stability upon the addition of
polymeric surfactant, compared to the use of polymeric surfactant only, or bare silica. This is in line
with the earlier tests (Pichot et al., 2009; Sapei et al., 2017b). It seemed plausible that there was a
synergism between polymeric surfactant and silica particles in stabilizing the oilewater interfacial
region. Besides lowering the interfacial tension, polymeric surfactant could also modify the wettability
of rice husk silica particles and induce the flocculation of silica particles, thus facilitating the formation
of a rigid barrier against coalescences of oil droplets (Midmore, 1998). The use of polymeric surfactant
only seemed to be more effective in increasing the emulsion stability compared to the use of bare rice
husk silica. This was due to the higher diffusivity rate of Tween-20 as polymeric surfactant molecules
into the interfacial region and their surface activity after being adsorbed onto the interfaces. The use of

FIGURE 18.2

Effect of rice husk silica particle concentra-

tions on the oil-in-water (O/W) emulsion

stability. Oil phase of 20% consisted of palm

oil was dispersed in aqueous phase containing

rice husk silica. The resulting O/W emulsions

were stored at room temperature (w28�C).

FIGURE 18.3

Effect of various concentrations of rice husk

silica/Tween-20 concentrations on the oil-in-

water (O/W) emulsion stability. Oil phase of

20% consisted of palm oil was dispersed in

aqueous phase containing rice husk silica/

Tween-20. The resulting O/W emulsions were

stored at room temperature (w28�C).
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bare silica particles to improve the emulsion stability has become less effective without the addition of
other polymeric surfactant. The use of emulsifier mixtures of rice husk silica/Tween-20 slightly in-
creases the overall emulsion stability compared to that stabilized with Tween-20 only. This might
indicate the importance of O/W type polymeric surfactant as the predominant factor in enhancing the
overall stability of O/W emulsion.

4. Effect of pH of outer continuous phase on the stability of O/W
emulsion stabilized with rice husk silica

The stability of O/Wemulsion stabilized by silica was influenced by the pH of the outer aqueous phase.
The O/W emulsion using 20% palm oil and stabilized using 1.5% rice husk silica combined with
Tween-20 1% was dispersed in the outer aqueous phase with varying pH of 4.6 (no pH adjustment), 2,
7, and 10. It could be seen from Fig. 18.4 that the emulsion stability reached its maximum of 100% at
pH 2 and 4.6 after being stored for 60 min at room temperature. The stability was reduced by
approximately 40% at the higher pH (7 and 10) of outer aqueous phase. However, the effect of pH was
insignificant for the long-term emulsion stability. The emulsion stabilized with silica gained stability
against coalescence when its pH became acidic. (Tambe & Sharma, 1993) The emulsifying properties
of silica were mostly affected by pH, whereby acidic pH of less than 4 was preferable to achieve long-
term emulsion stability (Pichot et al., 2010). When pH was below 4, silica particles tended to have no
charge (Pichot et al., 2010), although the isoelectric point of the silica particle was around pH 2 (Dyab,
2012). Therefore, the silica particles likely to form closely packed aggregates surrounding the inter-
facial oil and water surface are more resistant to coalescence (Pichot et al., 2009). On the other hand, at
higher pH (7 and 10), silica would undergo dissociation into SiO4

� with the mechanism as follows
(Dyab, 2012):

SiOH 4 SiO� þ Hþ

FIGURE 18.4

Effect of pH of the outer aqueous phase on the

stability of oil-in-water emulsion stabilized

using 1.5% silica and 1% Tween-20 after 60

and 120 min storage at room temperature

(w28�C). Oil phase of 20% consisted of palm

oil was dispersed in aqueous phase containing

rice husk silica/Tween-20.
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The negatively charged silica particles tended to be hydrophilic. (Dyab, 2012) As silica particles
were becoming more hydrophilic, they tended to diffuse into the outer aqueous phase and were less
likely to remain within the oilewater interfaces. The negative silica charges favored the electrostatic
repulsion among the particles, which hindered the formation of the closely packed layer of silica
particles on the interfacial layer. The emulsion stability was therefore decreased as a result of the oil
globule coalescences or flocculations due to the weak barrier properties of silica particles on the in-
terfaces. Vice versa, low pH would result in more hydrophobic and chargeless silica particles. If
particles were either very hydrophilic (q << 90�) or very hydrophobic (q >> 90�), they were easily
removed from the interface (Binks & Rodrigues, 2009). Low pH of outer continuous phase proved to
produce higher stability of W/O/W emulsion stabilized by rice husk silica according to our previous
investigation (Sapei et al., 2018). The proposed mechanisms of rice husk silica stabilization upon basic
and alkaline pH has also been described (Sapei et al., 2018). The pH of the system seemed to play a
significant part in influencing the wettability of silica particles and in establishing a stable O/W
emulsion.

5. Effect of storage temperature on the stability of O/W emulsion
stabilized with rice husk silica

The emulsion stability was highly dependent on temperature. The effect of storage temperatures on the
stability of O/Wemulsion stabilized by rice husk silica/lecithin and rice husk silica/Tween-20 could be
seen in Figs. 18.5 and 18.6, respectively. It was obvious that the stability of emulsion stored at the
refrigerated temperature (w8�C) was higher than that of emulsion stored at the room temperature
(w28�C). The increased stability at 8�C was obviously seen after 40 min in the emulsion stabilized
using silica/Tween 20. Furthermore, in all O/Wemulsions stabilized with silica and varying amount of
lecithin showed a slight increase in the overall stability when emulsions were stored at 8�C. The
gradual and slight increase in emulsion stability was due to the gradual cooling of the emulsions upon
storage in the refrigerator. In general, the emulsion was becoming more stable at the lower temper-
ature. As temperatures lowered, the viscosity of the emulsion increased, thus decreasing the rate of
creaming according to Eq. (18.1) (McClements, 2007). The decrease in creaming velocity was due to
the slowing down of oil globule flocculations or coalescences at decreasing temperatures.

vStokes¼ 2gr2ðr2 � r1Þ
9h1

(18.1)

where vStokesis creaming velocity, g is gravitational acceleration, r is droplet radius, r is density, h is
viscosity, and subscripts of 1 and 2 are denoted to continuous phase and dispersed phase, respectively.

The increased stability of O/W emulsions stored at low temperatures could be observed micro-
scopically as seen in Figs. 18.7 and 18.8. It was observed that both O/W emulsion stabilization using
2% silica/1.5% lecithin and 2.5% silica/1% Tween-20 demonstrated smaller oil droplets dispersed in
the aqueous phase at refrigerated temperatures (Fig. 18.7B vs. 18.7C and Fig. 18.8B vs. 18.8C). The
smaller the oil globules, the more stable the emulsion. This again inferred the increasing stability of
O/Wemulsions upon storage at low temperatures. The rate of coalescence and creaming was decreased
as emulsion viscosity tended to be increased with the lower temperature.

5. Effect of storage temperature on the stability of O/W emulsion stabilized with

rice husk silica
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6. Kinetics study on the stability of O/W emulsion stabilized with rice
husk silica

Research has shown that a O/W emulsion tended toward instability with time, since it was an inher-
ently thermodynamically unstable system. However, the emulsion could be presumed to be stable
when it demonstrated a high kinetic stability. The kinetic stability of the emulsion was able to be
increased by many means including the choice of emulsifiers, ratio of all components added into the
formulation, presence of additives, emulsification techniques, and condition during emulsification.
The instability of emulsions was caused by several phenomena such as flocculation, coalescences,

FIGURE 18.5

Effect of storage temperature on the stability

of oil-in-water emulsion stabilized using 2%

silica combined with various concentration of

lecithin after 60 min and 2 day storage. Oil

phase of 20% consisted of soybean oil and

lecithin was dispersed in aqueous phase con-

taining rice husk silica.

FIGURE 18.6

Effect of storage temperature on the stability

of oil-in-water emulsion stabilized using 2.5%

silica and 1% Tween-20. Oil phase of 20%

consisted of palm oil was dispersed in

aqueous phase containing rice husk silica and

Tween-20.
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Ostwald ripening, creaming, sedimentation, phase inversion, and phase separation (McClements,
2007).

In O/W emulsions systems, creaming generally occurred as the result of oil globule flocculation
followed by coalescences. The oil globules became larger upon coalescences, thereby increasing the
creaming rate leading to emulsion instability. The kinetics of emulsion destabilization was studied in
some of our experiments in order to determine the effect of different emulsifier mixtures involving the
use of rice husk silica upon the Pickering emulsion stabilization. It has been known that the coales-
cence rate of the dispersed phase globules followed the first kinetic model (Wanli et al., 2000).

The data within the first 20e40 min and between 0 and 120 min were selected for the determi-
nation of the destabilization kinetics of O/W emulsion stabilized by rice husk silica/lecithin and rice

FIGURE 18.7

The microscopic images of oil-in-water emulsions stabilized with 2% rice husk silica and 1.5% lecithin. Oil

phase of 20% consisted of soybean oil and lecithin was dispersed in aqueous phase containing rice husk

silica. (A) After emulsification, (B) after 3 h storage at room temperature (w28�C), and (C) after 3 h storage at

refrigerated temperature (w8�C).

(A) (B) (C)

FIGURE 18.8

The microscopic images of oil-in-water emulsions stabilized with 2.5% rice husk silica and 1% Tween-20. Oil

phase of 20% consisted of palm oil was dispersed in aqueous phase containing rice husk silica and Tween-

20. (A) After emulsification, (B) after 2 h storage at room temperature (w28�C), and (C) after 2 h storage at

refrigerated temperature (w8�C).

6. Kinetics study on the stability of O/W emulsion stabilized with rice husk silica 417



husk silica/Tween-20, respectively. The emulsion stability data remained quite constant after those
specified timeframe. The stability data of O/Wemulsion were evaluated in time using the zero-order or
first-order kinetic models to determine the constant destabilization rate. The least square procedure
was applied in order to determine the most appropriate kinetic order based on the best obtained
correlation coefficient (R2). The emulsion destabilization rate was represented by Eq. (18.2), while the
zero-order and first-order kinetics models were represented by Eqs. (18.3) and (18.4), respectively
(Levenspiel, 1999):

�r ¼ �dZ

dt
¼ kZa (18.2)

Z ¼ Z0 � k0t (18.3)

lnðZÞ ¼ lnðZ0Þ � k1t (18.4)

where �dZ
dt the emulsion destabilization rate, a the emulsion destabilization rate order, k0and k1the

destabilization rate constants of emulsions for the zero order (% stability/minute) and first order (per
minute), respectively, t the storage time (minute), Z the emulsion stability percentage after time t, and
Z0the initial emulsion stability percentage.

The kinetics data of O/W emulsion stabilized by rice husk silica/lecithin and rice husk silica/
Tween-20 were depicted in Tables 18.3 and 18.4 respectively. Soybean oil was used for the
emulsions stabilized with silica/lecithin, whereas palm oil was used for the emulsions stabilized
with silica/Tween-20. Generally, the destabilization process of all O/W emulsions was fitted more
closely to the first-order kinetic models compared to the zero-order kinetic models. This was re-
flected by the higher R2 obtained from the fitting of the experimental data with the first-order kinetic
model. Silica of different concentrations ranged from 1% to 3% was investigated in a soybean/water
system. The lowest destabilization rate (k) of 1.3 � 10�3 min�1 was found in the O/W emulsion
stabilized with 2% silica as could be seen in Table 18.3. When the concentration of silica was
decreased into 1% or increased into 3%, the k values were lowered by around 3 and 7 times,
respectively. This implied that there was an optimum concentration of rice husk silica that was
needed to help stabilize the O/Wemulsion. When the silica particle concentration was too low, there
would not be sufficient coverage of silica on the interfacial layer. In contrast, when the silica particle
concentration was too high, silica particles tended to be leached out to the outer aqueous phase due
to the hydrophilicity of biosilica particles. The huge decrease in emulsion stability occurred with
time since the particle silica on the interfacial layer was probably detached from the interface due to
the hydrogen bonding interaction between the hydroxyl groups of silanol present in biosilica and
water. As particle density at the oilewater interface decreased, the emulsion stability also decreased
(Wang et al., 2010).

Furthermore, there was an increase in O/W emulsion stability as concentrations of lecithin were
increased, combined with the consistent concentration of rice husk silica. This was reflected by the
decreased k with the increased lecithin concentration. This may indicate the role of lecithin in
assisting the deposition of silica particles onto the interfacial layer, thus improving the barrier
properties of the emulsifier layer against flocculations or coalescences. However, the synergistic
action between silica and lecithin was not obvious, since the addition of lecithin did not decrease the
k value by much and was comparable with that obtained when no emulsifier at all was used with k of
2.5 � 10�3 min�1 (Sapei et al., 2017a). The lowest k was achieved by the use of 2% silica only and
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Table 18.3 Kinetic oil-in-water emulsionedestabilizing rate constants and R2 values according
to zero-order and first-order kinetic models for emulsions stabilized with rice husk silica/
lecithin.

Emulsifiers

Storage
temperature Order 0 Order 1

T (oC) k0 (% stability/min) R2 k1 3 103 (min-1) R2

S 1% 28 0.3669 0.9541 3.9 0.9586

S 2% 28 0.1293 0.8044 1.3 0.8071

S 3% 28 0.8107 0.9082 9.6 0.9064

S 2% þ L
0.1%

28 0.382 0.9651 4.0 0.9688

S 2% þ L 1% 28 0.3573 0.8048 3.7 0.8103

S 2% þ L
1.5%

28 0.2185 0.8723 2.3 0.8789

S 2% þ L
0.1%

8 0.315 0.9844 3.3 0.9863

S 2% þ L 1% 8 0.1523 0.8055 1.6 0.8118

S 2% þ L
1.5%

8 0.1869 0.8954 1.9 0.9001

Oil phase of 20% consisted of soybean oil/lecithin was dispersed in aqueous phase containing rice husk silica.
S and L denoted as silica and lecithin, respectively.

Table 18.4 Kinetic oil-in-water (O/W) emulsionedestabilizing rate constants and R2 values
according to zero-order and first-order kinetic models for emulsions stabilized with rice husk
silica/Tween-20.

Emulsifiers

Order 0 Order 1

k0 (% stability/min) R2 k1 3 103 (minL1) R2

Without emulsifiers 4.9621 0.9235 72.5 0.9434

S 2.5% 5.7525 0.7749 72.4 0.7937

1% T 0.3524 0.9460 4.0 0.9540

2.5% S þ 0.1% T 1.7681 0.9119 23.1 0.9321

2.5% S þ 0.3% T 0.2326 0.9634 2.7 0.9769

2.5% S þ 0.7% T 0.1824 0.9447 2.0 0.9568

2.5% S þ 1% T 0.1390 0.9349 1.5 0.9422

Oil phase of 20% consisted of palm oil was dispersed in aqueous phase containing rice husk silica/Tween-20. The resulting O/W
emulsions were stored at room temperature (w28�C).
S and T denoted as silica and Tween-20, respectively.
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was comparable with the use of 2% silica/1% lecithin upon storage at 8�C. This implied that the
addition of lecithin did not significantly influence the overall O/W emulsion. This was also
corroborated by the previous investigation that the concentration of W/O surfactant within the
emulsifier mixture did not significantly affect the stability of O/W emulsion system (Pichot et al.,
2010). The silica particle seemed to predominantly determine the emulsion stability. However, the
effectiveness of the silica particle as an emulsifier was influenced by pH which modulated its
wettability on the interfacial layer. The emulsion stability could have been maximized by changing
the pH into acidic which helps increase the performance of the silica particle on the interfaces as
having been described in the previous section. The rate of emulsion destabilization was up to 2.3
times lower when the emulsion was stored at the refrigerated temperature. This confirmed that low
storage temperature increases the emulsion stability.

When rice husk silica was mingled with various Tween-20 as the O/W surfactant, it was obvious
that the constant destabilization rate decreased as the concentration of Tween-20 increased, as seen in
Table 18.4. This demonstrated the synergistic action between rice husk silica and Tween-20 in sta-
bilizing the O/W emulsion. The Tween-20 surfactant would easily adhere to the oilewater interface
and facilitate the attachment of rice husk silica on the interface. Therefore, a rigid layer of silica on the
interface would prevent the oil globule coalescences. The lowest k of 1.5 � 10�3 min�1 was attained
with the use of 2.5% rice husk silica/1% Tween-20 as mixed emulsifiers. In contrast to silica/lecithin-
stabilized O/W emulsion whereby lecithin showed no effect on the emulsion stability, Tween-20
seemed to play a significant role in achieving an emulsion with high stability. A tremendous
decrease in emulsion stability was observed upon the use of silica alone or without emulsifiers at all
reflected by the very high k value of about 72 � 10�3 min�1. Based on these experiments, the presence
of Tween-20 was crucial in producing a highly stable O/Wemulsion stabilized by rice husk silica. The
presence of surfactant could modify the wetting properties of the solids and likely enhance the
interparticle interactions (Tambe & Sharma, 1993).

In summary, the stabilizing capability of rice husk silica in an oilewater interface was governed by
pH, temperature, and added surfactant. The improved stability of Pickering emulsions with respect to
polymeric emulsifiers stabilized classical emulsions especially for food applications would be a great
advantage. The development of emulsions without the use of emulsifiers have attracted particular
attention since emulsifiers may cause some adverse effects, such as air entrapment, foaming, irritancy,
and detrimental interaction with living matter (Frelichowska et al., 2010). Rice husk silica seems
promising to be used as the stabilizing agent of oil droplets while reducing the use of emulsifiers for the
formulations of various O/W emulsionebased processed food products. Rice husk biosilicae
stabilizing Pickering emulsions would also demonstrate the great potential as an encapsulation vehicle
combined with the controlled release mechanism of bioactive ingredients for developing highly
nutritious and healthful food products.
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