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6.1 Introduction

Emulsions and foams are all a class of disperse systems consisting of two

immiscible phases. The emulsions are formed by dispersing of liquid droplets

(the disperse phase) into another liquid medium (the continuous phase),

while the foams are dispersions of gas in a continuous aqueous phase. The

emulsion and foams are all the thermodynamically unstable systems, which

are kinetically stabilized with surfactants and/or solid particles, which can

adsorb strongly at the liquid–liquid or air–liquid interface. The traditional

emulsions or foams are stabilized with the surfactant, but the susceptible

stability affected with external environment, including temperature, pH,

salt concentration, etc., and the potential contaminations of surfactant for

environment are still criticized. As increasing demands for renewable and

eco-friendly sustainable materials, more and more attention has been focused

on the Pickering emulsion or foams, which is stabilized with the solid parti-

cles, due to its reduced toxicity, lower cost, enhanced stability, and simple

recovery properties (Low et al., 2020).

Up to now, the Pickering emulsion or foams have been widely used in the

pharmaceutical sciences, materials science, food science, biotechnology and

many more (Stubenrauch et al., 2018; Denkov et al., 2019). Among of various

stabilized particles, clay minerals applied into the preparation of Pickering

emulsion or foam have attracted much attention, arise from the good chemical

stability, large specific surface area, surface activities and unique structure

with diverse morphology (e.g., rod-like, fibrous, tubular and sheets-like)

(Fig. 6.1).
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Clay minerals consist with silicon-oxygen tetrahedral sheet and

aluminum--oxygen octahedral sheet, which are joined to form 1:1, 2:1 or

2:1:1 type mineral by sharing the apical oxygen or hydroxyls. The typical

1:1 clay minerals include kaolinite (Kaol), halloysite (Hal) and rectorite

(Rec), etc., 2:1 clay minerals contain montmorillonite (Mt), palygorskite

(Pal), sepiolite (Sep), Laponite (Lap), etc., and the 2:1:1 clay minerals are rel-

atively uncommon, cover the sudoite (Sud), chamosite (Cha) and donbassite

(Don), etc.

It has been verified that the formation and properties of Pickering emul-

sions or foams are affected significantly with the particles character. In recent

years, the relative studies of clay mineral-based Pickering emulsions or foams

have increased gradually but the relative information has not been systemati-

cally or comprehensively reported. This chapter summarized the research

progress of the Pickering emulsions and foams prepared various clay mineral,

stabilization mechanism, affect factors as well as the applications. Due to the

FIG. 6.1 The classification and the morphology of clay mineral: (A) Kaolinte (Frost et al., 2002);

(B) Halloysite (Acar et al., 2021); (C) Rectorite (Hong et al., 2008); (D) Sepiolite Zhou et al.,

2022); (E) Palygorskite (Lu et al., 2019); (F) Montmorillonite (Zhang et al., 2021); (G) Vermiculite

Koksal et al., 2021); (H) Chlorite (Choy et al., 2004); Structures of (I) tubule—Halloysite,

(J) layer—Montmorillonite, and (K) layered chain—Palygorskite (Chen et al., 2018a,b).
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emulsion and foam have the similar character, but the relative studies in

Pickering foam are rare, so the most of details in this chapter are still focused

on the Pickering emulsion. The Pickering emulsions or foam stabilized with

various clay minerals could be classified based on the particle morphology,

including the layered chain structured Pal and Sep, tubular Hal and layered

structured Mt., Kaol and Lap. The stabilization mechanism including the syn-

ergetic stabilization of clay mineral with organic small molecular, polymer or

other particles are also summed up. In addition, the affect factors of emulsion

or foam stabilization, containing salt concentration, pH, particles size, shape

and the current application fields are all referred. Lastly, the future research

directions and current problems are suggested in the last of the review, which

could motivate the research idea further.

Compared with other solid particles, the clay minerals applied in prepara-

tion of Pickering emulsions or foams have some prominent advantages

(Abend et al., 1998; Ashby and Binks, 2000; Abend and Lagaly, 2001;

Yang et al., 2009; Khalid et al., 2020). First, clay minerals are widely avail-

able, inexpensive, and green non-toxic. Furthermore, the clay minerals have

natural nano-property, the size is usually smaller than 2 μm, which is favor-

able for stabilization of Pickering emulsion or foams. Moreover, the average

particle size could be further decreased by simple physical pathways, such

as ultrasonic treatment, grinding, sedimentation, etc. In addition, the clay

mineral can be “self-assembly” in the dispersion under certain conditions,

which could increase the emulsion or foam stability. For instance, the clay

minerals with sheet-like morphology, are more likely to form complex 3D

networks or “card house” structures in the aqueous phase when used as

emulsifiers (Yang et al., 2009; Yu et al., 2021a). More importantly, the clay

minerals are usually negatively charged in water, and have many activate

sites as the surface or broken edge, hence change their surface properties

by non-covalent bond or covalent bond modification is easy to achieve

(Machado et al., 2019). Thereby, clay mineral-stabilized Pickering emulsions

or foams could be cheaper and more effective agents than other conformance

agents.

6.2 Pickering emulsion or foam stabilized with clay mineral

6.2.1 Layered chain structure

The representative layered chain structures of clay minerals are the palygors-

kite (Pal) and sepiolite (Sep) (Fig. 6.2A–D).
Their crystal textures are all consisted with two tetrahedral silica

sheets sandwiching a central octahedral magnesium oxide-hydroxide sheet

(Ruiz-Hitzky et al., 2013). A number of Si-OH groups are located both in

the longitudinal direction of rectangular channels and along the side of the

external channels (Masood et al., 2019). The size of Pal is 20–70nm in
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FIG. 6.2 Schematic representation of structural and textural features of clay minerals with layered chain structure: (A) Pal structure; (B) Sep structure; (C) ideal

representation of the cross-section of Sep; (D) TEM image of Sep (Ruiz-Hitzky et al., 2013); (E) optical microscopy and (F) confocal microscopy of emulsions

prepared with Pal (15wt% and O/W¼0.60) (Kpogbemabou et al., 2014); (G) TEM image of the continuous phase in Pal stabilized Pickering emulsion (Lu et al.,

2014); (H) digital photographs of toluene/water emulsions at different pH values (Wang et al., 2020a,b); (I) surface behavior of Pal particles in water at different

pH values; (J) formation of O/W Pickering-emulsion stabilized by Pal and T-20 and (K) the effect of time on the emulsion stability (Wang et al., 2020a,b);

(L) TEM images and (M) schematic diagram of natural Pal, magnetic Pal and silane modified magnetic Pal (Zhu et al., 2017).



diameter and about 1–5 μm in length. Sep has the larger size, which is

40–150nm in width and 1–10 μm in longth. They all have the inherent nega-

tive charges and good surface activity; hence they all have great potential and

advantage to be as stabilizer in preparation of Pickering emulsion or foam

(Han et al., 2020).

Theoretically, Pal and Sep are high hydrophilic, the stable Pickering

emulsion will be fall to obtain by using the unmodified particles. However,

several works have reported the successful preparation with the natural Pal.

Kpogbemabou et al. compared the oil-in-water (O/W) Pickering emulsions

stabilized using un-modified/treated Kaol, Hal, and Pal, respectively, only at

the high solid content (15wt% in the aqueous phase) (Kpogbemabou et al.,

2014). The positioning of the clay mineral particles at the oil/water interface

was verified by confocal microscopy (Fig. 6.2E–F). Three emulsions are sim-

ilar in terms of stability, showing neither coalescence nor flocculation. Lu

et al. (2014) also stabilized the Pickering emulsion with the original Pal, only

by adjusting the particle concentration, pH, and salt (e.g., NaCl) concentra-

tion. The Pal nano-rods overlay and crisscross one another to form 3D net-

works in the continuous phase (Fig. 6.2G). Stable Pickering emulsions can

be formed over a wide pH range, the diameter of the emulsion droplets

decreases first and then increases with the increase of pH from 1.40 to

11.44 (Fig. 6.2H). The reason can be explained with the different interaction

between H+ and numerous broken bonds on the surface of Pal, such as SidO,

AldO and MgdO in varied pH (Fig. 6.2I). At intermediate pH values,

SidO, AldO and MgdO, are hydrolyzed to produce silanol groups and

hydroxyl groups. As these groups are amphiphilic, they can partially react

with small amounts of both acids and bases. At the extremes pH (very low

or high pH), the silanol groups and hydroxyl groups are completely ionized,

particles repel each other consequently. Expect that, most of relative studies

all focus on the modified Pal for stabilization.

The simplest approach for formation of stable emulsion by using Pal is

usually aided by surfactant. The surfactant could modify the Pal firstly by

non-covalent interaction (e.g., electrostatic interaction or hydrogen-bond)

and then adsorb onto the oil water interface (Fig. 6.2J,K) (Wang et al.,

2020a,b). In comparison, the Pickering emulsion synergistically stabilized with

Pal and natural polymer is an improved strategy, which could avoid the envi-

ronmental pollution of surfactant application. For instance, the eco-friendly

canola oil-in-water (O/W) Pickering emulsions stabilized with Pal and chitosan

(CTS) not only have the high stability, but also can tune the droplet diameter

and stability by adjusting the solution pH (Lu et al., 2020).

Expect the noncovalent interaction, the silanol groups loaded on Pal

surface has the high activity, so they enable to react with the some specific

organic molecular and achieved the modification. The silane modification

may be the most simple and efficient approach. Wang et al. conducted a

stable Pickering emulsion by coating the Pal with silane layer of tetraethyl
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orthosilicate (TEOS) and 3-aminopropyl trimethoxysilane (APTMS)

(Fig. 6.2L,M) (Zhu et al., 2017). The favorable amphipathicity was endowed

with the modified Pal. Liu et al. also prepared amphiphilic polymer-grafted

Pal (P-Pal) nanorods via surface olefin cross-metathesis reaction between

the vinyl modified Pal (V-Pal) nanorods and acrylonitrile-butadiene rubber

(NBR). The resultant P-Pal nanorods could be well dispersed into water

and toluene, respectively, indicating the satisfying amphiphilic property.

The P-Pal nanorods display promising applications as hybrid surfactant for

Pickering emulsion (Pan and Liu, 2021).

Due to the fibrous morphology length up to several micrometer, Sep exhi-

bits the weaker performance involved stabilization of Pickering emulsion or

foam than Pal, and only a several works are reported. Zhang et al. (2017)

investigated a high salinity aqueous solution in paraffin oil (W/O) emulsion

stabilized by Sep, which is modified with dimethyldioctadecylammonium

chloride (DODMAC). The emulsion had remarkable stability against coales-

cence at high temperature of 160°C, due to the high viscosity of continuous

phase and the enhanced adsorption of modified Sep particles at water–oil
interfaces. Wang et al. developed a novel Pickering foam stabilized with the

cetyltrimethyl ammonium bromide (CTAB) modified Sep, the Pickering

foam can remain 3 days without coalescence, coarsening and drainage. The

excellent stability also is attributed to the irreversible adsorption of CTAB/

Sep at the gas–liquid interface and the increased viscosity (Yu et al., 2020).

In view of the environmental harm of surfactant, the natural particles of

pollen were applied to replace CTAB to synergistically stabilize Pickering

foam with Sep in their other work. The systemically characterization revealed

that the organic small molecular was leached from the broken pollen and

then modified onto the Sep. The as-prepared Pickering foam displayed the

excellent stability against temperature or pH variation (Yu et al., 2021).

6.2.2 Tubular structure

Halloysite (Hal) are natural aluminosilicates, the most distinctive characteris-

tic of which is their typical hollow tubular morphology, which can be formed

by rolling of Kaol sheets (Lvov et al., 2016a,b; Cai et al., 2019) (Fig. 6.3A).

Its ideal unit formula is Al2Si2O5(OH)4�nH2O, where n is the number of inter-

layer water molecules and can be n¼0 and n¼2 for the hydrate or dehydrate

nanoclay with a resulting interlayer distance of 0.7 and 1 nm (Levis and

Deasy, 2002; Lvov et al., 2008, 2016a,b; Du et al., 2010).

The external diameter of Hal varies from 50 to 70nm with a 10–20nm dia-

meters for the inner lumen, and lengths are within 0.5–1.5 μm. The external

surface of Hal is composed of silicon oxygen tetrahedral sheet, whereas the

internal lumen consists of alumina oxygen octahedral sheet, so that the outer

surface is distributed mainly with Si-O-Si groups and the inner surface is

composed of Al-OH (Lvov et al., 2016a,b). The two different surfaces of
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FIG. 6.3 Schematic diagram of (A) crystalline structure of Hal-(10 Å), structure of Hal

particle, TEM, AFM and SEM images of Hal (Yuan et al., 2015); (B, C) optical and (D, E)

cryo-SEM images of Hal stabilized emulsions showing Hal located at oil–water interface

(Panchal et al., 2018); the schematic diagram of (F) DOSS-loaded Hal (Owoseni et al., 2014)

and (G) C10Br, C14Br, or C16Br -loaded Hal (Cavallaro et al., 2015); (H) schematics showing

the functionalization of Hal with amphiphilic polypeptoids by the surface-initiated polymeriza-

tion method (Yu et al., 2019b); (I) tuning the wettability of Hal by surface carbonization

(Owoseni et al., 2015).
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Hal give its unique feature (Song et al., 2020). Consequently, the former is

negatively charged while the latter is positively charged in the 2–8 pH range.

Both two surfaces can be selectively modified by both electrostatic and

covalent functionalization, and tailor the clay physicochemical properties by

bearing different group (Pasbakhsh et al., 2013).

Generally, the original Hal is hydrophilic with a contact angle below 30°
(Zhao et al., 2015). Theoretically, it doesn’t have the capacity for stabilization

the emulsion at their original state, but Hal used as emulsifiers without any

modification or treatment for Pickering emulsion has been widely reported

(Fig. 6.3B) (Wei et al., 2012; Panchal et al., 2018; Cavallaro et al., 2019,

2020; Lvov et al., 2019; Ojo et al., 2019; Sadeh et al., 2019; Ouadaker

et al., 2020). The reason may be the changed surface charges of Hal in varied

pH or salt solution. The first work involved the Pickering emulsion with

Hal is published by Wang et al. (Wei et al., 2012). They prepared stable

O/W emulsions using Hal as emulsifier and a dichloromethane (CH2Cl2) solu-

tion of poly(lactic-coglycolic acid) (PLGA) as an oil phase. Kpogbemabou

et al. compared the O/W Pickering emulsions prepared with clays of Kaol,

Hal, and Pal with high content, the emulsion stabilized with the Hal displayed

the highest stability. Even so, the main research direction is still the modifi-

cation Hal firstly. Due to the different charges of inner positive and the

outer negative surfaces, Hal could be functionalized seperately by selective

adsorption with anionic and cationic surfactants (Cavallaro et al., 2012).

The adsorption of sodium alkanoates (sodium undecanoate, sodium dodecano-

ate and sodium tetradecanoate) into the inner cavity of Hal, resulted in the

increased the total net negative charge as well as good aqueous colloidal

stability (Cavallaro et al., 2014). Hal functionalized with anionic surfactant

of dioctyl sulfosuccinate sodium (DOSS) salt are effective in stabilizing

oil-in-water emulsions (Fig. 6.3C) (Owoseni et al., 2014). Hal with hydropho-

bic shell and hydrophilic cavity could be obtained by modification them with

cationic surfactants (e.g., decyltrimethylammonium bromide (C10Br), tetrade-

cyltrimethylammonium bromide (C14Br), hexadecyltrimethylammonium bro-

mide (C16Br)). The modified Hal can stabilize W/O emulsion (Fig. 6.3D)

(Cavallaro et al., 2015). Besides, addition of ionic or nonionic polymers can

improve the aqueous colloidal stability, due to the electrostatic attraction

and steric effect, respectively (Bertolino et al., 2017; Yu et al., 2019a,b).

The surface wet ability of the Hal also can be tailored by silanization

or polymerization (Howarter and Youngblood, 2007; Kang et al., 2017;

Sadjadi et al., 2018). The related work charged with Von Klitzing et al.

(2017), the stable O/W emulsion with droplets diameters of 3–5 μm can be

achieved. Sadeh et al. developed an O/W Pickering emulsion by grafting of

γ-Aminopropyltriethoxysilane (γ-APTES) onto the surface of Hal (Sadeh

et al., 2019). Yu et al. successfully functionalized the Hal with amphiphilic

polypeptoid polymers by surface-initiated polymerization methods, the func-

tionalized Hal has high hydrophobic content (HLB¼12.0–15.0) and afforded

the ability for stabilization O/W emulsion (Fig. 6.3E).
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Some other methods also could change the surface wettability of Hal. For

instance, Owoseni et al. (2015) tuned the wettability of Hal by selective

carbonization its external surface. The positively charged CTS adsorb onto

the negatively charged external surface of Hal by electrostatic attraction and

hydrogen bonding, and then pyrolysis is performed in an inert atmosphere.

Relative to the native Hal, the oil emulsification ability of the carbonized

Hal is significantly enhanced (Fig. 6.3F).

6.2.3 Layer structure

The clay mineral with sheet-like morphology is the largest family, typical

representatives are kaolinite (Kaol), montmorillonite (Mt) and laponite

(Lap), and their application in Pickering emulsion also is most wide. Kaol is

a typical 1:1-type sheet-shaped clay mineral with 0.716nm thickness and

0.292nm layer spacing (Fig. 6.4A). The Kaol is difficult to split, due to the

strong interaction between the adjacent basal plate, so most of the emulsion

was based on the surface modification with surfactant or organosilane. In

particular, synergism between natural Kaol and surfactants in stabilizing

Pickering emulsion systems has been widely explored in recent years

(Lagaly et al., 1999a,b; Nallamilli and Basavaraj, 2017).

A unique character of Kaol is inherent Janus particles properties. It is

formed by a layer of siloxane tetrahedron [SiO4] and a layer of aluminum

octahedron [Al2(OH)4] through mutual connection of common oxygen. The

siloxane surface is hydrophobic and dominates by negative charges, while

the aluminol surface exhibit positive charges and is hydrophilic. The edges

of these layers contain O atoms and OH groups (Fig. 6.4B). In an acidic

medium (pH< 3.6), the hydroxyls take up a proton from the solution to form

protonated -OH groups or release a proton to solution and convert as O� at

pH> 3.6. Therefore, there are two types of charges on the Kaol surfaces:

the permanent negative charge on the tetrahedral sheet and the variable

pH-dependent charge, either positive or negative, caused by the protonation

or deprotonation of hydroxyls on the amphoteric sites, at the edges and

the octahedral faces (Fig. 6.4C) (Tombácz and Szekeres, 2006; Hu and

Yang, 2013).

The Janus characteristic of Kaol excites its great potential in emulsion sta-

bilization (Cai et al., 2019), Hirsemann et al., 2012; Al Hadabi et al., 2016).

However, the polarity of Kaol is usually hidden because the octahedral sheet

is covered by μ-hydroxy groups while the tetrahedral sheet adsorbs a layer of

hydrated cations, owing to the weak negative counterforce resulting from

isomorphous substitution (Brady et al., 1996; Hirsemann et al., 2012; Weiss

et al., 2013; Tang et al., 2019). To enhance the Janus particles properties

of Kaol, some modification agents including dimethyl sulfoxide, methoxy

groups, 1,2-butanediol, and 1,3-butanediol are applied to transform the sur-

face property of Kaol. However, these various modifiers were intercalated

the interlayer surface of Kaol by nondirective modification, which was not
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FIG. 6.4 (A) Structural models of Kaol (Deng et al., 2002); (B) development of patch-wise surface charge heterogeneity on 1:1 type Kaol (atom arrangement in

silica tetrahedral (T) and alumina octahedral (O) layers inserted) particles dispersed in aqueous solutions due to crystal lattice imperfections (permanent negative

charges on T faces) and surface protolytic reactions of edge and O face OH groups (pH-dependent charges on edges) (Tombácz and Szekeres, 2006);

(C) schematic representation of the electric double layers forming around the Kaol particles under different solution conditions. The effect of indifferent electro-

lytes on particle charge heterogeneity besides the specific role of pH (Tombácz and Szekeres, 2006); SEM and TEM images of (D, H) Kaol; (E, I) Ksheet; (F, G)

Ksheet-tube; (G, K) Ktube; (I) digital photographs corresponding emulsions: (I) EKaol, (II) EKsheet, (III) EKsheet-tube and (IV) EKtube; emulsions stood for

3 weeks or centrifugation at 1000, 2000r/min; optical micrographs of emulsion droplets of (M) EKaol and (N) EKtube (Cai et al., 2019).



efficient to stabilize emulsions owing to lack of amphipathic groups. To over-

come this challenge related to the hidden polarity of Kaol, selective modifica-

tion of the Kaol surface has been proposed recently. For example, Hirsemann

et al. (2012), reported the selective decoration of tetrahedral and octahedral

sheets in Kaol platelets by covalent grafting of catechol and cation exchange

with a [Ru(bpy)3]
2+complex (bpy¼ 2,20-bipyridine), respectively. The modi-

fied Kaol exhibited the desired polarity and increased stability of prepared

emulsions. Liang et al. reported a simpler approach for selective modification

of Kaol by grafting the vinyltrimethoxysilane (VTMS) onto Kaol octahedral

sheet, resulted in the improved polarity. Further, the surface wett-ability of

the modified Kaol could be tuned by regulating the reaction temperature

(Liang et al., 2018).

The second character of the Pickering emulsion stabilized with Kaol is the

incidental phase inversion (Zhang et al., 2013). The reason also derived from

the unconspicuous Janus particles performance of original Kaol and the weak

adsorption performance, which derived from the low cation exchange capacity

(1–5 meq/100g) and low specific surface area (around 8–15m2/g) of Kaol

(Awad et al., 2017). Nallamilli et al. systemically studied the phase inverts

from O/W to W/O as increasing surfactant concentration but fixed Kaol

concentration. Increasing in surfactant concentration changes the Kaol form

being hydrophilic to partially hydrophobic. Based on these observations it is

hypothesized that, at low surfactant concentrations, surfactant modified Kaol

dominates the emulsion type. In contrast, at high surfactant concentrations,

surfactant adsorption on Kaol is saturated and the excess surfactant competes

with Kaol and dominates the emulsion type, which leaded to phase inversion

(Nallamilli et al., 2015). An interesting work was reported with the Cai et al.,

they converted the sheet Kaol into the Kaol nanotube (Ktube) by the interca-

lation reaction, and then used as emulsifier to stabilize Pickering emulsion.

The Ktube with uniform morphology is a better emulsifier to emulsion

formation and stabilization than that of layered Kaol. Besides, the Ktube

significantly has a small particle size to produce uniform emulsion droplets.

The Ktube has a larger specific surface area and is easy to adsorb at the

water/oil surface to reduce the interfacial tension. Further, the Ktube is assem-

bled a regular tight alignment structure at water/oil interface to form a dense

and ordered single-layer solid particle film, which effectively prevented the

coalescence between droplets (Cai et al., 2019).

Mt. is a 2:1 type layered hydrated silicate clay mineral, consisted with a

double-layered siloxane tetrahedron and a single-layer aluminoxy octahedron

(Fig. 6.5A). Usually, the Mt. monolayer has a thickness of 1nm and a width in

range of few micrometers (Zhu et al., 2019).

Natural Mt. is extremely hydrophilic, hence surface modification is neces-

sary before using in Pickering emulsion. The most of approaches for changing

the wettability of Mt. is the physically adsorption of surfactant/polymer or

chemically grafting of hydrophobic molecular (Pan et al., 2020). Due to the
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FIG. 6.5 Structure of (A) Mt. (Zhu et al., 2016); (B) representation of the organic Mt. structures at different modifier loadings (Huang et al., 2017); (C) Mt. and

alginate co-stabilized Pickering emulsions (Wang et al., 2020a,b); (D) schematic diagram of the hydration process of Mt. with different valence interlayer cations

(Yan and Zhang, 2021); (E) schematic of the proposed mechanism by which the amino silane molecules react with Mt. platelets. At higher initial silane concen-

tration, an interlocking network is formed between platelets restricting the movement of silane molecules into the interlayer spaces (Asgari et al., 2017).



convenient ion exchange process, at low modifier loadings, cationic surfactant

exclusively intercalate as a monolayer into the clay interlay spaces, while with

increasing modifier, the surfactant molecules adopt a bilayer arrangement

and adsorb onto the exterior clay surface (Fig. 6.5B) (Huang et al., 2017).

For example, Zhang et al. (2018) prepared the O/W Pickering emulsion stabi-

lized by Mt. modified with dioctadecyl dimethyl ammonium chloride

(DDAC), owning to the irreversible adsorption and form a dense particle layer

at oil water interface. Expect that, others macromolecule even polymer also

could be to modify Mt. and application in the Pickering emulsion. Wang

et al. (2020a,b) used alginate and Mt. to synergistically stabilize an oil-in-

water emulsion with good storage stability and coalescence stability. The dis-

persed alginate not only thickens the continuous phase, increases the viscosity

around the droplets, but also modifies the Mt. Moreover, the rheological prop-

erties of the emulsion co-stabilized by Mt./Alginate can be well adjusted using

various stimuli including pH and salt (Fig. 6.5C).

Another interesting point about Mt. is the easily spitting by the intercala-

tion with surfactant or others organic molecular. In addition, their size can

be reduced from micro scale (usually less than 2 μm) to nano scale (nanoclay,

1 nm in thickness) through a delamination process. The swelling clay mineral

is broken into individual layers with 1 nm thickness (Rosenfeldt et al.,

2016), which closed to single-layer graphene oxide (Xu et al., 2017). When

the Mt. is fully hydrated and dispersed as colloidal particles, a large surface

area will be available, in turn forming a thin film around oil droplets and thus

improving the emulsion stability (Clem and Doehler, 1961). However,

the stripping efficiency of the Mt. is affected significantly with the interlayer

cation (Fig. 6.5D). The monovalent metal cation-substituted Mt. has the smal-

lest hydrated ionic radius and is easily to peel off in water, because the

smallest electrostatic force of monovalent metal cation. The Mt. substituted

by divalent metal cations has a large hydrated ionic radius for the interlayer

cation, the Mt. sheet can only be partially peeled off. The trivalent metal

cation-substituted Mt. has medium layer spacing and the Mt. in water is

hardly peeled off. Due to the different stripping efficiency of Mt. with varied

interlayer cation substituted, Mt. originated different area also exhibits the

great distinction in emulsion stabilization. This has been verified by the

Abend and Lagaly’s work (Abend and Lagaly, 2001), which revealed that

the Wyoming Mt. was more effective than Turkish sample as an emulsion

stabilizer, and NadMt played an important role in stabilizing emulsions.

The other efficiency approach for modification of Mt. platelets is

the silane-functionalization. The stabilizing ability and participation behavior

of Mt. could be adjusted in this process (Shin et al., 2019). Silane-

functionalization takes place at interlayer spaces and external surfaces of

Mt., frequently at the broken edges. The functionalization is affected with

many factors, such as the gel-like behavior, dispersing agent, ratio of clay min-

eral/silane Shimojima et al., 2001). In general, if the ratio of clay mineral/
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silane is high enough, the association of clay platelets induces a continuous

structure with a gel-like behavior that assists the silylation reaction, increasing

the d001-value. Oppositely, if the ratio of clay mineral/silane is low, more

crosslinking reactions occur between platelets, leading to the silane molecules

are blocked from further penetrating the interlayer space. Finally, bridging

occurs between platelets by silane coupling agents and could decrease the

d001-value (Fig. 6.5E) (Shanmugharaj et al., 2006; Asgari et al., 2017).

Lap is a synthetic clay mineral, has the similar structure and thickness

(1 nm) of Mt., but the diameter of Lap (30nm) is smaller than that of Mt.

(0.1–1 μm). Lap is magnesium silicates (the neutral equivalent is talc), where

part of the magnesium atom is substituted by monovalent lithium atoms

(Fig. 6.6A).

The charge is related to the substitution rate of Mg by Li being in the

5–10 mol% range. Such isomorphic substitution causes a departure from elec-

trical stoichiometry that provides a negative surface charge to the platelets

balanced by sodium cations. Hence, the negative surface charge of Lap

derived from the isomorphic substitution of magnesium ions and the broken

edges (Negrete-Herrera et al., 2006). The negative charges of the crystal faces

are counterbalanced by the adsorption of cations (predominantly Na+) in the

interlayer space of Lap, corresponding to a cation exchange capacity (CEC)

of 0.75mequiv. In addition, the edges of the platelets have small positive

charges (typically 4–5 μmolg�1, representing less than 10% of the CEC), that

slightly decrease with increasing the pH (Mourchid et al., 1998). The edge of

the crystal structure can be protonated or deprotonated depending on the pH,

which is positive below pH of 11, indicating pH of 11 to be a point of zero

charge (PZC) for the edges of Lap particles ( Jatav and Joshi, 2014). Depend-

ing upon the pH, either H+ or OH� dissociate from the edges rendering the

same negative or positive charge, respectively. The dissociation of H+ from

the edge occurs only above the pH associated with PZC, while releases

OH� as the pH below PZC (Tombacz and Szekeres, 2004).

Since the negative charge at the face of each disk is relatively weak, Lap

can be easily exfoliated and dispersed in water and form a colloidal suspen-

sion. The weak positive charges distributed along the edges may interact

directly with the negative charges on the surface of other crystals, giving rise

to what is known as the “House of Cards” soft-solid phase or self-assembling

gel (Fig. 6.6B). This feature makes it particularly interesting for the stabiliza-

tion of emulsions (Bon and Colver, 2007; Sheibat-Othman et al., 2011). Lap

alone is too hydrophilic to act as an effective Pickering emulsifier. However,

Ashby and Binks reported a stable toluene-in-water emulsions prepared using

unmodified Lap with the help of flocculation by adding salt (Khalid

et al., 2020).

The modification of Lap also is divided into the covalent and non-covalent

means. The silanol groups present in Lap edges could react with alkoxysilanes

and introduced the additional reactive groups in Lap (Wheeler et al., 2005).
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FIG. 6.6 (A) Schematic representation of the Lap nanocrystal geometry (disk shape) and chemical structure. The circular surfaces of the crystal possess a negative charge

due to substitution of Mg2+ by Li+ in the octahedral layer of the crystal. The edges have a positive charge (or less negative charge) depending on the protonation of the exposed

hydroxyl groups (Tomás et al., 2018); (B) in the dried form, Lap crystals form stacks by electrostatic interaction with intercalated sodium ions. In water, the exfoliation process

leads to the separation of the individual crystals which may then interact with each other leading to the formation of self-assembled gels (Tomás et al., 2018); (C) the morphologi-

cal diagram of a Pickering emulsion stabilized by CNQDs@Lap and confocal fluorescence microscopy (Yu et al., 2019a); (D) schematic representation of the atomic structure of

the Li-fluorohectorite (Li-FHt), The dark blue tetrahedron sheet, and sketch of a possible configuration of Li-FHt with intercalated ciprofloxacin (Rivera et al., 2016).



Based on this approach, polymer chains can even be grafted onto or grown

from the clay edges (Herrera et al., 2004). Non-covalent functionalization of

Lap is mainly based on electrostatic interactions (Qian et al., 2013). The inter-

actions are established between the polar molecules or molecular ions present

in the environment with either the negative charges at the clay mineral sur-

faces or the positive charges at the clay mineral edges (Liu et al., 2013). Li

et al. (2012) applied the short-chain aliphatic amines of diethylamine (DEA)

or triethylamine (TEA) to modify Lap and found stable emulsions can only

be obtained when the clay mineral–amine suspension is flocculated at low

clay mineral concentration (0.5 wt%). However, at high clay concentration

(4.0 wt%), extremely stable emulsions formed even the clay–amine suspen-

sion remains unflocculated. In this case, the emulsion stability can be attribu-

ted to the adsorbed particle shell at the oil water interface and high viscosity

of the suspension. The other particles with opposite charge could adsorb onto

the Lap surface and achieve the modification. Yu et al. selected the carbon

nitride quantum dots (CNQDs) to modify Lap and then to stabilize emulsion.

The wettability of complexed particles could be tuned by the interaction

between CNQDs and Lap (Fig. 6.5C) (Yu et al., 2019a). Due to the Lap could

be convenient synthesized through chemical process, so the amphipathicity

also can be designed and endowed directly via the preparation process.

For instance, the synthetic Lap by using the F� as mineralizing agents via

the hydrothermal synthesis, which also namely synthetic fluorohectorite

(FHt) possesses the amphipathicity. The FHt can be produced with a very

high aspect ratio, high homogeneity, and charge distribution with superior

quality compared to other clay minerals (St€oter et al., 2013) and delaminate

in water without resorting to external forces such as mechanical and also

adsorb the organic molecular into the interlayer (Fig. 6.5D) (Rivera et al.,

2016; St€oter et al., 2016). These clay minerals, either as stacked flat particles

or as delaminated quasi-2D nanolayers, can self-organize in water, forming

nematic suspensions with preferential orientation as observed by birefrin-

gence, small-angle X-ray scattering (SAXS), or other methods (DiMasi

et al., 2001; Michot et al., 2006; Fonseca et al., 2009; Hemmen et al., 2009;

Hansen et al., 2013; Paineau et al., 2013; St€oter et al., 2015; Xu et al.,

2017). Michels-Brito et al. prepared the clay nanosheets made from high-

aspect-ratio, superior-quality synthetic fluorohectorite, without any modifi-

cation or functionalization, can be confined to the air–water interface

(Michels-Brito et al., 2021).

6.3 Stabilization manner of clay mineral in pickering emulsions
or foams

Whether the clay mineral composed with the types of 1:1, 1:2 or 2:1:1, the

inherent hydrophility is still the biggest obstacle for in stabilizing emulsions

or foams. So only a few works involved the stable emulsion prepared with
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the natural clay mineral. These works can be divided into two strategies. One

is stabilization the emulsion or foam with the clay mineral of high content.

Despite the brittle adsorption energy of the original clay at the oil water inter-

face, the excess of the clay mineral particles will form the 3D network and

resulting in the increase greatly of the viscosity. The others strategy is to

help with metal salt, which could shield the surface charge and improve the

emulsion stability. In addition to this, all the current works related to the

Pickering emulsion or foam stabilized with the clay mineral all adopted

the modification pathway. And according to the kind of the modification

agent, the stabilization manner can be summarized as the synthetic stabiliza-

tion with the small molecular, polymer and other particles.

6.3.1 Synergistically stabilized with clay mineral and small
molecular

The synthetic stabilization of emulsion with clay mineral and surfactant is the

classic and widest application method for emulsion or foams preparation.

Since the intrinsic negative charge of the clay mineral surface, the surfactant

such as quaternary ammonium salt, Gimini surfactant all can adsorption onto

the clay mineral surface by electrostatic interaction and change the wettability

(Zhang et al., 2018; Wang et al., 2021). For layered chain structured Pal or

Sep, the surfactant could be modified via the monolayer absorption at the

low concentration but will form bi-layer or multilayer at the high concentra-

tion. While for the tubular structured Hal, the surfactant not only adsorbed

onto the surface, but also can be loaded into the lumen. The obvious differ-

ence is the layer structured clay mineral, the modification can be achieved

at the surface or edge via three different methods, namely, cationic exchange

surface modification (Leszczynska et al., 2007; Samakande et al., 2007), edge

modification (Wheeler et al., 2006; Voorn et al., 2006a), and adsorption

surface modification (Greesh et al., 2008; Zengeni et al., 2011). Edge modifi-

cation involves modification of clay mineral edges using compounds that can

covalently bond with the hydroxyl groups located at clay mineral edges. On

the other hand, adsorption surface modification involves the use of molecules

that adsorb into the clay mineral interlayer via interactions such as hydrogen

bonding, van der Waals forces, or dipole–dipole interactions. The main mod-

ification region is affected with the modifier and clay mineral type. Zheng

et al. investigated the stability of Lap based Pickering emulsions with and

without the surfactants (dodecyltrimethylammonium bromide (DTAB),

Pluronic F68 (F68), and sodium dodecyl sulfate (SDS)), and found with the

addition of surfactants, both droplet diameter and ζ-potential increased, sug-
gesting surfactants adsorbed onto the surface of Lap particle. The Pickering

emulsion without surfactant undergoes flocculation, while the emulsion

becomes stable to coalescence and creaming with addition of surfactants

due to formation of a network structure. Regardless of the formation of
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network structure, the Lap-F68 emulsion rheologically behaves as a

Newtonian fluid, while the Lap-SDS and Lap-DTAB emulsions display shear

thinning behaviour (Zheng et al., 2020).

In addition, others small molecular also could be as the modified agent for

stabilization Pickering emulsion or foam. Dong et al. (2014) showed that in

dodecane-in-seawater emulsions, Mt. modified with bis(2-hydroxyethyl)oley-

lamine (BHEOA) can effectively stabilize an emulsion even when the clay

mineral concentration is less than 0.1 w/v% (Ganley and van Duijneveldt,

2017). Li et al. functionalized Lap with DEA and TEA by electrostatic inter-

actions and hydrogen-bonding with silanol groups (�pH¼10.5) (Li et al.,

2012). The extra benefits of stabilization Pickering emulsion with clay

mineral and surfactants, or small surfactant-like molecules is the inevitably

flocculation of modified clay mineral particles, which play the positive role

in the stabilization emulsion Cui et al., 2009). However, the flocculation of

colloidal particles may increase the apparent particle size and result the

increase of drop diameter (Tian and Liu, 2008a,b). Compared to long-chain

surfactants, small surfactant-like molecules hardly cause the flocculation of

particles and can moderately adjust the wetting behavior of the particles

(Akartuna et al., 2008). For example, the works of Zhang et al. confirm that

the stability of alkenyl succinic anhydride (ASA) ASA-in-water emulsion

significantly improves, by using small surfactant-like molecules such as

n-butylamine (n-BA), urea, alanine (Ala), melamine (Mel) to tailor the wetta-

bility of Lap particles (Ding et al., 2011; Qian et al., 2013; Wang et al., 2013).

Through the Pickering emulsion stabilized with the clay mineral and

small molecular showed the well stability and the preparation process is sim-

ple. But a new issue is the dynamic equilibrium of adsorption–desorption
between clay mineral and modified agent, which caused by the electrostatic

interaction or hydrogen-bond interaction is emerged. The non-covalent inter-

action is easily to affect with the environment factor, such as pH, salinity,

temperature. So, the alternative approach of anchoring the modified agent

onto the clay mineral surface by grafting or hydrolysis reaction is widely

adopted.

Another problem is the phase inversion of emulsions from O/W to W/O

would be induced, if the wettability of particles was changed greatly by the

surfactants adsorption (Cui et al., 2008; Binks and Rodrigues, 2009). With

further increasing the concentration of surfactants, if a bilayer of surfactant

forms on the particle surface, the particles would become hydrophilic again

and could stabilize O/W emulsions (Binks and Rodrigues, 2007). However,

if surfactants are not adsorbed on particles, then there would be a competitive

adsorption between particles and surfactant at oil–water interface (Pichot

et al., 2010). The phase inversion also is found in the Pickering emulsion sta-

bilized with clay mineral particles and surfactant. Zhang et al. investigated the

emulsions stabilized by clay mineral particles and sorbitan monooleate (Span

80). At a fixed concentration of Span 80 in the oil phase, the emulsion was
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O/W as the low concentration of clay mineral particles. Surprisingly, the O/W

emulsion inverted to W/O when the concentration of the clay mineral particles

was increased. The phase inversion is induced by the gel structures formed

at high concentration of clay mineral particles (Zhang et al., 2013).

Recently, the strategy of chemical grafting has been more frequently used

to modify the stabilized particle and studies based on the silylation have been

the most extensive ones (Liang et al., 2018). The long alkyl chains of silicanes

are anchored onto the surface of the clay mineral by the covalent bond of

Si-O-Si, and the surface amphipathicity can be adjusted by changing the

type of silane and the reaction conditions. Furthermore, functional groups

such as vinyl group can be introduced onto the surface of particles through

silylation modification, the improved even the new performance will be

endowed with the Pickering emulsion. For instance, the particles incorporated

vinyl groups acted as cross-linking centers, while the incorporation of initiator

groups can regard particles as initiation centers.

The most widely application of modification clay mineral via the covalent

bond interaction is the silane hydrolysis. The modification efficiency also is

affected with the clay mineral type and silane. The rod-like or tubular clay

mineral, the main modification occurred at the surface, but for sheet-like clay,

the modification is mainly occurred at the broken edge. For non-swelling clay

minerals such as Kaol, pre-intercalation with small polar molecules is an

indispensable step in the silylation of interlayer surfaces. On the other hand,

silane is readily intercalated into swelling clay minerals such as Mt. Herrera

et al. modified of synthetic Lap platelets by γ-methacryloxy propyl dimethyl

ethoxysilane (γ-MPDES) and trifunctional γ-methacryloxy propyl trimethoxy-

silane (γ-MPTMS). The characterization result was suggested the trifunctional

coupling agent was grafted on the clay mineral edges in the form of oligomers

pillaring the clay mineral stacks, the monofunctional derivative selectively

attached to the individual clay mineral sheets (Herrera et al., 2004).

6.3.2 Synergistically stabilized with clay mineral and polymers

The chemical modification of through covalent bond could ensure the stable

property of modified clay mineral particles, but the preparation process is

tedious and impressionable. The reason is the successful silylation not only

strongly depends on the reactivity of clay mineral surfaces (e.g., density of

surface hydroxyl), but also involves the characteristics of silane (e.g., number

of functional group and configuration of silane) and the reaction conditions

(e.g., polarity of solvent and reaction temperature) (He et al., 2005, 2013).

For example, the temperature of the grafting reaction has a significant influ-

ence on silane intercalation, and the displacement of pre-intercalated mole-

cules, as well as on the structure of silylated products. The polarity of the

solvents is another important factor, which controlling the extent of grafting

and the basal spacing of the silylated products.
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Hence, an alternative approach that stabilization the emulsion with the

clay mineral and polymer is widely adopted. The polymers have the weaker

sensibility for pH, temperature than small molecular, the as-prepared emul-

sion shows increased stability. In addition, the viscosity of the dispersion

phase increased obviously by adding the polymer, which is helping to increase

the emulsion stability. The reason is the increased viscosity could reduce

efficiently the droplet coalescence and the Ostwald ripening. The reported

polymer including the polyethylene imine (PEI) (Williams et al., 2012),

poly(oxypropylene) diamines (POP-amine) (Wang et al., 2010). Wang et al.

stabilized the Pickering emulsion with the CTS and Pal. The interaction could

be tuned by the pH adjusting or varied the monomer concentration of acrylic

acid (AA). Pal was embedded and distributed uniformly in the tangled

CTS chains at pH 3.5. With the increase of pH further, CTS chains shrunk

and then attached onto Pal via electrostatic attraction and H-bonding interac-

tion (Lu et al., 2020).

6.3.3 Synergistically stabilized with the clay mineral and other
particles

Most of Pickering emulsion stabilized with particles and surfactant, or

particles and polymer are all applied in the mild environment, especially the

temperature lowed 40°C. But the emulsion is not able to meet the requirement

in high temperature, which is higher than 80°C. Even through several works

have stated the prepared Pickering emulsion showed the good thermal stabil-

ity. However, their temperature tolerance has not been sufficient for demand-

ing in particular surroundings, especially in drilling operations. The temperate

in drilling operations is 60°C–260°C, the rheological properties of these

emulsions often deterioration after thermal rolling, which endangers their

downhole stability and makes them unsafe for drilling applications. The rea-

son is the organic material might degrade in the high temperature and affect

the emulsion stability. Besides, some special field, such as the oil and gas

industry also expect the emulsion with the low cost, low toxicity, and high

stability, as well as the dramatic decreased dosage of surfactant (Li et al.,

2018; Katende et al., 2019; Luo et al., 2017, 2018). Hence, the emulsion sta-

bilized with the two or more particles was developed and attracted much

attention. In such emulsion, oppositely charged particles when dispersed in

aqueous solution form aggregates because of electrostatic hetero-aggregation,

which are effective in stabilizing the Pickering emulsions (Islam et al., 1995;

Bansal et al., 2017). The stability and size distribution of the emulsion dro-

plets strongly depend on the microstructure and the dimensions of the hetero

aggregates, which is a function of parameters such as the charge ratio, number

ratio, size ratio, concentration, and the contact angles of the particles

(Zhu et al., 2016; Shahid et al., 2018).
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Slavova et al. reported O/W emulsions stabilized by hydrophilic nanoclay

and hydrophilic silica NPs for improved oil recovery at high pressure (up to

80bar) and high temperature (40°C–80°C) conditions (Slavova et al., 2019).

The attraction between silica NPs with intermediate hydrophobicity helps to

increase the hydrophobicity of the organoclay. The mixture of silica NPs

and swollen organoclay in the oil phase further strengthens the interaction

between particles and medium. Therefore, silica NPs with intermediate hydro-

phobicity are more likely to be adsorbed at the water oil interface, synergisti-

cally working with the organoclay to reside around the emulsion droplets and

form a rigid fence around them, preventing them from coming into contact

and coalescing. Liu et al. reported a Pickering W/O emulsion that exhibits

high temperature tolerance in the absence of any surfactant due to the syner-

gistic effect between organoclay and silica nanoparticles (NPs) with intermedi-

ate hydrophobicity (Liu et al., 2021). As expected, neither hydrophobic nor

hydrophilic silica NPs could improve the emulsion stability due to inefficient

adsorption at the water–oil interface. Organoclay was found to have a signifi-

cant influence on the stability and rheological properties of the W/O Pickering

emulsion since it dominates the formation of networks in the continuous phase

due to its excellent swelling and exfoliation. The as-prepared emulsion showed

the excellent thermo stability even at 220°C. The work of the Sharma et al.

suggested that the thermal stability of NP-surfactant-polymer stabilized O/W

emulsions further improves in the presence of salt from 72°C to 76.8°C (1 wt

% SiO2) and from 74.85°C to 82.85°C (1 wt% clay) (Sharma et al., 2015a,b).

Even through the clay particles are favored to adsorb at the O/W interface

once the wettability is well tuned. However, there are inherent interstitial

imperfections created because clay mineral particles cannot completely cover

the droplets (Wang et al., 2017a,b; Inam et al., 2018; Qiao et al., 2020). More-

over, electrostatic inter-repulsion between the adsorbed particles impedes the

close packing of the particles around the suspended drops. To cover the inter-

stitial imperfections at the interface of the Pickering emulsions and form a

denser packing at the liquid–liquid or gas–liquid interface, the strategies

including surfactants coating (Zhang and Guo, 2017), electrolyte-induced

charge screening effect (Wu et al., 2015; Saari et al., 2018; Sufi-Maragheh

et al., 2019), filling with anionic polymers have been applied widely (Bell

et al., 2016; Wang et al., 2020a,b). Nevertheless, since the introduction of

such additives cannot significantly prevent the generation of interstitial imper-

fections at the interface, a more progressive approach that synergistically

stabilization of Pickering emulsions with two or more particles is adopted.

Cho et al. present W/O Pickering emulsion stabilized via in situ interfacial

coacervation of Lap and bacterial cellulose nanofibrils (BCNFs). A bilayer

coacervate is generated at the W/O interface by employing the controlled

electrostatic interaction between the positively charged Lap and the nega-

tively charged BCNFs. The interfacial modulus of W/O interface increases

2 orders of magnitude than that with the Lap only (Cho et al., 2021).
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6.4 Effect factors of Pickering emulsion or foams stabilized with
clay mineral

6.4.1 Ion strength

All of clay minerals presented the negative charge due to the ion exchange,

isomorphous substitution and structure defect, the appropriate salt concentra-

tion could shield negative charges on neighboring platelets, making them less

hydrophilic and decreasing interplatelet repulsion (Brunier et al., 2016a,b).

But the effect of salt concentration on the Pickering emulsion stabilized with

the various clay minerals is different. For example, Mt. particles are mainly

dominated with interlayer-charge, but Kaol particles are mainly edge charged

(Chen et al., 2018a,b). The edges of the Mt. particles possess less charge com-

pared with the interlayer and face, however it still has some attractive interac-

tions between edges and faces when the ionic strength is not very strong

(Abend and Lagaly, 2000). Also, the edge of the Mt. particle can be positively

charged, so it has the trend to be attracted to the extensively negative-charged

particle face to form “Card-House” 3D network (Ashby and Binks, 2000).

Apart from the edge-face interaction, there are also face-face interactions

caused by the highly basal-charged particle faces, so the 3D clay mineral

network is a combined result of both edge-face and face-face interaction,

which accounts for the mechanisms accounting for the flocculation of Mt.

in water. The interaction of clay mineral particles at a specific salinity and

pH is crucial to interpret the rheological behavior of clay mineral stabilized

O/W Pickering emulsions. The NadMt disperses in low salinities (less than

0.1 wt% NaCl), the most of exist form is the unconnected single particles,

due to the greater electrical repulsive force between the clay mineral particles

(Fig. 6.7A).

The repulsive force between clay mineral particles is reduced as the brine

salinity increases. When clay mineral particles collide during Brownian

motion, they connect with each other by the attractive van der Waals force.

At higher salinities, clay mineral particles can have edge-edge contact

(Fig. 6.7B). As the NaCl concentration increases further, the increased salinity

can cause edge-face interactions between clay mineral particles (Fig. 6.7C).

The interactions among clay mineral particles can form a three-dimensional

(3D) network in brine. At a suitable salinity, the 3D network interconnects

clay mineral particles and can effectively prevent them from sedimentation.

At a very high salinity, e.g., 20wt% NaCl, the strong ionic strength causes

face-face interactions among clay mineral particles, resulting in big clay

particle clusters (Fig. 6.7D). This leads to fast and severe clay mineral phase

separation in water. It should be noted that the four types of particle interac-

tions (Fig. 6.7A–D) may coexist. For example, at high salinities, face-face

clay mineral interaction would dominate, but there are still edge-edge and

edge-face interactions among the clay mineral particles (Moradi et al., 2011;

Yu et al., 2021b).
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The effect of water salinity on emulsion stability was studied by Moradi

et al., found emulsions are more stable at lower ionic strength of the aqueous

phase, the higher rate of coalescence for the emulsion with higher salinity

(Fig. 6.7E) (Moradi et al., 2011). The work of Al-Yaari et al. also reported

the stable oil-in-Water emulsion could be formed at the low water salinity

range (less than 5 kppm), then its stability decreased even occurred the phase

inversion from O/W to W/O emulsion (Fig. 6.7F–O) (Al-Yaari et al., 2015).
While for high water salinity range (more than 20kppm), the stability of

W/O emulsion increased proportionally with water salinity. The reason is

the W/O emulsion viscosity as well as repulsive forces between the droplets

of the dispersed phase (brine) were enhanced as the water salinity increased.

In addition, emulsifier is more soluble in oil in stable W/O emulsions, an

increase in water salinity decreases the medium hydrophilicity and then

emulsion stability increases.

FIG. 6.7 (A–D) Interactions of clay mineral particles at different salinities y: (a)< (b)< (c)<

(d); clay mineral and droplet interactions at (E) low salinity (<0.5 wt% NaCl) and high salinity

(>5 wt% NaCl) (Yu et al., 2021c); surfactant-stabilized emulsion types at different water salinity;

(F) O/W emulsion with DI water, (G) O/W emulsion with 5 kppm brine, (H) W/O emulsion with

20kppm brine, (I) W/O emulsion with 50kppm brine and (J) W/O emulsion with 200 kppm brine

(Al-Yaari et al., 2015); effect of water salinity on surfactant-stabilized emulsion droplet size and

distribution; (K) O/W emulsion with DI water, (L) O/W emulsion with 5 kppm brine, (M) W/O

emulsion with 20kppm brine, (N) W/O emulsion with 50kppm brine and (O) W/O emulsion with

200kppm brine (Al-Yaari et al., 2015).
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Since the Lap undergoes flocculation before emulsion formation, and

multiple layers adsorption occurs at the fluid–fluid interface, hence the effect

of salt concentration is more important than others clay mineral. The Binks

and co-workers reported stable emulsions using Lap at high salt concentration

and/or high platelet concentration (Ashby and Binks, 2000). In a similar work,

Bourgeat-Lami and co-workers also studied styrene-in-water emulsions stabi-

lized by Lap with slightly different atomic composition, specific surface

area, and additives (Lap-RDS, Lap-S482, Lap-XLS, and Lap-JS). Lap-RDS,

Lap-S482, and Lap-XLS all could stabilize Pickering emulsions, with the lat-

ter having a slower rate of adsorption at the interface, thus, lower emulsion

stability. In contrast, the most negatively charged platelets, Lap-JS, did not

stabilize emulsions, suggesting that platelet–platelet repulsion dominated

(Brunier et al., 2016a,b).

6.4.2 Clay mineral particles concentration

The most accepted theories for the stability of Pickering emulsions are

mechanical barrier and three-dimensional (3D) network mechanisms

(Aveyard et al., 2003; Tarimala and Dai, 2004). The solid particles adsorb

on the emulsion droplet surface and form a protective film. Such

particle-packed films provide a mechanical barrier to droplet coalescence.

Because of the irreversible adsorption of solid particles on the droplet

surface, solid particles in the continuous phase will first cover the droplet

surface, excess particles will form a network structure around each droplet,

thus further improving the emulsion stability and leading to an increase in

the viscosity of the emulsion system (Sun et al., 2021). Hence, the influences

of particle concentration on Pickering emulsions mainly include three aspects:

particle density on the droplet surface, droplet size and viscosity of the emul-

sion system. Generally, particle density on the droplet surface will increase

until the droplets are fully covered by particles as the particle concentration

increasing, while the droplet size will decrease until it reaches a minimum

value as the particle concentration increases. For a system with a fixed oil-

to-water ratio, the total surface area of droplets increases as the droplet size

decreases. Therefore, as the particle concentration increases, the total surface

area that could be fully covered by particles increases and thus the droplet

size could decrease until it reaches a minimum value. Further increase in

the particle concentration will lead to excess particles in the continuous phase,

which may form multi-layer adsorption on the droplet surface or may aggre-

gate to form a cementitious network structure, leading to the appearance of

emulsion gels (Arditty et al., 2003; Aveyard et al., 2003).

The work of Kpogbemabou et al. found the excellent stability of the

Pickering emulsion with the 15% of unmodified Kaol, Hal and the Pal.

The increased viscosity plays the important role in the stabilization of the

Pickering emulsion. In others works, the appropriate amount of the clay
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mineral in 0.5–5% were widely reported. The conclusion is the droplet size

decreased and the emulsion stability continuously increases with the increase

of clay mineral content. It is attributed to two factors, the thickened particles

layer at the oil water phase and the thickening effect of the disperse solution.

But for the clay mineral which with the strong negative charge at the basal

plate and broken edge, the emulsion with the strongest stability may fall in

the intermediate range. For instance, Binks discovered that O/W emulsions

could be stabilized by Lap when the particles flocculated at intermediate par-

ticle concentration and in the presence of salt (Ashby and Binks, 2000)..At

low lap concentration (0.5 wt%) and high concentration (4.5 wt%), emulsions

were unstable to creaming and coalescence due to the formation of discrete

particles dispersions and gels. At intermediate concentration (1–3.5 wt%),

the stability of emulsions increased with particle concentration, owing to the

viscoelastic properties of the dispersion.

6.4.3 Clay mineral particle size

The particles size mainly influences the mobility of particles in the continuous

phase and the curvature of Pickering emulsions. According to Einstein’s

formula (Eq. 6.1), the smaller nanoparticles have a larger diffusion coefficient

and thus are expected to adsorb onto the droplet surface more rapidly

(Lin et al., 2003).

D ¼ kT
6πμa

(6.1)

where D is the diffusion coefficient, k is the Boltzmann constant, T is the

absolute temperature, μ is the liquid viscosity and a is the particle radius.

The relationship between the droplet size and particles size could be

described as Eq. (6.2)

ks ¼ 1

2
σa2

3

4
λ sin 4θ + 5 cos 2θ � 7

8

� �
(6.2)

where ks is the bending elasticity of droplet surface, σ is the interfacial ten-

sion, a is the particle radius, λ ¼ π
2
ffiffi
3

p is a constant and θ is the particle contact

angle, the bending elasticity, which describes the resistance to bending, of a

closely packed particle monolayer is proportional to the square of particle

radius and thus droplet size increases as particle size increases. According

to the Eq. (6.2), the droplet size increases as particle size increases. This is

because large particles are not able to fit the large curvature of small droplets.

The theoretical result has been verified in the Pickering emulsion stabilized

with the varied clay mineral. Lap has the similar structure and morphology

to Mt., the emulsion is more stable stabilized with Lap than Mt., due to the

smaller particles size, high homogeneity (Wang et al., 2013).
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6.4.4 Clay mineral shape

The particles shape also significant affect the Pickering emulsion stability.

The attachment of particles to the oil–water interface with energies that are

several orders of magnitude higher than the thermal energy provides a large

steric hindrance to droplet coalescence and is one of the key underlying con-

cepts behind particle stabilization of emulsions (Creighton et al., 2014).

Analysis on a spherical particle at a planar oil–water interface gives the

work required to desorb the particle from the interface (ΔG) as (Fig. 6.8A)

(Saha et al., 2013).

ΔG ¼ πr2s γow 1� cos θð Þ2 (6.3)

where γow is the oil–water interfacial tension, rs is the particle radius, and θ is

the equilibrium contact angle measured through the water phase. The sign in

the bracket (Eqs. 6.3 to 6.5) is negative for particle desorption into water

(0�θ�90°) and positive for particle desorption into oil (90°�θ�180°).
Similar free energy analysis on a cylindrical particle at a planar oil–water
interface gives the free energy change (ΔGw) on removing the particle from

the interface into the water as (Fig. 6.8B) (Owoseni et al., 2014).

FIG. 6.8 (A) Position of a small spherical particle at a planar fluid–water interface for a contact
angle (measured through the aqueous phase) less than 90° (left), equal to 90° (centre) and greater

than 90° (right). (Lower) corresponding probable positioning of particles at a curved fluid–water
interface. For θ<90°, solid-stabilized aqueous foams or o/w emulsions may form (left).

For θ>90°, solid-stabilized aerosols or w/o emulsions may form (right) (Binks, 2002);

(B) cylindrical particle in a side-on orientation at a planar oil–water interface (Owoseni et al.,

2014); (C) representation of a circular platelet-like particle with a plane along the minor axis, z

and a cross sectional view of the circular platelet-like particle corresponding to the mentioned

plane (Machado et al., 2019).
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ΔGw ¼ 2rLγow sin θ � θ cos θ 1+
r
L

� �
+

r cos 2θ sin θ
L

� �
for 0 � θ � 90°

(6.4)

And the free energy change to remove the particle from the interface into

the oil phase as

ΔG0 ¼ 2rLγow sin θ+ π-θð Þ cos θ 1+
r
L

� �
+

r cos 2θ sin θ
L

� �
for 90o � θ � 180o

(6.5)

where γow is the oil–water interfacial tension, r is the radius of the cylindrical
particle, L is the particle length, and θ is the contact angle. Owoseni et al.

compared with the free energy of detachment from the oil–water interface

for spherical and cylindrical particles of the same volume as a function of

contact angle and found the energy of attachment of the cylindrical particle

at the oil–water interface is higher than for a spherical particle of the same

volume (Owoseni et al., 2015). The high energy of attachment at the oil–water
interface makes particulate emulsifiers effective in preventing droplet

coalescence.

Similar free energy analysis on a rounded platelet-like particle at a planar

oil–water interface gives the free energy change (ΔGw) on removing the

particle from the interface into the water as in Eq. (6.6) (Fig. 6.8C)

(Machado et al., 2019).

ΔGw ¼ γowπb
2 1� cos θð Þ2 1+

a=b � 1ð Þ2
1� cos θ

+
2 a=b � 1ð Þ sin θ � θ cos θð Þ

1� cos θð Þ2
" #

for 0

� θ � 90o

(6.6)

And the free energy change to remove the particle from the interface into

the oil phase as in Eq. (6.7).

ΔG0 ¼ ΔGw+ 2γowπb
2 cos θ

a
b
� 1

� �2

+ π
a
b
� 1

� �
+ 2

� �
for 90o � θ � 180o

(6.7)

where a and b are positive constants related to the geometry of the particle.

Based on the upon analysis, the order of attachment energy of the particle

at the oil–water interface is platelet-like particle highest, then the cylindrical

particle is higher than spherical particle of the same volume, theoretically.

However, the order is not fixed, because others many factors affect the attach-

ment energy.

In addition, the adsorption of the particles at the interface does not reduce

interfacial tensions sufficiently for optimal emulsification (Binks, 2002; Saha

et al., 2013). The lower oil–water interfacial tension can be achieved by the
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combination of particle and surfactant emulsifiers (Katepalli et al., 2013;

Dong et al., 2014). Madivala et al. experimentally characterized the role

of particle shape and aspect ratio on emulsion stabilization and viscoelastic

properties of the oil–water interface (Madivala et al., 2009). The authors dis-

covered that emulsion stability and the magnitude of the interfacial viscoelas-

tic properties depend strongly on the aspect ratio of the particles. Strong

attractive capillary interactions that are induced based on particle shape also

facilitate particle assembly into networks at the oil–water interface.

6.4.5 Dispersion pH

The pH also affects the emulsion stability significantly. The reason is the H+

or OH� could react with the active silicon hydroxyl on the basal plate or at the

edge, the typical examples are the Mt. and Lap. In addition, the dispersed state

also may be affected with the pH. The work of Tombácz et al. found the clay

dispersion at a low pH flocculate more and has a faster clay mineral-water

phase separation (Tombácz and Szekeres, 2006). When pH increases, the clay

mineral flocculation process becomes slower, and less water separates from

the dispersion. The reason why clay mineral flocculation decreases with pH

is that the SidO and AldO groups at the Mt. surface react with water mole-

cules and produce hydroxyl groups. The surface hydroxyl groups react with

H+ and OH� in the water change the clay mineral particle charge. In an alka-

line environment, the abundant OH� render the clay mineral particles more

negatively charged. In an acidic environment, the reaction of hydroxyl group

with H+ renders the clay mineral particles less negatively charged. In addition,

the H+ in the water neutralize the negatively charged clay mineral surface.

The H+ can also enter the electrical double layer to compress it and further

reduce the overall clay zeta potential. It can be seen that acidic environment

can reduce the magnitude of the clay mineral zeta potential. At a lower pH,

the decreased zeta potential enhances clay mineral particle interaction. Parti-

cles are more likely to connect to form a 3D network, due to the reduced

surface charge and the compressed electrical double layer. At a higher pH,

a decrease in positive H+ and an increase in negative OH� render the clay

mineral particles more negatively charged. This creates a greater electrostatic

repulsive force. Particles are therefore less likely to contact each other.

6.5 Application of the clay mineral stabilized pickering emulsion
or foam

6.5.1 Application in enhanced oil recovery (EOR)

Large amounts of heavy oil resources remain underground encouraging the

development of various enhanced oil recovery (EOR) methods in past years.

These methods can be classified roughly into three categories: (1) thermal

methods, (2) solvent injection methods, and (3) chemical methods. Thermal
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methods, such as steam-assisted gravity drainage (SAGD) and cyclic steam

stimulation (CSS), work well in shallow and thick formations, but they will

lose efficiency in thin and deep formations because of the heat loss to the

adjacent formations (Arab et al., 2018). The solvent injection method is

limited by the high cost of material, solvent loss, and the availability of

solvent/gas-considering the current low oil price. The main mechanism of

chemical method is improving the heavy oil recovery by emulsification. Up

to now, both O/W and W/O emulsions are reported to increase oil recovery.

The successful field application of emulsions on enhancing heavy oil recovery

lies on emulsion stability and chemical costs. Chemicals like surfactants are

usually expensive and have other issues like chemical retention in the reser-

voir and thermal degradation under high-temperature conditions (Sharma

et al., 2015a), further hindering their application in field scale. Based on the

special property of the clay mineral, the clay mineral applied into the heavy

oil recovery has attracted much attention.

In this field, Mt. and Kaol have been applied practically (Yan and

Masliyah, 1993, 1995). Mohamed et al. found the organoclay Cloisite 15A

can serve as a standalone emulsifier or a co-surfactant to enhance the perfor-

mance in high temperature (>120°C) and high salinity (>200,000ppm)

conditions (Mohamed et al., 2018). Agarwal et al. reported the loss in the

yield stress of a W/O emulsion stabilized by the organoclay Cloisite 20A

and hydrophobic silica NPs after long-term static aging at 225°C (Agarwal

et al., 2013). Geng et al. reported the apparent viscosities of emulsions stabi-

lized by organoclay alone decreased significantly after aging at 200°C. The
addition of a commercial surfactant emulsifier (a modified tall oil fatty acid)

was found to improve the emulsion’s thermal stability, since it competes with

the organoclay particles for the adsorption sites (Geng et al., 2019).

The other important parameter of emulsion in EOR is the viscosity. The

perfect state of the Pickering emulsion stabilized with clay mineral using in

the EOR is expected to have the favorable thixotropy. One of the first studies

on the rheology of solid stabilized emulsions was performed by Abend et al.

(1998). In that study, Mt. was used to stabilize an O/W Pickering emulsion.

The effect of Mt. on the stability and the rheology of the emulsions were also

studied. It was found that the emulsions had high yield stress and viscosity

values with an anti-thixotropic behavior. Furthermore, the emulsions showed

a high elastic behavior, which was linked to the formation of a clay mineral

network in the continuous phase (water) (Thienne et al., 1999). Merad et al.

studied the rheological and flow behaviors of Pickering emulsions as a func-

tion of their water concentration (Merad et al., 2021). The studied emulsions

are water-in-gas oil inverse emulsions stabilized with organo-Lap. It was

found that the emulsions exhibited a shear thinning with yield stress

non-Newtonian rheological behavior and that the flow curves were well cor-

related using the Herschel-Bulkley model. Up to 50wt% water mass concen-

tration, an exponential increase of yield stress and viscosity values is noticed,

and the phase inversion point is not reached. In the range of the applied flow
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rates, turbulence took place only in the case of the lowest water cut (0 wt%).

The Herschel-Bulkley rheological parameters were used to simulate the

pipe-flow behavior of the studied fluids and showed a satisfactory correlation

with the in-line measurements.

The work of Guillot et al. found (Guillot et al., 2009) unlike surfactant

stabilized emulsions, the droplet size is independent of clay loading; there-

fore, a minimal clay mineral loading is sufficient to stabilize the emulsion

and an excess of clay mineral particles in the continuous phase would increase

its viscosity, by forming a network between clay mineral platelets. Malkin

et al. (2017) studied the rheological behavior of crude oil-in-water emulsions.

The emulsions were prepared using both surfactants and solid particles

(silica and Mt). Adding water to the crude oil significantly decreased its

viscosity and improved its transportation. The emulsions exhibited a yield

stress gel-like behavior which was related to the presence of the solid parti-

cles. Mozamil et al. studied the influence of Cloisite 20A Nano-Clay particles

particularly on the hydrodynamic performance and the stability of water-in-

oil emulsions at different temperatures (25–45°C). It was found that the

Nano-Clay concentration affects the emulsion viscosity depending on

mainly the water volume fractions. In general, small quantities of the

Nano-Clay reduce emulsion viscosity, while higher concentrations of the

Nano-Clay resulted in a clear increase of the emulsion viscosity. The results

also revealed the percentage of pressure drop reduction at different tempera-

tures as a function of the concentration of Nano-clays, oil/water ratios and

emulsion flowrates (Mohamed et al., 2018; Khalid et al., 2020).

Al-Yaari et al. (2014a,b) studied the influence of organo-clays on the pres-

sure drop of surfactant-stabilized W/O emulsions in two different pipe dia-

meters at room temperature. Their results revealed a significant reduction in

the emulsion viscosity with the addition of organo-clays and this effect was

enhanced as the concentration of organo-clays increased. As a result, a 25%

pressure drop reduction was achieved for the case of concentrated water in

oil emulsions. Agarwal et al. (2011) investigated the effect of nanoparticle

on the flow behavior of stabilized drilling fluids with the influence of high

temperature mixing on emulsion stabilization. They used nano-silica and

nano-Clay for emulsion stabilization of the model drilling fluids for high tem-

perature high pressure applications. They found that both nanomaterials can

work separately as emulsion stabilizers, however, best emulsion properties

were found when both materials are used together. The study showed that

plastic viscosity and yield stress directly depend on the composition as well

as hydrophilic/hydrophobic behavior of the nanoparticles.

6.5.2 Application in preparation of clay-based polymeric
nanoparticles

Polymer nanoparticles (PNPs) play a crucial role in our daily life, from bio-

medicines to water treatment and paintings. PNPs can be manufactured by
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various processes including heterocoagulation (Xu et al., 2005), melt

intercalation (Sherman and Ford, 2005), polymer intercalation from solution,

exfoliation/adsorption, and covalent modification followed by in situ poly-

merization (bulk, solution, and dispersion) (Sun et al., 2004). Among of many

approaches, the emulsion and miniemulsion techniques may be the most

versatile methods for preparation of PNPs (Wei et al., 2018). The clay-

polymer nanoparticles (CPNPs) with different morphologies including

armored particles, capsules, and Janus nanosheets have been prepared by

(mini)emulsion techniques in recent decades (Fig. 6.9) (Mirzataheri et al.,

2009, 2010, 2011; Chakrabarty et al., 2016).

Thanks to their higher specific surface area and surface charge density,

clay mineral platelets effectively stabilize latex particles in surfactant-free

emulsion polymerization (Bon and Colver, 2007). Moreover, the anisotropic

morphology of many layered clay minerals provides an additional stability

at liquid interfaces (Machado et al., 2019). One of the desirable characteristic

properties of polymer/clay nanocomposites is their superior barrier properties

relative to the parent polymer, making them attractive for packaging and

barrier coating applications. The high clay mineral content has a potential to

increase the barrier properties significantly, at the same time reducing mate-

rial cost since clay mineral is relatively cheap.

Most published research in to CPNPs all focused on platelet-like clay

minerals, especially the Mt. and Lap (Choi et al., 2003; Herrera et al., 2004;

Negrete-Herrera et al., 2006, 2007; Bouanani et al., 2008; Ruggerone et al.,

2009a,b; Greesh et al., 2012).

The reason is the good dispersibility and great exfoliation effect, conve-

nient modification operation and favorable encapsulation for emulsion droplet

and regular shape of obtained CPNPs (Voorn et al., 2006b; Bon and Colver,

2007; Teixeira et al., 2011). Greesh et al. evaluated the role of the surface

properties and clay mineral shape on the morphology, thermal, thermo-

mechanical properties of the polystyrene (PS)/clay CPNPs via free-radical

emulsion polymerization. Layered chain structured Pal with a rod-like

morphology and layered structured Mt. with a platelet-like structure were

used in the study. All the obtained CPNPs were found to be more thermally

FIG. 6.9 Clay-polymer nanoparticles with various morphologies (Liu et al., 2013; Pan et al.,

2013; Brunier et al., 2016a,b).
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stable than neat PS, and CPNPs prepared with Mt. exhibited greater thermal

stability and higher storage moduli than Pal at similar loading (Greesh

et al., 2013).

The clay mineral particle modified with the surfactant or polymer coated

onto the oil water interface, and the polymeric reaction occurs in the emulsion

droplet. In addition, the clay mineral particles also could interact with either

cationic initiators or monomers through ion exchange, or by the reaction of

the edge hydroxyls with suitable organosilane molecules. The as-prepared

emulsion, which named as soap-free Pickering emulsion with diameters in

the range of 50–150nm also showed the high stability, consisting of a poly-

mer core surrounded by an outer shell of clay mineral platelets. Up to now,

several studies have employed Lap (Herrera et al., 2004; Bourgeat-Lami

et al., 2005; Bon and Colver, 2007), Kaol (Liang et al., 2018), and Mt. plate-

lets (Lanchiş et al., 2009; Shin et al., 2019) in surfactant-free emulsion

polymerization (Fig. 6.10A–E).
The polymerization reaction involved the conventional radical polymeri-

zation and the living polymerization (Chakrabarty et al., 2015; Delafresnaye

et al., 2017). Shin et al. postulated the mechanism of latex particle forma-

tion for hydrophobic monomers in the presence of Mt. platelets in terms

of a heterogeneous coagulative nucleation model. When the unmodified

Mt. used in the Pickering emulsion polymerization, the primary particles

simultaneously microcoagulate with other small particles to attain sufficient

surface charge density required for the stabilization of a latex particle. This

micro-coagulation between small metastable particles slowly proceeds in the

absence of any stabilizers. But in the presence of modified Mt. as Pickering

stabilizer, the formation of the metastable and stable latex particles is acceler-

ated by the solid stabilizer with higher surface charge density. And the

modified Mt., which adsorbed on the interface are susceptible to chemical

interaction with oligomeric species. Thus, the primary and metastable parti-

cles rapidly attain a sufficient surface charge density by incorporating

the Mt. platelets onto their exterior, forming the clay-armored latex

(Fig. 6.10H) (Shin et al., 2019).

There are also several issues in the CPNPs prepared from Pickering emul-

sions. One is the complex morphologies rather than ideal shape is obtained

usually from the emulsion polymerization, due to their shape anisotropy of

clay minerals nanoparticle (Fig. 6.10F,G). The most promising methods for

preparing uniform clay mineral nanoparticles is exploitation of as-prepared

living amphiphatic random copolymers for surface modification of clay min-

eral nanoparticles. Such surface modifiers which are produced via RAFT

polymerization, adsorb on the surface of inorganic nanoparticles, and produce

seeds for (mini)emulsion polymerization and subsequent encapsulation of

clay mineral nanoparticles (Bon and Colver, 2007; Samakande et al., 2008;

Khezri et al., 2012; Mballa Mballa et al., 2012; Greesh et al., 2013;

Mirzataheri et al., 2016). For example, Chakrabarty et al. reported the preparation
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of fluoropolymer/clay nanocomposite via reversible addition fragmentation

chain transfer (RAFT) Pickering miniemulsion using sodium montmorillonite

(NadMt). A cationic comonomer, 2-(acryloyloxy)ethyltrimethylammonium

chloride (AETAC), was used to promote polymer-clay mineral interaction via

ion exchange. As a result of the ion exchange reaction between cationic mono-

mer and clay mineral nanoparticles, the obtained fluoropolymer/clay mineral

nanocomposite showed a prefect armored morphology (Mirzataheri et al.,

2009; Chakrabarty et al., 2016).

FIG. 6.10 (A,B) SEM micrographs of PAAm latex particles stabilized by different concen-

trations of Mt20 (scale bar: 10 μm) (Teixeira et al., 2011); (C) EDS of polystyrene latex particles

prepared in the presence of 1 wt % Lap (Brunier et al., 2016a,b); (D) SEM images of a Lap-armored

polystyrene latex made via Pickering miniemulsion polymerization (scale bar¼100nm) Lap (Bon

and Colver, 2007); (E) Cryo-TEM images of polymer latex particles: poly(MMA-co-n-(BA)/Lap,

poly(Sty-co-BA)/Lap, poly(Sty-co-2-EHA)/Lap, poly(Sty-co-2-EHA)/Lap with methacrylic acid.

Scales bars of 100, 100, 200, and 50nm, respectively (Greesh et al., 2013); (F) SEM image of

PANI@Pal nanocomposite particles (Han et al., 2017); (G) TEM images of PS-nanocomposites

with 5 wt % Pal at low and high magnification, respectively (Shin et al., 2019); (H) presumed

particle nucleation and growth mechanism for Pickering emulsion polymerization of polystyrene

latexes; stabilized by (top) pristine and (bottom) vinylsilane-functionalized Mt. platelets (Shin

et al., 2019).
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Another challenge of the preparation of CPNPs using conventional emul-

sion or miniemulsion polymerization is the introduced clay mineral content

is still low, and similar problems have been encountered with other inorganic

particles. Only the work reported by Tong and Deng that CPNPs prepared

with up to 30wt % clay mineral prepared using emulsion polymerization

(Tong and Deng, 2007). They reported that clay mineral encapsulation was

dependent on both the clay platelet size and the type of clay mineral modifier

used. It was not until Landfester’s group developed the ad-miniemulsion

polymerization that inorganic nanoparticles could be effectively encapsulated

at high concentrations such as 40wt% (Tiarks et al., 2001; Ramirez and

Landfester, 2003).

Hollow polymeric capsules are another popular shape obtained by assem-

bling of clay mineral particles at the interface in Pickering emulsions and then

cross-linking or interfacial polymerization. The inner contents can be filled

with an active material, such as a phase change material or electrolyte, or

removed to yield a hollow capsule, which collapses or remains spherical. As

capsules are attractive for use in confined reactions, supercapacitor electrodes,

catalytic supports, drug delivery, etc. controlling the chemical composition of

the shell and contents will lead to tailor properties and applications. Although

many examples of Pickering emulsions stabilized by clay mineral have

been provided, it is strange that the preparation of capsules has not been as

widely reported. Armes et al. prepared hollow capsules from sunflower oil-

in-water emulsions stabilized by PEI-modified Lap by cross-linking with

either the oil-soluble poly(propylene glycol) diglycidyl ether (PPGDE) or the

water-soluble poly(ethylene glycol) diglycidyl ether (PEGDE) (Fig. 6.11A)

(Williams et al., 2012). In a similar vein, McIlroy et al. prepared hollow cap-

sules by interfacial polymerization of toluene diisocyanate (TDI) in oil and

diethylenetriamine (DTEA) in water in water-in-oil Pickering emulsions stabi-

lized by Cloisite; these capsules were loaded with an epoxy curing agent such

that an epoxy film formed upon grinding with a resin (Fig. 6.11B) (McIlroy

et al., 2010).

Janus particles, named after the double-faced Roman god, are compart-

mentalized colloids with two sides of different chemistry or polarity. By

comparison with uniform particles, Janus particles demonstrated more

strengthened adsorption at the interface because of their high surface activity

(Walther and M€uller, 2008; Poggi and Gohy, 2017). The surface activity of

Janus particles at an oil–water interface is three times higher than that of

uniform particles (Binks and Fletcher, 2001). Due to the inherent differences

of charge at basal plate and broken edge, some clay mineral could be modi-

fied or functionalized to form the Janus particles via the Pickering emulsion.

In this field, the 2D clay minerals have been attracted much attention. Liu

et al. prepared Janus nanosheets based on the Lap by Pickering emulsion

and surface modification method. The negatively charged platelets of Lap

adsorbed onto the positively charged polystyrene (PS) sphere via electrostatic
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interaction, left one face exposed for functionalization with ammonium-

terminated polymers. On the Janus disks, hydrophobic PS brushes are

anchored onto one side and hydrophilic quaternized poly(2-(dimethylamino)

ethyl methacrylate) (q-PDMAEMA) brushes or positively charged micelles

are anchored to the other side (Fig. 6.12A) (Liu et al., 2013).

Natural Kaol showed the inherent Janus character, tetrahedral surface

and the octahedral surface could be truncated by distinct functional groups

and selectively modified by simple cation exchange and covalent graft-

ing via catechol groups (Tulevski et al., 2004). Weiss et al. chosen

poly((2-dimethylamino)ethyl methacrylate)-block-polystyrene (PDPS) and

poly(3-(2,3-dihydroxybenzoyloxy)propyl methacrylate)-stat-(methyl methac-

rylate)) (PCM) to modify Kaol in a different manner, and obtained a Janus

Kaol platelets (Fig. 6.12B). It is revealed that PCM will likely be close to

the OS, forming short loops or lying flat. In contrast, the polystyrene block

might arrange brush-like on the TS of the kaol (Weiss et al., 2013). Breu

and co-workers fabricated Janus Kaol platelets by exploiting the inherent

chemical differences between the faces: the octahedral face was modified

with a catechol-containing small molecule, and the tetrahedral face was mod-

ified with [Ru(bpy)3]
2+.(Hirsemann et al., 2012). Kirillova et al. also prepared

Janus Kaol by employing simultaneously “grafting from” immobilization of

hydrophilic and hydrophobic polymers via surface induced ATRP in emulsion

(Fig. 6.12C) (Kirillova et al., 2014). The method is based on the fabrication of

FIG. 6.11 (A) Reaction scheme for the formation of cross-linked colloidosomes at 50vol%

using poly(ethylene imine)-coated Lap particles at pH 9. Route A shows colloidosomes produced

from an o/w Pickering emulsion using an oil-soluble cross-linker (PPG-DGE) dissolved in sun-

flower oil. Route B depicts colloidosome formation using a water-soluble cross-linker

(PEG-DGE) dissolved in the aqueous continuous phase (Williams et al., 2012); (B) optical micro-

graph of capsules in solution illustrating typical shape and adhesions between formed capsules;

(C) fluorescence micrograph illustrating release of core material from within dry capsules

following applied pressure (McIlroy et al., 2010).
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FIG. 6.12 (A) Schematic outline for the synthesis of Janus Lap disks: a Lap disk with hydrophobic PS brushes on one side and hydrophilic quaternized

PDMAEMA on the other side; a Lap disk with PS brushes on one side; a polymeric micelle with Lap disks (Liu et al., 2013); (B) Schematic picture of

(a) pristine kaol modified with PDPS on the tetrahedral surface (TS) and PCM on the octahedral surface (OS), then embedding of the final hybrid particle at

the interface in a PS–PMMA blend (Weiss et al., 2013); (C) Scheme of a large-scale synthesis of kaol-based Janus particles with dense polymer shells

(Thompson et al., 2019).



an emulsion consisting of a water solution of a hydrophilic monomer acrylic

acid and a solution of a hydrophobic monomer 2-(dimethylamino)-ethyl

methacrylate (DMAEMA) in an organic solvent, which is stabilized by

initiator-modified kaol particles. The same strategy was used to prepare

polymer-functionalized Janus Kaol by functionalizing the tetrahedral face

with PDMAEMA-block-PS and the octahedral face with PCM (Weiss

et al., 2013).

6.5.3 Application in preparation of the porous material

As a pristine three-dimensional structure, Pickering emulsion or foam is a

favorable template for the fabrication of hierarchically structured foam mate-

rials, even though many methods have been used for producing porous mate-

rials, such as freezing drying, bubbling, and particle templating (Thompson

et al., 2019). Macroporous materials produced from Pickering emulsions or

foams have attracted the interest of many researchers in the fields of biochem-

istry, interfacial science, engineering, environmental science, and energy

materials. Especially, the porous materials constructed from the Pickering

emulsion are widely reported. The Pickering emulsion template technique in

preparation of porous materials has several unique advantages: (1) the poly-

dispersity and size of the emulsion droplets can be facilely controlled by the

emulsification parameters, enabling the controlled adjustment of the porosity

of the templated foam; (2) polymerization reactions can be easily introduced

to polymerize the continuous phase, owing to the high stability of Pickering

emulsions at high temperatures or in other harsh conditions, (3) the removal

of interior liquid is feasible and can be carried out merely by freeze drying

or heat-induced evaporation.

Among the Pickering emulsion template, the high internal phase emul-

sions (HIPEs) template has been most extensively studied, because this unique

Pickering emulsion endows the obtained scaffold materials with low density

and high porosity and void volume (Zhang et al., 2019). When the primary

emulsion is of the W/O type, polymerization of the oil liquid can always

obtain a hydrophobic porous material. One of the advantages of such material

is it can freely float on water, and the large voids inside the foam can absorb a

large amount of oil, endowing these foams with great potential for the treat-

ment of marine oil spills (Pan et al., 2016), oil capture (Zhang et al., 2017),

oil–water separation (Lei et al., 2017). Conversely, if the porous materials

are formed from the O/W emulsion, it has the inherent good hydrophilicity,

and could be applied directly in the removal of heavy metal, dyes and

other pollutants in water or bioengineering. Arise from the intrinsic hydrophil-

city of clay, the relative studies for preparation of porous materials from

clay mineral stabilized Pickering emulsion are all focused on the O/W emul-

sion, the as-prepared porous materials all have the high hydrophilcity. For

example, the Shi et al. reported a novel biocompatible thermoresponsive

poly(N-vinyl caprolactam)/clay nanocomposite (PVCL-Clay) hydrogels with
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macroporous structure and improved mechanical characteristics via the

Pickering emulsion (Fig. 6.13A) (Shi et al., 2017).

The Pickering emulsions as templates consisted with N-vinyl caprolactam

(VCL) monomer as dispersed phase and clay sheets as stabilizers at the

interface, the porous material is cross-linked by the clay nanosheets. The

prepared PVCL-Clay hydrogel possesses remarkable temperature-responsive

characteristics with a volume phase transition temperature (VPTT) around

35°C and provides a feasible platform for cell culture (Shi et al., 2017). Wang

et al. devotes to study the relationship between the porous structure prepared

from the clay mineral stabilized emulsion template and the adsorption perfor-

mance for heavy metal ion, organic dye, antibiotic and so on. In their previous

work, a novel carboxymethylcellulose-g-poly(acrylamide)/montmorillonite

(CMC-g-PAM/Mt) hybrid adsorbent with sufficient interconnected pores via

the Pickering medium internal phase emulsions (MIPEs) polymerization

(Fig. 6.13B). The porous adsorbent can rapidly reach adsorption equilibrium

within 30min, with the maximum adsorption capacities of 177.90mg/g for

Rb+ and 265.93mg/g for Cs+, which is great higher than most of reported

studies (Zhu et al., 2018). In their other work, a series of magnetic porous

hydrogel spheres were prepared from the oil in water (O/W) Pickering emul-

sion stabilized with silicone-modified magnetic palygorskite (MPal), using

hydroxypropyl cellulose (HPC) as the grafting backbone and acrylic acid

(AA) as the monomer. The rod-like Pal as the stabilizer facilitated to form

open pore and interconnected pores. The magnetic porous hydrogel sphere

also presented the excellent adsorption performance for Rb+ and Cs+ (Zhu

et al., 2017). To avoid the environmental threat of organic solvent used in

the Pickering emulsion stabilization, the natural vegetable oil was to replace

the toxic solvents, and obtained the monolithic materials presenting inter-

connected pore structure and excellent adsorption properties via the oil-in-

water (O/W) Pickering medium internal phase emulsions (Pickering-MIPEs),

stabilized with natural Pal. The porous monolith could rapidly and highly

adsorb of cationic dye methyl violet (MV) and methylene blue (MB), heavy

metal Pb2+ and Cd2+ as well as the scattered metals Ce(III) and Gd(III), the

excellent adsorption capacities of 1585 and 1625mg/g for MV and MB,

456.05 and 278.11mg/g for Pb2+ and Cd2+, 205.48 and 216.73mg/g for

Ce(III) and Gd(III) were reached, respectively (Wang et al., 2017a,b, 2019,

2020a,b).

However, the ordinary Pickering emulsion still needs a lot of surfactants to

stabilize synergistically solid particles, which still bring the risk of environ-

mental pollution (Lyu et al., 2016). Therefore, the use of non-toxic, safe, nat-

urally available stabilizing particles as a substitute for environmentally

harmful surfactants would be a feasible route to prepare a new Pickering

emulsion template, as well as to prepare green and economical hierarchically

porous adsorbents. Wang et al. developed a surfactant-free Pickering MIPEs

template and a hierarchical porous adsorbent with interconnected porous
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FIG. 6.13 (A) Schematic diagram of the fabrication procedure of PVCL-Clay nanocomposite hydrogels (Shi et al., 2017); (B) Synthesis of the porous CMC-g-

PAM/Mt. via the Pickering MIPEs (Wang et al., 2017a,b); (C) Illustration of CTS’s pH responsiveness and the interaction mechanism of Pal and CTS at different

pH (Lu et al., 2020), (D) CLSM images of the Pal/CTS composite and Pickering MIPEs co-stabilized by Pal/CTS composite at pH 3.5, 4.5, 5.5, 6.5; (Pal red color;

and CTS, green color), and the schematic of Pickering emulsion co-stabilized by Pal/CTS composite at variable pHs; (E) Schematic of Pickering aqueous foam

stabilized by pine pollen and Sep particle (Yu et al., 2021; SEM images of Pickering foams stabilized by different dosage of Sep (f ) 0.0 wt %, (G) 6.0 wt%,

(H) 8.0 wt%, (I) 10.0 wt%, (J) 12.0 wt%, and (K) 14.0 wt% (Yu et al., 2020).



structure via one-step emulsion polymerization. The O/W Pickering MIPEs

was prepared successfully using a pH-responsive Pal/CTS composite as stabi-

lizing particle, and the size of emulsion droplet was controlled by changing

the pH. After the polymerization of monomers in emulsion, the porous adsor-

bent chitosan-g-poly(acrylamide)/palygorskite (CTS-g-PAM/Pal) with tunable

hierarchically interconnected porosity as well as pore size was obtained

(Fig. 6.13C,D) (Lu et al., 2020).

Even through the porous material prepared from Pickering emulsion

exhibited the excellent performance in adsorption, the high consumption of

organic solvent in the emulsion template still is an obstacle for practical appli-

cation. In comparison, the foam template showed the enhanced merit, espe-

cially the advantage that without need any organic solvent (Stubenrauch

et al., 2018). Due to the foams can be formed without any organic solvent,

it as template for fabrication of the porous materials is an energy-saving

and environment-friendly approach. However, its poor stability at indoor

temperature and heating condition caused it difficult to use. Nevertheless,

the Pickering foam, has outstanding stability at room temperature (Guan and

Zhong, 2019), and makes it possible to be used in the tailor-made polymer

foams. Based on this, a novel Pickering foam which was stabilized by modi-

fied Sep was prepared and applied as the template for preparation of

the porous material via thermal-initiated polymerization (Fig. 6.13E,F). The

Pickering foam had excellent ability and stability in the pH of 4–11 and the

obtained porous adsorbent possess sufficient and tuned pore structure. The

porous materials as adsorbent have favorable performance for adsorption

and selective removal of cationic dyes, and the understanding adsorption

capacities for MB and methyl green (MG) can be achieved with 1421.18

and 638.81mg/g within 60 and 45min at 25°C, respectively (Yu et al.,

2020). In other work, a novel porous adsorbent a thermal-initiated polymeri-

zation of Pickering aqueous foams was fabricated, which was stabilized by

the natural Sep and pine pollen and utilized for the removal of antibiotic from

aqueous solution. The Sep was modified with the leaching substance from

pine pollen and arranged orderly around the bubble to form a dense “shell”

structure. The equilibrium adsorption capacities of chlorotetracycline hydro-

chloride (CTC) and tetracycline hydrochloride (TC) were achieved with

465.59 and 330.59mg/g within 60min at 25°C, respectively (Yu et al., 2021).

6.5.4 Application in catalysis reaction

Pickering emulsions are an ideal platform for biphasic catalysis because of

their enhanced stability, large interfacial area, facile product separation, and

easy catalyst recycling. In some cases, the stabilizers acted as both the emul-

sifiers for the stabilization of the emulsion and as the catalytic sites (Sun

et al., 2018). The catalytic efficiency is lowest, if the reaction system is

consisted with two immiscible phases, where the catalyst is in one phase
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and the reactant in the other. While the catalytic efficiency in the homoge-

neous phase reaction may is highest, but separation would be very

difficult. A compromise method would be to perform the reaction with

subsequent separation in emulsion. This alternative reaction system can com-

bine the advantages of the first two reaction systems. The dispersed emulsion

droplets result in a relatively large contact area between the phases, which

leads to an increased reaction conversion. The droplets are stabilized by

particles instead of surfactants since particle-stabilized emulsions are very

robust against mechanical and chemical stress. Once the particles are

adsorbed at the droplet surface, changes in temperature or chemical composi-

tion (like during reactions) do not break the emulsion as may be the case for

surfactant-stabilized emulsions. In contrast to surfactant molecules, the parti-

cles cannot easily desorb from the droplet surface and adsorb at the filtration

membrane. The catalyst can be separated from the product by membrane

filtration. Consequently, the exploration of Pickering emulsions for biphasic

catalysis is a hot topic in the study of applications of Pickering emulsions.

Different catalysts and even enzymes have been successfully encapsulated

in Pickering emulsions to increase the catalytic reaction rate, and the results

demonstrated that the use of Pickering emulsions is indeed an efficient

approach for both preserving the activity of biocatalysts and improving their

catalytic performance (Wu et al., 2011). This field has seen ongoing advances,

and in recent years, cascade catalysis and interfacial catalysis have attracted

increasing attention in the studies of Pickering emulsion–based catalysis

(Jiang et al., 2020).

For example, Klitzing et al. prepared the oil-in-water emulsions

stabilized with Hal for efficient hydroformylation reactions using an aqueous

Rh-catalyst and verified that Hal stabilized emulsions for catalysis is more

efficient than using spherical nano/microparticles like silica. The amount of

byproduct (isoaldehyde) remains very low during the whole reaction time.

The product selectivity is excellent with an n:iso (tridecanal:isoaldehydes)

ratio of 99:1. (Von Klitzing et al., 2017). Stehl et al. also applied the Hal

stabilized Pickering emulsions for hydroformylation of a long-chain olefin

(1-dodecene). Rhodium (Rh) and the water-soluble ligand sulfonated

4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (Xant Phos) are used as

catalyst. The emulsion showed a monotonous droplet decrease with increasing

particle concentration, high selectivity for aldehyde also was observed in

emulsions (Stehl et al., 2019). However, the application clay mineral stabi-

lized Pickering emulsion in catalytic reaction remains relatively rare until

now. The reason may be the clay mineral in most of works only acts as emul-

sion stabilizer. The positive effect is the reduced size of the emulsion droplet

and enhanced stability of emulsion as increasing the clay content, while

the negative effect, which is the incrassate interface layer of emulsion will

reduce the encounter between the substrate and the enzyme or catalyst

(Rodriguez and Binks, 2020).
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6.5.5 Application in historic preservation

In the last few years, green nonmaterial has attracted a growing interest by the

scientific community to develop sustainable protocols for curing cultural

heritage. In this regard, several other clay mineral nanoparticles (such as

Lap, Mt., and Sep) have been proposed for the restoration and conservation

of artworks. In particular, they are typically used as thickener agents to pre-

pare formulations, and the O/W emulsions stabilized with clay minerals

possess the unique function. One of application is the controlled cleaning

for the stone historical relics, minimizing the use of organic solvents for the

removal of hydrophobic coherent layers onto a surface. In conservation

science, surface cleaning is an intricate step due to very restrictive prescrip-

tions. In particular, the process, besides being efficient, should not damage

the surface or show the sign of time (aging) and does not contaminate the sur-

face with residues that can induce damage to artwork. The first successful use

of an emulsion in art conservation was reported for the frescoes by Masaccio

and Masolino (Borgioli et al., 1995).

In recent years, several formulations were proposed, with the aim of solv-

ing specific cleaning issues, the majority of which are selective and controlled

removal of undesired materials and the use of sustainable products as well

as reduction of the risk of surfactant/cleaning agent’s residues on the artwork

surface (Baglioni et al., 2014, 2015, 2017; Casoli et al., 2014). Particular

attention has been devoted to the uncontrolled spreading and penetration of

the formulations that can lead to unpredictable damage effects. To overcome

these issues, alternatives for emulsion stabilizers and gel-forming strategies

should be considered. Among solid inexpensive and sustainable stabilizers,

clay minerals with a variable hollow tubular morphology are very promising.

Lo Dico et al. applied the Pickering emulsion successfully, which stabilized

with Hal modified with sodium dodecyl sulfate (SDS), to clean of a marble

sculpture, the proposed protocol is appropriate for the controlled cleaning

of a marble artifact (Fig. 6.14A) (Lo Dico et al., 2018).

The characterization of FT-IR for the cleaned surface evidenced that

no residuals are present in the treated artwork. G Cavallaro also fabricated

ecocompatible Pickering emulsions based on Hal and ionic biopolymers

(CTS and pectin) from renewable resources for cleaning action on marble sur-

face, the Pickering emulsion is suitable for wax layer removal from a marble

surface. A controlled cleaning is achieved by tuning the contact time between

the gel and the marble surface (Fig. 6.14B) (Cavallaro et al., 2019).

Another application of the Pickering emulsion in the consolidation and

protection of historical artifacts is the “encapsulation effect” (Giachi et al.,

2010; Poggi et al., 2010, 2014). The high dispersiability of droplet of in Pick-

ering emulsion could ensure the protective layer is uniformly distributed onto

the protected objects, and to isolate oxygen and keep humidity. For instance,

wooden samples from ancient shipwrecks possess a high degree of porosity
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(up to 90% in volume), which causes structural deterioration and poor

mechanical resistance. On the basis of these considerations, conservation pro-

tocols of waterlogged archeological woods are mostly aimed at filling the

wooden pores. Poly(ethylene)glycols (PEGs) with variable molecular weight

are generally employed as consolidants in the traditional treatments of arche-

ological woods. But the hazard of PEGs could degrade the wooden structures

by generation formic acid has been found currently. Lisuzzo et al. (2021) pro-

posed a new protocol for the preparation of Hal-based Pickering emulsions

using wax as the inner phase of the oil-in-water droplets (Zhang et al.,

2014). Compared to the archeological woods treated with pure wax, the addi-

tion of Hal induced a remarkable improvement in the mechanical performance

in terms of stiffness and flexural strength. The proposed protocol is environ-

mentally friendly since water is the only solvent used throughout the entire

procedure, even if wax permeates into the pores at room temperature. Conse-

quently, the design of wax/Hal Pickering emulsions represents a promising

strategy for the preservation of wooden artworks, and it has a great potential

to be scaled up, thus becoming also exploitable for the treatments of

shipwrecks of large size.

FIG. 6.14 (A) A full view of the Kilga artifact before and after the cleaning treatment (Giachi

et al., 2010); (B) Application of the Pickering in Pectin gel system on cherubs of the funeral

monument of Placido Caruso (Polizzi Generosa, Italy) (Cavallaro et al., 2019).
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6.6 Conclusion and outlook

The Pickering emulsions stabilized with the clay mineral particles has been

attracted much attention and is still extending in novel fields, owing to their

natural nano-property, various shape and size, favorable biocompatibility,

and tuned surface activity. In this chapter, the study process of Pickering

emulsion prepared with 1D and 2D clay minerals is summarized. Except for

a few works, the inherent strong hydrophilcity make them difficult to adsorb

at the emulsion interface. So varied modifications methods involved the cova-

lent bond or non-covalent bond reaction are widely applied to tune the surface

wet ability of clay mineral. Up to now, the synergistic effect between clay

mineral and surfactant or others organic small molecular still is the main

stabilization mechanism in most of works. The stability of nanoclay-based

Pickering emulsions is influenced by wettability, morphology, concentration

of nanoclay minerals as well as the environmental pH and ionic strength.

Therefore, understanding these influencing factors and stability mechanisms,

and the interactions of particles at the oil/water interface will further boost

the developing of novel nanoclay-based Pickering emulsions. Then the appli-

cation of Pickering emulsion in preparation of polymeric nanocomposite,

porous material, enhanced oil recovery, heterogeneous catalysis and the heri-

tage conservation are also expatiated. The Pickering emulsion stabilized with

clay mineral applied in the enhanced oil recovery has been studied for a long

time, and the practical application has been conducted with the emulsion sta-

bilized with Mt. and Kaol. The polymeric nanocomposite including the armed

polymeric nanocomposite, polymeric micro-capsule, Janus particles showed

the excellent barrier property, packaging efficiency and the emulsion stability.

The porous materials prepared from the Pickering emulsion stabilized with

clay mineral can be applied into the water treatment, tissue engineering, ther-

mal insulation, and other fields. Comparison with other field, the Pickering

emulsion applied in the heritage conservation is a new research field, the

remarkable result has reported by using the Hal. Although the Pickering

emulsion prepared with clay mineral present many advantages, but some

drawbacks still existed.

6.6.1 The unclear stabilization mechanism

The application of Pickering emulsions stabilized with the various clay miner-

als in many fields has been reported widely in every year, but relatively little

effort is spend on the stabilization mechanism. For instance, the stabilization

of Pickering emulsion with the clay mineral and surfactant is the classic

method in varied field, but what is the distribution of clay mineral and surfac-

tant at interface, and which play the central role in different condition is still

unclear. In addition, most of studies only analyze the stabilization factors with

clay mineral dosage, surfactant content and salt concentration, the effect of
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clay mineral morphology, particles size are usually ignored. Actually, the

important effect of shape and size for emulsion stability has been reported

in many others works.

6.6.2 The uniqueness of clay minerals is unrealized

Clay minerals consisted with multiple unit layers of tetrahedral and octahedral

sheets show the different morphology. Moreover, due to the isomorphic sub-

stitution of the metallic cations by other multivalent ions and broken edge, the

clay minerals also showed the different surface charge. More importantly,

the clay mineral also possesses the unique character. For example, Mt. has

the nice distensibility and dispensability, Lap has the great stripping effect

in solution, and Kaol has the natural Janus particles properties. If all these

specialties could be brought into full play, the Pickering emulsion may have

the peculiar property.
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