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Synopsis  

In my thesis, I have prepared stable o/w Pickering emulsions (PEm) using 

polyacryloyl hydrazide (PAHz) and their nanocomposite (NC) as a stabilizer. Emulsions are 

currently used as additives in a range of areas including food, cosmetics, paint, and 

biomedicine. However, surfactants used in conventional emulsions are known to cause skin 

irritation and cell damage and therefore, pose a major concern for their application related to 

biomedical areas. Another important issue related to these conventional systems is their 

stability, storage, and transportation. Therefore, low molecular weight surfactant free, 

biocompatible, and environmental friendly emulsions are necessary to enhance the 

commercial viability of these emulsions. Polyacryloyl hydrazide (PAHz) is already known 

to be a cytocompatible polymer (J.Mater. Chem. B, 2014, 2, 7429).  

Therefore, in this study initially, PAHz-Ag NC was synthesized and utilized as PEm 

stabilizer for olive oil based emulsions. The prepared stable PEm was also freeze dried and 

stored as oil powder for a long time and re-dispersed successfully. PEms were prepared using 

PAHz with varying concentrations (0.05-0.25 g/ml) and Ag NPs of different sizes. Emulsion 

stabilized by 0.05 g/mL of PAHz and Ag NPs of Davg 20 nm (5 wt% PAHz-Ag NPs) was 

unstable against coalescence and had maximum oil leakage after freeze-drying, hence could 

not re-disperse back into the water. The stability of Pickering emulsion was inversely 

proportional to the Davg of Ag NPs. Ag NPs possessing Davg of ~10 nm and PAHz amount of 

0.25 g/mL in aqueous phase (25 wt% PAHz-Ag NPs) stabilized the Pickering emulsion up 

to 30 days without any sign of creaming and the oil powders (oil content  98%) obtained 

after freeze drying exhibited adequate re-dispersibility in aqueous media. In addition, 
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emulsion stabilized by 25 wt% PAHz-Ag NPs showed maximum recovery in viscosity 

values after re-dispersion and almost matches with the shear-thinning behavior of the original 

sample. Furthermore, the trends of moduli vs. frequency for the re-dispersed sample were 

similar to that of the original sample suggesting that the structural arrangements between Ag 

NPs and oil droplets were least affected by the drying process. 

Next, the role of concentration of NaCl and temperature on PEm stabilized with 

PAHz-Ag NC was studied. The creaming stability of PEm in presence of salt concentrations 

in the range of 0.5 to 5.0 wt% was evaluated by adding different amounts of PAHz-Ag NC 

stabilizer. Emulsion stability increased with an increase in NaCl concentration up to 3.0 wt% 

and it was decreased above 3.0 wt% NaCl. An increase in PAHz concentration enhanced the 

stability of emulsion with NaCl and 25 wt% PAHz with 3.0 wt% NaCl (PEm-S-22) showed 

higher stability (7 days) and stable at the higher temperature (95 ℃). The best composition 

may be used for the applications where NaCl is required for stabilizing Pickering emulsions 

and also for high temperature (95 ℃) applications.  

Further, the work was focused on minimizing solid content and enhancing the 

properties of PEm. In this contribution, the role of tannic acid (TA), towards stability, re-

dispersibility of polyacryloyl hydrazide (PAHz)-Ag nanoparticle (NP) based Pickering 

emulsions is accessed. TA effectively minimized solid content and enhanced the properties 

of the PEm. The presence of TA (200 μmol/L) in a fairly small amount, reduced the PAHz 

concentration from 25 wt% to 3 wt% and decreased the droplet size from 6.25 to 2 μm and 

enhanced the emulsion stability from 30 to 35 days while producing stable oil powders and 

maintaining the re-dispersion efficiency. The oil powders retained up to ~97% of initial oil 

content and the re-dispersion occurred by simply handshaking the oil powders in water. The 
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study revealed that both TA and PAHz-Ag NP synergistically acted to stabilize the emulsion 

as well as the resulting oil powders. The total solid content notably decreased from 250 

mg/ml to ~30 mg/ml in presence of TA, while improving the emulsion properties. 

Later, we utilized a one-pot hydrothermal synthetic procedure to prepare polymer-

graphene nanocomposite through in-situ reduction of GO and amine functionalization of 

resulting graphene. Polyacryloyl hydrazide (PAHz) possessing hydrazide functional groups 

is used as the reducing agent to convert the GO to the graphene, subsequently functionalize 

the resulting graphene with the amino groups, and encapsulates the resulting –NH2 

functional graphene to prepare the graphene-PAHz nanocomposite. The resulting 

nanocomposites possessing a hydrodynamic size of ~40 nm are utilized to stabilize Pickering 

emulsion based on olive oil/n-decane and water. The resulting Pickering emulsion exhibited 

excellent stability with no sign of creaming till 17 days under ambient conditions suggesting 

the efficacy of the graphene-PAHz nanocomposite as the stabilizing agent. 

Various methodology viz., HRTEM, FESEM, XRD, FT-IR, U.V., and Fluorescence 

spectroscopy, ocular observation, optical microscope with thermal stage, thermogravimetric 

analysis, DLS, electrical conductivity, and rheological study at different temperature were 

adopted for analyzing PAHz NC and PEm. PEm stability was supported by the studying 

rheological behavior of the emulsion sample. Rheological properties of fresh PEm stabilized 

by PAHz-Ag NC were regained after successful drying and re-dispersed back into the water. 

This suggests the stability of PEm in dried form and their complete re-dispersion. The role 

of NaCl and temperature on PEm stability was also supported by rheological analysis. These 

new PAHz based Pickering emulsions can be a potential alternative for conventional 
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emulsions in various industries like cosmetic, pharmaceutical, and other industrial 

applications. 
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Thesis Organization 

Chapter 1: The first chapter summarizes type of Pickering emulsions (PEm), 

applications, and stabilizing mechanisms. Various nanoparticles (NPs) and nanocomposites 

(NCs), utilized for stabilizing PEms, are discussed. Drying and re-dispersibility of PEms are 

also discussed to show their suitability in transportation industries. 

Chapter 2: In this chapter, first, results of synthesis of PAHz-Ag nanocomposite 

(NC) are presented followed by the discussion on preparation of PEm using PAHz-Ag NC. 

Drying stability and re-dispersibility of PEms has also studied. Various characterization tools 

including rheological analysis are discussed to verify the stability and properties of prepared 

PEms. 

Chapter 3: This chapter discusses the role of different factors which may affect the 

stability of PEm. The effect of NaCl and temperature on PEm stability was studied where 

NaCl was varied from 0.5 to 5 wt% and temperature was studied up to 95 ℃. Thermal 

stability of PEm was studied by microscopic analysis and high pressure high temperature 

(HPHT) compact rheometer. 

Chapter 4: This chapter discusses how drying and re-dispersibile properties of PEm 

can be enhanced by a natural polyphenol. Mechanistically, Tannic acid (a natural 

polyphenol), available in plant sources, was utilized for this and the results are accordingly 

presented. Various characterization tests were performed to understand the effect of tannic 

acid on stability of PEms. 
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Chapter 5: This chapter discusses one-pot hydrothermal synthetic procedure of 

preparing nanocomposite of polymer-graphene. The prepared graphene-PAHz NC was 

subsequently utilized for the preparation of PEm of olive oil and n-decane. A varying 

concentration of graphene-PAHz NC was utilized to prepare PEm. 

Chapter 6: This chapter contains conclusions from the dissertation and future scope 

of synthesized NCs in various applications. 
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Chapter 1 

 

Introduction 

 

 

1.1 Background 

The researcher’s interest in solid particles for improving stability of emulsion and enhancing 

the self-life of oil in emulsion has been increased since its discovery in 1907 by Ramsden 

and Pickering [1]. Although, it was discovered a century ago, the ongoing advancements in 

the design of solid particles as emulsion stabilizer and limitations of surfactants (toxicity and 

thermal instability) in stabilizing emulsion have drawn the focus of every research towards 

Pickering stabilization (Figure 1.1). In Pickering stabilization, solid particles irreversibly 

adsorb at the interface of oil-water and enhance the properties of an emulsion by delaying 

the process of coalescence. Various solid particles have been utilized in stabilizing emulsions 

however, small size nanoparticles (NPs) received widespread attention as an emulsion 

stabilizer. These emulsions were later named as Pickering emulsions (PEm) Pickering 

emulsions have wide applications in various industries viz., food processing, pharmaceutical, 

cosmetics, drug delivery, paint, and oil recovery [2,3]. These emulsions can also be used as 
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a template for the preparation of porous materials [4–6], emulsion films [7,8], hallow 

nanotubes [9], and nanofibres [10]. NPs are less toxic in nature and provide a higher surface 

area, which helps them to adsorb more effectively at the interface of oil and water and 

enhance the stability of PEm. NPs such as SiO2 [11], TiO2 [12], clay [13], silver (Ag) [14], 

gold (Au) [15], nanocellulose [16], starch nanocrystals [17], whey protein [18], and graphene 

oxide [19] alone or in combination have been utilized for the preparation of PEm. Proteins 

[20], carbohydrates [21], and polymers [22] are also utilized in preparation of PEm. These 

materials can help in strengthening NP barrier around oil droplets, resulting it increases the 

resistance against coalescence.  

The combination results into the development of a polymer nanocomposite possesses 

polymer and NPs of better mechanical, physical, and chemical property than sole polymer 

and NP. For example, Saigal et al. [23] prepared xylene-in-water and cyclohexane-in-water 

PEms stabilized by SiO2- PDMAEMA (poly(2-dimethylamino)ethyl methacrylate) NC and 

the resulted  PEms were stablr for more than 6 months. Similarly, Au/alginate 

nanocomposite, modified by thiol (mercaptoundecanoic acid and dodecanethiol), was 

utilized as stabilizer in formulation of chloroform-in-water PEm [24]. The increase in 

emulsification was observed with increasing concentration of thiol-modified Au/alginate NC 

(5-80% v/v). Their study also identified pH regime (4-10) of greater stability present in the 

emulsion. 

Synthetic polymers having functional group (-NHNH2) could be used for the 

synthesis and reduction of various NPs (Ag, Au, Cu, and graphene oxide). Polyacryloyl 

hydrazide (PAHz) containing hydrazide moiety ((-NHNH2) is a cytocompatible and 

hydrophilic polymer, which can be useful for the synthesis and reduction of NPs (Figure 
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1.2). The NH2 group on PAHz chain can reduce NPs. In addition, the presence of PAHz 

(pH8.7) on the surface of NPs may help in resisting the oxidation of Ag0 to Ag+
, which 

further helps to minimize the toxicity of NPs and disperses them in the aqueous phase of 

PAHz [25]. The synthesized PAHz based NCs can be useful in several applications due to 

their cytocompatible nature, injectability, and stimuli-responsive nature with various cross-

linkers [26,27]. Therefore, in this thesis PAHz based NCs of two different NPs i.e. silver and 

graphene are synthesized by reagent free method [27,28] and utilized these NCs in the 

preparation of o/w PEm for freeze drying application. These emulsions were tested for 

enhanced stability and re-dispersibility in the presence of natural polyphenol such as tannic 

acid, to find suitability of these emulsion in health and food with less solid content. The 

influence of saline environment and high temperature rheological properties of these PEm 

are discussed. 

 

Figure 1.1. Droplet stabilization by emulsifiers (surfactant: A and solid particles: B) in oil-

water emulsion. 
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Figure 1.2. Structure of polyacryloyl hydrazide (PAHz). 

1.2 Type of emulsions and mechanism of PEm stability 

 PEms are mainly classified into two categories: oil-in-water (o/w) and water-in-oil 

(w/o) Pickering emulsions. The phase which exists in form of small droplets is called 

dispersed phase and the surrounding phase, which holds these droplets, is called the 

continuous phase. The type of emulsion is governed by the wettability of the particles. If 

particles are hydrophilic (contact angle <90° measured through water phase), o/w emulsions 

usually form. Particles exhibiting hydrophobic nature (contact angle >90°) stabilize w/o 

emulsions, where water droplets are surrounded by the layer of NPs as shown in Figure 1.3. 

No emulsion will form if the particles are fully wet by one type of liquid (too hydrophilic or 

too hydrophobic) [29]. The ratio of the dispersed and continuous phases may also determine 

the type of emulsion. If the ratio is extremely high, the emulsions may catastrophically 

undergo phase inversion and the formed emulsion will not be stable because the wettability 

of the particle will not favor the inverted emulsion [30,31]. Therefore, the stability of PEm 

is also decided by the wettability of particles. This means the contact angle of the particles 

at the interface of oil and water decides the type and stability of PEm. Therefore, most of the 

researches are focused on the synthesis of particles which can have amphiphilic nature for 

stabilizing emulsions. 
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Figure 1.3. Schematic representation of oil-in-water and water-in-oil emulsions. 

 Various theories have been proposed for the stabilization of PEm, however, the most 

accepted mechanism was the formation of a steric barrier or interfacial layer of particles 

around the dispersed phase. Various studies also supported this mechanism through 

thermodynamic calculations and theoretical approaches [32–34]. Stability mechanisms of 

the emulsions are categorized into steric repulsion, electrostatic repulsion, Marangoni-Gibs 

effect, and thin-film stabilization. Non-ionic emulsifiers generally stabilize emulsions 

through steric repulsion. In this mechanism, part of the emulsifier adsorbs on the surface of 

dispersed droplets and remaining enters into the continuous phase. When the two droplets 

come together, the adsorbed layer repulses each droplet and stabilizes the emulsion [35] 

(Figure 1.4). Electrostatic repulsion mechanism can be seen where ionic emulsifiers are 

utilized as stabilizers. Electric double-layer formed around the droplets due to ionic 

emulsifier and it creates electrostatic repulsion between the droplets to restrict droplet contact 

(Figure 1.5). However, this mechanism does not play vital role in w/o emulsion stabilization 

due to low dielectric constant of continuous phase [36]. Preventing continuous phase 

drainage between two droplets and stabilizing emulsion called a Marangoni-gibbs effect. 

Between two droplets, this type of effect is generated by the deformation of surface area. 

When two droplets come together, their surface becomes parallel and thin films drain the 
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continuous phase [37]. Thin-film stabilization involves into the formation of a rigid and 

viscoelastic layer around the droplets, which helps to restrict coalescence and increases 

stability [37,38]. 

 

Figure 1.4. Pickering emulsion stabilized through steric repulsion. 

 

 

Figure 1.5. Pickering emulsion stabilized through electrostatic repulsion. 
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Figure 1.6. Various ways of emulsion destabilization. 

Emulsions are thermodynamically unstable and during the course of time, they may 

undergo certain changes. Coalescence, flocculation, creaming, and phase separation are 

important ways to describe emulsion destabilization (Figure 1.6). The mixing of two droplets 

leads to formation of a large single droplet is called coalescence (Figure 1.6). The continuous 

interaction between droplets, without losing their interface, is referred as flocculation. 

However, negligible damage to the position of emulsifier layer can occur during flocculation. 

Density difference between continuous and dispersed phase leads to creaming in the 

emulsion. When dispersed droplets move towards the top and form thick cream at the surface 

of emulsion is the sign of creaming. On the other hand, the downward movement of droplets 

towards the bottom of emulsion is called sedimentation. This can be controlled by reducing 

density difference between continuous and dispersed phases. The immediate separation of 

oil from water is occurred on unstable emulsion and the phenomenon is called phase 

separation. 

1.3 Nanoparticles and their nanocomposites used in PEm stabilization 

 Various types of inorganic and organic NPs have been utilizing as PEm stabilizers. 

All these NPs have specific functions depending on applications of PEm. A summary of 

different NPs and their role in emulsion stabilization is provided below. 



8 
 

1.3.1 Inorganic NPs 

1.3.1.1 Silica NPs 

Silica NPs are cheap, easily available, and extensively studied NPs as PEm stabilizer. 

Silica NPs are hydrophilic in nature because of Si-OH groups on the surface and therefore, 

they stabilize o/w emulsions whereas surface modified silica is used as a stabilizer for w/o 

emulsion [39–42]. In a study, Sadeghpour et al. [11] prepared o/w PEms by silica NPs where 

oleic acid was used to modify the surface of silica nanoparticles resulting it leads to 

significant improvement in stability and hydrophobicity of silica particles. The prepared 

emulsions exhibited better emulsification than the emulsions prepared with untreated silica 

particles [11]. In another study, Zhu et al. [43] prepared switchable o/w PEms (dodecane-in-

water) of silica NPs with help of conventional surfactant. In this study, conventional cationic 

surfactant CTAB (cetyltrimethyl ammonium bromide) was utilized to improve the 

hydrophobic nature of negatively charged silica NPs. The stable dodecane-in-water PEm was 

destabilized by the addition of an equimolar amount of SDS (sodium dodecyl sulfate, anionic 

surfactant) (Figure 1.7). The emulsion was re-stabilized by the addition of a similar amount 

of CTAB with re-homogenization. This process of destabilization and stabilization of PEm 

was successfully performed several times. 

 

Figure 1.7. Schematic to show destabilization and stabilization in o/w PEm. This figure was 

obtained and redrawn [43]. 
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Similarly, the effect of pH on stability and mechanistic properties of o/w PEm, 

stabilized with surface-modified silica NPs, was studied by Alison et al. [44]. In this study, 

chitosan was used to modify the surface of silica NPs. The stability mechanism of PEm was 

found to vary differently at different pH conditions. At lower pH (4), chitosan modified silica 

NPs were partially hydrophobic and they adsorbed at the interface of oil-water to stabilize 

PEm. However, increase in pH (5.5) was found to form agglomerated droplet network in 

emulsion. At higher pH (9), it was found that chitosan led to aggregation. Which significantly 

affected the stability of emulsion (Figure 1.8). Thus, this study revealed how emulsion 

stability changes with change in pH value of surface modified silica NPs. 

 

Figure 1.8. Effect of surface modification on emulsion behavior at various pH conditions. 

This figure was obtained and redrawn [44]. 

Amphiphilic alginate derivative coated silica NPs were used by Zhao et al. [45] to 

prepare stable o/w PEm. Initially, ugi-alg was synthesized using four-component 

condensation reaction. Then ugi-alg was used to prepare SiO2/Ugi-alg NPs. The increase in 

SiO2 concentration (0.1 to 2 wt%) was found to increase the stability of PEm. Three types of 
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Ugi-alg of different molecular weight were used to coat SiO2 NPs. The stronger interaction 

between SiO2 and Ugi-alg, was held responsible in the formation of a rigid three-dimensional 

structure and stabilization of PEm. 

1.3.1.2 Clay NPs 

Clay is also the most commonly used emulsion stabilizer due to its non-pollutant 

nature, availability, and cost-effectiveness. The stability of toluene-in-water emulsions, 

stabilized by laponite RD clay particles, was studied by Ashby and Binks [46]. The role of 

clay particles on emulsion stability was established by phase diagram study as a function of 

NaCl. Laponite clay can also be used in polymerization of styrene and its use in PEm 

stabilization [47]. FE-SEM (Field emission scanning electron microscopy) and AFM (atomic 

force microscopy) methods are used to understand coating of laponite clay on polystyrene 

latex. Laponite particle’s role in stabilizing high internal phase emulsion was studied by 

Dinkgreve et al. [48], who found particles on both the surface of emulsion droplets and 

continuous phase. The particles in continuous phase participated in gel formation which led 

to improved emulsion stability. This was observed through the fluorescence microscopic 

analysis. The shear rheological study also showed that emulsion was unstable at high shear 

rates due to breakage of gel. 

1.3.1.3 TiO2 NPs 

These NPs have also shown potential in emulsion stabilization for various 

applications [12,49,50]. Nsib et al. [51] used TiO2 NPs as PEm stabilizers for photocatalytic 

degradation of monochlorobenzene. Initially, TiO2 surface was modified by salicylic acid 

(SA), and modified TiO2-SA NP was used to stabilize emulsions of monochlorobenze and 

water. This study found that modified TiO2-SA NPs successfully degraded 
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monochlorobenzene in emulsion under visible radiation only. TiO2 effectiveness as a 

photocatalyst for the removal of an organic contaminant (monochlorobenzen) through 

emulsification process is also highlighted. Similarly, Hao et al. [50] prepared pH responsive 

PEm by TiO2 NPs for catalytic applications. In this process, surface-modified TiO2 NPs 

[modified with 3-(aminopropyl)tri-methoxysilane (APTMS) and triethylamine] were. The 

interfacial action of TiO2 NPs was triggered by adjusting the pH of emulsion. The emulsified 

droplets completely destroyed by changing the pH value to 3-4. Change in pH value to 7-8 

generated emulsion back in system. Photocatalytic activity of TiO2 NPs was enhanced 

through the modification of TiO2 surface by fluorine [52]. As a result, the emulsified system 

showed 18 times faster photodegradation of nitrobenzene when compared with non-

emulsified system. Thus, these studies support emulsification capabilities of TiO2 NPs. 

1.3.1.4 Magnetic NPs 

Magnetic NPs have attracted researcher’s interest due to their less toxicity and useful 

magnetism in water purification and biomedical. Several studies discussed the utilization of 

magnetic Fe3O4 NPs as PEm stabilizers [53–56]. Surface modification of Fe3O4 NPs by 

either silane coupling groups (RSi(OC2H5)3) or carboxylic acid group (RCOOH) and its 

effect on PEm stabilization was explored by Zhou et al. [57]. Their results concluded that 

silane coated Fe3O4 NPs resulted into greater stability in PEm when compared with 

carboxylic acid coated Fe3O4 NPs [57]. 

The advantages of utilizing magnetic NPs for the preparation of PEm lie in their dual 

role as stabilizers as well as demulsifier. For example, magnet responsive PEm, stabilized by 

modified Fe3O4 NPs was prepared by Yang et al., [58]. Initially, Fe3O4 NPs were coated with 

3-aminopropyltriethoxy silane (Fe3O4@SiO2-NH2 NPs) to enhance the hydrophobicity of 
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Fe3O4 NPs and then, these NPs were utilized for the preparation of switchable emulsions. 

Fe3O4@SiO2-NH2 NPs stabilized PEm showed stability for dozens of days and the same 

emulsion was also demulsified by applying magnetic force. The trigger to emulsify and 

demulsify PEm was achieved by utilizing Fe3O4@SiO2-NH2 NPs. Similarly, amine 

functionalized magnetic NPs (NH2-MNPs) were synthesized and utilized for the 

demulsification of crude oil-in-water emulsions [59]. In this study, the prepared NH2-MNPs 

were mixed in1:1 ratio with crude oil-in-water (o/w) emulsion and external magnetic force 

was applied to demulsify the emulsion.  

1.3.1.5 Ag NPs 

 Silver (Ag) NPs have shown broad applications due to their efficient antimicrobial 

properties. These NPs can be used in various applications including textiles, filtration, 

biomedical, and drug delivery. During emulsion preparation, these NPs can self-assemble at 

the interface of oil and water to stabilize the emulsion [60]. However, agglomeration of metal 

NPs is an important issue which can be controlled by synthesizing them on support. 

Therefore, NPs synthesized on support (Ag NC) are better emulsion stabilizer. As 

determined by Tang et al. [14], who synthesized NCs of Ag NPs and graphene oxide and 

utilized them in emulsion stabilization. In another study, in-situ Ag NPs were synthesized to 

stabilize poly(ɛ-caprolactone) (PCL) emulsion for antimicrobial applications in wound 

dressing [61]. 

1.3.2 Organic NPs 

1.3.2.1 Cellulose 

Two types of nanomaterials such as cellulose nanofibers (CNFs) and cellulose 

nanocrystals (CNCs), derived from cellulose source have been utilized for various 
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applications including PEm stabilization [62–64]. Due to their unique properties, 

biodegradability, and renewable nature, these nanomaterials from cellulose sources have 

attracted researcher’s interest [65–67]. Nanosized CNCs obtained from bacteria were 

irreversibly adsorbed at the interface of decane oil-water and were also, stabilized the 

droplets in PEms [68]. Similarly, Capron et al. [69] utilized CNCs for stabilizing PEms for 

applications in cosmetic or paint products and found that 0.1 wt% CNC was able to stabilize 

hexadecane-in-water PEm. However, an increase in internal phase led to conversion of 

emulsion to gel and formed a Pickering HIPE (high internal phase emulsion). In another 

study, Cherhal et al. [70], studied the interface of hexadecane-in-water PEm stabilized by 

CNCs. Small angle neutron scattering (SANS) study was used to visualize thickness CNCs 

layer around emulsion droplets, with charged CNCs, thickness of 7 nm was measured while 

uncharged CNCs led to layer thickness of 18 nm. This study also reported that CNCs formed 

layer only on the surface of oil droplet which did not immerse into oil phase. Goi et al. [71] 

reported mechanism of emulsion stabilization by CNFs. CNFs oxidized by 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO) adsorbed on oil droplet. In addition, the amount of 

CNF adsorbed on oil droplet surface increased with increasing interfacial area. Resulting 

dense network of CNFs made emulsion thermodynamically stable via significant reduction 

in creaming. 

1.3.2.2 Cyclodextrin (CD) 

Cyclodextrin (CD) is a biocompatible and non-toxic emulsion stabilizer, which is 

commonly utilized in pharmaceutics, food, and skin care industries. Natural CDs are cyclic 

oligosaccharides containing glucose units joined by 1,4-linkages. Various studies have 

shown that CDs can form stable emulsion by forming surface-active complexes at oil-water 
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interface [72,73]. In a recent study Xi et al., [74] prepared emulsion stabilized by modified 

β-CD particles. Where emulsion stability was determined by hydrophobic long chain and 

degree of substitution within β-CD cavity [74]. They also observed that emulsion stabilized 

by ODS-β-CD showed higher stability than pure β-CD, which was due to their enhanced 

amphiphilic and structural properties (Figure 1.9). 

 

Figure 1.9. Schematic representation of Pickering emulsions stabilized by cyclodextrin. 

Reproduced with permission from Ref. [74]. 

1.3.2.3 Graphene oxide 

Graphene oxide (GO) is prepared by chemical exfoliation of graphene and which was 

synthesized a century ago [75]. It is highly stable in water and considered a colloidal particle 

due to its greater stability in aqueous phase. The amphiphilic property of GO is attributed to 

its hydrophilic functional groups and hydrophobic basal plane, which is helpful in stabilizing 

emulsion [76–79]. He et al. [19] studied factors responsible for the changes in stability of 

GO based emulsions. Factors such as increase in sonication time, higher GO concentration, 
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low pH value, and intermediate oil/water ratio are helpful in higher stability of emulsion 

[19]. The reason for higher stability of aromatic organic oil based emulsion was attributed to 

π-π interactions between the aromatic oils and conjugate bonds of GO (Figure 1.10) [19]. 

The effect of pH on GO stabilized toluene or perfluorohexane-in-water emulsions was also 

studied by McCoy et al., [80]. At low and high pH conditions, these emulsions showed 

significant flocculation in GO particles, which led to varying stability regime in emulsion. 

The reason of lower stability at high pH value was attributed to permanent chemical changes 

in GO functional groups. While, acidic pH accelerated the interaction between oil and GO 

which remarkably improved the stability of emulsion [80]. Similarly, the effect of oil phase 

polarity on GO stabilized emulsion was studied by Thickett et al. [81], who used both non 

polar (styrene) and polar (methyl methacrylate) oils. DLS results suggested that GO was able 

to form a more stable emulsion with non-polar oil compared to polar oil. The reason of higher 

stability with non-polar oil was attributed to remarkable decrease in oil-water interfacial 

tension. 

 

Figure 1.10. Schematic representation of (A) π-π interactions between GO and aromatic 

molecules and (B) formation of GO stabilized Pickering emulsion. This figure was obtained 

and redrawn [19]. 
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1.3.2.4 Carbon Nanotube 

In recent years carbon nanotubes (CNTs) have also received great interest due to their 

more exposed active sites and large surface area. Due to hydrophobic nature of CNTs, their 

dispersion in an aqueous phase is difficult which leads to greater stabilization. Several 

attempts have been made to increase the hydrophilic nature of CNTs with high yield and 

easy process. The hydrophilic groups such as carboxylic and hydroxyl were introduced in 

CNTs through CNT treatment with oxygen plasma [82]. The size distribution of synthesized 

hydrophilic CNTs was controlled by period of plasma treatment, CNT concentration, and 

sonication time [82]. 

1.3.3 Other Particles 

Other particles such as soy protein, zein, starch, etc., have also been employed as 

PEm stabilizers. These particles have potential applications in drug delivery, food, and 

fabrication industries due to their biodegradability and biocompatibility [83]. Soy protein has 

been significantly cited as PEm stabilizer in various research studies [84,85]. Soy protein is 

compatible with high-pressure emulsifying conditions to get more fine emulsion droplets. 

Liu et al. [21] used soy protein isolate (SPI) NPs to prepare stable PEm [86]. Similarly, zein 

is a protein extracted from the corn, which is hydrophobic in nature and insoluble in water. 

Studies found that zein colloidal particles can form an interfacial layer at a contact angle near 

90° [87]. It was found that unmodified zein colloidal particles can form stable emulsion 

below or above its isoelectric point [87]. In another study Jiang et al. [88] prepared stable 

emulsions of sesame oil using zein protein along with apple pectin. Starch is abundantly 

available in various plants and in emulsion stabilization, it is necessary to modify its surface 
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[89,90]. Starch NPs can be modified to hydrophobic after treatment with octenyl succinic 

anhydride, which is useful to stabilize PEm [91]. 

However, PEm stabilized with only nanoparticles can show thermodynamically 

unstable nature at real industrial conditions and their stability may also vary in presence of 

salt ions, temperature, and pH condition. These stability issues can be addressed by 

nanocomposite materials. 

1.3.4 Nanocomposites 

Nanocomposites (NCs) are the interdisplinary materials of proper interparticle 

distance, which exhibits suspended NPs. If aqueous phase is a polymer solution, the resulting 

NC is called polymer NC. In emulsion preparation of HAp (hydroxylapatite), polystyrene of 

various molecular weights and end groups were used [92]. It was found that HAp particles 

alone could not stabilize the emulsion and the addition of low molecular weight polystyrene 

to the oil phase provided significant stability to emulsion. The credit was attributed to 

carboxylic groups which were dissolved in oil phase and they helped to prepare spherical 

HAp coated microspheres in emulsion [92]. In another study, stable PEm was prepared using 

hydrophobically modified silica functionalized poly(ɛ-caprolactone) (PCL) [61]. 

1.4 Drying stability of PEm 

To make it convenient for storage, and transportation, via enhancement in shelflife 

of oil an emulsion is usually dried. This process of drying can be accomplished through 

freeze-drying or spray drying [2,93]. To get stable dried emulsion without or minimal oil 

leakage, it is important to enrich the surface of the oil droplet properly with an emulsifier. 

This could not be possible by the simple addition of conventional surfactant, and thus, NPs 

or NCs are required to add in emulsion. In this process, the stable emulsion gets dried by 
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removing the water quantity present in it through either spray drying or freeze-drying (See 

figure 1.11). Olive oil-in-water emulsions, stabilized by 3 wt% SDS, did not convert to dried 

emulsion (oil powder) through either freeze-drying or spray drying [93]. Similar experiments 

were carried out with fumed silica NPs (partially hydrophobic) and these NPs were able to 

produce dried emulsion (oil powder) [93]. 1-3 wt% of silica NPs were used to produce dried 

emulsions. Spray drying led to the formation of oil powder containing 90% of oil content 

and freeze-drying led to the formation of transparent gel containing 98% of oil [93]. This 

suggests that conventional surfactants are not enough to stabilize dried emulsions, whereas 

NPs can act as better stabilizer for stabilizing these emulsion for drying application. 

Similarly, Gao et al. [94] also verified that sodium stearate (SS) emulsions were not stable 

during drying process, however, inclusion of zein particles produced stable dried emulsions. 

However, these studies did not report re-dispersion of dried emulsion (oil powder). Re-

dispersion of a dried emulsion into its original form without considerable changes is 

necessary for industrial applications. There are limited literature studies available on dried 

and re-dispersible PEms. For example, o/w emulsion stabilized by CNCs and methyl 

cellulose (MC), was studied for freeze drying and re-dispersion applications by Hu et al. 

[95]. Corn oil-in-water PEm, stabilized with 0.25 wt% CNCs and 0.25 wt% methyl cellulose 

NC, did not produce dried emulsion after freeze-drying. However, addition of 0.5 wt% of 

tannic acid (TA) led to the formation of a stable dried emulsion. The prepared dried emulsion 

was successfully re-dispersed into the same amount of water. The credit was attributed to 

TA, which formed hydrogen bonding with nanocomposite and stabilize emulsions during 

both freeze drying and re-dispersion [95]. Similarly, stable dried and re-dispersible olive oil-

in-water PEm was prepared by silanised silica NPs [96]. In this study silanised silica 
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stabilized PEm was spray dried to get solid emulsion (oil powder) and the prepared solid 

emulsion was re-dispersed back into a similar amount of water [96]. Therefore, stable dried 

emulsion of maximum oil content and its re-dispersion back into water can be possible by 

utilizing NC as an emulsifier. 

 

Figure 1.11. Scheme of dried emulsion through freeze-drying and spray drying methods. 

1.5 Factors affecting the stability of PEm 

Various factors such as salinity [97], temperature [98], pH [99,100], NP 

concentration [101], and concentration of aqueous phase [102] can significantly affect the 

stability of PEm. Especially the role of salt and temperature on emulsion stability is vital due 

to various industrial requirements. Generally, the addition of salt to conventional emulsion 

leads to droplet disruption, which results in coalescence and phase separation. The variation 

in PEm stability greatly depends on NP concentration and aqueous phase of NC. A thick 

interfacial layer formed by NC shows resistance to coalescence and makes PEm stable in 

presence of salt ions. Therefore, salt-treated PEm study has received more attention due to 

unpredictable changes in PEm behavior. Various studies reported PEm stability of different 
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salts such as NaCl, KCl, CaCl2, and MgCl2 [103–106]. The addition of salts may reduce 

particle aggregation and creaming through creation of screening effect on the particles 

surface and also results in increasing PEm stability [107]. The concentration of salt may also 

play important role in emulsion stability. Soy protein isolate (SPI) stabilized PEm formed a 

stable emulsion without NaCl, whereas the addition of 100 mM NaCl, destabilized the 

emulsion by forming aggregates of SPI. However, at the high salt concentration (400 mM), 

SPI aggregates were re-dispersed back in aqueous phase and formed stable emulsion [108]. 

Similarly, the effect of NaCl concentration on stability of PEm of quinoa protein (QPI) was 

studied by Qin et al. [109]. It was observed that PEm with NaCl showed better freeze-thaw 

properties than PEm without salt. QPI stabilized PEm showed improved freeze-thaw 

properties during 0-500 mM concentration of salt, which was attributed to inhibition of ice 

crystals under salting-out effects [109].  

 Temperature is another factor which also influences PEm stability through varying 

droplet size, aqueous phase, and interfacial properties. Emulsion stabilized with conventional 

emulsifiers (surfactants) are thermally unstable whereas PEm exhibit better thermal stability 

[98,110]. O/w emulsion stabilized with nanoparticle (SiO2)-surfactant (SDS)-polymer 

(PAM; polyacrylamide) system showed higher thermal stability when compared with 

emulsion stabilized with only surfactant (SDS)-polymer (PAM) [98]. Similarly, Taherpour 

and Hashemi [110], also confirmed higher thermal stability of PEm when compared with 

surfactant stabilized emulsion. Non-ionic surfactant, DME, based emulsion showed poor 

thermal stability and complete phase separation was observed at 125 ℃, whereas, emulsion 

stabilized with Silica NPs remained stable up to 140 ℃ [110]. Thus, for emulsion stability 



21 
 

at complex conditions, the effect of high temperature on emulsion stability is very important 

to investigate. 

1.6 Motivation 

To date, the nanocomposite materials utilized for PEm stabilization were prepared 

through various steps and their stability was limited. Therefore, this motivates to synthesize 

NCs using simple one-step method followed their utility as PEm stabilizer. 

1.7 Objective 

 The objective deals with synthesis, characterization, and performance evaluation of 

Pickering emulsion for freeze-drying and re-dispersible applications in storage and 

transportation industries. The effect of various factors on rheological properties of these 

emulsions was also studied. 

1.8 Scope 

The scope of the study covers various sub-topics to achieve the objective of the work. 

 Synthesis of polyacryloyl hydrazide (PAHz)-Ag NCs and their application in o/w 

PEm stabilization and for drying & re-dispersibility. 

 Effect of NaCl and temperature on PAHz-Ag NC stabilized o/w PEms. 

 To enhance stability and re-dispersibility of o/w PEm through the inclusion of a 

natural polyphenol in system. 

 Synthesis of graphene-PAHz NCs and its application as o/w PEm stabilizer. 
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Chapter 2 

 

Stable & Re-dispersible Polyacryloyl Hydrazide-Ag 

Nanocomposite Pickering Emulsions 

 

 

Abstract  

Freeze drying and re-dispersibility of oil-in-water (o/w) emulsions are important 

from the prospective of storage, transportation and usability. Pickering emulsions based on 

polyacryloyl hydrazide (PAHz)-Ag nanocomposite is reported in which the nanoparticle 

(NP) size (Davg) and PAHz concentration collectively controlled the stability and re-

dispersibility of the emulsion system. O/w emulsions were prepared using PAHz with 

varying concentration (0.05-0.25 g/ml) and Ag NPs of different size, and analyzed for DLS, 

IFT, contact angle, SEM, and rheological studies. Emulsion stabilized by 0.05 g/mL of PAHz 

and Ag NPs of Davg 20 nm (5 wt% PAHz-Ag NPs) was unstable against coalescence and 

had maximum oil leakage after freeze-drying, hence could not re-disperse back into water. 

The stability of Pickering emulsion was inversely proportional to the Davg of Ag NPs. Ag 
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NPs possessing Davg of 10 nm and PAHz amount of 0.25 g/mL in aqueous phase (25 wt% 

PAHz-Ag NPs) stabilized the Pickering emulsion up to 30 days without any sign of creaming 

and the oil powders (oil content  98%) obtained after freeze drying exhibited adequate re-

dispersibility in aqueous media. In addition, emulsion stabilized by 25 wt% PAHz-Ag NPs 

showed maximum recovery in viscosity values after re-dispersion and almost matches with 

the shear-thinning behavior of original sample. Furthermore, the trends of moduli vs. 

frequency for the re-dispersed sample were similar to that of the original sample suggesting 

that the structural arrangements between Ag NPs and oil droplets were least affected by the 

drying process. Thus, we conclude that o/w emulsion stabilized by PAHz-Ag NPs can be a 

potential alternative to produce stable oil powders or gels for industrial applications.  

2.1  Introduction 

Stable oil-in-water (o/w) emulsions are of vital importance due to their widespread 

applications in food, paints, cosmetic, drug delivery, lubrication of machine parts, and 

pharmaceuticals [2,3]. O/w emulsion is prepared by the mechanical agitation of two 

immiscible phases where one phase is sparsely dispersed in other in the presence of 

emulsifiers such as surfactant, polymer or colloidal particles. These emulsifiers tend to 

deposit at the oil-water interface to ensure the formation of an o/w emulsion in which oil 

droplets are sparsely dispersed in a continuous phase of water. In addition, these emulsifiers 

helped to restrict the disruption between oil droplets resulting into the increased shelf life of 

the oil phase. The trait that makes these o/w emulsions suitable for the applications is their 

long-term stability against phase separation and coalescence during the transportation and 

storage [2,93,111]. One of the potential applications of an o/w emulsion includes their use 

as dried product where emulsion becomes dry (with encapsulated oil droplets) to facilitate 
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transportation [112,113]. Drying in an o/w emulsion is typically achieved by freeze-drying 

process in which the emulsion is first solidified followed by the sublimation of water under 

the environment of reduced pressure [93]. Depending on the nature of application, re-

dispersion of a dried o/w emulsion may also require as demonstrated in literature studies 

[114,115]. Thus, drying and re-dispersibility of an o/w emulsion system substantially 

enhances the usability and commercial viability since, these can be transported in a large 

scale and stored for a long period as dried powder and reformed on demand [95,113–115]. 

However, o/w emulsion stabilized by conventional emulsifiers (surfactants/solid fats/oil-

soluble gelation agents) are reported to exhibit enhanced oil leakage and ripening problems 

during re-dispersion [116–118]. Furthermore, the number of reports on re-dispersible 

emulsion systems is fairly limited in literature [93,111,119].  

Emulsions stabilized by nanoparticles (NP) or Pickering emulsions have attracted 

considerable interest in several fields because of their enhanced stability, re-dispersibility, 

and promising solutions of key importance [34,98,120]. In Pickering emulsions, small 

nanoparticles can dramatically adsorb at the oil-water interface and sterically resist the 

coalescence of oil droplets through the formation a robust barrier of nanoparticle wires and 

capsules [121,122]. The development of a steric barrier can sufficiently resist the coalescence 

or deformation of dispersed oil droplets [98,123] and thus, the fact makes these emulsions 

more attractive for drying and re-dispersion than surfactant-stabilized emulsions. Studies 

involving the use of different solid particles to stabilize dry emulsions have been reported in 

ample literature [91,93,111,124]. Dickinson highlighted the role of particle wettability and 

adsorption in stabilizing the emulsion and foam of a food product [125]. The development 

of oil powder with oil content of as high as 90 wt% was demonstrated by Mezzenga and 
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Ulrich [126]. To stabilize the oil powder, emulsifier such as protein -lactoglobulin was 

utilized which was heat-treated to successfully cross linked at the interfacial area of oil-

water. Yusoff and Murray prepared an o/w emulsion of 20 vol% n-tetradecane using food-

compatible hydrophobic starch particulates (1–3 wt%) as the primary emulsifier [124]. It was 

observed that the emulsion produced using starch particulates were extremely stable (more 

than 3 months) against coalescence with insignificant change in droplet size (1 to 20 μm). 

Food based Pickering emulsion stabilized by starch granules was studied and investigated 

for droplet size [89]. The prepared food emulsion was extremely stable against coalescence 

and did not show any phase separation during 8 week storage. Adelmann et al. [93] prepared 

oil powders and gels of silica nanoparticles (partially hydrophobic, 30 nm) and olive oil (98 

wt%) using freeze drying approach, and compared their stability with the emulsions 

stabilized with surfactant sodium dodecyl sulfate (SDS >99%) [93]. Silica based oil powders 

and gels were highly stable and did not show any sign of oil leakage over a period of several 

months. On the contrary, the use of surfactant did not produce any oil powder and gel of 

olive oil [93]. A detailed review on the suitability of biomass derived particles (starch 

granules from quinoa and egg yolk granules) to stabilize Pickering emulsions in the context 

of food was presented by Rayner et al [91]. The recent work of Hu et al. [95] demonstrated 

the preparation of a dried and re-dispersible Pickering o/w emulsion (oil content, 94%) 

stabilized by cellulose nanocrystals (CNC) in the presence of water soluble cellulosic 

derivatives and tannic acid. The dry emulsions of CNC and cellulosic derivatives were 

prepared by freeze-drying and had no oil leakage during its storage as observed by 

mastersizer and confocal microscopic characterization. Typically multi-component 

stabilizers consisting of a hydrophilic carrier high molecular weight compound is used along 
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with the NPs to impart stability to the dried oil powders and in some cases small surface 

active organic compounds are also added to maintain the network strength during the freeze-

drying process [95]. It is also well known that the presence of a water soluble polymer 

introduces noteworthy improvements in rheological properties of Pickering emulsions 

[127,128]. Therefore, new compositions of stable and re-dispersible Pickering emulsions 

may be derived by using a combination of water soluble polymer and NPs as stabilizers.  

The actual flow behavior of emulsions can also be understood through a frequently 

used technique such as rheological analysis. The study on rheological properties may provide 

information about their stability, evolution of dynamic viscoelastic properties, and ideal/non-

ideal flows to meet the specific process requirements [129]. The majority of the work based 

on rheological behavior, both experimental and theoretical, is devoted to emulsions and 

complex fluids [3,130,131] and thus, has not been studied enough for dried and re-dispersion 

applications. In this work, a two component stabilizing system consisting of a hydrophilic 

polymer and a NP is studied towards their ability to impart stability to resulting Pickering 

emulsions in liquid and dried state. In our previous work, we have reported a general 

procedure to synthesize stable, size controlled, and cost-effective metal nanocomposites 

using of polyacryloyl hydrazide (PAHz) as both reducing as well as stabilizing agent [27]. 

Therefore in this study, we have used the resulting PAHz capped Ag nanoparticles (Ag NPs) 

of varying particle size and PAHz in different concentrations as stabilizer to develop a set of 

o/w Pickering emulsion system of olive oil (volume fraction, 20%) and studied the effect of 

NP content on stability and re-dispersibility. We finally report the rheological analysis to 

study the re-dispersibility of these Pickering emulsions after freeze-drying and storage. 
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2.2 Experimental work 

2.2.1 Materials 

The extra virgin olive oil (Figaro Mumbai, B00X7RJPSG) was used for the 

preparation of o/w emulsion. This oil is a vegetarian oil of density 0.89 g.cm-3 at 20 °C and 

contained total saturated fat content not more than 13% by weight. Chemicals such as methyl 

acrylate (SD Fine Chemicals, >99%), Tetrahydrofuran (THF, Qualigens, 99.0%), hydrazine 

hydrate (SD Fine Chemicals, 99%), tetra-n-butylammonium bromide (TBAB, Merck, 

=98.0), and silver nitrate (Qualigens, 99%) were used as received. Distilled water, obtained 

from Milli-Q apparatus, was used to prepare the emulsion samples.  

2.2.2 Emulsion preparation  

Two types of o/w emulsion systems, viz., emulsion without Ag NPs and Pickering 

emulsion of Ag NPs were prepared and used for freeze-drying and re-dispersion processes. 

Polymer PAHz was used as the base polymer for the preparation of both the emulsion 

systems. Olive oil with volume fraction of 20% as the oil phase was used to prepare the 

emulsions. Ag NPs possessing average particle size (Davg) in the range of 10-23 nm (see 

Figure 2.1), and PAHz in various weight proportions (0.05-0.25 g/mL) in aqueous phase 

were used to stabilize these Pickering emulsions and to control the viscosity of the medium, 

respectively. The procedure adopted to prepare PAHz Ag NPs is provided in our recent work 

[27]. However, brief details are also provided here for the sake of brevity. First, polymer 

PAHz was obtained from the mixing of hydrazine hydrate (19.4 g, 0.4 mol) and TBAB (5.0 

g, 15.5 mmol) in the solution of PMA (5.0 g, 0.08 mmol) in 150 mL of THF [27]. The mixture 

was stirred at 60 °C for 12 h and then cooled to room temperature until the layers are 

separated out. The layers are washed with methanol and dried under reduced pressure to 
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obtain the polymer PAHz as studied through Fourier transform infrared (FT-IR) study. To 

prepare PAHz-Ag NPs, 0.5 ml of AgNO3 solution (20 mmol/L) was added to an aqueous 

solution of PAHz [50 ml, (0.05-0.25 g/mL)]. The synthesis of PAHz Ag NPs was also 

characterized by frequently used high-resolution transmission electron microscopy 

(HRTEM) technique using JEM-200CX (JEOL® Japan) instrument, and the results are 

shown by TEM images in Figure 2.1. The compositional details and nomenclature we used 

for the various emulsions in this study are tabulated in Table 1. 

 

Figure 2.1. HRTEM images and particle size distribution of Ag NPs synthesized using 

varying concentration (A); 0.05 g/ml, (B); 0.15 g/ml, and (C); 0.25 g/ml of PAHz at room 

temperature.
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Table 2.1. Compositional details, nomenclature, and different properties of o/w emulsions 
 

  Emulsion 
type 

Composition 
PAHz 

(g/ml) 

Davg TEM 
analysis of 

Ag NPs 
(nm) 

Emulsion 
nomenclature 

Creaming 

Stability 
(days) 

Droplet size (m) Zeta-
potential 

(mV) 

Drying 
stability/Re-
dispersion 

Before 

drying  

After  

re-dispersion 

Emulsion 
without 

Ag-NPs 

0 ml AgNO3 

in 50 ml of PAHz 
solution [50 ml, (0.15 

and 0.25 g/mL)] 

0.15 - 15 wt% PAHz  1 32 ---- ---- ---- 

0.25 - 25 wt% PAHz  1 39 ---- ---- ---- 

Emulsion 
with  

Ag-NPs 

0.5 ml AgNO3 (20 
mmol/L) 

in 50 ml of PAHz 
solution [50 ml, 

(0.05-0.25 g/mL)] 

0.05 23  
5 wt%    PAHz-

Ag NPs 
5 21.92 ---- -44.23 no 

0.10 - 
10 wt%  PAHz-

Ag NPs 
11  17.22 ---- -51.22 no 

0.15 

 

10-12 

 

15 wt%  PAHz-
Ag NPs 

18  13.67 14.51 -48.25 no 

0.20 
20 wt%  PAHz-

Ag NPs 
23 9.87 10.63 -45.54 moderate 

0.25 
25 wt%  PAHz-

Ag NPs 
30 6.25 6.83 -49.98 satisfactory 
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2.2.3 Experimental set-up of freeze drying process 

Freeze drying on prepared o/w Pickering emulsions was carried out for more than 24 

h in a system consists of a chiller (ESCY IC 201, -30 to 200 oC) for cooling and a vacuum 

pump (double stage drive, IVP 250, 10-3 mbar) for drying. The schematic of the freeze-drying 

apparatus with essential units to freeze and dry the emulsion is shown in Figure 2.2A. 

Propylene glycol of wide temperature range (-37 to 129 oC) was used as a coolant to cool the 

emulsion in freeze-drying apparatus as shown in Figure 2.2A.   

 

Figure 2.2. Schematic of the experimental set-up used for (A) freeze-drying process [1: 

chiller; 2: sample cup; 3: vacuum pump; 4: vacuum tube; 5: Temperature controller; 6: 

coolant chamber] and (B) IFT measurements [1: tensiometer; 2: data acquisition unit; 3: 

computer; 4: elevated platform; 5: tensiometer head; 6: probe].   
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2.2.4 DLS  measurements  

Zeta-potential measurements for emulsion samples were conducted using a particle 

size analyzer (SZ-100, Nanopartica, Horiba Scientific®, Singapore) based on dynamic light 

scattering (DLS) technique. The instrument uses 173o detector scattering angle for the 

measurements and all the measurements were conducted at 25 °C. Each measurement was 

taken at least thrice to check the reproducibility in results. The instrument uses a 10 mW 

laser operating at a wavelength of 532 nm. Size distribution in emulsion samples was 

obtained from the analysis of the correlation functions using noise reduction algorithm in in-

built instrument software. These measurements were repeated thrice with ± 0.4 to 7.8% 

uncertainty in measured results.   

2.2.5 IFT  measurements  

Interfacial tension (IFT) measurements were conducted using a dynamic tensiometer 

(DCAT 11EC, Data Physics®, Germany) based on Wilhelmy plate method. The details of 

the experimental set-up used for IFT measurements are shown by the schematic diagram in 

Figure 2.2B. The tensiometer consists of a sample cup filled with the aqueous phase of 

PAHz-Ag NPs (Figure 2.2B). Now, olive oil is poured carefully on the surface of aqueous 

phase of PAHz-Ag NPs. Olive oil is lighter in density hence floats at the surface of aqueous 

phase of NPs. The samples were allowed to achieve sufficient equilibrium hence a time 

period of 15 min was given to each IFT measurement of the emulsions. During IFT 

measurement, the sample cup rises to a height through the help of motor operated platform 

as shown in Figure 2.2B. The Wilhelmy plate is now lowered into the solution to adjust its 

position at the interface of oil and aqueous phase, and IFT was analyzed with the help of in-

built software SCAT (Data Physics®, Germany). Before each IFT measurement, sample cup 
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and Wilhelmy plate were carefully cleaned using water and laboratory grade solvent and 

dried. IFT measurements were performed thrice to ensure the repeatability in results; 

however, the uncertainties in IFT results were found to be around ± 6-8% of the reported 

value.  

2.2.6 Contact angle measurements  

The 3-phase contact angle of PAHz derived Ag NPs was determined by a goniometer 

(OCA 20, DataPhysics, Germany) instrument using sessile liquid drop method [132]. A drop 

of 5 μL (volume) was taken from Ag NPs solution and deposited on the top of hydrophobic 

para film. The image of the drop of Ag NPs solution was captured using a high-resolution 

digital camera and processed for contact angle using image analysis software of the 

instrument. The contact angle for Ag NPs was measured in five different positions and the 

mean value of the measured contact angles was reported in this study.  

2.2.7 SEM characterization 

SEM characterization was conducted to visualize the morphological structure of 

dried emulsion. Instrument such as field emission scanned electron microscope (FE-SEM) 

(JSM-7100F, JEOL® Japan) was utilized for this purpose. For SEM characterization, the 

dried emulsion was cut in small pieces of suitable thickness followed by gold coating to 

analyze in FE-SEM instrument.  

2.2.8 Rheological experiments 

Rheological measurements on emulsion samples were performed in both shear 

(viscosity and yield stress) and dynamic modes (storage modulus; G' and viscous modulus; 

G'') using a compact rheometer (MCR-52, Anton Paar®, Physica, Austria) [133]. Viscosity 

and yield stress measurements were performed over a wide range of shear rate from 0.1 to 
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1000 s-1. Dynamic frequency-sweep measurements were conducted in the range of 1 to 100 

rad/s of angular frequency. Before each measurement, emulsion sample was mildly agitated 

to homogenize the dispersed oil droplets. All rheological measurements were conducted at 

25 oC and repeated thrice to confirm the reproducibility. However, the uncertainty in the 

rheological results found to be of the order of ± 0.7-11% of the reported value. 

2.3 Results and Discussion 

  First, the characterization details of o/w Pickering emulsions are presented followed 

by the discussion on drying stability of emulsion in the presence of varying concentrations 

of PAHz (Table 1). Next, this section presents rheological results conducted before and after 

re-dispersion to examine the effect of drying on consistency in rheological properties of 

Pickering emulsion. 

2.3.1 Emulsion characterization 

In o/w emulsion, the droplets of olive oil are lighter in density (0.89 g.cm-3) than 

aqueous phase of PAHz hence; creaming was anticipated over the course of time. Therefore, 

o/w emulsions after the preparation was transferred to the transparent vessel and monitored 

for the changes in creaming stability with time. The creaming stability in emulsion was 

determined through changes in visual appearance of emulsion phase. The emulsion phase 

was creamy in color at the time of preparation and changed with the course of time. The 

droplets sparsely dispersed in emulsion phase moved towards surface with time elapsed and 

the reduction in emulsion height was considered as creaming in emulsion. O/w emulsions 

prepared without Ag NPs were least stable and showed significant creaming after the 

preparation (Table 1). The microscopic study for these emulsions is conducted for two 

compositions containing only 0.15 and 0.25 g/mL of PAHz (15 and 25 wt% PAHz, Table 1) 
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and the images are shown in Figure 2.3A and Figure 2.3B, respectively. The images indicate 

that the size of oil droplets is significantly larger. The droplet size for these two compositions 

was reported to be ~32 m (15 wt% PAHz) and ~39 m (25 wt% PAHz) as given in Table 

1. In addition, the droplet size of these emulsions significantly increased within the duration 

of 1 week which indicates these emulsions were coalescence unstable. Moreover, the 

creaming stability of these emulsions was observed to be around 1 day (Table 1). Hence, 

these compositions were not further investigated for freeze-drying and re-dispersion 

processes. It was observed that o/w emulsions stabilized by Ag NPs were stable and had 

favorable creaming stability. Additionally, the creaming stability of emulsions depended on 

Davg of Ag NPs (Table 1). The emulsion compositions stabilized by Ag NPs of Davg 20 nm 

and low concentration of PAHz such as 0.05 and 0.10 g/ml (henceforth referred as 5 wt% 

PAHz-Ag NPs and 10 wt% PAHz-Ag NPs) exhibited creaming stability of 5 and 11 days, 

respectively, whereas the stability increased up to a month for the emulsion stabilized by 

high concentration of PAHz (0.25 g/ml) and Ag NPs of Davg 10 nm (referred as 25 wt% 

PAHz-Ag NPs in Table 1). Creaming stability defines the rate of droplet movement towards 

emulsion surface. Thus, in this study, the reason of enhanced stability of emulsion is 

attributed to the synergistic effect of Ag NP size and PAHz concentration. It is well 

established that the higher polymer concentration provides higher viscosity to the emulsion 

which consequently may increase creaming stability by restricting the upward movement of 

oil droplets [134]. In addition, the smaller particles possess larger surface area that helps to 

increase their interfacial deposition resulting in better stability of the emulsion. DLS 

measurements were also conducted for zeta-potential and size-distribution in o/w emulsion 

stabilized by 5-25 wt% PAHz-Ag NPs (see Table 1 for compositional details). The zeta 
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potential values of the emulsions obtained from DLS analysis remained in between -44 to -

51 mV (Table 1), which is comfortably higher than the limit of a stable colloidal dispersion 

(-30 to +30 mV). For o/w emulsion stabilized by 5-25 wt% PAHz-Ag NPs, the size of the 

dispersed droplets was recorded in the range of 6-22 m as shown in Table 1. Thus, DLS 

results showed that the emulsions stabilized by PAHz-Ag NPs were colloidal dispersions 

exhibiting wide range of size distribution. These droplet size experiments on emulsions were 

repeated thrice to confirm the reproducibility in results, however the mean value of the 

reported size is provided. The droplet size of emulsions stabilized by 5 wt% PAHz-Ag NPs 

and 10 wt% PAHz-Ag NPs significantly changed after re-dispersion, while emulsion 

compositions of high PAHz concentration viz., 20 wt% PAHz-Ag NPs and 25 wt% PAHz-

Ag NPs showed marginal changes in droplet size (Table 1) with confidence interval of ± 0.4 

to 7.8%.  

 

Figure 2.3. Microscopic images of o/w emulsion stabilized by (A); 15 wt% PAHz and (B); 

25 wt% PAHz without Ag NPs at 25 oC. 
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Figure 2.4. Time dependent (♦: day-1; ■: day-7; ▲: day-15) IFT results of o/w emulsions 

prepared using 0.25 g/ml of PAHz and Ag NPs of Davg  10 nm (25 wt% PAHz-Ag NPs). 

IFT result of o/w emulsion stabilized 25 wt% PAHz without Ag NPs is also shown (●: day-

1).  

To gain further insight into the nanoparticle adsorption at the surface of oil droplet 

IFT studies on these compositions were performed. IFT value measured for oil and 0.25 

g/mL PAHz solution without Ag NPs (25 wt% PAHz) was measured to be around 18.06 

mN/m (Figure 2.4). IFT value significantly reduced and reached to 9.52 mN/m for the 

emulsion stabilized by 25 wt% PAHz Ag NPs (droplet size  6.25 m, Table 1). It indicates 

that Ag NPs adsorbed at the surface of oil droplets and lowered IFT, consistent with our 

previous IFT results of o/w Pickering emulsion [98]. In addition, time dependent (1st, 7th, and 

15th day) IFT results of o/w emulsion stabilized by 25 wt% PAHz Ag NPs showed that IFT 
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did not change significantly with the course of time, which indicates adsorption of Ag NPs 

sterically hindered the oil leakage over months. The data suggested that, for preparation of 

stable emulsion system, presence of Ag NPs were necessary and the relative stability of these 

Pickering emulsions was dependent on concentration of PAHz (Table 1). The contact angle 

results of Ag NPs for various PAHz compositions are provided in Figure 2.5. The contact 

angle analysis is often used to understand the affinity of NP for the interaction with water 

which is also referred as nanoparticle wettability. Lower the contact angle, better the 

wettability of NP with water. The results of contact angle analysis showed that the contact 

angle for all the emulsion compositions is significantly higher (greater than 100o), which 

indicates that NPs have weak affinity for the interaction with water [135]. Thus, Ag NPs, 

owing to strong affinity towards oil, may show enhanced deposition on oil droplet surface 

during emulsion preparation.  

 

Figure 2.5. Contact angle results of Ag NPs synthesized using varying concentration (a); 

0.05 g/ml, (b); 0.10 g/ml, (c); 0.15 g/ml, (d); 0.20 g/ml, and (e); 0.25 g/ml of PAHz at room 

temperature. 
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Figure 2.6. SEM image (A) of dried o/w emulsion stabilized by 25 wt% PAHz-Ag NPs 

under reduced pressure conditions. Figure A also shows the proposed mechanism of 

Pickering stabilization of oil droplets in presence of PAHz and Ag nanocomposites. The 

porous nature of the same dried emulsion is also presented through microscopic 

characterization in image B.  

Figure 2.6A shows FE-SEM image of dried o/w emulsion stabilized by 25 wt% 

PAHz-Ag NPs. To assess the structure of resulting dried oil emulsion, the proposed 

mechanism of Pickering stabilization by Ag NPs is also drawn in Figure 2.6A. Dry o/w 

emulsion resembles as porous material in which interstitial space is contained by olive oil as 
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oil patches surrounded by irregular granules of PAHz-Ag nanocomposites (Figure 2.6A). It 

was observed that the size of oil patch is larger than the original oil droplets, which indicates 

that oil patch consists of several oil droplets. As a result, the size of oil patches has been 

increased by 12-20 times than the size of individual oil droplet as resembles in SEM image 

(Figure 2.6A). The development of oil patches during drying process for oil powders is also 

visualized through transmission light microscopy in research work of Adelmann et al [93]. 

who concluded that irregular aggregates of oil droplets (size 100 m) developed during 

drying process [93]. In another study, dried o/w emulsion stabilized by cellulose nanocrystals 

(CNCs) is visualized under confocal laser scanning electron microscope (CLSM), and 

observed that the spherical-shaped oil patches of diameter greater than the original developed 

during drying process [95]. However, the exact identification of oil phase and PAHz-Ag 

nanocomposite is difficult owing to the 3D nature of dried emulsion. This dried emulsion 

was also analyzed under optical microscope and the images are shown in Figure 2.6B. The 

microscopic images also support SEM information of empty voids in emulsion (Figure 2.6B) 

which signifies its porous nature.  

2.3.2 Drying performance of emulsions  

O/w emulsion stabilized by 5-25 wt% PAHz-Ag NPs was characterized for the ability 

to form stable dried oil powders through freeze-drying process under reduced pressure 

conditions. For all emulsions, an equal amount of 10 ml was chosen for freeze-drying process 

and subsequently analyzed for oil leakage (drying stability). The images of o/w emulsions 

obtained after freeze-drying process are shown in Figure 2.7. It was observed that the 

emulsion stabilized by 5 wt% PAHz-Ag NPs had unsuccessful freeze-drying and exhibited 

significant oil leakage as shown in Figure 2.7a.  
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Figure 2.7. Post freeze drying photographs of o/w emulsions (20 vol% olive oil) stabilized 

by (a); 5 wt%, (b); 10 wt%, (c); 15 wt%, (d); 20 wt% and (e); 25 wt% PAHz-Ag NPs at room 

temperature. The effect of re-dispersion on coalescence stability of dried emulsion stabilized 

by 25 wt% PAHz- Ag-NPs is also presented by microscopic images taken before and after 

freeze drying process.  

The amount of oil leaked from the freeze-dried emulsion reduced with increasing 

PAHz concentration for 10, 15, 20 and 25 wt% PAHz-Ag NPs (see Figure 2.7). It was 

observed that emulsion samples stabilized by 20 wt% PAHz-Ag NPs and above formed 

stable oil powders. Freeze-dried Pickering emulsion stabilized by 20 wt% PAHz-Ag NPs 

had oil content as high as 94 wt% and increased to 98 wt% with successful drying for 25 

wt% PAHz-Ag NPs. Thus, the oil leakage was inversely proportional to the PAHz 
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concentration in the system. Possibly, the 3D networking of the PAHz chains, Ag NPs and 

oil droplets in solution were controlled and stabilized by the PAHz chains, which were 

retained in the solid state after freeze-drying process for a critical concentration of PAHz 

(0.2 g/mL and above). Therefore, the re-dispersion of these samples formed emulsions of 

almost similar size compared to that of the original emulsions, which is also clear from the 

microscopic image of re-dispersed emulsion stabilized by 25 wt% PAHz-Ag NPs (Figure 

2.7). Therefore, we believe that o/w emulsion stabilized with 0.2 and 0.25 g/mL of PAHz 

and Ag NPs of Davg  10 nm are coalescence stable to both freeze-drying and re-dispersion. 

2.3.3 Rheological experiments 

2. 3.3.1. Shear rheological study 

Here, the trend in o/w emulsion stability is supported with the experiments on 

rheological properties (viscosity, yield stress, and moduli) as rheology is one of the effective 

tools to understand the emulsion behavior [136–138]. These results were obtained before and 

after freeze-drying, and compared to visualize the recovery in rheological properties of 

emulsion. Viscosity profiles of o/w emulsions stabilized by different PAHz-Ag NPs 

compositions at 25 oC are shown in Figure 2.8. It is clear from the image that all emulsions 

behaved as non-Newtonian shear thinning fluid as the viscosity declines with increasing 

shear rate. Emulsion stabilized by 5 wt% PAHz-Ag NPs is least viscous due to low 

concentration of PAHz (0.05 g/ml) hence the viscosity is less (10 mPa.s, Figure 2.8). It was 

also observed that the viscosity of emulsions stabilized by 5, 10, and 15 wt% PAHz Ag NPs 

after re-dispersion is different and did not recover the initial viscosity values obtained before 

freeze drying. As observed, emulsion stabilized by low concentration of PAHz (0.05, 0.10, 

and 0.15 g/ml) and Ag NPs (Davg  20 nm) showed enhanced oil leakage after freeze-drying 
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hence the emulsion structure before and after drying are not the same (Figure 2.7). 

Consequently, most of the droplets coalesce and converted into large size droplets. The re-

dispersion of these droplets using gentle hand shaking probably could not reduce them in 

small size hence; viscosity results of emulsions differ. It is also expected that the interaction 

enabling gelled matrix between PAHz chains and suspended Ag NPs is weak due to reduced 

number of PAHz molecules in emulsion which caused instability in emulsion properties as 

observed. Therefore, PAHz amount was increased to find answers for these instability issues 

in emulsion. The viscosity of emulsion increases with increasing PAHz concentration and 

the emulsion stabilized by 25 wt% PAHz-Ag NPs exhibited maximum viscosity of 388 

mPa.s as shown in Figure 2.8. The variation in viscosities before and after freeze drying 

reached up to 70% for the emulsion samples of low PAHz concentration (5, 10, and 15 wt% 

PAHz-Ag NPs), while its amount for the samples prepared using 20 wt% PAHz-Ag NPs and 

25 wt% PAHz-Ag NPs was limited to ~20%. The amount of oil leakage was marginal for 

the emulsions stabilized by 20 wt% PAHz-Ag NPs and 25 wt% PAHz-Ag NPs as shown in 

Figure 2.7d and 7e, respectively. This indicates these emulsions exhibit intact packing in 

which droplets marginally deformed during freeze-drying and re-dispersion processes. 

Therefore, the nature of the viscosity vs. shear rate profiles of the original and re-dispersed 

samples associated with NP sizes of ~10 nm and PAHz concentration ≥ 0.2 g/mL became 

almost identical with each other suggesting the stability of these oil powders are dependent 

on both particle size and PAHz concentration; both acted in synergy to decrease the particle 

size and increase the stability. Thus, in this study, the increase in emulsion viscosity (PAHz 

effect) and reduced NP size witnessed the better stability with improved rheological 

properties as PAHz chains may have stabilized the oil-water interface by forming a robust 
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gelled matrix. For re-dispersibility, the PAHz amount (≥ 0.20 g/ml) was critical. Possibly, 

the PAHz layer possessing glass transition temperature (Tg) of ~65 °C maintained the 3D 

arrangement of the emulsion during freeze (~0 °C) drying process and the resulting oil 

powder easily got re-dispersed in presence of water. The results indicate potential use of 

PAHz and Ag NPs in stabilizing o/w emulsions for freeze-drying and re-dispersion 

applications in food, cosmetic, and pharmaceutical sectors where conventional stabilizers 

may face challenges.  

 

Figure 2.8. Viscosity results conducted before (black dots) and after (red dots) freeze drying 

process for o/w emulsions stabilized by (a); 5 wt%, (b); 10 wt%, (c); 15 wt%, (d); 20 wt% 

and (e); 25 wt% PAHz-Ag NPs at room temperature.  
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Figure 2.9. Yield stress analysis conducted before (black dots) and after (red dots) freeze-

drying process for o/w emulsions stabilized by (a); 5 wt%, (b); 10 wt%, (c); 15 wt%, (d); 20 

wt% and (e); 25 wt% PAHz-Ag NPs at room temperature.  

The phenomenon of emulsion stability can also be understood through the 

information on yield stress [139]. The shear stress vs. shear rate profiles of various 

compositions is shown in Figure 2.9. These experiments for the emulsions were also 

conducted before freeze-drying and after re-dispersion. It was observed from the data that 

shear stress could not be determined for shear rate values less than 25 s-1. It might be 

possible due to the detection limit of rheometer. However, the determination of yield stress 

requires stress curve to be extrapolated and the intersected value on vertical axis is reported 

as the yield stress. It can be drawn from Figure 2.9a that yield stress of the emulsion stabilized 

by 5 wt% PAHz-Ag NPs is 0.1 Pa. The value of yield stress gradually increased with increase 

in PAHz amount in the samples and the value reached around 3 Pa for composition 25 wt% 
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PAHz-Ag NPs, higher than the yield stress value of other emulsions. The yield stress value 

of the re-dispersed emulsion stabilized by 5 wt% PAHz-Ag NPs has increased and its value 

was measured to be 0.42 Pa, thus the yield stress value of the re-dispersed emulsion 

experienced up to 5 fold increase compared to that of the original sample. Emulsion samples 

stabilized by 10 wt% PAHz-Ag NPs and 15 wt% PAHz-Ag NPs also showed difference in 

yield stress after re-dispersion and had 5-fold and 2-fold increase, respectively (Figure 2.9b 

and 2.9c). These unsuccessful re-dispersed emulsions contain large size oil droplets those 

relatively provided higher resistance to deform during stress-sweep analysis. Thus, the yield 

stress value increased after re-dispersion compared to that of the as-prepared samples. The 

yield stress of the samples prepared using PAHz (≥ 0.2 g/ml) and Ag NPs possessing Davg  

10 nm remained unchanged after re-dispersion. The stress vs. shear rate curve of the re-

dispersed sample followed a similar trend to that of the emulsions before freeze-drying 

(Figure 2.9d and 2.9e). The data was consistent with the viscosity results. As per both the 

shear rheology data, small (≤10 nm) particle size of Ag NPs and PAHz above critical 

concentration (≥ 0.2 g/mL) rendered the emulsions a stable rheology and maintained the 

network stability during freeze-drying and re-dispersion. Since the NPs are synthesized in-

situ under ambient condition without addition of any additional reagent, the stabilizer system 

consisting of PAHz and Ag NPs of a range of particle sizes are cost-effective and synthesized 

by simply mixing the Ag salt and polymer solution. The above polymer and NP combination 

have shown promise as an efficient stabilizer for the Pickering emulsions both in the liquid 

and dried state and the resulting emulsions are potential materials for a range of commercial 

applications. Since, Olive oil is used for various cosmetic applications and important from 

commercial point of view, we have used this oil to study these new formulations based on 
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PAHz-Ag NP stabilizer. However, the system is not limited to olive oil only. Several other 

oils may also be used to prepare stable o/w Pickering emulsions based on the described 

system.   

2.3.3.2. Dynamic rheological study 

The dynamic rheological properties of emulsion samples are also expected to show 

similar results as observed during shear rheological analysis. The dynamic rheological 

response of emulsions stabilized by various compositions of PAHz and Ag NPs is studied 

through frequency-sweep analysis and the results are shown in Figure 2.10. The results 

indicate that the emulsions behave like a viscoelastic fluid that consists of both viscous and 

elastic nature with a cross-over frequency. For emulsion stabilized by 5.0 wt% PAHz Ag 

NPs, G′ (0.61 Pa) is slightly higher than G′′ (0.55 Pa) and cross-over occurs very early at an 

angular frequency of around 2.8 rad/s as shown in Figure 2.10a. Thus, the emulsion behaved 

as viscous-like fluid as G′′ dominates for most of the frequency explored (2.8-100 rad/s). 

This may be attributed to the low viscosity and yield stress of this emulsion therefore; the 

elastic nature is reported to be less during analysis. G′ and G′′ significantly changed after re-

dispersion for this emulsion and cross-over occurred at frequency of 4.1 rad/s. It shows 

emulsion exhibited 46.42% increase in the elastic component after re-dispersion, consistent 

with the shear rheological response of emulsion. The similar trend in dynamic rheological 

response was observed for the emulsions stabilized by other compositions of PAHz (10 wt% 

PAHz-Ag NPs and 15 wt% PAHz-Ag NPs). This is attributed to the significant oil leakage 

and coalescence in these emulsion samples, which further resulted into the formation of oil 

droplets of larger size. These large droplets after drying need high deformational energy to 

regain its initial form in sample, which is expected to occur during re-dispersion. However, 
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these large size droplets could not deform into smaller ones and provided high resistance to 

the force during analysis. Thus, a higher value of elastic modulus (G′, 2.2 Pa) was recorded 

as shown in Figure 2.10. The results indicate that the dried emulsion samples stabilized with 

PAHz (< 0.2 g/ml) and Ag NPs (Davg  20 nm) were unstable and showed no recovery in 

rheological properties after drying, consistent with shear rheological study of these 

emulsions. On the other hand, o/w emulsion stabilized with PAHz (≥ 0.2 g/ml ) and Ag NPs 

(Davg  10 nm) showed stable rheological response during freeze drying and re-dispersion 

processes. G′ and G′′ values of emulsion stabilized by 25 wt% PAHz-Ag NPs are higher than 

those of emulsion stabilized by lower concentration of PAHz (< 0.2 g/ml) and Ag NPs of 

Davg  20 nm. It indicates that increasing PAHz concentration and reduced NP size increased 

elasticity in o/w emulsion. This effect correlates well with the observation of increased 

viscosity and yield stress at high PAHz concentration and Ag NPs of Davg  10 nm. The 

cross-over in G′ and G′′ for this emulsion sample occurred at higher angular frequency of 5 

rad/s than associated with composition 5 wt% PAHz-Ag NPs (Figure 2.10b). Emulsion 

exhibited viscous behavior over the frequency explored from 5.0-100 rad/s. After re-

dispersion, G′ and G′′ values also did not change significantly and almost matches with the 

moduli results before freeze-drying as shown in Figure 2.10b. G′ and G′′ values were 

recorded to be around 1.15 and 1.0 Pa after re-dispersion. These values are closer to original 

G′ and G′′ values and had only 11.54% and 9.90% variations, respectively, thus, exhibited 

around 90% recovery in rheological properties. It was also observed that the cross-over in G′ 

and G′′ after re-dispersion also matches with initial value as shown in Figure 2.10b. The 

results showed that re-dispersion had marginal effect on the viscoelastic behavior of 

emulsion stabilized by 25 wt% PAHz-Ag NPs, and the emulsion properties significantly 
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change for NP size > 10 nm and PAHz concentration decreases from 0.25 to 0.05 g/ml. Thus, 

the study offers a stable o/w Pickering emulsion for complex industrial applications where 

process turbulence (freeze-dryingre-dispersion) is expected.  

 

Figure 2.10. Frequency-sweep analysis (G′ and G′′) of o/w emulsions stabilized by (a); 5 

wt% and (b); 25 wt% PAHz-Ag NPs at room temperature. Measurements were conducted 

before (black dots) and after (red dots) freeze-drying process.  

2.4 Conclusion 

In this study, o/w Pickering emulsion of polymer PAHz with varying concentration 

(0.05-0.25 g/ml) and Ag NPs of different sizes (10 and 20 nm) is synthesized, and 

conducted optical microscopy, SEM, IFT, zeta potential and rheological measurements to 

characterize the new system, with a focus on its use as stable oil powder in storage and 

transportation. O/w emulsion had varying drying stability and rheological properties 

depending on the concentration of added PAHz (0.05-0.25 g/ml) and size of Ag NPs. Davg of 

NPs is important to provide long term stability to these emulsions against creaming, as the 
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emulsions without NPs showed phase separation within 24 h. Emulsion stabilized by Ag NPs 

of low PAHz concentration (0.5-.0.15 g/ml) were unstable against coalescence and showed 

significant oil leakage after freeze-drying. Re-dispersion was also not possible for these 

emulsions due to enhanced coalescence. Thus, a critical concentration of PAHz above 0.20 

g/mL and Ag NPs (10 nm) is necessary to produce stable oil powders (oil content > 90 

wt%) with adequate re-dispersibility. For o/w emulsions stabilized by 5, 10, and 15 wt% 

PAHz-Ag NPs, the rheological properties before and after freeze-drying significantly differ 

and did not recover to the original level. However, these results for 20 and 25 wt% PAHz-

Ag NPs compositions were better and exhibited superior recovery in rheological properties 

with difference as high as 19% and 13%, respectively. Though, the mechanism of the 

synergy between NPs and PAHz in imparting the stability to the resulting emulsions is still 

unclear at this stage, the viscosity of the polymer, the binding ability of polymer to Ag NPs, 

and the hydrophilicity of the polymer may have played important roles in the above. The 

ease of synthesis of these Ag NPs, the control over the particle size and the cost-effectiveness 

of the stabilizing system, render the resulting Pickering emulsion a viable candidate for 

various commercial applications. 
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Chapter 3 

 

Effect of NaCl Concentration on Stability of Polymer-Ag 

Nanocomposite Based Pickering Emulsion: Validating via 

Rheological Analysis with Temperature 

 

 

Abstract 

The utility of Pickering emulsion (PEm) under saline conditions is strongly 

dependent on the stability of these emulsion in the presence of different salt concentrations. 

In this study, we have evaluated the effect of NaCl and temperature on the stability of 

polyacryloyl hydrazide (PAHz)-Ag nanocomposite (NC) based PEm utilizing ocular 

observation, an optical microscope with a thermal stage, TGA, DLS, electrical conductivity, 

and rheological studies at different temperatures. The creaming stability of PEm in the 

presence of salt concentrations in the range of 0.5 to 5.0 wt% was evaluated by adding 

different amounts of PAHz-Ag NC stabilizer. The effect of NaCl on emulsion stability is 
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strongly dependent on the aggregation behavior of the nanocomposites, showing signs of 

aggregation at low NaCl concentration (3 wt%). As per the microscopy analysis, 25 wt% of 

PAHz-Ag NC was sufficient to stabilize the PEm for a period of up to 7 days in the presence 

of salt concentrations up to 3 wt% in the aqueous layer at 95 °C. Thus, the balance of ionic 

strength provides ana important insight into the nature of nanocomposite interactions in 

emulsion systems and possible mechanism for designing emulsion properties via salt 

inclusion. 

3.1 Introduction 

Pickering emulsions (PEm) have vital roles in various industries like 

pharmaceuticals, food, cosmetics, drug delivery, automobiles, and oil recovery [2]. Solid 

particles like silica [11], whey protein nanoparticles [18], silver nanoparticles [140], quinoa 

protein (QPI) nanoparticles [109], cellulose nanofibers [141], etc. are generally used to 

prepare Pickering emulsions. Unlike conventional surfactants, the oil-water interface can be 

adsorbed by nanoparticles (NPs) (solid particles) more efficiently due to their small size and 

greater surface area [142,143]. As a result, PEm offer wide range of advantages such as 

enhanced thermal stability, restricted coalescence of emulsion droplets, and delayed 

creaming. Therefore, PEm can be stored for longer duration at various conditions as 

demonstrated by Narukulla et al.[140] who prepared PEm of polymer polyacryloyl hydrazide 

(PAHz) and Ag NPs; emulsion stabilized by high PAHz concentration (25 wt%) and Ag NPs 

(~10 nm) was stable over a storage period of 30 days. Unfortunately, electrolytic strength of 

aqueous phase leads to disruption of emulsion droplets resulting oil droplets coalesce and 

separate from the emulsion [144]. The trait that makes Pickering emulsion stable is thicker 

interfacial layer of NPs which may resist creaming and droplet coalescence against addition 
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of salt [145]. Thus, compared to normal emulsions, salt treated PEm should be more 

attractive to study as a result of their variable behavior in presence of salinity [146–148]. 

Some studies, reported the effect of salt (NaCl, LaCl3, tetraethyl ammonium bromide, CaCl2, 

and MaCl2) on PEm, were based on hydrophilic fumed silica particles [149], clay particles 

[150], laponite particles [46], positively charges plate-like layered double hydroxides 

(LDHs) [151], grapheme oxide [19], chitosan-tripolyphosphate (CS-TPP), [152] and 

zein/gum arabic nanoparticles (ZGPs) [153]. However, size distribution of droplet [154,155], 

type of emulsion [156], interfacial tension values [157], interfacial rheology [157,158], 

droplet coalescence [159], emulsion properties influenced by temperature [155], and oil 

recovery [160] have been mostly the focus of discussion, and limited information, for the 

influence of varying salinity on stability and flow properties of PEm stabilized by PAHz-Ag 

NPs, is available on which we focus here. 

Rheology is an important tool to estimate the effect of electrolyte on emulsion 

behavior such as stability, deformation of droplets, flow behavior, and viscoelastic properties 

[161,162]. Generally, droplet deformation depends on droplet size, thickness of interfacial 

layer, and viscosity difference in emulsion phases [163]. Similarly, flow behavior of 

emulsion depends on droplet size, aqueous phase volume fraction, adsorbed particles 

concentration, and interfacial layer [136]. Addition of salt may change the flow properties by 

improving the thickness of interfacial NP layer [164] or by removing the layer [165], and 

these changes can be best understood by rheological analysis. Viscosity is one of the critical 

flow properties of emulsions and its variation with increasing salt concentration for SPI (soy 

protein isolate) stabilized emulsions is studied [108]. With lower NaCl concentration (100 

mM), the viscosity of emulsion was found higher than the one without NaCl. At higher NaCl 
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concentration (400 mM), the viscosity decreased and its value became lower than the value 

associated with emulsion without NaCl [108]. Apart from viscosity, it is also important to 

study viscoelastic properties of PEm which can be envisaged by frequency-sweep analysis. 

Frequency-sweep analysis gives information on viscous (loss modulus = Gꞌꞌ) and elastic 

nature (storage modulus = Gꞌ) of the emulsion. In emulsions, the elastic strength of interfacial 

NP layer usually modifies by NaCl concentration resulting it leads to significant change in 

viscoelastic properties (Gꞌ and Gꞌꞌ) of emulsion [166]. Horozov et al. [145] studied the effect 

of NaCl on the fumed silica particle stabilized silicone o/w emulsions and found that Gꞌ 

rapidly increased at higher ionic strength (> 2mM). Gꞌ of emulsion was below 100 (Pa) at 

lower ionic strength (<1 mM) and it increased to 200 Pa at ionic strength > 2 mM. The study 

demonstrated that interaction between particle and droplets were was favorable at higher 

ionic strength which as a result, increased the three dimensional network (gel) while lower 

ionic strength made emulsion unstable by showing significant creaming. In another study, 

NaCl (3.5 wt%) addition to decane-in-water PEm, stabilized by fumed hydrophilic silica 

particles (Aerosil R7200), showed significant improvements in elasticity of emulsion 

resulting Gꞌ became 10 times higher than Gꞌꞌ [167]. The effect of varying NaCl concentration 

(0.1-10 wt%) on stability of PEm, stabilized by NPs (SiO2 and clay) and surfactant (sodium 

dodecyl sulfate, SDS) in base fluid of polymer, was studied for oilfield applications [168] 

where 1 wt% NaCl was found favorable for the synthesis of stable emulsion. In addition, 

these emulsions showed viscoelastic behavior at lower frequency (< 9 rad.s-1) and viscous 

behavior (Gꞌꞌ) at higher frequency (> 9 rad.s-1), which clearly demonstrates the importance 

of evaluating the influence of electrolytes on rheological behavior of PEm. Thus, this study 

reports the influence of varying salinity on stability and rheological properties of PEm, 
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stabilized by polyacryloyl hydrazide (PAHz)-Ag NC, for industrial applications such as food 

packaging and pharmaceuticals, which has not been reported in literature as far as aware. 

In our previous study, we have reported a stable dried and re-dispersible o/w PEm 

(~98% oil content) stabilized by PAHz-Ag NC.4 Where we studied varying Ag NPs size and 

different concentrations of PAHz as stabilizer to prepare stable o/w PEm system of olive oil 

(volume fraction, 20%). Therefore in the current study, we have utilized the resulting PAHz-

Ag NC stabilized PEm to study influence of NaCl concentration on the o/w PEm stability. 

Various analytical techniques like optical microscopy, dynamic light scattering (DLS), 

conductivity, and rheological analysis were used to present emulsion characterization. This 

study will give further information about influence of NaCl on the PAHz-Ag NC stabilized 

emulsions at different temperatures for further industrial applications where salt plays 

important role. We finally report the rheological investigation to study the effect of NaCl on 

PEm at various temperatures. 

3.2 Experimental work  

3.2.1. Materials and methods 

Tetrahydrofuran anhydrous (THF, Spectrochem, >99.5%), methyl acrylate (SDF 

Chemicals, > 99.0%), tetrabutyl ammonium bromide (TBAB, SDF Chemicals, 99.0%), 

potassium bromate (SRL, 99.5%), sodium bisulphite extrapure (SDF Chemicals), Sodium 

chloride extrapure (NaCl, SDF Chemicals, 99.5%), hydrazine hydrate (SDF Chemicals, 

99.0%), methanol (SDF Chemicals, 99.0%), silver nitrate extrapure (AgNO3, SDF 

Chemicals, 99.8%), an olive oil having density of 0.89 gꞏcm-3 at 20 °C (Figaro, 
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B00X7RJPSG) was purchased and utilized for the preparation of o/w PEm. DI water from 

Millipore® Elix-10 was used for all experiments. 

 

Figure 3.1. Visual images of (a) PEm-15-1, (b) PEm-15-3, (c) PEm-15-5, (d) PEm-25-1, (e) 

PEm-25-3, and (f) PEm-25-5 emulsions. Oil separation from emulsion is shown by green 

arrows in images.  

The effect of sodium chloride (NaCl) on PEm stabilized by polyacryloyl hydrazide 

(PAHz)-Ag NC and olive oil was studied with varying concentrations of polymer and NaCl. 

The detailed procedure for preparation of PAHz and PAHz-Ag NC, and details of silver NPs 

size was reported our previous work [140]. Olive oil and aqueous solution of PAHz-Ag was 

taken in the ratio of 1:4 and mixed for 5 minutes using an industrial mixer, then required 



57 
 

amount of NaCl was added to emulsion and further mixed for 5 min to get the final PEm. 

Equal amount of each emulsion sample was transferred into a separate cleaned vessel 

immediately after preparation and kept undisturbed to check their time dependent stability. 

The emulsion was prepared for the different concentrations of PAHz (10, 15, 20, and 25 

wt%) and with the varying concentrations of NaCl (0.5, 1.0, 2.0, and 3.0 wt%). The prepared 

emulsion was creamy in color and started creaming at the upper layer during the course of 

the time, this can be understood by ocular inspection of emulsions (Figure 3.1). The emulsion 

was characterized by ocular inspection, optical microscope, dynamic light scattering method, 

electrical conductivity, and rheological study. 

3.2.2 Optical microscopic, TGA, and DLS analysis 

To visualize emulsion morphology, droplets packing, and size of droplets, a drop of 

fresh emulsion was placed on a clean glass slide and kept undisturbed to observe under the 

optical microscope (BA310, Motic®), all the images captured using inbuilt digital camera 

(Moticam-10) and analyzed using inbuilt software in the microscope. 

TGA (Thermogravimetric analysis) was conducted for emulsions to understand their 

thermal stability. It was understood by studying loss of initial mass of emulsion with 

increasing temperature. All the experiments were conducted using STA 1100 (LINSEIS) 

from ambient temperature to 500 ℃ (at a rate of 10 ℃/min) under nitrogen atmosphere. ~ 

15 mg of fresh emulsion sample was used for analysis. 

Droplet size distribution and zeta (ζ)-potential were measured by Dynamic light 

scattering (DLS) technique (Zetasizer Nano ZS, Malvern Panalytical®). The instrument was 

incorporated with Non-Invasive Back Scatter technology (NIBS) to produce highest 
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sensitivity in the results. All the measurements was done at 25 °C and the reproducibility of 

results was checked by repeating at least thrice and uncertainty in results was found up to ± 

3.0%.  

3.2.3 Electrical conductivity measurements  

Electrical conductivity of emulsion can be changed by the addition of salt and with 

varying temperature [169,170]. The electrical conductivity of o/w PEm was determined by 

conductivity meter (Model: HI98129, Hanna Instruments®). Conductivity meter was 

calibrated with KCl solution and electrode was properly cleaned and dried before conducting 

each measurement and all the conductivity measurements was done at room temperature. 

The electrode of conductivity meter was dipped in o/w PEm sample and wait until readings 

get stable. The measurements were repeated thrice to get reproducibility and significant 

difference was not found. 

3.2.4 Rheological characterization 

A compact rheometer (MCR-52 Anton Paar®) was used to carry out rheological 

measurements of all emulsion samples. Fresh emulsion was used for conducting both shear 

and dynamic modes to minimize coalescence of oil droplets and oil leakage from emulsion. 

The bob and cup assembly was used for all measurements, the same assembly was used in 

our previous study [140]. Before conducting measurement bob and cup assembly was 

properly cleaned and dried. Approximately 6 ml of fresh emulsion was carefully taken into 

a bob and cup assembly, then it was closed tightly and inserted into rheometer chamber where 

it was maintained by set temperature. Before starting each measurement sufficient time was 

given to the sample to get uniform temperature. Shear analysis was done for a wide range of 

shear rate from 1 to 3000 s-1 and frequency sweep analysis was in the range of 1 to 100 rad/s 
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of angular frequency at strain amplitude 5%. All these measurements were done by Rheoplus 

software which was in-built interface of rheometer. After successful completion of a 

measurement, emulsion sample was discarded and bob and cup assembly was properly 

cleaned with toluene and water then it was rinsed with deionized water, later it was dried 

before conducting next measurement. The temperature inside the rheometer was controlled 

by external temperature controller (ESCY IC201, -10 to 130 ℃).  All the measurements were 

repeated thrice to check their reproducibility and uncertainty in the results were found in 

between ± 0.6-12.0%. 

3.3.  Results and discussions 

A set of o/w PEm were prepared in presence of a predetermined concentration NaCl in 

the aqueous solution. The emulsion compositions were studied with the help of microscope, 

DLS, electrical conductivity, and thermogravimetric analysis. Next, rheological properties 

(shear and oscillatory modes) of PEm with NaCl are presented with suitable comparison. 

3.3.1 Characterization of o/w PEm 

3.3.1.1 Visual appearance and microscopic characterization of PEm 

The nomenclature (used in this study) and compositional details of PEm is provided 

in Table 1. PAH-Ag NPs of varying concentration viz., 10, 15, 20, and 25 wt% were used for 

PEm preparation. NaCl amount was varied from 0.5 to 5.0 wt% as shown in Table 1. PAHz-

Ag NPs, consisting of 5-25 wt% PAHz and silver (Ag) NPs of Davg 23-10 nm, were 

synthesized using method described in our previous work [140]. Olive oil was used to 

prepare all o/w emulsion samples. The density of olive oil was lighter (0.89 gꞏcm-3 at 20 °C) 

than the aqueous PAHz phase and therefore, oil droplets moved upward during the course of 

time (creaming phenomenon). Therefore, after preparation, all emulsion samples were kept 
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undisturbed and check for their stability; fresh emulsion was creamy/light yellow in color 

and there was no phase separation as shown in Figure 3.1. During the course of time, the top 

layer of emulsion progressively turned to thick due to creaming and lower layer was still in 

emulsion, which indicates that some emulsion droplets moved upward (Figure 3.1.). The 

upper layer (cream) of emulsion was different for different NaCl concentrations. It was 

observed that creaming for all emulsions decreased with increasing NaCl concentration from 

0.5 to 3.0 wt%, and afterwards it increased for NaCl concentration of 4.0 and 5.0 wt% as 

shown in Figure 3.2. For high NaCl concentration, most of the oil droplets were in top layer 

of emulsion as envisaged numerically by percentage of creaming in Figure 3.2. This indicates 

that NaCl concentration plays important role in the stability of PAHz-Ag stabilized PEm. 

Thus, emulsions stabilized by 10 wt% PAHz (lower polymer concentration) were markedly 

influenced by the addition of NaCl and therefore, the emulsions (PEm-10-4 and PEm-10-5, 

Table 1) showed least stability of one day. It has been found that increasing concentration of 

PAHz increases the stability of PEm [140] and therefore, emulsions of 25 wt% PAHz-Ag 

composition (PEm-25-0.5 to PEm-25-5) showed least creaming (Table 1) and highest 

creaming stability of 7 days was measured for PEm-25-2 and PEm-25-3, consisting of 2 and 

3 wt% NaCl, respectively (Table 1). Thus, it can be concluded that salt tolerance capacity of 

PEm can be improved by increasing polymer concentration in system, which is of key 

importance for emulsion usage at complex saline conditions.  
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Table 3.1. Composition, nomenclature, stability, and electrical conductivity details of PEm 

emulsions.  

Composition 
details 

PAHz concentration 
(wt%) 

NaCl 
(wt%)

Nomenclature 
Stability 
(days) 

Electrical 
conductivity (µS) 

500 µL of 
AgNO3  

(20 mM L -1) 

in 50 mL of 
PAHz 

 aqueous 
solution 

PAHz (0.1 to 
0.25 g/mL) 

 

 

 

10 

0.5 PEm-10-0.5 02 396 

1.0 PEm-10-1 02 842 

2.0 PEm-10-2 02 14,110 

3.0 PEm-10-3 02 15,640 

4.0 PEm-10-4 01 17,250 

5.0 PEm-10-5 01 18,830 

 

 

 

15 

0.5 PEm-15-0.5 02 1944 

1.0 PEm-15-1 02 13,220 

2.0 PEm-15-2 03 15,640 

3.0 PEm-15-3 03 48,100 

4.0 PEm-15-4 03 62,130 

5.0 PEm-15-5 02 71,610 

 

 

 

20 

0.5 PEm-20-0.5 04 13,730 

1.0 PEm-20-1 04 17,250 

2.0 PEm-20-2 05 39000 

3.0 PEm-20-3 06 68,800 

4.0 PEm-20-4 03 75,240 

5.0 PEm-20-5 03 79,620 

 

 

 

25 

0.5 PEm-25-0.5 06 10,000 

1.0 PEm-25-1 06 15,740 

2.0 PEm-25-2 07 25,100 

3.0 PEm-25-3 07 27000 

4.0 PEm-25-4 05 32,200 

5.0 PEm-25-5 04 34,610 



62 
 

 

Figure 3.2. Percentage of creaming in different emulsions after storage period of one week. 

Here, %creaming = (HC/HT) *100, HC = height of cream, HT = total height of emulsion in 

vessel. 

Further, emulsion stability in context of droplet size and their arrangement can be 

analyzed through optical microscope [82,171]. Microscopic study was conducted for all 

concentrations of emulsion samples; emulsion stabilized by 10 wt% PAHz-Ag composition 

with 0.5 wt% NaCl (PEm-10-0.5) (see Table 1) exhibited significant number of droplets of 

smaller size. In addition, the droplets were reasonably packed. With increasing NaCl 

concentration (0.5 to 2.0 wt%), the droplets exhibited slight decrease in size, however, 

droplet packing did not change much. On the other hand, with further increase in NaCl 

concentration (3 to 5 wt%, PEm-10-3/4/5), droplets exhibited significant increase in size and 

moreover, droplet packing almost disappeared. For PEm-10-5 (10 wt% PAHz-Ag and 5 wt% 

NaCl), the droplets are significantly bigger in size which indicates that emulsion exhibited 

droplet coalescence once NaCl concentration in system becomes greater than 3 wt% [172].   
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Microscopic studies were also performed for other emulsion compositions of 15, 20, and 25 

wt% PAHz, where NaCl concentration around 3 wt% was found to be the optimum salinity 

in emulsion system (Figure 3.3). Without NaCl, the electrostatic repulsion between dispersed 

nanocomposites remained undisturbed by the presence of other ions and therefore, the 

droplet surface was covered by non-aggregated nanocomposites as depicted in Figure 3.4.  

 

Figure 3.3. Optical microscopic images of (a) PEm-15-1, (b) PEm-15-3, (c) PEm-15-5, (d) 

PEm-25-1, (e) PEm-25-3, and (f) PEm-25-5 emulsions at ambient conditions. Scale bar = 30 

µm. Refer table 1 for nomenclature. 
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Figure 3.4. Proposed mechanism for the impact of NaCl on droplet stabilization of Pickering 

emulsion stabilized by PAHz-Ag nanocomposites.  

The scheme of stabilization and destabilization in PEm as a function of NaCl 

concentration is shown through proposed mechanism in Figure 3.4. NaCl inclusion disturbed 

the state of electrostatic repulsion in the system resulting some nanocomposites exhibited 

attraction which led to aggregation [172,173]. Since the concentration of NaCl was low (3 

wt%) probably dominated the ionic strength of solution by NaCl ions which eventually 

salted-out the electrostatic repulsion of nanocomposites and these nanocomposites re-

dispersed back in the suspension (Figure 3.4), consistent with the findings in literature [108]. 

However, the effect of salinity on emulsion properties was lower for 25 wt% PAHz-Ag 

composition, which can envisaged through minimal droplet coalescence in Figure 3.3d-f. 

The credit may be given to high concentration of PAHz-Ag NP system and salt ions could 

not screen the entire population of NPs resulting this emulsion exhibited minimum 
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destabilization at high saline environment (concentration > 3 wt%). Thus, from microscopic 

study, it can be concluded that the salt concentration around 3.0 wt% is the inversion point 

from emulsion to become stable  unstable. 

3.3.1.2 DLS and electrical conductivity measurements 

DLS measurements were conducted for all o/w emulsion samples to further see their 

size-distribution and zeta-potential. All the samples used for DLS study were fresh and 

diluted 50 times before analysis. DLS gives the average size distribution of colloidal 

suspensions and the results were shown in Figure 3.5. Average size of sample PEm-10-0.5 

was found to be 35.6 µm and for PEm-10-3, it was 12.52 µm (Figure 3.5). The size decreased 

by approximately 66% with increase in NaCl concentration from 0.5 to 3.0 wt% which 

confirmed enhanced NP adsorption on o/w interface.   However, further increase in NaCl 

concentration showed reverse behavior and droplet size increased by 50% (24.66 µm, Figure 

3.5) for PEm-10-5 (for 5.0 wt% NaCl), which indicates that NaCl concentration > 3 wt% 

promoted droplet coalescence in emulsion. Similar results were observed for 15, 20, and 25 

wt% PAHz-Ag compositions in presence of NaCl (see Figure 3.5). O/w emulsion stabilized 

by 25 wt% PAHz-Ag with 0.5 wt% NaCl (PEm-25-0.5) exhibited average droplet size of 

14.15 µm which decreased by 50% at 3.0 wt% NaCl concentration (7.02 µm for PEm-25-3). 

With further increase in NaCl concentration, droplet size increased to 16.36 µm for PEm-25-

5 (see Figure 3.5), consistent with microscopic results. Zeta-potential measurements were 

performed to envisage changes in stability as colloidal suspension exhibiting zeta-potential 

lesser than + 30 mV is regarded as unstable [174]. Zeta-potential of emulsion samples was 

greater than -30 mV (Figure 3.6), which confirms that all emulsions were stable suspensions. 

In addition, emulsion till 3.0 wt% NaCl showed significant increase in zeta-potential 
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resulting its value increased to -30, -34, -40, and -45 mV for PEm-10-0.5, PEm-10-1, PEm-

10-2, and PEm-10-3, respectively (see Figure 3.6). Zeta-potential results for other 

compositions exhibited similar trends as shown in Figure 3.6.  

 These findings are in accordance with microscopic and size distribution results where 

NaCl concentration ≤ 3 wt% showed enhanced emulsion stability with least droplet 

coalescence. For NaCl concentration > 3 wt%, zeta-potential showed reverse trend as its 

value decreased as shown in Figure 3.6. Minimum value of zeta potential was -20, -21, -20.5, 

and -27, for PEm-10-5, PEm-15-5, PEm-20-5, and PEm-25-5, respectively for 5 wt% NaCl, 

which are lower than the permissible limit (- 30 mV) of stable colloidal suspension. 

 

Figure 3.5. DLS based average droplet size of Pickering emulsions stabilized by 10, 15, 20, 

and 25 wt% PAHz-Ag nanocomposites in presence of different ionic strength (0.5-5 wt% 

NaCl). 
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Figure 3.6. Zeta potential measurements of Pickering emulsions stabilized by 10, 15, 20, 

and 25 wt% PAHz-Ag nanocomposites as a function of different ionic strength (0.5-5 wt% 

NaCl).  

The electrical conductivity of emulsions can change due to change in their 

composition and concentration of aqueous phase, and also due to change in aqueous phase 

salinity [175–177]. Thus, it is pertinent to measure electrical conductivity of PEm in presence 

of varying salinity of aqueous phase of PAHz-Ag NPs. NaCl dissolution in aqueous phase 

(aqueous PAHz-Ag) increases the electrical conductivity o/w emulsion [178]. Electrical 

conductivity measurements are presented for two factors which can affect the electrical 

conductivity of emulsions; change in NaCl concentration and change in aqueous phase 

concentration. Emulsion PEm-10-0.5 showed electrical conductivity of 396 µS (see Table 

1). Increase in conductivity was observed with the increase in NaCl concentration; at 2 wt% 
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NaCl, PEm-10-2 conductivity was determined as 14,110 µS whereas at high NaCl 

concentration (4 and 5 wt%), increase in conductivity was less (Table 1). It is also well 

established that increasing concentration of aqueous phase increases the conductivity 

[170,178] and therefore, the increased conductivity of PEm-20-0.5 (20 wt% PAHz-Ag + 0.5 

wt% NaCl, 13,730 µS) was the result of increase in PAHz concentration. Thus, both PAHz 

and NaCl collectively affected the conductivity of emulsion. It is to be noted here that change 

in conductivity with increasing NaCl was comparatively less for high PAHz concentration 

(25 wt%); 10,000 µS for PEm-25-0.5 (at 0.5 wt% NaCl) increased to only 34,610 µS for 

PEm-25-5 (at 5 wt% NaCl). This might be due to high concentration of PAHz that 

significantly restricted the upward movement of emulsion droplets (under gravitational 

action) and emulsion thus exhibited more non-conductive oil phase in suspension during 

conductivity measurements. With more oil phase, conductivity did not increase much. The 

results suggest that at low and high NaCl concentration, emulsion samples did not exhibit 

greater stability for all PAHz concentrations. However, 25 wt% PAHz-Ag composition 

treated with NaCl  3 wt% is remarkable for emulsion applicability in saline environment 

where conventional emulsions show challenges. 

3.3.1.3 Thermal stability of PEm  

The effect of temperature on emulsion stability was studied using a microscope 

equipped with thermal stage. An emulsion sample was taken on microscopic slide and 

temperature is progressively increased viz., 25, 50, 75, and 95 oC. Emulsions stabilized by 

15 and 25 wt% PAHz-Ag NPs with salt (NaCl = 3 wt%) were investigated for thermal 

stability and the results are shown in Figure 3.7. It was observed that Brownian movement 

of emulsion droplets increased with increasing temperature resulting smaller droplets 
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coalesced and converted into bigger droplets. Thus, temperature reduced the stability of 

emulsion as droplets progressively disappeared with increasing temperature (Figure 3.7).  

 

Figure 3.7. Effect of increasing temperature on droplet stability of (1) PEm-15-3 and (2) 

PEm-25-3 emulsions. Scale bar = 30 µm. 

 Typically, when temperature increases either emulsion droplets coalesce or forms 

bigger droplets [98]. In addition, it is also established that increasing temperature leads to 

rupturing of interfacial film of droplets consequently, smaller droplets disappear from the 

emulsion [98]. From Figure 3.7a-c, it is evident that droplets were seen with proper packing 



70 
 

up to 75 ℃ of 15 wt% PAHz-Ag. Since most of the emulsion droplets cream at 95 ℃ of 15 

wt% PAHz-Ag, the emulsion body hardly consisted of no droplets to be seen in Figure 3.7(d). 

However, emulsion stabilized by 25 wt% PAHz-Ag NC (PEm-25-3) showed droplets with 

proper packing (see Figure 3.7e-h). In addition, thermal stability of 25 wt% PAHz-Ag 

emulsion (PEm-25-3) was higher due to least effect of increasing temperature on droplets. 

 

Figure 3.8. Thermal stability (TGA) analysis for mass loss determination in emulsions 

stabilized by 15 and 25wt% PAHz-Ag NC in presence of different NaCl concentration viz., 

1, 3, and 5 wt%. 

To further understand thermal stability of emulsions, TGA analysis was conducted 

for same emulsions stabilized by 15 and 25 wt% PAHz-Ag NPs with NaCl (1, 3, and 5 wt%). 

TGA analysis provides information about emulsion thermal stability and its solid content at 
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a particular temperature [179,180]. From Figure 3.8, it is clear that initial loss in mass of 

emulsion was due to the loss of water content. In addition, it can be observed that addition 

of NaCl elevated thermal stability of emulsion. As a result, ~ 87% mass loss of emulsion 

PEm-15-3 (composition 15 wt% PAHz-Ag + 3 wt% NaCl) significantly reduced to ~ 67% 

mass loss for emulsion PEm-25-3 (composition 25 wt% PAHz-Ag + 3.0 wt% NaCl) as 

shown in Figure 3.8. 

3.3.2 Rheological characterization 

3.3.2.1 Shear rheological properties 

Flow properties are vital among the physical properties of emulsions and rheological 

investigation is a best method to understand the influence of electrolytes on these properties 

of emulsions [136,137,181,182]. Factors such as effect of salts, concentration of aqueous 

phase, and temperature can lead to significant change in the viscosity of an emulsion 

[140,161,166,183]. This section presents shear rheological properties of emulsions stabilized 

by low (15 wt%) and high (25 wt%) compositions of PAHz-Ag NC, and the impact of various 

ionic strength (1.0-5.0 wt%) on these properties is discussed. Figure 3.9 shows viscosity data 

of PEm as a function of NaCl concentration and temperature. It was observed that all 

emulsion samples showed non-Newtonian shear thinning behavior with increasing shear 

rate; viscosity decreases with shear rate. Initial viscosity of PEm-15-1 at 25 °C was 154.7 

mPa.s (at shear rate of 1 s-1) and with increasing shear rate, this viscosity was measured to 

be 37.5 mPa.s (at shear rate of 4.35 s-1) and 12.4 mPa.s (at a shear rate of 3000 s-1) as shown 

in Figure 3.9a. The decrease in emulsion viscosity is attributed to droplet deflocculation 

against shear deformation [181]. With increasing NaCl concentration, the viscosity of 

emulsion further decreased and at 3 wt% NaCl (PEm-15-3), the initial viscosity was 
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measured as 92.49 mPa.s (a decrease of 40%). This reduction in emulsion viscosity is 

expected as NaCl relaxed the packing of droplets and made less concentrated [168]. 

Emulsion viscosity was found minimum (89 mPa.s) at 5 wt% NaCl for PEm-15-5 (Figure 

3.9a). Since emulsion at 5 wt% NaCl was found unstable, most of the droplets moved to the 

surface and viscosity measured for emulsion represented more or less viscosity of aqueous 

phase. Similar viscosity trends were observed for other emulsion compositions (10 and 20 

wt%) of PAHz-Ag NPs, hence their viscosity data is not shown for brevity. 

 

Figure 3.9. Effect of NaCl (1, 3, and 5 wt%) on viscosity and shear thinning profiles of 

emulsions, stabilized by 15 and 25 wt% PAHz-Ag NC, at 25 ℃ (a and c) and 95 ℃ (b and 

d). 
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To understand the effect of temperature, viscosity measurements were conducted on 

fresh emulsions to avoid the possibility of creaming and phase separation. The emulsion 

viscosity was measured at different temperature such as 50, 75, and 95 °C. It was found that 

the viscosity gradually decreased with increase in temperature. However, temperature effect 

was more on emulsion treated with lower salt concentration resulting initial viscosity 

decreased by 23%  for PEm-15-1 at 95 °C (118.83 mPa.s) (Figure 3.9b) while viscosity of 

PEm-15-3 decreased by  20% (75.25 mPa.s at 95 °C) (Figure 3.9b). This suggests that PEm-

15-3 was relatively more thermally stable than PEm-15-1. The reason is credited to optimum 

concentration of NaCl (3 wt%) at which NPs provided significant steric barrier against 

thermal degradation of droplets [98]. PAHz concentration was increased to 25 wt%, and the 

viscosity results are obtained to compare the effect of increasing NP concentration on 

rheological response of emulsion. It was observed that viscosity increased with increasing 

PAHz concentration as shown in Figure 3.9c and 9d. The initial viscosity of emulsion PEm-

25-1 was 652.8 mPa.s at 25 °C (Figure 3.9c) (viscosity increased by 4X when compared to 

PEm-15-1). This viscosity decreased with increasing NaCl concentration and its value 

reached to 294 mPa.s at 3 wt% NaCl, which is consistent with the findings of NaCl effect on 

emulsion viscosity [168]. It is to be noted here that viscosity of this emulsion at low NaCl 

concentration decreased more with increasing temperature as evident from Figure 3.9d. Since 

this emulsion (PEm-25-1) exhibited lower thermal stability at low NaCl concentration, the 

viscosity of emulsion decreased more with increasing temperature. On the other hand, the 

viscosity of emulsion PEm-25-3 did not decrease much with increasing temperature and 

emulsion showed stable rheological response at each temperature as shown in Figure 3.9d. 

Thus, PEm-25-3 viscosity was least affected by the change in temperature than the one of 
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PEm-15-3; PEm-25-3 exhibited viscosity decrease of 15% at 95 oC, lesser than 20% decrease 

of PEm-15-3. Therefore, emulsion stabilized by 25 wt% PAHz-Ag NPs and 3.0 wt% NaCl 

can be used for high temperature applications. 

 

Figure 3.10. Effect of NaCl (1, 3, and 5 wt%) on yield stress data of emulsions, stabilized 

by 15 and 25 wt% PAHz-Ag NC, at 25 ℃ (a and c) and 95 ℃ (b and d). 

Yield stress is another important flow property that provides information on amount 

of torque required to permanently deform droplets in a suspension [139,179,184]. Yield 

stress data in form of shear stress vs. shear rate for emulsions (15 and 25 wt% PAHz-Ag 

stabilized) is shown in Figure 3.10. Yield stress for PEm-15-1 was determined as 0.09 Pa (at 
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shear rate 1 s-1) at 25 °C. In addition, yield stress decreased with increasing NaCl 

concentration. At 25 oC, yield stress value of 0.06 Pa was determined for PEm-15-3 (see 

Figure 3.10a). It indicates that the required torque to deform emulsion droplets decreased 

with increasing NaCl concentration from 1.0 to 3.0 wt%, which suggests that droplet packing 

at low NaCl concentration was more compacted that the one at 3 wt% NaCl. Therefore, the 

requirement of initial torque (yield stress) to deform droplet structure at 1.0 wt% NaCl was 

found higher. This effect of NaCl on yield stress of PAHz-Ag stabilized emulsion is in 

agreement with the findings reported in literature for PEm [168]. Further increase in NaCl 

concentration (PEm-15-5) has slightly increased the yield stress value to 0.11 Pa (Figure 

3.10a). Yield stress values of 25 wt% PAHz-Ag stabilized emulsion were higher than the 

ones of 15 wt% PAHz-Ag stabilized emulsions, in line with viscosity results of these 

emulsions (Figure 3.10). PEm-25-1 exhibited yield stress value of 0.60 Pa, which decreased 

to 0.21 Pa for PEm-25-3 at 25 °C, indication more relaxed droplet structure in PEm-25-3.  

Yield stress value increased to 0.24 Pa for PEm-25-5. Thus, yield stress results also confirm 

that NaCl concentration of 3 wt% is favorable for flow properties of PAHz-Ag stabilized 

emulsions.  

Temperature effect on yield stress was also studied for understanding the behavior of 

emulsions at various temperatures viz., 50, 75, 95 ℃ (Figure 3.10b and 10d) (data for 50 and 

75 ℃ is not shown). The required torque to deform the emulsion droplets decreased with 

increasing temperature and for PEm-15-1 (15 wt% PAHz-Ag, 0.5 wt% NaCl), its value was 

determined as 0.06 Pa (at shear rate 1 s-1, 95 ℃) (Figure 3.10b), which was 33% lesser than 

yield stress of PEm-15-1 at 25 ℃ (Figure 3.10a). Which suggests at 95 ℃ droplets were less 

compacted compared to 25 ℃. As the NaCl concentration increased, required torque showed 
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decreasing trend up to 3.0 wt% NaCl (0.02 Pa at shear rate 1 s-1 for PEm-15-3) and above 

3.0 wt% NaCl concentration yield stress showed increasing concentration (0.08 Pa at shear 

rate 1 s-1 for PEm-15-5) (Figure 3.10b). These results are also followed the same trend and 

in line with yield stress results at 25 ℃. The yield stress values of emulsions stabilized with 

25 wt% PAHz-Ag at 95 ℃ were lower than the yield stress values at 25 ℃ and followed 

similar trend. Yield stress value of PEm-25-1 at 95 ℃ (0.20 Pa, at shear rate 1 s-1) was 

decreased 66 % when compared to PEm-25-1 at 25 ℃ and as NaCl concentration increased 

to 3.0 wt% yield stress was decreased (Figure 3.10d). PEm-25-3 at 95 ℃ showed 19 % lesser 

yield stress (0.17 Pa, at shear rate 1 s-1) compared to yield stress of PEm-25-3 at 25 ℃. Above 

3.0 wt% NaCl concentration yield stress was increased and these results were in line with 

the yield stress results of emulsions stabilized with PAHz-Ag at 25 ℃ (Figure 3.10).  This 

indicates the PEm-25-3 was more stable at 95 ℃ when compared to other emulsion at various 

NaCl concentrations. Therefore, PEm-25-3 (25 wt% PAHz-Ag, 3.0 wt% NaCl) can be better 

suitable for high temperature applications. 

3.3.2.2 Dynamic viscoelastic properties 

Storage modulus (G′) and loss modulus (G′′) (Dynamic rheological properties) are 

useful to understand viscoelastic behavior of PEm [185,186]. Similar to shear study, 

emulsions of 15 and 25 wt% PAHz-Ag compositions were studied for dynamic rheology as 

a function of different NaCl concentration (1.0-5 wt%) and temperature (25 and 95 ℃). 

Frequency sweep analysis was conducted with the angular frequency ranges from 1 to 100 

rad.s-1 at strain amplitude of 5%. Strain amplitude value of 2% was chosen as recommended 

for dynamic rheology of PEm in literature [179]. G′ value of PEm-15-1 was recorded as 0.52 

Pa (at 2.12 rad.s-1, 25 ℃), higher than G′′ (0.43 Pa) as shown in Figure 3.11a. This suggests 
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that PEm-15-1 was elastic in nature but a crossover at 10.5 rad.s-1 was observed with 

increasing frequency resulting G′′ became higher than G′ (Figure 3.11a). Since increasing 

NaCl concentration to 3.0 wt% shifted the crossover at lower angular frequency, emulsion 

became more viscous like (Figure 3.11b). This was attributed to aqueous phase of emulsion 

at 3.0 wt% NaCl had least interaction with salt and PAHz-Ag NC was properly dispersed 

between oil and water interface and reduced formation of three dimensional network of NC 

and enhanced viscous nature of emulsion. G′′ and G′ values of PEm-15-3 were almost equal 

(0.5 and 0.49 Pa respectively) and emulsion exhibited viscous like nature over the entire 

range of frequency explored (Figure 3.11b). However, reverse in emulsion behavior was 

observed once NaCl concentration became more than 3 wt%. For PEm-15-5, crossover 

occurred at 18.4 rad.s-1, as a result, emulsions showed elastic nature at lower values of 

frequency explored (Figure 3.11c). This is attributed to droplet flocculation and creaming; at 

high NaCl concentration, emulsion exhibited flocculated droplet structure which was elastic 

and compact as evident from higher G′ at low frequency levels. With increasing frequency, 

droplet structure was broken and droplets re-dispersed in emulsion resulting crossover 

occurred at high angular frequencies. At 95 ℃, these emulsions showed reduction in viscous 

nature as G′′ became lower than G′ over most of the frequencies explored (Figure 3.11d-f). 

For PEm-15-1, G′ (0.83 Pa) dominated G′′ (0.68 Pa) without showing any crossover point 

(Figure 3.11d). This is attributed to temperature effect on emulsion viscosity; viscosity of 

emulsions reduced at high temperature resulting it caused significant decrease in viscous 

component than elastic component. However, for emulsions viz., PEm-15-3 and PEm-15-5, 

G′′ was found slightly higher than G′ with crossover at 10.5 and 5.96 rad.s-1, respectively. 

Since these emulsions were more viscous due to increased dissolution of salt ions, G′′ slightly 
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increased and remained higher for some frequencies with crossover at 10.5 (PEm-15-3) and 

5.96 (PEm-15-5) as shown in Figure 3.11e and 11f. 

 

Figure 3.11. Frequency-sweep measurements of 15 wt% PAHz-Ag NC emulsions as a 

function of different ionic strength (a) and (d) PEm-15-1 (1 wt% NaCl), (b) and (e) PEm-15-

3 (3 wt% NaCl), and (c) and (f) PEm-15-5 (5 wt% NaCl) at 25 and 95 oC, respectively. Filled 

symbols for G and empty symbols for G are used. 
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Figure 3.12. Frequency-sweep measurements of 25 wt% PAHz-Ag NC emulsions as a 

function of different ionic strength (a) and (d) PEm-25-1 (1 wt% NaCl), (b) and (e) PEm-25-

3 (3 wt% NaCl), and (c) and (f) PEm-25-5 (5 wt% NaCl) at 25 and 95 oC, respectively. Filled 

symbols for G and empty symbols for G are used.  

The emulsion composition of 25 wt% PAHz-Ag exhibited higher G′ and G′′ values 

due to higher viscosity of these emulsions. Similar to 15 wt% PAHz-Ag, these emulsions 
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also exhibited dominating viscous behavior for all NaCl concentrations at 25 ℃. However, 

for lower NaCl concentration such as 1.0, initially G′ dominated the behavior with crossover 

at 5.43 rad.s-1 (Figure 3.12a). This crossover was observed at lower angular frequencies when 

compared with the ones of 15 wt% PAHz-Ag emulsion, which indicates that NaCl affected 

the viscoelastic behavior of these emulsions differently. Therefore, it is very important to 

investigate the salt role on rheology of PEm. Emulsion behavior at 3 wt% NaCl (PEm-25-3) 

is G′′ dominated over the entire range of angular frequency explored. With increase in NaCl 

concentration to 5 wt%, emulsion behavior slightly shifted to elastic with G′ dominance till 

10 rad.s-1 (see Figure 3.12b). This can be possible if the dispersed NP stabilized droplets 

coalesce and separate from the emulsion, resulting viscous nature of emulsion will decrease 

as evident from the evolution of elastic nature at 5 wt% NaCl. This suggests that NaCl 

concentration > 3 wt% is detrimental to emulsion stability and its rheological properties. The 

rheological properties of these PEm is also influenced by high temperature, similar to the 

results of 15 wt% PAHz-Ag emulsion. At 95 ℃, the behavior of emulsion is elastic for all 

NaCl concentrations which is different than the one at 25 ℃ (Figure 3.12d-f). The results 

indicate the rheology of PAHz-Ag stabilized emulsion is differently affected by different 

operating conditions such as saline environment and temperature. Therefore, the rheological 

properties of these emulsions must be envisaged to broaden their applicability in different 

applications. 

3.4 Conclusion 

The study revealed that, PEm based on PAHz-Ag NC can be used under moderate to 

strongly saline environments without notably compromising on its stability. The amount of 

PAHz-Ag NC in the PEm is critical to determine the extent of stability of PEm under saline 
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environment.  An increase in PAHz-Ag NC from 10 to 25 wt% increased the stability of 

PEm by 7 times. Emulsion stabilized with lower PAHz-Ag NC (10, 15, 20 wt%) were 

unstable (enhanced droplet coalescence) in presence of salt concentrations. However, 

emulsion with 25 wt% PAHz-Ag NC + 3 wt% NaCl (PEm-25-3) showed superior stability 

with an average droplet size of 7 µm, which was 80% lesser than average droplet size of 

PEm-10-0.5. The amount of salt in the aqueous solution affected the positioning of PAHz-

Ag NC at the interface and its stabilization efficiency. PEm emulsions were also able to 

handle high temperature conditions up to 95 °C: PEm-25-3 at 95 ℃ exhibited significant 

rheological stability with enough droplet packing (least droplet coalescence) and reduced 

mass loss. Overall, the studied PEm based on PAHz-Ag NC are suitable for use in extreme 

saline and temperature environments. Further mechanistic investigation is under process to 

ascertain the role of salt and polymer interaction in these PEms. 
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Chapter 4 

 

Enhancing the Stability and Re-dispersibility of o/w Pickering 

Emulsion Through Polyacryloyl Hydrazide-Tannic Acid Synergy 

 

 

Abstract  

Stable and re-dispersible oil powders with minimal solid contents are important for a 

range of applications. In this contribution, the role of tannic acid (TA) towards stability, re-

dispersibility of polyacryloyl hydrazide (PAHz)-Ag nanoparticle (NP) based Pickering 

emulsions is accessed. Presence of TA (200 μmol/L) in a fairly small amount, reduced the 

PAHz concentration from 25 wt% to 3 wt% and decreased the droplet size from 6.25 to 2 

μm and enhanced the emulsion stability from 30 to 35 days while producing stable oil 

powders and maintaining the re-dispersion efficiency. The oil powders retained up to ~97% 

of initial oil content and the re-dispersion occurred by simply handshaking the oil powders 

in water. The study revealed that, both TA and PAHz-Ag NP synergistically acted to stabilize 

the emulsion as well as the resulting oil powders. The total solid content notably decreased 
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from 250 mg/ml to ~30 mg/ml in presence of TA, while improving the emulsion properties. 

These new Pickering emulsions with substantially low solid content may is anticipated to be 

environmental friendly find applications in various cosmetic, pharmaceutical and other 

industrial applications. 

4.1 Introduction 

Dried or solid oil-in-water (o/w) emulsions have received considerable interest in 

several areas such as food structuring, paints, cosmetic, drug delivery, lubrication of machine 

parts, and pharmaceuticals [2,3]. O/w emulsion is usually dried by the process of 

freeze/spray-drying and stored as oil powders to increase the shelf life of dispersed oil and 

for convenience of storage and transportation [2,93]. Typically, surfactants [116], proteins 

[114] and colloidal particles [96], those facilitate, promote, and stabilize the dried emulsion 

against instability issues (creaming/coalescence/sedimentation) are used to prepare stable 

and re-dispersible emulsion systems [187]. For example, Christensen et al. [188] used spray-

drying technique to develop stable dry emulsion aided by hydroxypropylmethylcellulose 

(HPMC) and the emulsion exhibited varied lipid content of 30 to 80% for potential oral drug 

delivery system. Mezzenga et al. [126] used protein (ß-lactoglobulin) as emulsifier to 

develop solid oil powder possessing ~90% oil content using spray-drying process. In another 

study, starch granules as particles were used to stabilize food based Pickering emulsion 

which exhibited no phase separation up to a storage period of 8 weeks [89]. Thus, it is clear 

that the use of surfactants or other interface stabilizing agents are important for the 

production of stable oil powders [117].  

Compared to conventional synthetic chemicals (surfactants), the colloidal 

nanoparticles (NPs) have received significant attention in recent times due to their ability to 
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produce stable oil powders with maximum retention of oil content [93]. For example, the 

colloidal nanoparticles (partially hydrophobic silica, 30 nm) significantly improved the 

stability of o/w emulsion of olive oil, and successfully produced solid oil powder of 98 wt% 

oil content through freeze-drying approach [93]. Prior studies have shown that, the NP 

stabilized emulsions are able to produce stable oil powders, which is not possible with the 

surfactant stabilized systems [93,111,116,126]. However, the presence of high solid content 

have hindered the commercial implementation of these systems [189,190]. This has disturbed 

the balance of better health profile and cleaner labelling in commercial dried products [189]. 

It is thus highly desirable to render safe, healthy and sustainable dried products which are 

stable and constitute very low concentration of synthetic chemicals in Pickering emulsion. 

One of the possible solutions is to use naturally available small molecule compatibilizers that 

facilitate the adsorption of NPs at fluid interfaces and stabilize the system at low NP 

concentration [191]. 

Tannic acid (TA), a naturally available polyphenol, can meet these requirements for 

Pickering emulsions during both freeze-drying and re-dispersion of oil droplets in water. TA 

is known to interact with embedded polymer, surfactants, proteins and other synthetic 

ingredients of emulsion and form wide range of complexes through hydrogen bonding [192–

194] and interactions between TA and PAHz-Ag NP as proposed by the scheme in Figure 

4.1. These complexes can help to strengthen the steric barrier provided by the strong 

adsorption of NPs on oil droplets [193]. However, the studies showing the effect of TA on 

drying and re-dispersibility of o/w emulsion stabilized by NPs is fairly limited in literature 

[95,195,196]. Patel et al. [195] investigated the effect of TA on stability of foam stabilized 

by methylcellulose. The results demonstrated that the interaction of TA with methylcellulose 
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generated favorable colloidal complexes those subsequently helped to enhance the foam 

stabilizing property and interfacial stiffness [195]. In another study, stable Pickering emulsion gel 

(volume fraction > 50%) of food grade colloidal particles and complexes was developed by 

utilizing Zein and TA complex particles, via variation of noncovalent interactions between zein 

and TA, to be utilized as functional ingredients in a sustainable way. Recently, Hu et al. [95] 

demonstrated that TA (2 wt %) along with cellulose nanocrystals can enable both freeze-

drying of Pickering emulsions to produce a stable oil powder (oil content, 94%) and easy re-

dispersion of oil powder in water. Therefore, new compositions of stable dried and re-

dispersible Pickering emulsions may be derived by using TA along with water soluble 

compounds and NPs as stabilizers. 

The phenomenon of variation in emulsion stability can also be understood and 

precisely predicted through a frequently used technique such as rheological analysis. 

Rheology is one of the effective tools to analyze the stability and flow properties of 

emulsions. The study may provide important insights on droplet deformation, evolution of 

dynamic viscoelastic properties, and ideal/non-ideal flows to meet the requirements of 

conducting experiments [129]. Despite the vital importance of dried emulsions globally, 

majority of experimental and theoretical rheological studies are limited to the normal 

emulsions and complex fluids [3,130,131]. In this work, we thus examine the use of TA on 

stability of Pickering emulsion, in liquid and dried state, stabilized by two component system 

consisting of a hydrophilic polymer polyacryloyl hydrazide (PAHz) and Ag NPs of size (22 

nm). The preparation of a stable dried and re-dispersible Pickering emulsion stabilized by 

PAHz-Ag component system is reported in our recent work [140]. However, a higher weight 

proportion of 25 wt% of PAHz was required to prepare dried Pickering emulsion exhibiting 
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both freeze drying and re-dispersibility with intact oil content of 98% [140]. Since high 

concentration of synthetic chemicals is associated with different issues [189,190], the novelty 

of the present study lies in the use of a natural polyphenol (tannic acid) to control the 

concentration of leading chemical (hydrophilic PAHz) in stable formulation of Pickering 

emulsion. Droplet stability of emulsions was investigated using microscopic technique. 

Rheological and SEM results were discussed to further understand the stability of emulsion 

system.  

 

 

Figure 4.1. Schematic of emulsion stabilization by TA-PAHz-Ag NP stabilizing system. 

4.2 Experimental work 

4.2.1 Materials 

An olive oil (vegetarian oil) sample was purchased from Figaro Mumbai 

(B00X7RJPSG) and used to prepare o/w emulsion. The oil has density of 0.89 g.cm-3 at 20 

°C and contains total saturated fat content not more than 13% by weight. Methyl acrylate 

(SD Fine Chemicals, >99%), Tetrahydrofuran (THF, Qualigens, 99.0%), hydrazine hydrate 

(SD Fine Chemicals, 99%), tetra-n-butylammonium bromide (TBAB, Merck, = 98.0), silver 
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nitrate (AgNO3, Qualigens, 99%), rhodamine B (Loba chemie), ethanol (Merck, 99.9%), 

sulfuric acid (Merck, 98%), and triethylamine (Et3N, Merck, 99%) were common chemicals 

and used as received. TA (mol. wt. 1701.23) was supplied by SD Fine Chemicals. The 

emulsion samples were prepared using the deionized water from Millipore® Elix-10 

purification apparatus. 

4.2.2 Preparation of emulsion 

In this study, o/w emulsion of olive oil (volume fraction of 20%) was prepared with 

aqueous solution consisting of PAHz, Ag NPs of average particle size (Davg) of 22 nm, and 

a natural polyphenol viz., TA. The procedure to prepare Pickering emulsion of polymer 

PAHz and Ag NPs is provided in our recent study [140]. Brief details are also provided here 

for the sake of brevity. To prepare PAHz, hydrazine hydrate (58.2 g, 1.2 mol) was reacted 

with polymethyl acrylate (15.0 g, 0.24 mmol) in presence of TBAB (15.0 g, 46.5 mmol) in 

450 mL of THF. The developed solution was stirred at 60 °C for 12 h followed by cooling 

at room temperature till the white layers were separated out. The layers were carefully 

removed and washed with methanol, and the cleaned layers were dried under reduced 

pressure to obtain PAHz in powder form [28]. Next, 0.5 ml of AgNO3 solution (20 mmol/L) 

was added to an aqueous solution (50 ml) consisting of various weight proportions (0.02-

0.05 g/mL = 2-5 wt%) of PAHz and the solution is mixed using lab stirrer till the color of 

solution changes to gold, showing the development of Ag NPs as confirmed through high-

resolution transmission electron microscopy (HRTEM) technique (Model: JEM-200CX, 

JEOL® Japan). The concentration of PAHz is kept low due to various issues associated with 

the use of synthetic chemicals in emulsion preparation [189] hence; its amount is optimized 

naturally with the use of TA. First, PAHz-Ag stabilized emulsion was prepared by mixing 
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olive oil in PAHz-Ag NP suspension followed by stirring for 15 minutes using an industrial 

mixer. Next, TA with varying amount (100 to 600 μmol/L) was added to stabilize Pickering 

emulsion of PAHz (2-5 wt%) and Ag NPs (size 22 nm) and again mixed for 15 minutes to 

get the final emulsion stabilized by PAHz-Ag and TA. The preparation of emulsion was 

carried out in an industrial mixer at mixing speed of 6000 rpm for 0.5 h, which were kept 

constant for the synthesis of each emulsion.  

4.2.3 Emulsion characterization  

A particle size analyzer (NanoBrook, 90Plus PALS, Brookhaven®) based on 

dynamic light scattering (DLS) technique was used to conduct droplet size distribution and 

zeta (ζ)-potential measurements. All measurements were conducted at ambient temperature 

by using 173o detector scattering angle. The instrument uses a 10 mW laser operating at a 

wavelength of 532 nm. The size distribution in emulsion samples was determined by the 

analysis of correlation function using noise reduction algorithm of in-built instrument 

software. All measurements were done at least thrice to check the reproducibility in results. 

This method measured the average droplet size in emulsion and the uncertainty in results 

was found to be around ± 0.06 to 0.4%. 

The contact angle measurements were conducted to understand the effect of TA on 

wetting property of PAHz. An instrument called goniometer (OCA 20, DataPhysics, 

Germany), based on sessile liquid drop method, was used to perform these measurements. A 

glass box of 5.0 (L) × 4.0 (W) × 4.0 (H) has taken and a small piece of silver foil was kept 

inside the glass box and used for conducting experiments. A volume of 5 μL from aqueous 

phase of DI water, PAHz, and PAHz-TA was drawn (using laboratory pipette) and deposited 

on the top of silver surface followed by the addition of olive oil. This measurement will 
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consist of each component used in the synthesis of emulsion which will be relevant to 

understand the changes in wettability of silver particles. The changes in the shape of droplet 

was analyzed by a high-resolution digital camera. The image captured for the drop was 

processed for contact angle using image analysis software of the instrument. The contact 

angle measurements were conducted in five different positions and the mean value of the 

measured contact angles was reported in this work. 

For microscopic characterization, an optical microscope (BA310, Motic® Hong 

Kong) was used to record images of emulsion samples. A drop of emulsion was placed on a 

microscopic slide and wait till the drop gets stabilized to capture images using a digital 

camera (Moticam-10) attached with the optical microscope. The microscopic 

characterization was performed for freshly prepared emulsion samples and samples after re-

dispersion.  

The confocal microscopic analysis was performed using a high sensitive spectral 

confocal and multiphoton microscope system (Model No: LSM780NLO, Carl Zeiss GmbH). 

Since confocal microscopic analysis is useful to visualize dye labelled emulsion droplets 

[197], TA was labelled with rhodamine B [198,199]. A drop from the fresh emulsion was 

put on a clean microscopic slide and the droplet covered with cover slip before analyzing it 

in confocal microscope.  

Thermogravimetric analysis (TGA) was conducted before and after freeze-drying to 

understand the thermal stability in for Pickering emulsions. TGA was performed using SDT 

Q600 (TA Instruments) from ambient temperature to 300 °C at a rate of 10 °C/min. 

Approximately 12 mg of emulsion sample was kept in pan and analyzed for weight loss with 

respect to increasing temperature under nitrogen atmosphere. 
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4.2.4 Procedure of freeze-drying process  

The freeze-drying stability of prepared o/w Pickering emulsion of PAHz-Ag NPs and 

TA was carried out in a laboratory developed experimental set-up consisting of a chiller 

(ESCY IC 201, -30 to 200 oC) and vacuum pump (double stage drive). Similar set-up was 

used in our previous work to perform freeze-drying experiments on emulsions [140]. A 

coolant viz., propylene glycol was purchased from retail outlet and used as received to thaw 

the emulsion in freeze-drying apparatus. For freeze-drying experiment, each emulsion 

sample was mildly agitated before pouring in submerged vacuum cell in coolant chamber. 

All freeze-drying experiments were performed for a time period of more than 24 h. 

4.2.5 SEM characterization  

The dried emulsions are solid and porous structure composed of densely packed oil 

droplets distributed into the matrix of PAHz and Ag NPs. The oil droplets during freeze-

drying are tended to agglomerate due to depletion mechanism [111] hence, the 

microstructure of the solid emulsion may differ than the original emulsion structure. In 

addition, the droplets coalesced during freeze-drying in dry emulsion is susceptible to show 

higher size oil droplets in re-dispersion, therefore, SEM analysis is helpful in this regard to 

know about the morphological structure of the dried emulsion. Field emission scanned 

electron microscope (FE-SEM) (JSM-7100F, JEOL® Japan) was utilized to visualize the 

porous microstructure of dried emulsion. For that, the dried emulsion was cut in a small 

segment of suitable thickness and gold coated before recording the images in SEM 

equipment.  
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4.2.6 Rheological analysis  

Since all emulsions were stable at the time of preparation, all rheological 

measurements were conducted immediately after the preparation to avoid the possibilities of 

droplet coalescence and oil release from the emulsions. The rheological studies on Pickering 

emulsion samples were carried out for both shear and dynamic modes using a compact 

rheometer (MCR-52, Anton Paar®, Physica, Austria). Similar set-up was used for measuring 

rheological properties of Pickering emulsion in our previous work [140]. These 

measurements were conducted at ambient conditions in bob and cup assembly of rheometer; 

an emulsion volume around 6 ml was carefully poured in cup followed by lowering of bob 

till it is submerged in emulsion. Next, a wide range of shear rate ranges from 0.1 to 1000 s-1 

was applied via user friendly in-built interface of rheometer software Rheoplus. The similar 

procedure was adopted for re-dispersed emulsions. The data on viscosity measurements was 

automatically recorded in separate file. For next viscosity measurement, the rheometer bob 

and cup carefully cleaned using laboratory solvent toluene and water. For dynamic 

rheological measurements, frequency-sweep analysis in the range of 1 to 100 rad/s of angular 

frequency is conducted at strain amplitude of 2% [133]. These measurements were conducted 

thrice to confirm the reproducibility in results, however, the uncertainty in results remain in 

the order of ± 0.7-11% of the reported value. 

4.3 Results and Discussion 

  A set of o/w Pickering emulsions stabilized by PAHz-Ag NP and TA were prepared 

and the stability of these emulsion systems was analyzed using a range of microscopic and 

spectroscopic techniques. The effect of TA as a compatibilizer on the freeze drying ability 

of these emulsions are accessed using rheological techniques. 
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4.3.1 Emulsion characterization 

In emulsion preparation, the concentration of polymer PAHz was varied from 2-5 

wt% while Ag NPs of average size 22 nm were used. The amount of TA in emulsion was 

varied in steps from 100 to 600 μmol/L. Since the density of olive oil is lighter than PAHz-

Ag NP dispersion, the olive oil droplets may cream with time and make a distinct layer at 

the top of emulsion system. Therefore, emulsion after the preparation was transferred to a 

transparent vessel and monitored for the phase separation with time. The control system 

devoid of TA showed significant phase separation with all concentrations of PAHz (2-5 wt%) 

during one month of storage period. For ex., phase separation for 5 wt% PAHz-Ag without 

TA (PEm-01) is shown in Figure 4.2a. However, at high PAHz concentration viz., 20 and 25 

wt%, emulsion exhibited no phase separation and remained stable [140]. The reason of high 

stability was attributed to high concentration of PAHz that significantly increased the 

emulsion viscosity that counteracts the gravity forces on dispersed droplets in emulsion. The 

current study focused on minimizing the solid content in the emulsion systems by using TA 

as additional stabilizer. The details on various emulsion systems formulated in this work are 

provided in Table 1. The amount of TA in compositions was critical in stabilizing the 

emulsions hence, TA with minimum amount of 100 μmol/L in 1 ml of emulsion consisting 

of 5 wt% PAHz and Ag NPs (PEm-02) was added and analyzed for phase separation (Table 

1). With TA, it was observed that emulsion exhibited slight improvement in phase separation 

(Figure 4.2b) with creaming stability of 7 days (Table 1). Therefore, TA amount in emulsion 

was further increased. For TA amount ranges from 160-320 μmol/L, emulsion remained 

reasonably stable against phase separation with creaming stability 3 weeks. After 320 

μmol/L, phase separation increased due to enhanced creaming in emulsion and became 
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evident at high concentrations of TA such as 500-600 μmol/L. TA is an efficient gelation 

binder and with water soluble polymer, it is known to form complexes through hydrogen 

bonds and cross-link together to from a hydrogel that stabilizes the formulation [200]. It is 

possible that the interaction leading to emulsion stability via hydrogen bonding could not 

occur with low amount of TA (< 160 μmol/L) in suspension. 

 

Figure 4.2. Visual images of phase separation in emulsion prepared using varying 

compositions of PAHz (2-5 wt% PAHz), Ag NPs (22 nm), and TA (100-600 μmol/L /ml 

emulsion) after one month of storage period. a: PEm-01; b: PEm-02; c-f: PEm-03, PEm-04, 

PEm-05, and PEm-06, respectively; g: PEm-07; h: PEm-08. Refer Table 1 for nomenclature 

details.  
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Table 4.1. Compositional details, nomenclature, and different properties of o/w emulsions.  

 *PEm = Pickering emulsion; 1 wt% = 0.01 g/m

 
PAHz-

Ag 
composi

tion 

Composition 

Emulsion 
nomencla

ture 

 
Creaming 
stability 
(days) 

 

(standard 
error in 
days) 

 
 

Coalescen
ce 

stability  

Oil release 
after one 
month   

(%) 
(standard 

error in %) 

Droplet size 
(DLS) (µm)  

(standard error in 
µm) Zeta 

potenti
al 

(mV) 

Freeze 
drying 

Oil 
leaka

ge 

Re-
dispersi

on 
PAHz 
(wt%) 

Ag 
NP 

(nm) 

TA 
(μm
ol/L 
/ml   

emul
sion) 

Before 
drying 

After 
re-

dispersi
on 

0.5 ml 
AgNO3 

(20 
mmol/L) 
in 50 ml 
of PAHz 
solution 
[PAHz = 

0.02-
0.05 

g/mL] 

5 

22 

0 PEm-01 5 (±3) Unstable 51 (18) ---- ---- -43.88 No High No 

5 100 PEm-02 7 (±3) Unstable 47 (15) ---- ---- -42.54 Yes High No 

5 

200 

PEm-03 22 (±2) 
Partially 

stable 
9 (10) 

6.7 
(±0.3)  

12.8 
(±0.4) 

-41.69 Yes Low    Partially 

4 PEm-04 28 (±2) 
Partially 

stable 
7 (8) 

3.7 
(±0.15) 

9.2 
(±0.2) 

-39.22 Yes  Low Partially 

3 PEm-05 35 (±1) Stable 4 (5) 
1.2 

(±0.06) 
1.8 

(±0.1) 
-50.12 Yes  Nil 

Complete
ly 

2 PEm-06 31 (±1) 
Partially 

stable 
11 (12) 

6.4 
(±0.16) 

13.9 
(±0.2) 

-38.02 Yes  Low Partially 

3 
400 PEm-07 19 (±2) Unstable 53 (18) ---- ---- -28.22 No  High  No 

600 PEm-08 17 (±2) Unstable 56 (20) ---- ---- -27.02 No  High  No 
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Thus, the interaction between PAHz and TA can be elegantly balanced by tuning the 

weight ratios of these chemicals in emulsion system. Therefore, PAHz concentration was 

reduced from 5 to 2 wt% while TA amount was gradually increased from 100 to 600 μmol/L 

in 1 ml of emulsion phase. The composition consisting of 3 wt% PAHz, Ag NPs, and 200 

μmol/L TA (PEm-05) provided superior stability against phase separation (with creaming 

stability 35 days) than others [Figure 4.2(c-f), Table 1]. Thus, the set of unstable emulsion 

(Figure 4.2a, b, g and h) displayed noticeable oil leakage (~50%), whereas the set of stable 

emulsions (Figure 4.2c, d, e, and f) displayed less oil leakage (11%). The details of instability 

to coalescence are provided in Table 1. The emulsion prepared with high concentration (> 

320 μmol/L) of TA also showed phase separation (Figure 4.2g and 2h), suggesting that 

excess TA amount resulted in aggregation and precipitation of PAHz-TA complexes. This is 

in agreement with reported study of Zou et al. [196] where the stability of Pickering emulsion 

resulting from the colloidal complexes of Zein (protein) and TA was analyzed. To gain 

further insight into the role of TA, DLS, contact angle, and microscopic analysis were 

performed. 

A colloidal dispersion is regarded as stable suspension, if ζ-potential remains higher 

than ± 30 mV [201]. DLS measurements were conducted, immediately after the preparation 

of emulsion, to understand the effect of TA on emulsion stability. ζ-potential value of the 

emulsion possessing no TA content (PEm-01) was determined as -43.88 mV which is 

significantly higher than the limit of a stable colloidal suspension (Table 1). The addition of 

100 μmol/L of TA (PEm-02) did not change the ζ-potential value (-42.54 mV) substantially. 

Interestingly, ζ-potential value increased to -50.12 mV in presence of 200 μmol/L of TA for 

PEm-05, which suggests TA contributed to strong electrostatic repulsion among particles 
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(Table 1). Thus, emulsion exhibiting high amount of PAHz (constant 5 wt%), did not affect 

emulsion stability much as ζ-potential remained in between -43 and -41 mV. However, 

decreasing PAHz concentration significantly improved emulsion stability through increase 

in ζ-potential from -41.69 to -50.12 mV. It is expected that the stabilization of emulsion 

depends on the concentrations of PAHz and TA. At high PAHz concentration, the layer of 

PAHz chains around the oil droplets probably saturated the entire interface and as a result, 

TA molecules could not adsorb on the surface of oil droplets. Thus, TA could not form 

enough complexes with PAHz and emulsion stability is mostly governed by PAHz resulting 

insignificant change in ζ-potential value. However, decreasing concentration of PAHz 

allowed TA molecules to interact and form enough PAHz-TA complexes which resulted into 

better emulsion stabilization as evident from higher ζ-potential value of -50.12 mV. Further 

increase in TA amount (600 μmol/L) decreased ζ-potential value to -27.02 mV for emulsion 

PEm-08 (Table 1). This further supported the aggregation and precipitation of PAHz-TA 

complexes at high TA concentration.  

Further, the effect of TA on colloidal stability of PAH-Ag NP dispersion was 

understood through contact angle measurements and the results are shown in Figure 4.3. 

Figure 4.3A shows contact angle measured for water on silver surface under oil at ambient 

conditions; the contact angle was measured as 80.4±0.3°. Generally, contact angle value 

lower than 90o refers that solid surface is hydrophilic and contact angle larger than 90o is 

considered for hydrophobic surface [202]. Thus, contact angle of water and olive for silver 

surface is lower than 90o indicates that Ag NPs are possessing good water solubility that can 

be applied to improve the stability of formulations [203]. This is relevant to emulsion 
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formation by Ag NPs as particles of a hydrophilic nature are preferred to stabilize o/w 

emulsions [203]. 

 

Figure 4.3.  Contact angle measurements for different fluid systems on silver surface with 

olive oil. A; DI water: B; 3 wt% PAHz and images (C-E) show the effect of varying 

concentration of TA (C; 200: D; 400: E; 600 μmol/L) on contact angle measurements of 

colloidal dispersion of 3 wt% PAHz at room temperature.  

Without TA, the contact angle for 3 wt% PAHz and olive oil on silver surface was 

measured as 76.1 ± 0.4° (Figure 4.3B), which is lower than 90o. It shows that Ag NPs in 

presence of PAHz also behaved hydrophilic to stabilize the Pickering o/w emulsion. Further, 

the stability to emulsion increased in the presence of TA as demonstrated by contact angle 

results for emulsion compositions of PEm-05, PEm-07, and PEm-08. For PEm-05, the 

contact angle of PAHz and olive oil on silver surface with increasing concentration of TA 

(200, 400, and 600 μmol/L) was determined as 68.0 ± 0.4° (Figure 4.3C), 70.1 ± 0.2° (Figure 

4.3D), and 71.6 ± 0.4° (Figure 4.3E), respectively, which are lower than the contact angle of 

PAHz and oil on silver surface without TA. This indicates that TA inclusion made silver 

surface of Ag-NPs more hydrophilic and thus, it increased hydrophilic properties of PAHz-
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Ag NPs to stabilize o/w emulsions. Typically, natural polyphenol interacts with water soluble 

polymer through hydrogen bonding, and supplies pyrogallol and catechol groups that possess 

diverse interactions to improve cross-links and strengthen the network in Pickering emulsion 

[204]. This might have been the reason of improved stability for emulsion PEm-05 where 

TA, rich of pyrogallol and catechol groups, forms hydrogen bonds with PAHz as the second 

cross-link to produce stable oil powders without oil leakage during freeze-drying followed 

by easy re-dispersion. This correlates well with the stability results as PEm-05 was highly 

stable against coalescence than other emulsions (Table 1).  

The microscopic image of emulsion PEm-01 is shown in Figure 4.4. The image 

indicates that emulsion exhibit very few oil droplets. Since most of the oil came at the surface 

due to phase separation and creaming, emulsion hardly left with oil droplets. The 

microscopic images of emulsions in presence of TA for PEm-03, PEm-04, PEm-05, and 

PEm-06 are shown in Figure 4.5. The average droplet size for these emulsions is determined 

by DLS method only for stable emulsions (PEm-03, PEm-04, PEm-05, and PEm-06) and the 

details are provided in Table 1.; the droplet size for emulsion PEm-05 was determined to be 

minimum 1 m while its value for other emulsions was significantly higher. In addition, 

the droplets for PEm-05 are densely dispersed and uniformly packed, whereas the droplets 

in emulsion PEm-03 (Figure 4.5a), PEm-04 (Figure 4.5b), and PEm-06 (Figure 4.5d) are less 

in number and inconsistently distributed. It is well established that the droplet size in 

emulsion decreases with increasing adsorption of colloidal particles [205]. Thus, the higher 

emulsification efficiency in the presence of TA may be assigned to the increased the 

hydrophobicity of suspended PAHz-Ag NPs complexes in suspension and increased 

interfacial adsorption of PAHz-Ag complexes on oil surface. Even, the high concentration 
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of TA viz., 400 μmol/L [PEm-07] and 600 μmol/L [PEm-08] could not improve the results 

of droplet packing.  

 

Figure 4.4.  Microscopic image of emulsion consisting of 5 wt% PAHz and Ag NPs of 22 

nm (PEm-01) and 0 μmol/L of TA at room temperature. 

This correlates well with the fact that increased adsorption of PAHz-Ag-TA 

complexes for PAHz/TA weight ratio of 3 wt%:200 μmol/L could have been the foremost 

criterion of stability and reduced size of droplets in emulsion. In addition, the droplet size of 

this emulsion was stable and did not show any time dependent coalescence while droplets 

for other compositions were unstable and exhibited significant coalescence with time (Table 

1). The coalescence converted smaller droplets into bigger droplets those are tended to 

separate faster, correlates well with the phase separation results for these emulsions. Thus, 

TA (200 μmol/L) for emulsion composition of PEm-05 presented enhanced coalescence 

stability than other compositions suggesting TA could replace use of toxic surfactants in 

some applications. 
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Figure 4.5.  Microscopic images showing the effect of TA (200 μmol/L) on droplet 

arrangement in emulsion stabilized by different compositions. a: PEm-03, b: PEm-04, c: 

PEm-05, and d: PEm-06. Scale bar refers to size of 30 m.  

From confocal microscopic image of PEm-05 (Figure 4.6), it is clear that TA along 

with PAHz-Ag complexes adsorbed at the interface of oil-water in emulsion. The emulsion 

droplets are surrounded by red circles those confirm the presence of dye labelled tannic acid 

on interfacial area (Figure 4.6). The reason might be attributed to the fact that TA, being a 

naturally occurring polyphenol, has strong tendency to interact with water soluble polymer 

through hydrogen bonding and hydrophobic interactions [204]. These interactions are 

primarily responsible in stabilizing TA based beverages [206], gels [204], and emulsions 

[196]. Emulsion composition of PEm-05 containing 3 wt% PAHz-Ag NP and 200 μmol/L 
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TA which resulted into stable oil powder thus, based on the combination, the ratio 3:200 

(PAHz:TA) can be considered as deciding factor and the leading mechanism in formulating 

oil powders from Pickering emulsions of Ag NPs. In this study, this combination is regarded 

as the best combination as TA with higher amounts (400 and 600 μmol/L for PEm-07 and 

PEm-08, respectively) did not produce stable emulsions and oil powders during freeze-

drying. It is susceptible that TA after 200 μmol/L affected the growth of complexes with 

PAHz and as a result, PAHz-Ag-TA complexes could not produce stable emulsions and oil 

powders.  

 

Figure 4.6. Confocal microscopic image of emulsion PEm-05 and schematic (derived from 

confocal mechanism) showing emulsion stabilization by complexes of PAHz-Ag NPs and 

TA. Scale bar refers to size of 10 m.  

4.3.2 Drying stability of emulsions  

The drying stability of emulsion was referred to successful transformation of liquid 

emulsion into oil powder (without oil leakage) via freeze-drying process under reduced 

pressure conditions. An equal volume (10 ml) of each emulsion was used for freeze-drying 
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process. It was observed that the emulsion prepared by 5 wt% PAHz-Ag NP without TA 

(PEm-01) was unstable and exhibited significant oil leakage (surface wetness) during freeze-

drying process. For this emulsion, most of the oil phase remained at the top in form of an 

immiscible large oil globule due to early phase separation. The oil phase released and froze 

separately at the top of emulsion during freeze-drying. Since frozen oil phase was untapped 

by the matrix of PAHz-Ag NP complexes, emulsion exhibited leakage and remained wet. 

On the other hand, TA aided the network stability and reduced oil leakage during drying 

process.  

 

Figure 4.7. Plot to show stable, partially stable, and unstable zones in prepared emulsions as 

a function of PAHz (wt%) and TA (µmol/L) concentration.  

Therefore, the freeze drying was performed only for stable emulsions (PEm-03, PEm-

04, PEm-05, and PEm-06) not for unstable emulsions (PEm-01, PEm-07, and PEm-08) and 

these experiments were performed immediately after the preparation to avoid the possibility 

of coalescence and oil release during experiment. A plot for PAHz (wt%) vs. TA (µmol/L) 
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was plotted to show stable, partially stable, and unstable zones for emulsions labeled as PEm-

01 to PEm-08 in Figure 4.7.  The images of dried emulsions (oil powder) of different 

compositions viz., PEm-03, PEm-04, PEm-05, and PEm-06 at room temperature are shown 

in Figure 4.8. It was observed that, PEm-03, PEm-04 and PEm-05 exhibited minor oil 

leakage from the surface of dried emulsion (Figure 4.8a). The oil content of dried emulsions 

for these three compositions was gravimetrically determined to be ~90-93% even after three 

rounds of test, while PEm-05 showed no oil leakage from oil powder with oil content of 

97%.  

 

Figure 4.8. Post freeze-drying photographs of emulsion (20 vol% olive oil) stabilized by 

different compositions viz., (a): PEm-03, (b): PEm-04, (c): PEm-05, and (d): PEm-06 at room 

temperature. Surface wetness resulting from oil leakage in dried emulsion PEm-06 is also 

shown in inset.  
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Figure 4.9. Microscopic images showing changes in droplet size and arrangement for re-

dispersed emulsions of different compositions. a: PEm-03, b: PEm-04, c: PEm-05, and d: 

PEm-06. Scale bar refers to size of 30 m.  

These dried emulsions were re-dispersed back in water (using normal hand-shaking) 

to re-examine if emulsions regained their original form back. The emulsions viz., PEm-03, 

PEm-04, and PEm-06 had more droplets at the surface of emulsion after re-dispersion and 

the sizes of droplets were higher compared to the original samples (Figure 4.5 & 4.9). 

Interestingly, the microscopic images of re-dispersed emulsion PEm-05 showed almost 

similar droplet sizes compared to that of original emulsion (Figure 4.9c and 5c). Thus, the 

effect of freeze-drying on size distribution was least for emulsion PEm-05 than other 

emulsions, consistent with the results of oil release. However, the compositions possessing 
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lower amount of PAHz-Ag NP (2 wt% = 0.02 g/ml) failed to stabilize all the oil droplets, 

whereas, the higher amount of PAHz-Ag NP (4 and 5 wt%) promoted aggregation and the 

networking got affected. Similarly, the amount of TA was critical in stabilizing the emulsion, 

as higher TA amounts (> 320 μmol/L) destabilized the systems and precipitated the PAHz-

Ag-TA complex. Therefore, we believe that synergism between PAHz chains, Ag NPs and 

TA molecules at compositional level different than 3 wt% with 200 μmol/L TA (PEm-05) is 

least effective to stabilize the emulsion against process turbulence.  

 

Figure 4.10. TGA curves for PEm-03 and PEm-05 obtained (B) before and (A) after freeze-

drying from ambient temperature to 300 °C. 

TGA analysis provides information about the solid content of the emulsions as well 

as thermal stability of the freeze dried oil powders [207]. The TGA trace of PEm-03 and 

PEm-05 emulsions revealed weight loss up to ~80 and 82 wt% till 100 °C supporting the loss 
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of water content in the samples (Figure 4.10). Since the olive oil used for this purpose boils 

above 300 °C, and constituted ~18 wt% of the emulsion samples. As per TGA data, the solid 

contents (PAHz-Ag NP and TA) in these samples may be between ~2 wt%. The TGA trace 

of freeze dried PEm-05 displayed no loss in weight up to 300 °C suggesting adequate thermal 

stability of these systems. 

4.3.3 SEM characterization  

SEM characterization was conducted to visualize the surface of dried emulsion for 

oil leakage and pore morphology. Since emulsion prepared without TA did not sustain 

freeze-drying, SEM analysis was not performed. Figure 4.11(a-b) shows SEM images of 

dried emulsions PEm-03 and PEm-05, respectively. The images showed that dry emulsions 

resemble as porous material due to the presence of voids. However, the surface of these dried 

emulsions exhibited wetness due to the presence of oil in from of large size patches as shown 

in Figure 4.11a. Thus, the emulsions were not completely dry and had oil leakage during 

freeze-drying indicating that droplets in emulsion could not remain intact into the matrix of 

PAHz chains, Ag NPs, and TA. These leaked droplets further coalesce and resemble as 

patches of size 12-20 times greater than that of individual oil droplets. However, SEM 

image of dried PEm-05 oil powders hardly revealed the presence of oil leakage in Figure 

4.11b and a porous material with significant number of pores was clearly evident. This is in 

agreement with freeze-drying results for this composition where emulsion had superior 

drying with maximum amount of oil content. The development of oil patches due to oil 

leakage from dried oil powders was also studied by Adelmann et al. [93] where irregular 

aggregates of oil droplets (size 100 m) were produced during freeze-drying. The SEM 

studies supported the network stability of the emulsion systems in presence of TA. 
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Figure 4.11. SEM images of dried emulsions (a) PEm-03 and (b) PEm-05 under reduced 

pressure conditions. The phenomenon of oil leakage from the surface of a dried and porous 

emulsion is seen through the development of oil bubbles in insets.  

4.3.4 Rheological experiments 

4.3.4.1 Shear rheological study 

The rheological analysis is an useful method to understand the emulsion behavior 

during phase transformations [136–138,208]. Emulsion prepared in this study undergoes first 

freeze-drying (solid form) and then re-dispersion (liquid form) and liquidsolidliquid 

transformation may significantly affect its properties. Therefore, emulsion exhibiting no 

change in properties during phase transformation is typically referred to as stable emulsion 

(process appealing). To examine the effect of phase transformation, this section presents 

shear rheological results for emulsions before and after freeze-drying. Figure 4.12 shows 
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viscosity results of emulsion stabilized by 5 wt% PAH-Ag without TA (PEm-01) at 25 °C. 

Before freeze-drying, emulsion exhibited viscosity value of 7.82 mPa.s (at shear rate of 4.2 

s-1) which decreases with increasing shear rate suggesting emulsion behaved as non-

Newtonian shear thinning fluid. The viscosity result after freeze-drying for re-dispersed 

emulsion significantly differed and the viscosity value reached up to 87.12 mPa.s. Thus, 

viscosity of emulsion during phase transformation significantly changed and the system 

failed to recover the initial viscosity value before freeze drying. Since this emulsion was 

prepared without TA, enhanced oil leakage after freeze-drying disturbed the structural 

arrangement of oil droplets [140]. As a result, droplets coalesce and convert into large size 

oil droplets.  

 

Figure 4.12. Viscosity results conducted before and after freeze-drying for emulsion 

prepared with 5 wt% PAHz-Ag NPs and 0 mg TA (PEm-01) at room temperature.  
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The emulsion can be brought back to original state if re-dispersion deforms these 

large size oil droplets into original smaller droplets which probably could not occur with 

simple hand-shaking resulting viscosity difference. However, viscosity profile showed the 

possibility of viscosity match with initial viscosity at high shear rates. At high rates, the 

droplets are expected to significantly deform resulting emulsion to receive its original 

arrangement of droplets. It is thus possible that higher viscosity in re-dispersed emulsion was 

the result of high torque associated with the deformation of large size droplets. The reason 

of unstable properties can also be supported by the fact that the interaction enabling 

formation of gelled matrix between PAHz chains and Ag NPs was weak due to non-

availability of TA assisted hydrogen bonding. Therefore, TA was added to address these 

instability issues in emulsion. The effect of TA on viscosity results of emulsions is shown in 

Figure 4.13. The viscosity of emulsions before freeze-drying was determined as 5.22 (Figure 

4.13a), 5 (Figure 4.13b), 3.58 (Figure 4.13c), 2.54 mPa.s (Figure 4.13d) for PEm-03, PEm-

04, PEm-05, and PEm-06, respectively, at shear rate of 4.2 s-1. With TA (200 μmol/L), the 

viscosity of emulsions slightly reduced. This might be due to increase in volume of aqueous 

phase. Emulsions still behaved as non-Newtonian shear thinning. The viscosity results of 

emulsions after re-dispersion remarkably changed in the presence of TA. It was observed 

that the viscosity of re-dispersed emulsions PEm-05 and PEm-06 did not change much and 

these emulsions showed almost recovery in viscosity values over the range of shear rate 

explored. Further, viscosity results of emulsion PEm-05 are relatively better than the ones of 

other compositions. For this emulsion, viscosity vs. shear rate profiles of the original and re-

dispersed emulsion remain separated only till shear rate 100 s-1. For shear rate > 100 s-1, 

viscosity profiles matched and followed same trend. The reason of unmatched viscosity at 
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low shear rate might be due to the time taken by droplets to re-disperse back in water phase. 

It also indicates this emulsion was least affected by the phase transformations than other 

emulsions and therefore, simple hand shaking resulted this emulsion to easily recover 

original viscosity. The unstable viscosity results of emulsion viz., PEm-03 and PEm-04 are 

the result of oil leakage from dried emulsion, which combined and form a large oil droplet. 

The re-dispersion of a large oil droplet will typically require high intensification to deform 

and homogenize back in water. Therefore, these emulsions rheology reported with high 

viscosity at low shear rates in Figure 4.13a and 4.13b.  

 

Figure 4.13. Effect of TA (200 μmol/L) on viscosity results (conducted before and after 

freeze-drying) of emulsions of different compositions a: PEm-03, b: PEm-04, c: PEm-05, 

and d: PEm-06 at room temperature. 
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Figure 4.14. Effect of TA (200 μmol/L) on yield stress results (conducted before and after 

freeze-drying) of emulsions of different compositions a: PEm-03, b: PEm-04, c: PEm-05, 

and d: PEm-06 at room temperature. 

To examine stable recovery in emulsion properties, the results of viscosity 

measurements also compared with yield stress data [139,140].  Shear stress vs. shear rate 

profiles for emulsions is shown in Figure 4.14. Yield stress refers to the amount of torque a 

suspension will experience to permanently deform [139]. Emulsions before freeze-drying 

exhibited low yield stress (< 0.5 Pa). Since emulsions before freeze-drying were fresh and 
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homogeneous, the torque requirement of creating deformation was less resulting low yield 

stress. Yield stress of emulsion PEm-03 was determined to be around 0.21 Pa (Figure 4.14a) 

and its value decreases with decrease in PAHz amount in emulsion [140]. Therefore, the 

yield stress of emulsion PEm-06 is lower (0.16 Pa) consistent with viscosity results. The 

yield stress of emulsions after re-dispersion remarkably differ; the yield stress of emulsion 

PEm-04 increased to 0.8 Pa (4 fold increase) which further increases to 2 Pa (9.5 fold 

increase) for PEm-03 [Figure 4.14(a-b)]. Consequently, yield stress profiles for these two 

emulsions, before and after freeze-drying, greatly differ (increases) and emulsions hardly 

show any sign of recovery to original state. This correlates well with viscosity results of these 

emulsions; higher the oil leakage higher the amount of torque to create deformation validates. 

However, yield stress of emulsions PEm-05 and PEm-06 did not increase much after re-

dispersion and its value remained close to initial values [Figure 4.14(c-d)]. Further, emulsion 

PEm-05 showed almost comparable yield stress values over the entire range of shear rate 

consistent with viscosity results. Since most of the droplets for emulsion PEm-05 retained 

stable into the shell of PAHz-Ag-TA complexes during freeze-drying, the low amount of 

torque was required to create deformation during re-dispersion. Thus, for stable re-

dispersibility, TA amount (200 μmol/L) was critical. The results indicate potential use of TA 

to control the concentration of synthetic chemical in stabilizing emulsion for freeze-drying 

and re-dispersion applications in cosmetic and pharmaceutics where conventional stabilizers 

may face challenges.  

4.3.4.2 Dynamic rheological study 

Viscoelastic response of emulsions is typically represented by dynamic rheological 

properties such as elastic (G′) and storage modulus (G′′) as a function of angular frequency 
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during frequency-sweep analysis. Moduli vs angular frequency profiles of emulsion 

stabilized by 5 wt% PAH-Ag without TA (PEm-01) at 25 °C is given in Figure 4.15. It is 

clear from the figure that emulsion behaved as viscoelastic fluid due to the presence of both 

viscous and elastic nature. Before freeze-drying, G′ and G′′ values (at 2.2 rad.s-1) were 

determined to be around 0.8 Pa. It is to be noted here that emulsion before freeze drying 

behaved as viscous-like fluid as G′′ dominated for the frequency explored. However, 

dynamic rheological response of this emulsion after re-dispersion changed and emulsion 

exhibited strong elastic nature as evident from G′ profile in Figure 4.15. G′ value increased 

to 5 Pa and its profile was always above of G′′ over the range of frequency explored. 

Increasing G′ indicates that emulsion is relatively solid-like. This emulsion had enhanced oil 

leakage resulting unstable re-dispersion with large size oil droplets. Angular deformation of 

these large size droplets will suggest high energy to deform and regain its initial form in 

sample than small size droplets [140]. Thus, the elastic component (G′) of re-dispersed 

emulsion was higher than viscous component (G′). In addition, it is to be noted here that the 

dynamic rheological properties of this emulsion before and after freeze-drying did not match 

which regard this emulsion as unstable emulsion consistent with shear rheological results. 

Next, the effect of TA (200 μmol/L) on dynamic rheological response of emulsions was 

represented in Figure 4.16. The dynamic rheological response significantly improved in the 

presence of TA and emulsion showed almost identical and matched trend in moduli profiles 

of emulsions PEm-05 and PEm-06 [Figure 4.16(c-d)], while viscoelastic response for 

emulsions PEm-03 and PEm-04 is unstable during phase transformations and these 

emulsions exhibited significant change in moduli after re-dispersion. Enhanced oil leakage 

leading to unsuccessful re-dispersion is attributed to unstable viscoelastic response of 
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emulsions. G′ value around 10 Pa was recorded for these emulsions (PEm-03 and PEm-04) 

after re-dispersion [Figure 4.16(a-b)] while G′′ changed to 3 Pa. Thus, the rheological 

results showed that re-dispersion had marginal effect on the viscoelastic response of 

emulsion PEm-05 and therefore, viscoelastic response of PEm-05 is relatively better and 

stable while it significantly changed for PAHz/TA composition other than 3 wt%/200 

μmol/L.  

 

Figure 4.15. Moduli (G′ and G′′) results (frequency-sweep analysis) conducted before and 

after freeze-drying for emulsion prepared with 5 wt% PAHz-Ag and 0 μmol/L TA (PEm-01) 

at room temperature.  
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Figure 4.16. Effect of TA (200 μmol/L) on frequency-sweep analysis results, conducted 

before and after freeze-drying, of emulsions of different compositions a: PEm-03, b: PEm-

04, c: PEm-05, and d: PEm-06 at room temperature. 

4.4 Conclusion 

Low molecular weight naturally occurring polyphenols such as TA are capable of 

interacting with PAHz and stabilizing the o/w Pickering emulsion at low polymer 

concentration. The presence of TA in µmolar concentration (200 μmol/L) is sufficient to 

produce stable emulsion system and dried oil powders at notably low PAHz amount (~3 
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wt%). The enhanced stability at low PAHz-TA content suggests a synergistic effect of the 

polymer and TA on the stability. The presence of TA also improves the dispersibility of oil 

droplet through a 50% decrease in droplet size. Possibly, TA stabilized the oil-water interface 

through hydrogen bonding interaction with PAHz and hydrophobic interaction with oil 

droplets. Importantly, a critical molar ratio between TA and PAHz is necessary to produce 

stable emulsions as higher amount of TA precipitates the PAHz-Ag NP complex. Similarly, 

a range of other low molecular weight acidic compounds may be used to decrease the solid 

contents in PAHz-Ag NP based Pickering emulsions. These stable Pickering emulsions 

possessing low solid contents may provide a viable and environmental friendly alternative 

to existing commercially available emulsions/oil powders.  
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Chapter 5 

 

Facile One Pot Synthesis of –NH2 Surface Functionalized Graphene-

Polymer Nanocomposite: Subsequent Utilization as Stabilizer in 

Pickering Emulsions 

 

 

Abstract 

 Simple and cost-effective synthesis of surface functionalized graphene and its 

nanocomposites with polymers is strongly desirable to further expand their utility. Most of 

the methods reported till date use separate procedures to reduce the graphene oxide (GO), 

functionalize the resulting graphene and subsequently prepare the nanocomposite with 

polymers respectively. In this report, we are utilizing a one-pot hydrothermal synthetic 

procedure to prepare polymer-graphene nanocomposite through in-situ reduction of GO and 

amine functionalization of resulting graphene. Polyacryloyl hydrazide (PAHz) possessing 

hydrazide functional groups is used as the reducing agent to convert the GO to the graphene, 

subsequently functionalize the resulting graphene with the amino groups and encapsulates 
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the resulting –NH2 functional graphene to prepare the graphene-PAHz nanocomposite. 

Various characterization techniques including UV-Vis, fluorescence, XPS, HRTEM and 

DLS is utilized to characterize the nanocomposite. The resulting nanocomposites possessing 

hydrodynamic size of ~40 nm is utilized to stabilize Pickering emulsion based on olive oil/n-

decane and water. The resulting Pickering emulsion exhibited excellent stability with no sign 

of creaming till 17 days under ambient conditions suggesting the efficacy of the graphene-

PAHz nanocomposite as stabilizing agent. Overall, the synthesized nanocomposites with a 

narrow size distribution can be potentially utilized in a number of useful areas. 

5.1 Introduction 

Graphene, one of the preliminary two-dimensional material has attracted considerable 

attention since invention in 2004 [209] due to its exciting electronic [210,211], thermal [212], 

material [213], transport [214,215] and barrier properties [216,217]. Especially, graphene 

based nanomaterials are promising in the areas related to energy [218], biomedical [219], 

catalysis [220,221], coatings [216], sensor [222–224], electronics [225,226] and water 

remediation [227]. However, the two prominent limitations of graphene, i.e. control over the 

size & defects in the structure and fabrication into devices, requires attentions to optimize 

the above properties and facilitate further commercial implementation [228]. As per the 

recent literature, functionalization of graphene is one of the feasible pathway to address the 

above concern. Functionalization of graphene facilitates its dispersion in aqueous or organic 

media and also synthesis of uniform nanocomposites. The functionalization of graphene is 

carried out following either a two-step procedure, in which the graphene oxide (GO) is first 

reduced to graphene and then functionalized using a suitable functional group or a one-step 

procedure in which the GO is simultaneously reduced and functionalized in a one pot 
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procedure. Both, chemical and thermal procedures so far have been adopted to reduce the 

graphene oxides to graphene and simultaneously control the size of the produced graphene. 

Strong bases, reducing agents, metals and vitamin C has been utilized to reduce the graphene 

oxide. For example, Zhang et al. [229] utilized hydrazine and ammonia as the reducing agent 

to reduce GO. In this study they separately synthesized graphene, chitosan/poly(alanine), and 

metal oxides (AgO-CoO-CdO). Then, these three were mixed to synthesize metal 

oxide/poly(aniline)-chitosan-graphene nanocomposite. Similarly, NaBH4 was utilized as 

reducing agent to synthesize graphene from GO by Guex et al. [230]. They studied the effect 

of reduction time on change in the electrical conductivity utilizing NaBH4 as reducing agent 

at 80 ℃ to reduce GO to graphene and found most of the reduction was completed within 

first 10 min. 

Functionalized Graphene, possessing functional groups in its basal plane and two 

dimensional structure with huge specific surface area and thickness in nanometers and its 

nanocomposite with various polymers allowed these to be employed in designing of various 

materials like emulsions [19,231], hydrogels [232], porous sponges [233], and aerogels 

[234]. Sulfonated graphene (SG)/PANI composites were prepared by Coskun et al. [235] and 

studied for improved electrical conductivity. Initially GO was reduced and sulfonated, then 

SG/PANI composite was prepared by polymerizing aniline in presence of SG. The electrical 

conductivity of prepared SG/PANI composite was 20 times higher compared to that of the 

pure PANI. Tong et al. [236] showed enhanced dielectric constant of PVDF-HFP film 

(polyvinylidene fluoride-co-hexafluoropropylene) by integrating covalently surface 

modified GO with polyethylenimine (PEI). In this study GO surface was covalently modified 

with PEI at 80 ℃ for 10 h, then the resulting GO-PEI was used to prepare rGO-PEI/PVDF-
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HFP composite. Here, they explained the role of covalent functionalization in improving 

dielectric constant. Similarly, GO was reduced using chitosan (CS) as reducing agent and 

the rGO/CS composite was prepared for methanol dehydration by hydrothermal reduction 

method. Here, the amine groups of chitosan reacted with carboxylic acid groups of GO 

during hydrothermal reduction and formed a linkage between chitosan and GO to yield 

rGO/CS composite [237]. Few other studies also reported synthesis of functionalized 

graphene [229,238]. So far, graphene or their composite synthesized from GO using various 

reducing agents including hydrazine and monomers were polymerized during or after 

reduction. However, most of the procedures reported so far in literature are multi-step in 

nature and involves corrosive chemicals and reagent. Therefore, the large scale production 

of these nanocomposite based on graphene is cumbersome. Here we have utilized an in-situ 

one step procedure to reduce the GO and form the nanocomposite using polyacryloyl 

hydrazide (PAHz) as the reducing and stabilizing agent. The procedure is reagent free and 

devoid of any hazardous chemicals and can be carried out in a large scale. 

Further, we utilized the resulting graphene-PAHz nanocomposite (GPNC) to prepare 

stable Pickering emulsion (PEm). So far metal-polymer nanocomposite based systems have 

been utilized to prepare o/w Pickering emulsions [140,234,239], but these systems have 

limitations due to their cost, environmental aspect, and other industrial issues like petroleum 

industry, where metal nanocomposite based Pickering emulsion are not preferred due to 

recovery related problems. McCoy et al. [80] utilized graphene oxide (GO) as stabilizer for 

o/w PEm and studied effect of pH on stability, flocculation, and reversibility of PEm. Surface 

of GO was modified with CTAB and utilized for o/w Pickering high internal phase emulsion, 

which was subsequently used to prepare macroporous hydrogels [240]. So far in-situ 
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synthesized surface functionalized reduced graphene oxide–polymer nanocomposite based 

systems have not been explored to the best of our knowledge. In this report, we designed to 

use a fully organic nanocomposite system based on graphene for the above purposes. 

5.2 Materials & Methods 

5.2.1  Materials 

 Anhydrous THF (tetrahydrofuran, Spectrochem, >99.5%), TBAB 

(tetrabutylammonium bromide, SDF chemicals, 99.0%), methyl acrylate (SDF chemicals, 

>99.0%), NaHSO3 (sodium bisulphite extrapure, SDF Chemicals), KBrO3 (potassium 

bromate, SRL, 99.5%), NaCl (SDF chemicals, 99.5%), hydrazine hydrate (SDF chemicals, 

99.0%), methanol (SDF chemicals, 99.0%), HCl (SRL), graphite powder (Sigma Aldrich, < 

20 µm), sulfuric acid extrapure (Finar, H2SO4, 98.0%), hydrogen peroxide (H2O2, Finar, 30.0 

– 32.0%,), KMnO4, and  NaNO3 were used. For all experiments, deionized water of 

Millipore® Elix-10 purification apparatus was used. 

5.2.2  Synthesis of GO 

 For the synthesis of graphene oxide (GO), modified hummers method was used 

[75,241,242]. In this typical method, 9 mL of H2SO4 was taken into a clean, dry round bottom 

flask and maintained at a temperature below 5 ℃ using ice bath. Graphite powder (250 mg) 

and NaNO3 (1.0 g) were added to H2SO4 and stirred for 1 h, maintaining temperature below 

5 ℃. Next, KMnO4 (1.5 g) was added and again stirred for 2 h at the same temperature. 20 

mL of DI water was then carefully added drop by drop to the reaction mixture while 

temperature increased to 100 ℃ using an oil bath and kept it for 15 min. The reaction mixture 

was cooled to ambient condition and diluted with 35 mL of DI water and finally, 5 mL of 

H2O2 (35%) was added resulting color of suspension turned to bright yellow. The suspension 
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was purified by filtering followed by washing with 200 ml of 5% HCl and DI water. The 

precipitate was suspended in DI water, which was sonicated for 30 min, then centrifuged for 

5 min at 3000 rpm. The obtained supernatant containing purified GO was dried at 40 ℃ for 

5 days. Aqueous GO suspension was prepared by dispersing required amount of purified GO 

in DI water (Figure 5.1a.). 

5.2.3  Synthesis of PAHz 

Procedure for the synthesis of PAHz is given in our previous study [28,140]. 

5.2.4  Synthesis of –NH2 functionalized graphene-PAHz nanocomposite 

 

Figure 5.1. (a) Synthesis of GO and GPNC, (b) appearance of synthesized GPNC under normal 

light and UV light. 
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Hydrothermal method was used to prepare GPNC; 10 mL of aqueous PAHz solution was 

taken into a clean and dry hydrothermal autoclave. To this aqueous GO suspension was 

added with continuous stirring for 30 min. After that, the hydrothermal autoclave was closed 

tightly and kept in an oven for 12 h at 160 ℃. Autoclave was opened once it reached to room 

temperature. The obtained GPNC was pale yellow in color (Figure 5.1b). The prepared GPNC 

was used for further characterization and preparation of Pickering emulsions. Schematic for 

the preparation of GPNC is shown in Figure 5.2. 

 

 

Figure 5.2. Schematic of synthesis of GPNC. 

5.2.5  Preparation of graphene-PAHz Pickering emulsions 

Two types of o/w PEm were prepared utilizing oil (olive oil and n-decane) and various 

concentration of f-rGO-PAHz nanocomposite (GPNC-1, 2, 3, and GPNC-4). All emulsions 

were prepared in the ratio of 1:4 (oil:aqueous GPNC phase). Initially, 12 ml of f-rGO-PAHz 

nanocomposite was taken into mixer jar and 3 ml of oil (olive or n-decane) was added to it. 

The solution was mixed for 20 minutes using an industrial grinder to get final emulsion. The 

prepared emulsion was transferred to clean and dry vessel for further study. 
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5.3 Material Characterization 

FTIR spectra of GO, PAHz, and graphene-PAHz nanocomposite was determined using 

Spectrum Two FTIR spectrometer (Perkin Elmer®). FTIR data was recorded using ATR 

(attenuated total reflectance) mode. A ZnSe ATR crystal, equipped with PIKE MIRacle 

single reflection horizontal ATR accessory, was utilized for recording FTIR spectra. For 

FTIR analysis, the aqueous sample was initially vacuum dried then powdered using mortar 

and pestle for FT-IR analysis. Small amount of sample was used to record FTIR spectra. UV-

Vis spectra of samples was recorded using UV-Vis 3200 spectrometer (LAB India®). All 

samples were analyzed at 1 nm/min scan rate at ambient temperature. Fluorescence spectra 

of the samples were analyzed using a Cary Eclipse fluorescence spectrophotometer (Sr. No. 

MY14270004). It contains xenon flash lamp for high signal-to-noise ratio and for superior 

sensitivity. The particle size distribution and zeta (ζ)-potential measurements of GO 

dispersion, aqueous graphene-PAHz nanocomposite, and Pickering emulsions were 

conducted using dynamic light scattering (DLS) technique. All these measurements were 

done at 25 ℃ using Zetasizer Nano ZS (Malvern Panalytical®), which was integrated with 

non-invasive back scatter technology (NIBS) for getting highest sensitivity in the results. All 

the tests were conducted thrice to check the reproducibility in the results and uncertainty in 

the results was found ±7%. XRD was recorded using PAN analytical X’PERT powder 

diffraction. Prior to XRD aqueous samples were dried and powdered. All the samples were 

recorded at ambient temperature. HR-TEM images of samples were recorded using FEI Titan 

G2 (operating range 60 – 300 kV). Samples were prepared by drop-casting method. Initially 

a drop of the sample was dispensed on carbon-coated copper grid. Superfluous sample was 

removed using absorbent paper and finally the sample was dried under reduced pressure at 
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ambient temperature prior to recording TEM images. The thin film samples surface 

elemental composition was performed by Thermo Scientific K-Alpha+ X-ray photoelectron 

spectrometer. All samples initially survey, then both incident angle (90° and 30°) were used 

to record high resolution XPS data. The thin film was prepared by drop casting aqueous 

sample on to a glass slide and dried in an oven at 40 ℃. Avantage XPS software was used 

to process the recorded data. Optical microscope (BA310, Motic® Hong Kong) was used to 

visualize emulsion morphology and their droplets arrangement. Few drops of emulsion were 

poured on a microscopic slide and kept it undisturbed before capturing image using 

microscope. All microscopic images were captured using in-built digital camera (Moticam-

10) at ambient temperature and processed with in-built software. 

5.4 Results and discussion 

We utilized a simple one pot in-situ reduction procedure to simultaneously reduce the 

GO and functionalize the surface of GO with –NH2 groups using PAHz as reducing and 

capping agent. 

For this study, two different concentrations of PAHz (150 and 200 g/L) were mixed with 

GO (3.6 or 4.8 mg/L) to prepare four different amine functionalized graphene-PAHz 

nanocomposites (GPNC) named as GPNC-1, GPNC -2, GPNC -3, and GPNC -4. The 

nomenclature and compositional details of GPNC are provided in Table 1. The synthesized 

GPNCs were further characterized and subsequently utilized for stabilizing the Pickering 

emulsions. 
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Table. 5.1. Details of composition, nomenclature and their dynamic light scattering study. 

 
[PAHz]  

(g/L)  

 
GO  

(mg/L) 

 
Graphene-

PAHz 
nanocomposite 

 
 

Oil 

 
 
Emulsion 

 
PEm 

Stability 
(days) 

Average 
droplet 

size 
(DLS) 
(µm) 

 
Zeta 

Potential
(ζ) (mV)

150 
3.6 GPNC-1  

Olive 
oil 

 

PEm-O1 07 20.9 -34.4 
4.8 GPNC-2 PEm-O2 09 18.2 -39.2 

200 
3.6 GPNC-3 PEm-O3 13 15.5 -44.8 
4.8 GPNC-4 PEm-O4 17 12.4 -49.0 

150 
3.6 GPNC-1  

n-
Decane 
 

PEm-D1 04 43.0 -36.0 
4.8 GPNC-2 PEm-D2 06 34.4 -38.0 

200 
 

3.6 GPNC-3 PEm-D3 09 21.4 -42.3 
4.8 GPNC-4 PEm-D4 12 16.6 -50.1 

 

5.4.1 U.V-Visible and Fluorescence spectra 

The synthesized GPNC sample’s visual appearance and their appearance under UV light 

is shown in Figure 5.1b. All four GPNCs showed blue emission under UV light. The UV-Vis 

spectra of GO aqueous sample showed absorption peak at 230 nm, which is corresponding 

to the aromatic sp2 π→π* transitions and a shoulder around 300 nm related to the π→π* 

transitions of C=O bond’s and are in consistence with the previous studies [243], whereas 

the absorption maxima of prepared GPNC red shifted and the peak was observed at 290 nm 

suggesting possible reduction and amine functionalization of the GO along with integration 

of the PAHz to the graphene [244]. All four GPNC showed λmax at 290 nm suggesting the 

reduction of GO in the presence of PAHz under hydrothermal condition at 160 ℃. The 

control solution possessing PAHz & GO under ambient condition displayed no such peak at 

290 nm. The UV-Vis spectral data supported that for reduction & amine functionalization of 

GO a hydrothermal reaction at 160 ℃ is necessary (Figure 5.3).  
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Figure 5.3. UV-Vis spectra of GO, PAHz, PAHz+GO mixture and GPNC-2. 

The fluorescence spectra of the nanocomposites displayed emission maxima in the range 

of 350-390 nm (Figure 5.4). The excitation wave length for the GPNC aqueous dispersions 

were fixed at 340 nm. (Figure 5.4a). The dispersions displayed an emission maximum at 

~420 nm. The control sample possessing the mixture of PAHz and GO displayed negligible 

fluorescence with low fluorescence intensity. Interestingly, changing the excitation 

wavelength from 300 to 400 nm, the emission maxima shifted from 400 to 480 nm suggesting 

these nanocomposites are a mixture of fluorophores with varying conjugation (Figure 5.4b-

e). This is expected as the extent of conjugation is dependent on the degree of reduction and 

amine functionalization. Presumably the hydrothermal method used for the synthesis was 

unable to precisely control the above. 
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Figure 5.4. Fluorescence spectra of (a) synthesized GPNC and PAHz+GO mixture, (b) GPNC-

1, (c) GPNC-2, (d) GPNC-3, and (e) GPNC-4 (see table 1 for nomenclature). 

5.4.2 FT-IR spectra and XRD  

The aqueous solutions of the samples were dried under ambient conditions. The FTIR 

and XRD data of the powder obtained was recorded. FT-IR spectra of GO, PAHz, and 

functionalized graphene-PAHz nanocomposite (GPNC) are given in Figure 5.5a. The spectra 

of GO comprise of a distinct and strong peak between 3200-3450 cm-1, which is consistent 

with earlier reports of OH stretching of carboxylic acid moieties and interlocked water 

molecules in GO [245]. A medium band was observed at 1713 cm-1attributatble to C=O 

stretching of carbonyl and carboxyl groups in GO [245]. The 1622 cm-1 peak for the C=C 

stretching and peaks at 1118 and 1043 cm-1 accountable to C-O were located [246]. The FT-

IR spectra of PAHz showed mainly two peaks at 1612 and 983 cm-1, which are in accordance 
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with –C=O and C-N stretching of carbonyl hydrazide [28] (Figure 5.5a). After hydrothermal 

treatment in presence of PAHz, the band between 3200-3450 cm-1 of GO disappeared, 

suggesting possible removal of the carboxylic acid group. In addition, the disappearance of 

peaks at 1713 cm-1 (-C=O stretching) and at 1043 cm-1 indicates that most of the carbonyl 

and carboxyl groups are reduced in graphene-PAHz NC. The appearance of band at 983 cm-

1 for the C-N stretching also supported the amine functionalization of graphene. Overall, the 

FT-IR spectra data supported the reduction of GO and surface –NH2 functionalization of 

resulting graphene. 

 

Figure 5.5. (a) FT-IR spectra and (b) XRD analysis of GO and synthesized GPNC. 

Crystal structure and lattice parameters of GO and GPNC can be determined by XRD 

analysis and the obtained results are provided in Figure 5.5b. An intense peak at ~12° and 

weak peaks at ~32°, and ~42° were observed for GO, which is consistent with the findings 

in literature [247,248]. Peak at ~12° suggests that the inter-planar distance was higher in GO, 

which was attributed to the presence of oxygen functional groups between GO sheets [247]. 
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Other peaks may suggest interconnected oxygen atoms in GO [248,249]. After the 

hydrothermal treatment of GO with PAHz, the formed GPNC showed broad diffraction peak 

at ~25° [247,250,251]. As a result, the intense peak of GO at ~12° disappeared, which might 

be due to amorphous nature of polymer (Figure 5.5b). Thus, these results confirm reaction 

of GO with free amine groups present in PAHz, and the formation of GPNC. 

5.4.3 DLS study  

 

Figure 5.6. Average particle size distribution of (a) GO and (b) synthesized GPNC. 

To know the average size distribution of GO sheets utilized for nanocomposites 

synthesis and the GPNC formed after hydrothermal treatment, DLS measurements were 

conducted for the samples (Figure 5.6). The average sizes of GO sheets used for the synthesis 

of nanocomposites was observed around 220 nm (Figure 5.6a). The average hydrodynamic 

sizes of GPNCs were found to 29, 31, 39, and 48 nm in GPNC-1, GPNC-2, GPNC-3, and GPNC-

4 respectively (Figure 5.6b), which suggests successful conversion of large GO sheets to 
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very small graphene sheets in nanocomposites. Due to the small size of functionalized 

graphene nano sheets in solution, blue emission was observed under the UV light. 

5.4.4 High Resolution TEM analysis 

 

Figure 5.7. TEM images of (a) GO and (b) synthesized GPNC and (c) HRTEM image of 

GPNC. 

Aqueous samples of GO and the prepared nanocomposite were used for HRTEM 

analysis to check their morphology and distribution. The TEM images of GO and GPNC-2 at 

different magnifications were shown in Figure 5.7. TEM image of GO shows a simple few 

large layers of GO (Figure 5.7), whereas TEM image of GPNC-2 showed graphene nanosheets 
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of size in the range of 4-11 nm (Figure 5.7). These graphene nanosheets are surface covered 

by the PAHz chains to form the nanocomposite. The lattice parameters of the graphene 

fringes were found to be 0.252 nm, which is similar to that of reported values for graphene 

[250,252]. A minor deviation in the above fringe width may be attributed to the surface amine 

functionalization [251]. Therefore, HRTEM analysis further supported the successful 

synthesis of GPNC using facile one pot synthesis. 

5.4.5 XPS analysis 

The surface elemental composition was further verified using XPS data. Deconvolution 

of the XPS C1s, O1s, and N1s of GO, PAHz, GO & PAHz mixture as control, and GPNC 

were carried out to get the insight into the bonding nature of carbon, oxygen, and nitrogen 

and the details are given in Figure 5.8, 9, and 10. C1s spectra of the GO deconvoluted into 

three different peaks which represents carbon atom with three different functional groups. 

The binding energy peak at 284.3 eV represents graphitic C-C interactions (sp2 carbon, C=C) 

and the other characteristic peaks at 286.2 and 288.2 eV were attributed to the hydroxy/epoxy 

and carbonyl/carboxyl groups respectively [246,253–256] (Figure 5.8a). Figure 5.8b shows 

C1s data of PAHz, the peaks at 284.6, 286, and 287.4 eV represents C-C/C-H, C-N, and C=O 

(CONH) respectively [257]. The binding energies of GO and PAHz at 25 ℃ did not show 

any changes, which suggests the amine functionalization and capping did not happen at lower 

temperature (Figure 5.8c). Similarly XPS analysis was done for the GPNC (Figure 5.8d). The 

peak at 284.5 eV is lower than the PAHz (C-C/C-H) and higher than the C=C of GO, 285.8 

eV peak suggests C-N bonding whose intensity is slightly increased which indicates 

graphene was functionalized with amine, and the binding peak at 286.9 eV corresponds to 

hydroxyl/epoxy peaks and its intensity is completely reduced, which suggests most of these 
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groups were reduced with amine groups of PAHz. Carboxyl peak of GO was completely 

missing in GPNC, which denotes these groups were almost reduced during the formation of 

nanocomposite (Figure 5.8d) [255]. From this C1s spectra it can be understood that GO was 

successfully functionalized with amine group of PAHz. 

 

Figure 5.8. C1s XPS spectra of (a) GO, (b) PAHz, (c) GO with PAHz mixture at 25 ℃, and 

(d) GPNC. 
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Figure 5.9. O1s spectra of (a) GO, (b) PAHz, (c) GO with PAHz mixture at 25 ℃, and (d) 

GPNC. 

High resolution O1s XPS spectra was done for all the samples to get insight into the 

oxygen bonding and change in their bonding nature after functionalization. The 

deconvolution details was given in Figure 5.9. The peak at 530.7 eV corresponds to the 

carbonyl/quinone (C=O), 532.0 eV peak related to the epoxy/hydroxyl oxygen (C-O), and at 
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534.5 eV represents carboxyl oxygen (O-H) (Figure 5.9a). Whereas, the O1s spectra of PAHz 

showed only one peak at 531.8 eV, which corresponds to carbonyl oxygen (C=O, CONH) 

[256] (Figure 5.9b). Figure 5.9c shows the deconvolution O1s spectra of PAHz and GO at 

25 ℃, which did not show much changes in their peak positions 530.3 eV (quinone), 531.9 

eV (C=O, CONH), and 533.2 eV (O-H). In case of O1s spectra of GPNC, peak around 530 

eV was missing which corresponds to carbonyl/quinone of GO and C=O (CONH) peak was 

shifted to 531 eV which indicates amine groups of PAHz are involved in functionalization 

of Graphene (Figure 5.9d). 

N1s spectra was done to understand the amine functionalization of graphene. Three 

samples PAHz, GO and PAHZ at 25 ℃, and GPNC were analyzed for the N1s spectra and 

showed in Figure 5.10. Two peaks were observed for PAHz spectra at 399.6 and 401.5 eV 

which corresponds to C-NH- and N-NH2 bonding respectively (Figure 5.10a). Similar peaks 

were observed with sample PAHz and GO at 25 ℃ (Figure 5.10b). GPNC showed similar 

peak of C-NH, whereas, the intensity of N-NH2 peak was reduced (Figure 5.10c). This 

confirms the amine groups of PAHz were involved in functionalization of graphene to form 

GPNC. Therefore, from the XPS analysis it can be understood that amine functionalization 

was done during the hydrothermal reaction only and at room temperature there was no 

functionalization observed. 

From the above study it is confirmed that the synthesis of graphene-polyacryloyl 

hydrazide nanocomposite was successfully done through hydrothermal synthesis by facile 

one pot synthesis, which was confirmed by U.V., Fluorescence, FTIR, XPS spectra, and 

XRD, and size of graphene sheets were analyzed by DLS and HRTEM. All these analysis 

reveals that functionalized graphene nanocomposite with lower nanometer range were 



138 
 

synthesized at higher temperature. The prepared small size GPNC can be utilized in various 

applications including emulsion stabilization. 

 

Figure 5.10. N1s XPS spectra of (a) PAHz, (b) GO with PAHz mixture at 25 ℃, and (c) 

GPNC. 

 



139 
 

5.4.6 Pickering Emulsion characterization 

5.4.6.1. Visual observation and creaming stability of PEm 

Earlier studies showed that GO and their nanocomposites can be utilized as stabilizer in 

the formulation of o/w Pickering emulsions [19,240,258]. O/w Pickering emulsions (PEm) 

were prepared by using different concentrations of GPNC. The aqueous solution of GPNC and 

two different oils viz., olive oil & n-decane were utilized in the preparation of o/w PEm (oil; 

water, 1:4). PEm samples were kept in a transparent glass vessel to analyze creaming 

stability. All the PEm showed excellent creaming stability against time. Moreover, PEm 

stabilized with GPNC-4 and olive oil (PEm-O4) showed highest creaming stability up to 17 

days (Table 1). This indicates the PEm exhibited creaming with time on longer duration, the 

freshly prepared PEm (0 days) and creamed PEm sample (after 18 days) was shown in the 

Figure 5.11. The stability of PEm based on GPNC-1 somewhat decreased and creaming was 

noticed after 7 days, which may be attributed to the lower concentration of PAHz in the 

system. Overall, higher concentration of PAHz and GPNC favored the stability of the PEm 

compositions. Nevertheless, the stability of all the PEm compositions based on GPNC were 

adequate and superior compared to that of the literature reports based on GO based 

stabilizing systems [19]. However, PEm stabilized with GPNC-1 and decane (PEm-D1) 

though followed a similar trend, were comparatively less stable and the stability was 

observed in the range of 4 to 12 days (Table 1). This may be attributed to the lack of 

functional groups in the n-decane that failed to interact with the GPNC and stabilize the 

interface, whereas olive oil possessing hydroxyl functional groups and unsaturation more 

effectively interacted with the stabilizer and the resulting stability increased. 
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Figure 5.11. Visual appearance of Pickering emulsions (PEm) with varying GPNC and 

different oils. 

5.4.6.2. Zeta (ζ) potential, optical microscopic, and droplet size analysis 

Zeta (ζ) potential experiments were conducted to understand the stability of colloidal 

suspension of PEm-O and PEM-D. Mechanistically, the colloidal suspension showing ζ-

potential greater than ± 30.0 mV is considered as stable suspension [201]. ζ-potential value 

of PEm-O3 and PEm-O4 was -44.8 and -49.0 mV, respectively (Table 1). This was higher 

than the other ζ-potential value of Pickering emulsions stabilized with GPNC & olive oil and 

indicates the highest creaming stability of the emulsions. ζ-potential value of emulsion 

stabilized with GPNC-1 and olive oil (PEm-O1), was determined as -34.4 mV which was also 

considerably higher than the colloidal suspension limit of stability (Table 1). ζ-potential 



141 
 

value of the PEm (PEm-O2) increases to -39.2 mV which is in line with the favorable impact 

of graphene concentration on stability of GPNC based emulsions (Table 1). These results 

provide sufficient information relating stability of emulsion with increasing GPNC 

concentration. n-Decane stabilized emulsions were also stable formulations as their ζ-

potential values were higher than + 30 mV. For PEm-D1¸ it was determined as -36.0 mV 

which further increased to -50.1 mV for PEm-D4 (Table 1). These results indicate that the 

emulsions prepared with higher GPNC concentration exhibited higher stability.  

 

Figure 5.12. Optical microscopic images of Pickering emulsions (PEm) (a) PEm-O1, (b) 

PEm-O2, (c) PEm-O3, (d) PEm-O4, (e) PEm-D1, (f) PEm-D2, (g) PEm-D3, and (h) PEm-D4. 

Microscopic images of olive oil based emulsions were shown in Figure 5.12a-d. 

Microscopic analysis is useful to understand the droplet shape, arrangement, and its packing 

in emulsion [179]. Figure 5.12a shows microscopic image of PEm-O1. It was observed that 

PEm-O1 exhibited relatively loose droplet packing (Figure 5.12a), which might be due to 

increased creaming in this emulsion. The average droplet size of PEm-O1 was 20.9 µm 

(Table 1). With increasing graphene concentration in GPNC-2, droplet packing increased and 

average droplet size reduced to 18.2 µm (PEm-O2; Figure 5.12b, Table 1). This suggests that 
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functionalized/capped graphene in GPNC enhanced the possibility of Graphene participation 

in improving the stability of emulsion by decreasing the coalescence of oil droplets, as 

evident from decreased droplet size. For PEm-O3 and PEm-O4, the average droplet size was 

measured as 15.5 and 12.4 µm, respectively (Table 1) and the resulting droplets were more 

packed in the emulsions (Figure 5.12c and 12d). It is expected that increasing GPNC 

concentration increased interfacial adsorption of polymer and functionalized/capped 

graphene resulting a steric barrier of restricted coalescence is developed that further 

enhanced the stability of emulsion. Microscopic images of n-decane based emulsions were 

provided in Figure 5.12e-f. Microscopic image of PEm-D1 showed only few droplets. In 

addition, the droplet size was 43.0 µm which was significantly higher than the size of PEm-

O1 (Table 1). Therefore, n-decane based emulsions were least stable against creaming. For 

PEm-D2, PEm-D3, and PEm-D4, the average droplet size was determined as 34.4, 21.4, and 

16.6 µm, respectively. Schematic for emulsion preparation and their mechanism was showed 

in Figure 5.13. The effect of increased GPNC concentration on droplet arrangement is evident 

from the increased packing of droplets however, droplet size for these emulsions was 

comparatively higher than the size of olive oil based emulsions. Finally, considering the 

results, it can be understood that graphene based GPNC is useful for the preparation of stable 

Pickering emulsion of different oils, which might be advantageous for the application of 

these emulsions in different industrial sectors.  
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Figure 5.13. Schematic of Pickering emulsions preparation and their mechanism. 

5.5 Conclusion 

Polyacryloyl hydrazide can be used as both reducing and stabilizing agent to synthesize 

graphene nanocomposites using a one pot hydrothermal procedure. The study revealed that 

the nanocomposites were synthesized with adequate control over the size of the graphene 

moiety in the nanocomposite. The nano-sized graphene synthesized using the procedure are 

a mixture of different chromophores with varied conjugation length as the fluorescence 

maxima shifted with the change in excitation wave length. The XPS data revealed that the 

graphene moieties are functionalized with amine moieties on the surface. The prepared GPNC 

were utilized as o/w Pickering emulsion stabilizer with two different oils such as olive oil 

and n-decane. PEm was formed with all GPNC samples, however, the stability of PEm was 

varied. The GPNC with higher concentrations of PAHz and GO (GPNC-4) showed higher 

stability with smaller droplet size and higher stability (17 days) was observed with PEm-O4. 

However, the synthesized GPNC application is not limited to stabilizing emulsions only, it 

would also useful for other industrial graphene nanocomposite applications. 
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Chapter 6 

 

Summary and Future Directions 

 

 

The polyacryloyl hydrazide (PAHz) was prepared on large scale using polymethyl 

acrylate through a simple and cost-effective method. Polymer nanocomposites (PAHz-Ag 

NC and graphene-PAHz NC) were prepared using PAHz as a reducing agent as well as 

stabilizing agent. The carbonyl hydrazide group present in PAHz was utilized for the 

synthesis of (1) Ag NPs via reduction and subsequent capping and (2) surface-functionalized 

graphene. The properties of NCs were studied using various spectroscopic and microscopic 

techniques. The prepared NCs were utilized to prepare stable o/w PEms. Initially, PAHz-Ag 

NC stabilized PEms of olive oil were prepared and investigated for drying stability and re-

dispersion. The drying and re-dispersible properties of PAHz-Ag NC stabilized emulsion 

was enhanced utilizing a small amount of TA (natural polyphenol). The emulsion was stable 

up to 35 days without significant creaming and dried emulsion showed retention of 98% of 

its original oil. In addition, it was re-dispersed by simple handshaking. The effect of NaCl 

and temperature on the stability of PEm stabilized by PAHz-Ag NC was also studied. Finally, 
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the graphene based PAHz NC was synthesized and checked to find its suitabilities in PEm 

stabilization on through various tests. Various macroscopic and microscopic techniques such 

as visual observation, DLS, optical microscope, confocal microscope, FESEM, TGA, and 

rheology were used to characterize of the prepared emulsions. The prepared emulsions might 

be useful in various industrial applications where conventional emulsions show issues during 

transportation and at thermal and saline conditions. 

In future, PAHz-Ag NC stabilized emulsions can be further utilized to prepare 

emulsion gels and various porous films through the medication in hydrophilic nature and pH 

of emulsion. The graphene-PAHz NC stabilized emulsions can be further utilized to prepare 

porous materials for CO2 capturing. The addition of Fe NPs to graphene-PAHz NC can help 

in separation of emulsions (demulsification). Incorporation of Ag or Au NPs into graphene-

PAHz NC can lead to enhanced catalytic activity of graphene-PAHz NC, which can increase 

their utilization in emulsion-based catalysis applications. 
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