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CHAPTER 1 

           INTRODUCTION 

1.1 Statement and significance of the research problem 

Rice bran oil, which is extracted from germ and inner husk of rice, has 

been used extensively in several Asian countries and United States [1].   India and 

Thailand are the most important producers of rice bran oil, together accounting for 

more than 225,000 metric tons of rice bran oil per year.  Rice bran oil is used as 

additives in foods, pharmaceuticals, cosmetics and animal feeds [2].   The major fatty 

acid compositions of rice bran oil are oleic, linoleic and palmitic fatty acids, similar to 

peanut oil, except that there are more long-chain fatty acids than in peanut oil.  Rice 

bran oil has long been considered to be very health-promoting and has a high 

nutritional value.  It contains γ-oryzanol and phytosterols, which have the capacity to 

lower blood cholesterol and decrease cholesterol absorption in laboratory animals and 

humans [3, 4, 5].  The powerful antioxidants are tocotrienols and γ-oryzanol, which 

associate with prevention of cardiovascular diseases and some cancers [6, 7].  

Because of these beneficial effects, rice bran oil is very appealing as specialty oil or 

healthy oil in niche markets [1, 2, 3].  However, rice bran oil is distasteful and strong-

smelling.  This may be improved by preparing the rice bran oil as oil-in-water (o/w) 

emulsion which is easy and low-cost in terms of production.  It also provides better 

sensory properties (without an oily mouthfeel, unpalatable taste and unpleasant odor) 

[8].  The o/w emulsions have been used in a variety of products such as foods, paints, 

cosmetics and pharmaceutical products.    

Emulsions are known to be thermodynamically unstable systems and 

hence emulsifiers are needed to produce emulsions that are kinetically stable under 

specific environmental conditions (pH, temperature, storage time).  During 

homogenization, emulsifiers adsorb to surface of freshly formed droplets. It can 

reduce interfacial tension and overall free energy or form around the droplets to 
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prevent droplets from aggregation by generating repulsive interactions [9, 10].  There 

is a growing trend within the food industry to replace synthetic emulsifiers with 

natural emulsifiers.  The most common natural emulsifiers used in the food industry 

are amphiphilic proteins, polysaccharides and phospholipids [11].  The most widely 

used polysaccharides emulsifiers in food applications are gum arabic, modified 

starches, modified celluloses, some kinds of pectin and galactomannans while protein 

ingredients derived from milk and eggs (such as β-lactoglobulin, lecithin) are the 

commonly used protein emulsifiers [12, 13].  The main stabilizing action of 

polysaccharides is via viscosity modification or gelation in the aqueous continuous 

phase whereas proteins has a strong tendency to adsorb at oil-water interface to form 

stabilizing membrane around oil droplets and, therefore, they are able to fulfill both 

the emulsifying and stabilizing roles [12].   

Many studies have shown the advantages of combining protein and 

polysaccharide, by formation of protein-polysaccharide complexes, to emulsify and 

stabilize emulsions under appropriate conditions, leading to increased emulsion 

stability, e.g., xanthan + whey protein [14], β-lactoglobulin + gum arabic [15], 

lecithin + chitosan [16], β-lactoglobulin + carrageenan [17], etc.  A two-component 

interfacial membrane is produced by adding a charged biopolymer to an emulsion 

containing oppositely charged droplets, which can provide electrostatic and steric 

stabilization, thus, improving thermal stability and resistance to external treatment.  

Previous studies have shown that pectin alone at low concentration is not good 

emulsifying agent for stabilizing emulsion. This may be due to its low adsorption 

ability, which is not sufficient to provide effective steric stabilization over long-term 

period and against harsh conditions [18]. 

In this study, the emulsion system containing pectin, an anionic 

polysaccharide, and zein as a cationic charge under appropriate conditions has been 

proposed in order to improve the physical properties and stability of o/w emulsions. 
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1.2 Objectives 

The objectives of this study were 

1. To study the physical properties of pectin-zein complexes, in order to 

understand protein-polysaccharide interactions that can be used to improve functional 

properties of emulsion systems. 

2. To improve the physical properties and stability of rice bran oil 

emulsions by using pectin-zein complexes, including droplet size, zeta potential, 

viscosity as well as stability at ambient and in environmental stress conditions. 

 

1.3 Hypotheses of this research 

 1. The pectin-zein complexes give different physical properties from 

pectin alone and zein alone. 

 2. The pectin-zein complexes improve the physical properties of emulsion, 

e.g., droplet size, zeta potential, viscosity as well as emulsion stability after storage at 

ambient temperature and under environmental stress conditions (temperature cycling 

and centrifugation test). 
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CHAPTER 2 

LITERATURE REVIEW 

Emulsions are widely used in the formulation of food, pharmaceutical, and 

cosmetic products.  They are not thermodynamically stable and can phase separation.  

Addition of emulsifiers allows the formulation of stable emulsions.   

2.1 Emulsion type [9] 

 Emulsions have been defined as a mixture of at least one liquid dispersed 

in another one in the form of droplets, both liquids being immiscible or poorly 

miscible.  Emulsions are generally classified into two groups: 

1. Oil-in-water emulsion (o/w): this consists of two liquid phases, which 

the oil phase dispersed as globules in the continuous water phase.   

2. Water-in-oil emulsion (w/o): this consists of two liquid phases, which 

the water phase dispersed as globules in the continuous oil phase.   

 Furthermore, multiple emulsions composed of droplets of one liquid 

dispersed in droplets of another liquid, which are then dispersed in a continuous 

phase. The simplest ones are oil-in-water-in-oil (o/w/o) or water-in-oil-in-water 

(w/o/w) double emulsions (Figure 2. 1) [20].  
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Figure 2.1 Schematic representation of (a) oil-in-water, (b) water-in-oil, (c) water-

in- oil-in-water, and (d) oil-in-water-in-oil emulsions. 

 

 Besides, emulsions can also be classified according to their droplet size 

into three categories; macroemulsions, microemulsions and nanoemulsions [21]. 

 1. Macroemulsions.  The droplet size ranges from 0.1 to 100 μm, which 

allows light scattering and gives their white color to the system.  Macroemulsions are 

not thermodynamically stable.  

 2. Microemulsions.  The droplet size varies from 10 nm to 100 nm, which 

is often transparent to the eye, low viscosity and generally contains both a surfactant 

and co-surfactant that induce spontaneous formation of the system.  Microemulsions 

are thermodynamically stable. 

 3. Nanoemulsions.  The droplet size is the nanometric scale.  The 

relatively small size of these droplets with regards to the optical wavelengths of the 

visible spectrum implies that many nanoemulsions appear optically transparent, even 

at large droplet volume fraction and for large refractive index contrast.  Therefore, 

nanoemulsions tend to be slightly turbid if droplet diameter approaches 80 nm while 

above this size, still in the submicron range, they appear white due to significant 

multiple scattering.  Nanoemulsions are not thermodynamically stable. 
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2.2 Emulsion instability 

 Emulsions destabilize in several ways (Figure 2.2)[20].  The main 

challenge raised by the use of emulsions is their thermodynamic unstable, therefore, 

emulsions tend to destabilization and phase separation [9].  During emulsification, the 

interfacial area between the continuous and the dispersed phases is considerably 

expanded compared to the interface before dispersion.  Emulsion instability is a 

complex process that involves several different mechanisms contributing to the 

transformation of a uniformly dispersed emulsion into a totally phase-separated 

system.  The timescale for destabilization of emulsions depends critically on a number 

of factors (such as polymer concentration, pH, ionic strength, etc.) and four main 

mechanisms are flocculation, coalescence, creaming or sedimentation and Ostwald 

ripening [22].  

 2.2.1 Creaming or sedimentation.  Creaming is a familiar phenomenon 

of creaming of milk, where the oil phase is lighter than the water phase, separates and 

collects on the top.  Sedimentation occurs if the oil phase is heavier than the water 

phase and the separation is on the bottom.  Relatively mild agitation can redisperse 

emulsion which retained their original size.  Vary small droplets will cream more 

slowly because the Brownian motion will behave as a mild agitation to prevent 

creaming. 

 2.2.2 Flocculation.  Flocculation refers to the result of attractive force 

between the droplets and leads to form loose assemblies but droplets are still 

separated by a thin film of the emulsifier molecules remained at the surface of the 

individual droplets.  This may occur in biopolymer stabilized emulsions, either by 

depletion or bridging mechanisms which can usually be separated by relatively mild 

agitation. 

 2.2.3 Coalescence.  Coalescence is often similar to creaming but the oil is 

seen as a clear layer on the top (or bottom if it has a higher specific gravity than 

water).  The oil droplets have coalesced and, when shaking or agitation, will not 

redisperse.  Because the thin liquid film between the droplets is removed and they are 

united to a larger droplet.  
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 2.2.4 Oswald ripening.  Oswald ripening is a diffusion mechanism of 

dispersed phase molecules through the continuous phase.  It relates to the solubility of 

the dispersed phase in the external phase.  The diffusion takes place from small 

droplets towards larger ones. 

 The creaming and flocculation induce emulsion instability at the rate that 

depends on the droplet size.  The creaming rate or settling rate according to 

Stokes’law is proportional to the square of the particle diameter and the settling 

process or creaming predominantly causes emulsion instability when the size of the 

droplets is above 2-5 μm.  Ultimately, these mechanisms can lead to the oiling off and 

the emulsion breaks up into separated oil and water phases.  Flocculation, 

sedimentation and creaming are reversible mechanisms. Hand shaking or simple 

magnetic stirring can break the flocs.  Oswald ripening and coalescence are non-

reversible mechanisms. 

 

 

Figure 2.2 Schematic illustration of emulsion destabilization mechanisms. 
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2.3 Emulsifier classification  

 Emulsifier is commonly used for kinetically stabilizing emulsions.  They 

are classified into four categories [20].  

 2.3.1 Non-surfactant ions.  Non-surfactant ions can adsorb at the droplet 

surface without affecting the interfacial tension or facilitating the emulsification 

process.  However, some may, under appropriate conditions, impose a slight 

electrostatic barrier between approaching droplets, thus, contributing to emulsion 

stabilization.   

 2.3.2 Non-surfactant colloidal solids.  Small non-surfactant colloidal 

solids (i.e., silica or clay particles of pickering emulsions) adsorb and form a physical 

barrier between droplets, thereby, delaying or preventing coalescence. The most 

frequently used colloidal solids are bentonite, colloidal aluminum silicate and 

colloidal magnesium aluminum silicate [21]. 

 2.3.3 Monomeric surfactants.  Classical monomeric surfactants, such as 

sodium dodecyl sulfate, decrease interfacial tension and increase emulsion stability 

but can be quite irritative and potentially toxic towards the environment.   

 2.3.4 Polymer surfactants.  In addition to general interfacial tension 

lowering properties, polymers induce steric or electrostatic interactions, changes in 

the interface viscosity or elasticity, or changes in the bulk viscosity of the system, 

thus, improving emulsion stability.  Biopolymers (proteins and polysaccharides), 

which belong to this class, prevent flocculation and coalescence by combined 

mechanism.  Biopolymer gels and non-adsorbing thickening polysaccharides reduce 

droplet movement and encounter in emulsions by increasing the viscosity of the 

continuous phase.  Adsorbing biopolymers act on inter-droplet interactions.  Indeed, 

flocculation and coalescence can be avoided by inducing repulsive electrostatic 

interactions or steric hindrance between droplets. 
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2.4 Naturally occurring emulsifiers 

 Natural emulsifiers or biopolymers, e.g., amphiphilic proteins, 

polysaccharides, phospholipids, are commonly used as emulsifier.  Proteins are 

employed primarily as emulsion forming and stabilizing agents due to their high 

surface activity while polysaccharides are mainly used as thickening or gelling agents 

[23].  Biopolymers have been receiving increased interest from researchers because of 

their non-toxicity, biocompatibility and biodegradability.  Moreover, there is a trend 

to replace synthetic emulsifiers with more natural ones, such as proteins, 

polysaccharides and their mixture [24].  Thus, the combination of proteins and 

polysaccharides by formation of protein-polysaccharide complexes to emulsify or 

stabilize emulsions and improve physical properties has been increasingly 

investigated [20].  

 2.4.1 Proteins 

 Proteins represent an important class of molecules involved in the 

formation and stabilization of oil-in-water emulsions.  Stabilizing layers of adsorbed 

proteins are implicated in controlling the shelf-life, texture and mouthfeel of 

emulsions.  In their primary structure, proteins contain hydrophilic and hydrophobic 

residues randomly spread all over the structure but present as segregated patches in 

the tertiary folded conformation of the residues.  The remaining protein residues in the 

aqueous phase also provide steric stabilization against flocculation and coalescence 

[25]. Typically, 1-3% w/w protein is used to stabilize emulsions.  Also, in this 

condition range, protein adsorption rate is not a limiting factor to emulsion formation.  

The efficiency of proteins in emulsion stabilization can be improved through physical, 

enzymatic and genetic modifications.  For example, partial denaturation or unfolding 

of proteins can be obtained under controlled heating and shearing conditions [26].  

These modifications allow them to expose more hydrophobic groups towards the air 

or oil phase. Many proteins are commonly used for stabilized emulsions in the food 

industry, including casein, whey protein, gelatin, pea protein, etc. 

 Casein.  Casein is the main protein component of mammalian milk.  In 

general, sodium caseinate is used in emulsion formulation.  It mainly consists of a 

partially aggregated mixture of four individual flexible caseins (αs1, αs2, β, κ).  The 
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two major individual caseins, αs1 and β, are extremely effective emulsifying agent, 

which is able to decrease the interfacial tension during emulsification and to protect 

newly formed fine droplets against flocculation and coalescence by a combination of 

electrostatic and steric repulsions.  Moreover, adsorbed β-casein layers at the air-

water interface demonstrate a viscoelastic behavior. However, casein-stabilized 

emulsions could be destabilized by a flocculation mechanism in presence of calcium 

salts [27].  Due to the strong specific calcium ion binding to the negatively charged 

phophoserin groups of casein, it reduces the net negative charge and thickness of the 

adsorbed casein layer [28]. 

 Whey proteins.  Whey proteins are milk globular protein.  They are a 

mixture of α-lactalbumin, β-lactoglobulin and several other minor proteins 

(immunoglobulins, serum albumin).  They are currently used with success in food 

emulsions, for example, they have been used to stabilize emulsions with β-

lactoglobulin at pH 7.  This protein shows a net negative charge and induces relatively 

strong electrostatic repulsion between droplets.  However, β-lactoglobulin-stabilized 

emulsions are rather heat sensitive and flocculated during heat treatments [29]. 

 Gelatin.  Gelatin is a relatively high molecular weight protein derived 

from animal collagen (e.g., pig, cow or fish), which is hydrolyzed by boiling in the 

presence of acid (type A gelatin, pI ~ 7-9) or alkaline (type B gelatin, pI ~ 5) [30].  

Gelatin is slightly surface active and can act as an emulsifier in oil-in-water 

emulsions.  Physically stable oil-in-water emulsions can be obtained with fish gelatin 

at concentrations of 4.0% w/w or above [31]. 

 Pea proteins.  Pea proteins have two major protein components, which  

are the storage globulins 7S and 11S.  They have a regular quaternary structure, 

trimeric for vicilin proteins and hexameric for legumin ones [32].  It has been shown 

that pea proteins are able to decrease the oil-water interfacial tension and contribute to 

stabilize emulsions by the formation of a rigid membrane at the interface.  Moreover, 

pea protein stabilized emulsions can be very sensitive to environmental factors, such 

as pH and ionic strength [33].  
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 2.4.2 Polysaccharides 

 Polysaccharides are known for their water-holding and thickening 

properties because of their hydrophilic character and high molecular weight.  They 

can be classified in two categories for their use in stabilizing emulsion droplets; non-

adsorbing polysaccharides and adsorbing polysaccharides.  Most common 

polysaccharides do not have much of a tendency to adsorb at fluid interfaces.  Non-

adsorbing polysaccharides have no limited surface activity and enhance the emulsions 

stability by gelling or modifying the viscosity of the aqueous continuous phase such 

as gum arabic, chemically modified starch or cellulose derivatives or acetylated pectin 

from sugar beet, etc., which slow down droplet movement [12].  They first stabilize 

emulsions by adsorption at the oil droplet surface and, then, prevent droplet 

flocculation and coalescence through electrostatic and/or steric repulsion forces.  The 

examples of polysaccharides for stabilizing emulsions are xanthan gum, alginate, 

carrageenan, chitosan, etc. 

 Xanthan gum.  Xanthan gum is an anionic polysaccharide produced by 

the bacterium, Xanthomonus campertris. Its structure is composed of a β-(1-4)-D-

glucose main chain and side chains are constituted of a α-D-mannose, β-D-glucuronic 

acid and β-D-mannose as terminal residues.  In water, the stiff polymer chain may 

exist as a single, double or triple helix that interacts with another chain to form a 

complex, loosely bound network.  This particular structure gives the gum unusual 

thickening properties with a yield stress, shear-thinning and thixotropic behaviors. 

Xanthan gum is recognized as an excellent emulsion stabilizer.  Under appropriate 

concentration, xanthan gum is used to prevent flocculation and creaming in emulsions 

[34]. 

 Alginate.  The alginate, polysaccharide isolated from marine brown algae 

and bacterial fermentation, comprises of two different monosaccharides, α-(1-4)-L-

guluronic acid, β-(1-4)-D-mannuronic acid and mixed blocks.  Sodium alginate can 

give highly viscous solutions, which can be used as thickening agent, stabilizing 

agent, suspending, film former, gel producing agent and emulsion stabilizer [35]. 
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 Carrageenan.  Carrageenan is naturally gelling polysaccharide extracted 

from the cell wall and intracellular matrix of numerous species of seaweeds. Three 

major types of carrageenan are kappa (κ), iota (ι) and lambda (λ),  κ and ι are the main 

carrageenan that is able to from gels due to their anhydride bridges, allowing 

conversion of coils in double helix structures [36]. 

 Chitosan.  Chitosan is a naturally occurring polysaccharide, commonly 

obtained from alkali or enzymatic deacetylation of chitin, which found in the cuticles 

of crustacean, insects, molluses and cell walls of microorganisms.  Chitosan structure 

is composed of glucosamine and N-acetylglucosamine copolymers.  It is positively 

charged in acidic aqueous solution due to the protonation of its amino residues, which 

have a pKa value of 6.2-7.0 [37].  Chitosan has been used to emulsify paraffin oil by 

adsorption at the air-water and oil-water interfaces.  Interfacial tension slightly 

decreases and dense networks of polyelectrolytic brushes are formed in the 

continuous phase.  Chitosan chain can reduce the oil droplet diffusion by forming a 

rigid elastic network in the aqueous phase, thus, improving emulsion stability [38]. 

 2.4.3 Protein-polysaccharide  

 Combinations of protein and polysaccharide have been used as emulsifier 

in a wide range of applications such as food, cosmetic, pharmaceutical and 

biotechnological industries, due to their advantages; fast adsorption (protein) and 

steric repulsion or viscosity enhancement (polysaccharides).  The complexes can be 

formed, when protein and polysaccharide are combined, through covalent bonding or 

electrostatic interaction [18].  In the latter case, the efficiency of protein-

polysaccharide complexes depends not only on the distribution of ionized groups onto 

the protein surface and stability of the protein structure but also on the flexibility, 

charge distribution, and density of polysaccharide [15].  It is important to choose the 

type of protein or polysaccharide, and the conditions allowing them to express 

opposite charges.  The common characteristics and differences between proteins and 

polysaccharides as functional biopolymers in food systems are shown in Table 

2.1[12]. 
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Table 2.1 The common characteristics and differences between proteins and 

polysaccharides as functional biopolymers in food systems. 

Similarities 

Natural polymer 

Used in foods, pharmaceuticals, cosmetics, personal products 

Environmental friendly polymer 

Complicated structure 

Complex aggregation behavior 

Gelling/stabilizing agent 

Differences 

Proteins Polysaccharides 

Wide-ranged structures Similar structures 

Reactive Unreactive 

Monodisperse Polydisperse 

Many segment types Few segment types 

Linear chain Linear or branched chain 

Medium molecular weight High molecular weight 

Small molecule volume Large molecule volume 

Amphiphilic Hydrophilic 

Surface-active Not surface-active 

Polyelectrolyte Non-ionic or charged 

Emulsifying/foaming Thickening/water holding 

Temperature sensitive a Temperature insensitive 
a That is, the structure and properties of most proteins can change drastically when 

heated above a characteristic ‘denaturation temperature’ 
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 Generally, protein and polysaccharide have been used to stabilize emulsion 

in two alternative procedures (Figure 2.3) [13]. Method (a) mixed emulsions is 

prepared from a mixed solution of biopolymers.  The resulting protein-polysaccharide 

complex is then used as emulsifying agent during homogenization.  Method (b) 

bilayer emulsions is prepared by making the primary emulsion with protein or 

polysaccharide as emulsifier and then the other biopolymer (polysaccharide or 

protein) to adsorb onto the surface droplets as a secondary emulsion [13].  Besides, 

the last step can be repeated using oppositely charged biopolymers to increase the 

number of layers coating the oil droplets.  This multilayer coating displays a better 

stability to environmental stresses such as pH, ionic strength, chilling, freezing and 

dehydration than single interfacial layer [39, 40]. 

 

 
Figure 2.3 Schematic illustration of alternative way of making a composite layer 

composed of protein-polysaccharide complex at oil-water interface:        

(a) mixed emulsions; (b) bilayer emulsions. 
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2.5 Combination of protein and polysaccharide  

 The combination of protein and polysaccharide can be classified in to three 

categories. 

 2.5.1 Without complexation 

 The stabilization mechanism of emulsion consists of adsorbing primary 

emulsion (generally a protein) and then adding a polysaccharide that does not interact 

with the adsorbed protein but increases the viscosity of the continuous aqueous phase.  

The protein allows the formation of small droplets during the emulsification process 

and then the polysaccharide generates an extended thickening network which 

increases viscosity property thus slowing down droplet movement.  The improved 

stability can also be explained by a limited thermodynamic compatibility between the 

two biopolymers, resulting in enhanced interfacial protein adsorption.  The example 

of combination of protein and polysaccharide in this category is sodium caseinate + 

xanthan gum, whey protein isolate + xanthan gum, whey protein isolate + flaxseed 

gum, and sodium caseinate + locust bean gum [41, 42, 43, 44]. 

 2.5.2 Covalent complexes 

 An extreme type of protein-polysaccharide interaction occurs when a 

covalent linkage is formed between the two biopolymers, creating a new amphiphilic 

biopolymer with improved surface properties.  Protein-polysaccharide conjugates can 

be formed without using any chemicals, generally by linking protein ε-amino groups 

to the reducing end carbonyl groups of polysaccharides through controlled Maillard 

reaction (slow dry heating) [45].  The newly formed conjugate exhibits substantially 

improved solubility and emulsifying properties, compared to the protein. The example 

of covalent complexes is β-lactoglobulin + dextran, whey protein isolate + 

maltodextrin and sodium caseinate + maltodextrin [46, 48].  Furthermore, the 

adsorbed protein layer seems to be protected against destabilization under stress 

environmental conditions, i.e., heating, freezing and high electrolyte concentrations.   

 2.5.3 Non-covalent complexes 

Numerous studies have shown the improved emulsion stability with 

attributable to the presence of associative interfacial interactions between the protein 

and polysaccharide arises from non-covalent association.  This is mainly driven by 
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attractive electrostatic interactions at the interface, which can be controlled to increase 

the thickness of the surface layer surrounding the droplets and to create multilayer 

surface.  Changes in environmental conditions, for example, pH or ionic strength, can 

strongly affect the interactions occurring between polysaccharides and proteins at the 

interface.  Two types of alternative procedures for emulsion formation can be used; 

preparing a mixed solution of biopolymers, and using the resulting protein-

polysaccharide complexes for the emulsification.   At a pH below their isoelectric 

point, the adsorbed proteins on the oil droplet are positively charged, and negatively 

charged polysaccharides will form complexes at the interface.  The example of 

electrostatic complexes for stabilizing emulsions is β-lactoglobulin + carrageenan, 

flexseed gum + whey protein, and sodium caseinate + chitosan etc. [49, 50, 51].  

 

2.6 Biopolymers of this research  

 2.6.1 Pectin 

Pectin is a naturally occurring water-soluble polysaccharide, which is 

found in the cell wall of most plants.  Though it is a heterogeneous polysaccharide, 

pectin contains linear chains of (1-4)-linked α-D-galacturonic acid residues.  The 

linear structure of pectin is partly interrupted by (1-2)-linked side chains consisting of 

L-rhamnose residues and some other neutral sugars [52].  The galacturonic acids have 

carboxyl groups, some of which are naturally presented as methyl esters and others, 

which are reacted with ammonia to produce carboxamide groups [53].  Pectin is 

divided into two major groups on the basis of their degree of esterification (DE) of the 

galacturonic acid residues.  Pectin with DE less than 50% is so-called low methoxy 

pectin (LMP) while that with DE more than 50% is so-called high methoxy pectin 

(HMP).  Pectin is a well-known food additive which is mainly used for its gelling and 

stabilizing abilities [54].  Due to its biocompatibility, biodegradability and non-

toxicity, pectin represents an attractive biopolymer for a variety of pharmaceutical and 

biomedical applications [17].  It also has several unique properties that have enabled it 

to be used potentially as a carrier for drug delivery to gastrointestinal tract, such as 

matrix tablets, gel beads, film-coated dosage forms [39, 40].  
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Figure 2.4  (a) A repeating segment of pectin molecule and functional groups:    

(b) carboxyl; (c) ester; (d) amide in pectin chain. 

 

  Pectin has been used as an emulsifier in various applications such as 

flavor, mineral and vegetable oils emulsions.  Leroux et al. [55] reported that pectin is 

definitely able to produce fine stable emulsions in the same manner as gum arabic but 

at much lower dosage.  Moreover, the sugar beet pectin shows better emulsifying 

properties than citrus pectin.  They explained that beet pectin contains more proteins 

and acetyl groups, showing the improvement of emulsifying properties.  In addition, 

the combination of pectin and other biopolymers is widely used in emulsions for 

improving the emulsifying property and stability.  The mixture of pectin with proteins 

has been used for stabilizing emulsion as shown in Table 2.2.   

Guzey et al. [11] reported the influence of pectin adsorption onto charged 

droplet in primary emulsions (β-lactoglobulin) to form secondary emulsions.  They 

also investigated the effects of preparation pH, presence or absence of NaCl, and 

mechanical agitation (ultrasound wave) on emulsion stability.  Mixing the droplets 

and pectin at pH 7, where they have similar charges, and then adjusting to pH 3, 

where they have opposite charges, can improve the stability of secondary emulsions.   

The effect of the addition of high methoxy pectin on the stability of pea 

protein isolate emulsions has been studied by Gharsallaoui et al. [56].  Pea protein 

isolate-pectin complexes can be formed in solution and at oil-water interfaces under 

acidic condition, at pH values below the protein pI.  When the pectin concentration is 
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just enough to cover all oil droplets, secondary stable emulsions were obtained at low 

pH values. 

Surh et al. [57] studied on the influence of pectin type and pH on the 

stability of sodium caseinate-stabilized emulsions.  It was shown that pectin may 

either increase or decrease the stability of sodium caseinate-stabilized emulsions, 

depending on pH and DE of pectin. 

 

Table 2.2   Published studies on emulsions using pectin and protein.  

Polysaccharide Protein  Type of emulsion Reference 

Modified pectin Whey protein isolate Mixed emulsions [58] 

Pectin  Bovine serum albumin Mixed emulsions [18] 

Pectin (DE 60-65) Whey protein isolate Mixed emulsions [59] 

Pectin (DE 59 and 

DE 32) 

Sodium caseinate Bilayer emulsions [57] 

Pectin (DE 60) Pea protein isolate Bilayer emulsions [39] 

Pectin (DE 50) β-lactoglobulin Bilayer emulsions [60] 

Pectin (DE 60) β-lactoglobulin Bilayer emulsions [40] 

 

2.6.2 Zein 

Zein is a prolamine, a major storaged protein of corn, which comprises 

about 45–50% of its protein content.  It is soluble in aqueous alcohol solutions. 

Current zein manufacture is estimated to be around 500 tons per year from corn gluten 

meal and is also a by-product of the corn wet milling [61].  Zein contains many 

hydrophobic amino acid residues, including many sulfur-containing amino acids, but 

is deficient in ionizable and polar amino acids.  The zein proteins are hydrophobic and 

insoluble in water even with low salt concentrations and, thus, ethanol at high 

concentrations (60–95%) is required to maintain their molecular conformations. The 

properties of zein are not only dependent on the amino acid composition but also their 

molecular structures on the nanometer scale [62].  The large proportion (>50%) of 

non-polar amino acids (leucine, proline, alanine and phenylalanine) in zein makes it 

water insoluble.  Zein has the isoelectric point (pI) ≈ 5.5 [61].  Zein is unique in its 
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ability to form odorless, tasteless, clear, hard and almost invisible edible films used to 

coat candy, flavors, pharmaceutical tablets and ingredients [61, 62].  Due to its water 

insolubility and film-forming ability, zein is used in food and packaging industry to 

form a moisture barrier. Zein is approved by FDA as a generally recognized as safe 

(GRAS) excipient for film coating of pharmaceuticals [63]. Zein microspheres have 

been applied as sustained drug delivery carriers for small drug molecules and 

macromolecules for oral and parenteral routes [64]. Furthermore, pectin-zein 

complexes hydrogel beads were studied on swelling and retains the porosity of beads 

relate to ideal vehicle for colon-specific drug delivery [65]. 

The use of zein in oil-in-water emulsions has been studied by Cabra et al. 

[66], who reported that the Z19 α-zein is deamidated by using 0.5 N NaOH containing 

70% ethanol at 70°C for 12 h. A deamidation degree (DD) of 60.6 ± 0.5%, and a 

degree of hydrolysis (DH) of 5 ± 0.5% were achieved.  The emulsions were prepared 

by homogenizing 0.2 mL of tricaprilin and 1.8 mL of protein solutions (0.1% w/v in 

0.01M sodium phosphate buffer, pH 7) at 22000 rpm for 3 min.  The stability of the 

emulsions is verified by filling microcentrifuge tubes with emulsion and centrifuging 

at 3000 rpm for 3 min to observe the cream phase formation and to quantify the 

amount of oil separated.  The adequate balance between the DD and the DH results in 

an effective emulsifying property improvement for the Z19 α-zein.  Thus, after the 

deamidation treatment, the surface hydrophobicity decreased from 9.5x104 ± 6.8x103 

to 46x104 ± 2.1x103, and the modified protein is smaller (57.7 ± 5.73 nm) and more 

resistant to coalescence than those present in the native protein emulsion (1488 ± 3.92 

nm). 

To the best of our knowledge, there is no study on the pectin-zein 

complexes stabilized oil-in-water emulsions.  Thus, in this research, the investigation 

of the physical properties of pectin-zein complexes and the effect of pectin-zein 

complexes on the physical properties and stability of rice bran oil emulsions has been 

performed. 
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2.7 Emulsification equipment 

 Emulsion stabilization or destabilization by a biopolymer depends on 

various parameters, such as polymer nature, polymer concentration, pH, ionic 

strength, etc.  When formulating a biopolymer-stabilized emulsion, it is necessary to 

control them.  The emulsifying process is also a key parameter that influences 

emulsion microstructure (droplet size).  Emulsions can be formed by various 

techniques, for example, rotor-stator system, ultrasound, high-pressure system, phase 

inversion temperature, micropores, etc. However, in this study, only simple 

homogenizer and high-pressure homogenizer have been used and compared. 

 2.7.1 Simple homogenizer or rotor/stator homogenizer  

 A simple homogenizer is a rotor/stator device system.  The homogenizer 

consists of a rotor of two blades and a stator with either vertical or slant slot around 

the wall of homogenizer cell (Figure 2.5).  The rotor is housed concentrically inside 

the stator.  As the rotor rotates, it generates a vacuum to draw the liquid in and out, 

thereby, resulting in circulation.  One of two major forces, which can reduce the size 

of the dispersed droplet, is mechanical impingement against the wall due to high fluid 

acceleration.  At high rotational speeds, the flow in this region is highly turbulent and 

contains eddies of different scales. Obviously, homogenization intensity is primary 

parameter for controlling emulsion droplet size [67]. 
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Figure 2.5  Schematic representation of the configuration of a rotor/stator 

homogenizer. 

 

 2.7.2 High-pressure homogenizer 

 This technology is based on the same principle as sample homogenizer but 

working at significantly higher pressure.  High-pressure homogenizer is widely used 

for the stabilization of food and dairy emulsions [68].  In high-pressure homogenizer, 

the fluid or macroemulsion is forced to pass through a narrow gap of the valve, thus, it 

could decrease the internal phase droplet size. Homogenization pressure can influence 

the properties of emulsions as the shear forces and turbulence produced during 

homogenization.  A decrease in droplet size with increasing pressure has been 

reported [69].  However, increasing of homogenizing pressure to 150 and 250 MPa, 

can produce a destabilization of the emulsion, thus, causing a separation of phase.  A 

coalescence phenomenon progressively occurred when pressure is increased.  This 

phenomenon may be due to the loss of the natural emulsifier barrier [68].  Similarly, 

when the homogenization cycle is more than three cycles, emulsion stability is 

decreased [70].  

 The schematic diagram of the high-pressure homogenizer (Nanomizer®) 

used in this study is shown in Figure 2.6 [71].  The principle of Nanomizer is to 
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generate high-speed flow by passing the sample material through a special nozzle 

(generator) using a high-pressure pump.  Based on the cavitation, impact and high-

speed shearing forces generated during this time, emulsification, dispersion and 

crushing of the material is then performed [71].  This system is equipped with cooling 

system, in which the process heat occurred can be reduced. 

 

 

Figure 2.6  Schematic diagram of the high-pressure homogenizer (Nanomizer®). 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1   Materials 

1. Glacial acetic acid (Lot No. 6M387197A, Carlo Erba, Italy) 

2. High methoxy pectin, 200 kDa, 70% DE (Lot No. 00501087,   

Herbstreith & Fox KG, Germany) 

3. Hydrochloric acid, 37% (Lot No. E15W66, J.T. Baker, USA) 

4. Low methoxy pectin, 70 kDa, 38% DE (Lot No. 00412072, Herbstreith 

& Fox KG, Germany) 

5. Methyl paraben (Lot No. MP-163/10-11, P.C. Drug Center, Thailand) 

6. Propyl paraben (Lot No. n.a., P.C. Drug Center, Thailand) 

7. Refined rice bran oil for food industry (Thai Edible Oil, Thailand) 

8. Sodium hydroxide (Lot No. B0035298, Merck, Germany) 

9. Sodium acetate (Lot No. AF604190, Ajax Finechem, Australia) 

10. Zein, 35 kDa (Lot No. F4000262-L, Freeman Industries, USA) 

3.2  Equipments 

1. Centrifuge (model Universal 320R, Hettich, Germany) 

2. Drop shape analyzer (model FTA 100, Data Physics Corporation, 

USA) 

3. Dynamic light scattering analyzer (model LDSA-SPR3500A, Nikkis, 

Japan) 

4. Fourier transform infrared spectrophotometer (model 4700, Thermo 

Nicolet, Japan) 

5. Freeze dryer (model Free Zone 2.5, Labconco, USA) 

6. High pressure homogenizer (model NV-200-D, Nanomizer, Japan) 

7. High speed refrigerated centrifuge (model 6500, Kubota, Japan) 

8. Homogenizer (model Polytron, Kinematika AG, Switzerland) 

9. Homogenizer (model T25 digital Ultra-Turrax, IKA, Germany) 

10. Laser scattering particle size distribution analyzer (model LA-950, 

Horiba, Japan) 
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11. Light microscope (model CX41, Olympus, Japan) 

12. Light microscope (model BX51, Olympus, USA) 

13. Magnetic stirrer (model RH basic KT/C, IKA, Germany) 

14. pH meter (model SevenEasy, Mettler-Toledo, Switzerland) 

15. Scanning electron microscope (model Maxim-2000, CamScan 

Analytical, England) 

16. UV-visible spectrophotometer (model T60, PG Instrument, USA) 

17. Viscometer (model DV-III Ultra, Brookfield, USA) 

18. Vortex mixer (model VX-100, Gibthai, Thailand) 

19. Water bath (model W38, Grant Instruments, England) 

20. Zetasizer (model 3000HS, Malvern Instrument Ltd., UK) 

21. Zeta potential analyzer (model Zetaplus, Brookhaven, USA) 
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3.3 Preparation of biopolymer solutions and complexes 

3.3.1 Preparation of pectin solution 

 Stock solution (4% w/w LMP or HMP) was prepared by dissolving pectin 

powder in distilled water and stirring at ambient temperature (25°C) for at least 2 h to 

ensure complete hydration.  The pectin solution was centrifuged (model Universal 

320R, Hettich, Germany) at 8,500 rpm for 30 min to remove any insoluble particles.  

Only supernatant was used and pH was adjusted to the appropriate pH value.  

 3.3.2 Preparation of zein solution 

 Stock solution of zein was prepared by dispersing zein powder (10 g) in 

aqueous alcohol solution (consisting of 80% v/v ethanol), adjusting to 100 g, and  

stirring at ambient temperature (25°C) for at least 2 h to ensure complete hydration.  

The solution was then treated in the same manner as described in section 3.3.1. 

3.3.3 Preparation of pectin-zein complexes  

 Pectin-zein complexes were prepared by mixing 1% w/w pectin (LMP or 

HMP) and 0-0.5% w/w zein.  The pH of solution was adjusted to desired pH (pH 4).  

The resulting solutions were mixed for 1 min using a vortex mixer and then stored at 

ambient temperature (25°C) for 24 h prior to analysis. 

 

3.4 Characterization of biopolymer solutions 

 3.4.1 Zeta potential measurement 

 The zeta potential of biopolymer solutions (pectin and zein) at various pHs 

(pH 3 to 7) and mixtures of 1% w/w pectin (HMP or LMP) and zein at various 

concentrations was measured by zeta potential analyzer (model Zetaplus, 

Brookhaven, USA).  The pectin-zein complexes were dispersed in 5 mM acetate 

buffer (pH 4) with gentle stirring before measurement.  The electric field applied was 

1 V.  The average and standard deviation of the measurement of three batches of 

samples were reported. 

 3.4.2 Turbidity measurement 

 The turbidity of pectin, zein and mixtures of pectin and zein at various pHs 

(pH 3 to 7) was determined using a UV-visible spectrophotometer (model T60, PG 

Instrument, USA) at 600 nm.  The quartz cuvettes with a cell path length of 1.0 cm 
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were used.  Distilled water was used as a blank reference. The transmission and 

absorbance data (at 600 nm) were analyzed.  

 3.4.3 Optical microscopy 

 The microstructure of pectin-zein complexes was observed using a light 

microscope (model CX41, Olympus, Japan).  The pectin-zein complexes were 

dropped on a glass slide and covered afterward with a coverslip, then the photos of 

sample were taken. 

 3.4.4 Viscosity measurement 

 The viscosity of pectin, zein and pectin-zein complexes was measured 

using a cone and plate viscometer (model DV-III Ultra, Brookfield, USA) with 

spindle No.51 at a speed of 50 rpm, at ambient temperature (25°C).  Sample (0.5 mL) 

of each formulation was added on the plate. 

 3.4.5 Surface and interfacial tensions measurement 

Interfacial tension is determined by fitting a shape of drop (in a captured 

video image) to the Young-Laplace equation which relates interfacial tension to drop 

shape.  Equilibrium surface tension (liquid-air interfacial tension) was determined by 

static drop shape analysis (model FTA 100, Data Physics Corporation, USA) operated 

with the FTA32 v2.0 software.  All measurements were conducted at ambient 

temperature (25°C).  Pendant aqueous solution drops were formed in the air using a 

needle with inner diameter of 0.635 mm.  Surface tension of pectin (HMP or LMP) 

and zein solutions at various concentrations was determined immediately after drop 

formation.  The mean values of three measurements were reported.  The oil-water 

interfacial tension was also determined using drop shape analysis method. An aqueous 

droplet containing 0.5-2% w/w pectin (HMP or LMP) was automatically formed at 

the tip of needle which was immersed in a glass cuvette containing the oil phase.  The 

droplet shape was automatically analyzed to record the changes in the interfacial 

tension over time.  The interfacial tension of the system containing pectin-zein 

complexes, prepared at pH 4 or 7, was also determined.  All the measurements were 

carried out in triplicate. 

3.4.6 Morphological observation 

 The morphology of pectin-zein complexes was investigated by a scanning 

electron microscope (model Maxim-2000, CamScan Analytical, England), under an 
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accelerating voltage of 15 keV.  All samples were fixed on SEM stubs with double-

sided adhesive tape and then coated, in a vacuum, with thin gold layer before 

investigation. 

 3.4.7 Fourier transform infrared (FTIR) spectroscopic analysis 

 The FTIR spectra of samples were recorded by FTIR (model 4700, 

Thermo Nicolet, Japan).  All samples were prepared using KBr disc method.  Each 

sample was blended with KBr powder and compressed to a disc with a pressure of 5 

tons for 60 s before placing in a sample holder.  The spectral value of the samples was 

obtained by scanning from 4000 to 400 cm-1.  FTIR spectra of the samples were 

obtained using a software package (Omnic FT-IR software, version 7.2a, Thermo 

Electron Corporation, USA). 

 

3.5 Preparation of o/w emulsions  

 In this study, the term primary emulsion is used to refer to the emulsion 

prepared by using only zein or pectin as an emulsifier whereas the term secondary 

emulsion is used to refer to the primary emulsion to which another emulsifier has 

been added. 

 3.5.1 Effect of pectin and rice bran oil concentration 

 To study the effect of pectin and rice bran oil concentration, emulsions 

were prepared by homogenizing the oil phase (5-30% w/w rice bran oil) and the 

aqueous phase (0.5-2% w/w HMP) at a speed of 12,000 rpm for 3 min.  The 

emulsions also contained 0.1% w/w methyl-propyl paraban as an antimicrobial agent.  

The resulting emulsions were then stored at ambient temperature (25°C) for 24 h 

before analysis. 

 3.5.2 Effect of mixing order 

 Emulsions stabilized by pectin and zein were prepared by different mixing 

orders (Figure 3.1) using homogenizer (model T25 digital Ultra-Turrax, IKA, 

Germany) performed in an ice-bath to avoid over heating. 

 Method I: The o/w emulsions were prepared by homogenizing the oil 

phase (20% w/w rice bran oil) and the aqueous phase containing 2% w/w zein at a 

speed of 12,000 rpm for 3 min. 
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 Method II: The o/w emulsions were prepared by homogenizing the oil 

phase (20% w/w rice bran oil) and the aqueous phase containing 2% w/w HMP at a 

speed of 12,000 rpm for 3 min. 

 Method III: The o/w emulsions were prepared by homogenizing the oil 

phase (20% w/w rice bran oil) and the aqueous phase containing a mixture of 2% w/w 

pecin and 0.1% w/w zein at a speed of 12,000 rpm for 3 min.  

 Method IV: The primary emulsions were prepared by homogenizing the 

oil phase (20% w/w rice bran oil) and the aqueous phase containing 2% w/w HMP at 

a speed of 12,000 rpm for 3 min.  The weighed amount of zein (0.1% w/w) was added 

to primary emulsion. The obtained mixture was homogenized for another 3 min. 

 All emulsions were stored at ambient temperature (25°C) for 24 h before 

analysis.   
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Figure 3.1  Schematic depiction of the methods used for emulsion preparation. 
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Figure 3.1 (continued) 
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3.5.3 Effect of pH 

 To study the effect of pH of emulsions, method IV was used to prepare 

pectin-zein stabilized emulsions.  Primary emulsions were prepared by mixing rice 

bran oil with pectin using homogenizer at a speed of 12,000 rpm for 3 min.  Zein was 

then added to primary emulsions in order to obtain secondary emulsions.  The 

composition of secondary emulsions was 20% w/w rice bran oil, 2% w/w pectin and 

0.1 or 0.5% w/w zein.  In this study, the pH condition (pH 4 or 7) for preparation of 

emulsions was compared.  The effect of pH change from 7 to 4 by using NaOH was 

also investigated.  The obtained emulsions were then stored at ambient temperature 

(25°C) for 24 h before analysis.  

 3.5.4 Effect of zein concentration 

  To study the effect of zein concentration, method IV was used to prepare 

pectin-zein stabilized emulsions.  Primary emulsions were prepared by homogenizing 

the oil phase (20 and 30% w/w rice bran oil) and the aqueous phase (2% w/w HMP) 

at a speed of 12,000 rpm for 3 min.  The weighed amount of zein (0-0.5% w/w) was 

added to primary emulsions.  Methyl-propyl paraban (0.1% w/w) as an antimicrobial 

agent was also added and homogenized for another 3 min.  The resulting emulsions 

were then stored at ambient temperature (25°C) for 24 h before analysis. 

 

3.6 Characterization of o/w emulsions  

 3.6.1 Measurement of droplet size 

 The size of emulsion droplets was measured by using laser scattering 

particle size distribution analyzer (model LA-950, Horiba, Japan).  The emulsion was 

dispersed or diluted in 5 mM acetate buffer (pH 4) with gentle stirring.  The median 

droplet size was measured under continuous stirring condition.  The measurements 

were done on at least three batches of emulsions.  The droplet size was reported as the 

volume-weighted mean diameter (d43) as shown in Equation (1): 

   d43 =        (1) 

 where ni is the number of droplets and di is diameter of droplets.  

 The span, which is the width of the distribution based on the 10%, 50% 

and 90% quartile, was calculated from Equation (2): 
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   Span =                           (2) 

where, dv,0.9 is the diameter which 90% of the volume distribution is below this value, 

dv,0.1 is the diameter which 10% of the volume distribution is below this value and 

dv,0.5 is the diameter where 50% of the distribution is above and 50% is below. 

 3.6.2 Zeta potential measurement 

 The zeta potential of the obtained emulsions was measured by zeta 

potential analyzer.  The emulsion was dispersed or diluted in 5 mM acetate buffer (pH 

4) with gentle stirring at a volume ratio of 1:100 before measurement.  The average 

and standard deviation of the measurement of three batches of emulsions were 

reported. 

 3.6.3 Optical microscopy  

  A drop of emulsions was placed on a glass slide and then covered with a 

cover slip.  The morphology of droplet of the emulsions was investigated by light 

microscope (model CX41, Olympus, Japan). 

 3.6.4 Stability of o/w emulsions 

 All emulsions were transferred into glass vials and then stored at ambient 

temperature (25°C) for 14 days.  The emulsions were also stored under environmental 

stress conditions, i.e., temperature cycling at 4°C/40°C (6 cycles), and subjected to 

centrifugation test at 3,000 rpm for 10 min.  After storage or test, a number of 

emulsions separated into optically opaque “cream layer” at the top and a transparent 

(or turbid) “serum layer” at the bottom. The total height of the emulsions (HE) and the 

height of the serum layer (HS) were measured.  The extent of creaming was 

characterized by creaming index using the following Equation: [49] 

                    (3) 

 Measurements were carried out on three samples and reported as the mean 

and standard deviation.  It is noted that the creaming index provided indirect 

information about the extent of droplet aggregation in an emulsion. 
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3.7 Preparation of o/w emulsions stabilized by pectin-zein complexes using high- 

pressure homogenizer 

 Stock solutions of pectin (LMP or HMP) and zein were prepared as 

described in sections 3.3.1 and 3.3.2.  The primary emulsions were prepared by 

mixing 20% w/w rice bran oil with 0.5-1.5% w/w pectin (HMP or LMP) at pH 4.0 

using homogenizer (model Polytron, Kinematika, Switzerland) at a speed of 12,000 

rpm for 3 min.  Zein solution (0-0.5% w/w) was slowly added to primary emulsions to 

obtain secondary emulsions. The obtained emulsions were homogenized at a speed of 

12,000 rpm for 3 min and then passed through a high-pressure homogenizer (model 

NV-200-D, Nanomizer, Japan) at 100 MPa for 3 times.  To preserve the emulsions, 

0.1% w/w methyl-propyl paraban was added as an antimicrobial agent.  The 

emulsions were then stored at ambient temperature (25°C) for 24 h before further 

analysis.  

 In preliminary study, the effects of homogenization pressure and number 

of pass through the high-pressure homogenizer on the droplet size of emulsion were 

studied.  The pectin concentration used was 1.5% w/w or lower, due to the viscosity 

limit of high pressure homogenizer. 
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3.8 Characterization of o/w emulsions before and after using high-pressure 

homogenizer 

 3.8.1 Measurement of droplet size 
 The size of emulsion droplets was measured by using dynamic light scattering 

analyzer (model LDSA-SPR3500A, Nikkis, Japan).  The samples were prepared as described 

in section 3.6.1. 

 3.8.2 Zeta potential measurement 

 The zeta potential of the obtained emulsions was measured by using 

Zetasizer (model 3000HS, Malvern, UK).  The samples were prepared as described in 

section 3.6.2. 

 3.8.3 Optical microscopy  

 The droplet of the obtained emulsions was investigated by light 

microscope (model BX51, Olympus, USA).  The samples were prepared as described 

in section 3.6.3. 

2.8.4 Stability of o/w emulsions 

 Stability test of o/w emulsions prepared by high-pressure homogenizer 

was performed as described in section 3.6.4.   
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Characterization of biopolymer solutions 

 4.1.1 Zeta potential 

  The zeta potential of biopolymer (zein, HMP or LMP) at various pHs is 

shown in Figure 4.1.  The zeta potential of zein was about zero at pH ~ 5.5, indicating 

the isoelectric point (pI) of zein.  At pH below pI value (pH<5.5), zein was positively 

charged while at pH above pI (pH>5.5) it was negatively charged.  This effect is 

attributed to a change in the ionization of amino and carboxyl groups at low pH (-

NH3
+; -COOH) and high pH (-NH2; -COO¯).  The zeta potential of pectin solutions 

was negatively charged at all pHs investigated (from pH 2.5 to 7).   

 

 
Figure 4.1 Zeta potential of 1% w/w LMP, 1% w/w HMP and 0.125% w/w zein at 

various pHs. 
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 4.1.2 Particle size 

 The particle size of zein solution at various pHs is shown in Figure 4.2.  

The results demonstrated that the particle size of zein increased sharply when pH 

closes to pH 5.5, i.e., the particle size changed from 2 μm at pH 4 to 45 μm at pH 5.5.  

This indicated that the extensive droplets aggregation may occur at pH close to the pI 

of zein [61].  This is confirmed by the photograph of zein solution at various pHs 

(Figure 4.3).  The zein solution was turbid with some precipitates at pH about 5.5.  

Clear solution of zein was observed at pH below 4.5 and pH above 7.  Therefore, it is 

confirmed that the pI value of zein was at pH 5.5. 

 

 
Figure 4.2 Particle size of zein solution (0.125% w/w) at various pHs. 
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Figure 4.3 Photograph of 0.125% w/w zein solution at various pHs. 

 

 4.1.3 Turbidity 

Figure 4.4 shows turbidity of zein and pectin solutions at various pHs.  

The results showed that zein solutions were more turbid than pectin solutions. High 

absorbance at pH ranged from 4.5 to 6.5 was observed.  Moreover, the absorbance of 

zein solution at pH 4.5-6.5 tended to increase with increased concentration of zein.  

This may result from the increased amount of insoluble form of zein [56].  The 

turbidity of pectin solution at various pHs was also investigated.  The results showed 

that the turbidity of HMP was not significantly different at the investigated pHs (from 

2.5 to 7.5).  However, the turbidity of LMP, at low pH (2.5 - 3.5), was more than that 

of HMP and gave a clear solution at pH 4 and above.  It is possible that the ionization 

of carboxylic acid is suppressed at low pH, resulting in a reduction in hydration of the 

carboxylic acid group.   
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Figure 4.4 Turbidity of zein and pectin at various pHs. 

 

 4.1.4 Viscosity 

 Figure 4.5 shows the viscosity of pectin (LMP or HMP) solution at various 

concentrations.  The viscosity of pectin solution increased in a pseudoplastic fashion 

when the concentration of pectin was increased.  This may result from the increase in 

hydrogen bonding of water with hydroxyl groups of pectin structure and the distortion 

in the velocity pattern of the liquid by hydrated molecules of the solute [55].   

 

 
Figure 4.5 Viscosity of pectin (LMP or HMP) solution at various concentrations. 
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 4.1.5 Surface tension and interfacial tension 

 Surface tension of pectin (LMP or HMP) at various concentrations was 

investigated as shown in Figure 4.6.  The results demonstrated that, at low 

concentration, the surface tension of LMP and HMP solutions was not significantly 

different.  In addition, at higher concentration (1% w/w or more), the surface tension 

of LMP solution tended to decrease.  This may be due to the fact that concentration of 

LMP is already excess, above or close to the interfacial saturation [15].  However, the 

expansion of the air-water interface is not practical in the preparation of o/w 

emulsion, so the interfacial tension between oil and water was also investigated. 

 

 
Figure 4.6 Surface tension of pectin (LMP or HMP) at various concentrations. 

  

 Time evolution of the interfacial tension for rice bran oil and 0.5-2% w/w 

LMP or HMP was investigated (Figure 4.7).  The interfacial tension slightly 

decreased with increasing of time and the constant value was observed at more than 

600 s.  This may be due to time consuming for adsorption of macromolecule on the 

interface followed by rearrangement in the surface film [72].  Moreover, the 

interfacial tension of pectin decreased with the increased pectin concentration, 

resulting from the more surface active character of pectin molecules.  

 

 

0

10

20

30

40

50

60

70

80

0.01 0.1 1 10

Su
rf

ac
e 

te
ns

io
n 

(m
N

/m
) 

Pectin concentration (% w/w) 

LMP

HMP



40 
 

 
 

 
 

 
Figure 4.7 Time evolution of the interfacial tension for rice bran oil and 0.5-2% w/w 

(a) LMP or (b) HMP, at 25°C. 
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4.2 Characterization of pectin-zein complexes  

 4.2.1 Zeta potential  

Zeta potential is an analytical tool that could point to existence of strong 

charge-charge interactions between two biopolymers.  Therefore, experiments were 

carried out under conditions where protein and polysaccharide had opposite charge 

[54], i.e., at pH 4.  Figure 4.8(a) shows zeta potential of mixtures prepared from 

various concentrations of zein (0-0.01% w/w) and 1% w/w pectin (LMP or HMP), at 

pH 4.  The results showed that, for HMP, the zeta potential increased from -17 mV to 

-13mV in the presence of zein concentration in range of 0.001-0.004% w/w, resulting 

from neutralization of cationic zein molecules to pectin surface [54].  The zeta 

potential of the complexes in the presence of 0.006-0.010% w/w zein was slightly 

more negative than in the absence of zein.  It is possible that low surface charge of 

zein molecule could form bridges between pectin molecules, as shown in Figure 

4.8(b), and then show the result negatively charged [18].  Furthermore, the zeta 

potential of LMP in the presence of zein was highly negative and close to that of pure 

LMP solution (-45 mV).  This may be because the concentration of zein is not enough 

for adsorption to the surface of LMP molecules.  Therefore, it is suggested that the 

concentration of zein primarily influenced the formation of zein-pectin complexes, 

especially those using HMP.   
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Figure 4.8(a) Zeta potential of mixtures prepared from various concentrations of zein,  

(0-0.01% w/w) and 1% w/w pectin (LMP or HMP), at pH 4, and (b) 

Schematic illustration of zein molecule forms bridges between pectin 

molecules, at pH4. 
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 4.2.2 Turbidity  

 The solutions containing 1% w/w pectin and different concentrations of 

zein were left to settle overnight and formation of complexes was assessed by 

turbidity measurement at pH 4.  The pure zein solution was clear with about 100% 

transmittance.  The turbidity of pectin-zein solutions increased with the increased 

concentration of zein (Figure 4.9). This may be due to the increased amount of 

insoluble pectin-zein complexes in the system, resulting from the strong interaction 

between the two oppositely charged biopolymers [56].  The turbidity of mixtures 

containing LMP was higher than those containing HMP.  This is probably due to a 

stronger interaction between LMP and zein, compared to HMP and zein [73] 

 

 
Figure 4.9 Turbidity of mixtures prepared from various concentrations of zein          

(0-0.01% w/w) and 1% w/w pectin (LMP or HMP), at pH 4. 
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 4.2.3 Viscosity 

 Figure 4.10 shows the expected viscosity (ηexp), the observed viscosity 

(ηobs), viscosity enhancement (ηenhance) and relative viscosity enhancement (ηrel) of the 

combination systems of pectin and zein as expressed in Eqs.(4, 5). 

ηexp = ηpectin + ηzein  (4) 

ηenhance = ηobs - ηexp  (5) 

The ηpectin and ηzein are the viscosity of HMP and zein alone, respectively by using 

spindle number CP40 at speed 20 rpm.  In all cases, the observed viscosity (ηobs) was 

higher than the expected viscosity (ηexp).  It is apparent that the ηenhance of systems 

containing 2% w/w LMP and zein was higher than those containing HMP.  This 

suggested that the LMP is able to interact more strongly with zein as compared to 

HMP [73]. 

 

 
 

Figure 4.10 Viscosity of pectin, zein and their viscosity enhancement (ηenhance), after 

mixing. 
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 4.2.4 Morphology 

To confirm the complex formation between pectin and zein at pH 4, zein 

with various concentrations was mixed with pectin solution and then investigated 

visually, as shown in photographs of pectin-zein complexes (Figure 4.11).  It is 

clearly observed that the solutions were turbid.  It is possible that the bridging 

flocculation occurred in the mixed solutions.  Moreover, the turbidity of pectin-zein 

complexes increased when zein concentration was increased, resulting from the 

increased amount of pectin-zein complexes, as discussed above.  It is apparent that a 

mixture of LMP and zein was extensively aggregated whereas a mixture of HMP and 

zein was fairly homogeneous.  This is probably due to the electrostatic bridging 

phenomena of LMP, leading to the formation of large particle size. 
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Figure 4.11 Photographs of zein, pectin and pectin-zein complexes containing         

2% w/w pectin (LMP or HMP) and zein (0.05 or 0.25% w/w), at pH 4. 
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 Figure 4.12 shows optical microscopic images of pectin-zein complexes 

containing 2% w/w pectin (LMP or HMP) and zein (0.05 or 0.25% w/w).  The 

particulates and fibrous materials were observed in the mixtures. It is likely that the 

formation of insoluble complexes between protein (i.e., zein) and polysaccharide (i.e., 

pectin) was occurred via electrostatic interaction [54]. 

 

  

2% w/w LMP + 0.05% w/w zein 

 

2% w/w HMP + 0.05% w/w zein 

 

  

2% w/w LMP + 0.25% w/w zein 2% w/w HMP + 0.25% w/w zein 

 

Figure 4.12 Optical microscopic images of pectin-zein complexes containing          

2% w/w pectin (LMP or HMP) and zein (0.05 or 0.25% w/w), at pH 4. 
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 The surface morphology of the pectin-zein complexes was also 

investigated by SEM, as shown in Figures 4.13 and 4.14.  The SEM micrographs 

demonstrated the smooth surface of pectin film, both LMP and HMP. In the presence 

of zein, the round-shaped, submicron-sized globules spreading over surface film were 

observed.  Moreover, the surface of pectin-zein complexes was rougher when the 

concentration of zein was increased.  It is suggested that the formation of pectin-zein 

complexes was resulted from electrostatic interaction between pectin and zein [54].   

 

 350X 5000X 

2% w/w LMP 

  
2% w/w LMP +  

0.05% w/w zein 

 

  
2% w/w LMP + 

0.25% w/w zein 

  
 

Figure 4.13 SEM micrographs of pectin-zein complexes containing 2% w/w LMP and 

zein (0.05 or 0.25% w/w), at pH 4. 
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Figure 4.14 SEM micrographs of pectin-zein complexes containing 2% w/w HMP and 

zein (0.05 or 0.25% w/w), at pH 4. 
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4.2.5 FTIR spectroscopy 

FTIR spectra of pectin-zein complexes are shown in Figures 4.15 and 4.16.   

The obtained spectra were analyzed by comparing the following characteristic 

regions; O-H stretching (3,100-3,600 cm-1), C-H stretching (2,800-3,000 cm-1), 

carboxylic group stretching region (1,200-1,800 cm-1) and the fingerprint region 

(under 2,000 cm-1) which reflects the monosaccharide composition of the analyzed 

pectin [74].  FTIR spectrum of zein showed O-H stretching from H-bond between 

3,200 and 3,400 cm-1, and the peaks at 1,550-1,500 cm-1 and 1,700-1,600 cm-1 

corresponded to the characteristic transmission of primary amide and secondary 

amide, respectively, which are typical protein transmission bands [75].  Figure 4.15 

showed that no new transmission peak or shifting was found from the FTIR analysis, 

indicating no or minor interaction between pectin and zein molecules after the 

formation of pectin-zein complexes.  Moreover, the fingerprint region of the pectin-

zein complexes was similar to pectin.  However, there were some differences in the 

FTIR spectra between physical mixture and pectin-zein complexes.  After pectin-zein 

complex formation, the transmission peak at 1,735-1,750 cm-1 corresponding to 

carboxylate ions (C=O) of pectin increased compared to the physical mixture of 

pectin and zein in the same ratio.  It is likely indicate that the pectin-zein complexes 

interaction occurred by H bonding.  Similar results were observed in case of HMP 

(Figure 4.16).  These observations suggested the possibility of weak physical 

interaction between pectin and zein [84]. 
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Figure 4.15 FTIR spectra of LMP-zein complexes, at pH 4; (a) LMP, (b) zein, (c) 

physical mixture of 2% w/w LMP and 0.25% zein, (d) complexes of 2% 

w/w LMP and 0.05% w/w zein, and (e) complexes of 2% w/w LMP and 

0.25% w/w zein. 
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Figure 4.16 FTIR spectra of HMP-zein complexes, at pH 4; (a) HMP, (b) zein, (c) 

physical mixture of 2% w/w HMP and 0.25% zein, (d) complexes of 2% 

w/w HMP and 0.05% w/w zein and, (e) complexes of 2% w/w HMP and 

0.25% w/w zein. 

 

 

 

 

 

 

 



53 
 

 
 

 4.2.6 Surface and interfacial tension  

 Figure 4.17 shows the surface tension of zein and HMP-zein complexes 

prepared from 1% w/w HMP and various concentrations of zein (0.0001-0.1% w/w), 

at pH 4.  The results demonstrated that surface tension of zein solution rapidly 

decreased from 75 to 55 mN/m with increased concentration of zein from 0.01 to 

0.05% w/w.  Similarly, in the case of pectin-zein complexes, surface tension tended to 

decrease when zein concentration was increased. It is likely that zein, which has 

amphiphilic character, can adsorb at the oil-water interface and thus decrease the 

surface tension [19].  However, the decrease in surface tension of pectin-zein 

complexes was less extent than that of zein solution alone.  This may be due to the 

fact that pectin molecules having low surface active were located at the air-water 

interface by replacing on some molecules of the zein [76].   This finding indicated that 

the concentration of pectin-zein complexes could influence the adsorption properties 

at the interface between oil and water phases.    

  

 
 

Figure 4.17 Surface tension of zein alone and HMP-zein complexes prepared from 

1% w/w HMP and various concentrations of zein (0.000-0.1 %w/w), at 

pH 4. 
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 The time evolution of the interfacial tension for rice bran oil containing 

zein, pectin, or a mixture of pectin and zein was investigated, as shown in Figure 4.18. 

The interfacial tension of pectin-zein complexes was higher than that of zein alone 

and slightly less than that pectin alone.  In order to compare the pH condition on 

pectin-zein complexes, interfacial tension of rice bran oil and zein mixture at pH 4 

and 7 was investigated.  The result showed that the interfacial tension at pH 4 and 7 

was not significantly different, except that, in the case of HMP at pH 4, the HMP-zein 

complexes were formed and the interfacial tension decreased immediately.  The 

electrostatic interaction might not occur at pH 7 because HMP and zein exhibited the 

same charge.  Therefore, independent pectin and zein need time for adsorption of 

macromolecule on the interface followed by rearrangement at the interface [15]. At 

pH 4, the complexes occurred and the interfacial tension decreased rapidly.  This is 

good emulsifying properties for producing new droplet on emulsification process.  

The interfacial tension of complexes using HMP showed a more decrease than those 

using LMP.  This is because HMP had more hydrophobic groups than LMP, thus, 

exhibited a better emulsifying property [18].  
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Figure 4.18 Time evolution changes of the interfacial tension for rice bran oil 

containing zein, pectin, or a mixture of pectin and zein; (a) LMP or (b) 

HMP, at 25°C. 
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4.3 Preparation of o/w emulsions stabilized by pectin-zein complexes  

4.3.1 Effect of pectin and rice bran oil concentration 

In the preliminary studies, it was found that emulsions prepared by using 

LMP alone were not stable.  Therefore, only HMP was used in this experiment.  

Figure 4.19 shows droplet size of emulsions stabilized by HMP, prepared by using 

various concentrations of rice bran oil.  The results showed that, increasing of rice 

bran oil concentration led to an increase in droplet size of emulsions, resulting from 

an increase in the amount of internal phase of emulsion droplets.  The results also 

showed that the droplet size decreased with the increase in pectin concentration.  The 

results suggested that higher amount of hydrophobic groups in the HMP may result in 

a greater emulsifying property capable of making smaller droplets [77].  Pectin at low 

concentration (e.g., 0.5 and 1% w/w) could not be used to prepare emulsions which 

contained high concentration of rice bran oil (e.g., 25 and 30% w/w).  This is 

probably pectin was not sufficient to prepare stable emulsions.  

 

 
Figure 4.19 Droplet sizes of o/w emulsions stabilized by HMP, prepared by using 

various concentrations of rice bran oil. 
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Figure 4.20 shows the zeta potential of o/w emulsions containing 0.5-2% 

w/w HMP and various concentrations of rice bran oil.  The results showed that zeta 

potential of all emulsions was negative due to carboxyl groups of pectin.  However, 

there is no change upon increasing of rice bran oil concentration, suggesting that the 

concentration of internal phase did not influence the zeta potential.  In case of the 

increased pectin concentration in the formulation, the zeta potential was not 

significantly changed (about -22 mV), resulting from a small change in pectin 

concentration in the formulation. 

 

 
Figure 4.20 Zeta potential of o/w emulsions containing 0.5-2% w/w HMP and various 

concentrations of rice bran oil. 

 

The stability of o/w emulsions at various concentrations of rice bran oil 

was investigated using percent creaming index.  When the concentration of rice bran 

oil was increased from 10 to 20% w/w, the emulsion stability increased (percent 

creaming index decreased), as shown in Figures 4.21, 4.22, and 4.23.  It is suggested 

that the concentration of pectin in bulk is sufficient to allow rapid diffussion and 

adsorption of pectin to newly formed droplets [13].  At concentration of rice bran oil 

25-30% w/w demonstrated low stability of emulsions (percent creaming index 

increased).  This is because pectin was not sufficient to prepare stable emulsions.  
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Using at least 1.5% w/w of HMP could produce the stable o/w emulsions with low 

percent creaming index at the rice bran oil concentration of 15 and 20% w/w, when 

kept at ambient temperature (25°C) for 14 days.  Figure 4.22 also shows that the 

formutions using 1.5 and 2% w/w HMP produced the stable o/w emulsions with the 

lowest percent creaming index, after centrifugation test at 3,000 rpm for 10 min, while 

the emulsions using low concentration of pectin, e.g., 0.5 and 1% w/w, were separated 

into two phases with high percent creaming index.  The stability of emulsions tested 

by temperature cycling also demonstrated a good stability with low percent creaming 

index when rice bran oil concentration of 15-20% w/w and a high concentration of 

HMP (e.g., 1, 1.5 and 2% w/w) were used (Figure 4.23).  This suggested that the 

pectin concentration at least 1.5% w/w was sufficient to produce stable emulsions.  

From the above results, therefore, the o/w emulsions prepared by using 2% w/w HMP 

and 20% w/w rice bran oil was chosen for further investigation. 

 

 
Figure 4.21 Percent creaming index of o/w emulsions stabilized by pectin, prepared at 

various concentrations of rice bran oil, when kept at ambient temperature 

(25°C) for 14 days. 
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Figure 4.22 Percent creaming index of o/w emulsions stabilized by pectin, prepared at 

various concentrations of rice bran oil, after centrifugation test at 3,000 

rpm for 10 min. 

 
Figure 4.23 Percent creaming index of o/w emulsions stabilized by pectin, prepared at 

various concentrations of rice bran oil, after temperature cycling test 

(4°C/40°C) for 6 cycles. 
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 4.3.2 Effect of order of mixing  

 According to the preliminary studies, 2% w/w HMP and 0.1 or 2% w/w 

zein were used, and the preparation pH was fixed at pH 4. In order to compare the 

order of mixing for emulsion preparation using pectin and/or zein as emulsifiers, four 

methods were applied.  In case of zein alone (method I), stable emulsions could not be 

obtained.  Because it has insufficient surface active property to produce emulsion.  

This is probably due to the high hydrophobicity of zein as well as its low viscosity 

[78].  The zeta potential of emulsions prepared by different methods was not 

significantly change (Table 4.1).  In method II, emulsions prepared by HMP alone 

showed that the mean droplet size of o/w emulsions was about 9 μm.  In method III 

and method IV, which used both HMP and zein as co-emulsifier, the mean droplet 

size of o/w emulsions was smaller than those prepared by method II (Table 4.1).  This 

suggested that electrostatic interaction could beformed between zein and HMP.  

However, method III and method IV were different in term of order of mixing.  In 

method III, HMP was combined with a positive charge zein while in method IV, 

emulsion was formed using HMP as primary emulsifier and then zein was added to 

adsorb onto the pectin layer.  Table 4.1 also shows that the span value of emulsions 

prepared by method IV was slightly lower than those prepared by method III.  This 

indicated that method IV could produce uniform-sized emulsions.  Based on this 

finding, hence, method IV was selected for further investigation.   

 

Table 4.1 Droplet size and zeta potential of o/w emulsions prepared by using different 

orders of mixing. 
Method  d4,3 (μm) ± 

S.D. 

Span Zeta potential 

(mV) ± S.D. 

I 0.1 or 2% zein + 20% rice bran oil - - - 

II 2% HMP + 20% rice bran oil 8.925 ± 0.55 0.824 -25.46 ± 0.35 

III 2% HMP + 0.1% zein + 20% rice bran oil 6.404 ± 0.09 0.925 -27.34 ± 0.49 

IV (2% HMP + 20% rice bran oil) + 0.1% zein 6.192 ± 0.08 0.761 -26.59 ± 1.43 
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 Figure 4.24 shows microscopic images of o/w emulsions prepared by 

different methods.  The results demonstrated that the oil droplets dispersed in water 

phase and did not coalesced.  This may be due to the fact that their surfaces were 

completely saturated with biopolymers.  Moreover, method II, which was prepared by 

using HMP alone, showed a slightly larger in droplet size than those prepared by 

other methods (method III and method IV).  It is possible that the complexes of HMP 

and zein may improve emulsification properties by reducing interfacial tension, 

resulting in smaller droplet size than those used HMP alone.  This may also be 

resulted from the addition of hydrophobic molecule (zein) in the system, which can 

help to form emulsions [78]. 
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Method III 

 
Method VI 

 
Figure 4.24 Microscopic images of o/w emulsions prepared by different methods; 

method II, method III and method IV. 
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 The viscosity of o/w emulsions prepared by different mixing orders was 

investigated (Figure 4.25) by using spindle number CP51 at speed 50 rpm.  The 

results demonstrated that the viscosity of emulsions prepared by method IV was 

slightly higher than those prepared by other methods, implying the more stable o/w 

emulsions.  This indicated that the order of mixing influenced the emulsificasion 

properties.  The increased viscosity of o/w emulsions prepared by method IV was 

probably due to electrostatic interaction between positive charge of zein and negative 

charge of pectin at the surface of oil droplets [54].     

 In general, the physical stability of the emulsions can be improved 

according to Stokes law by increasing viscosity of continuous phase.  The creaming 

rate can be slowed down by adding stabilizer or reducing and maintaining the droplet 

size, as expressed in Equation (5): 

  (5) 

where ν is the particle setting velocity (m/s), ρp and ρf are mass density of particle and 

fluid respectively, μ is gravitational acceleration (m/s2), and R is radius of the 

spherical object (m). 

 The Stokes law states that the velocity at which droplet moves is directly 

proportional to the square of its radius and the difference between oil droplet and 

external phase density.  Therefore, the stability of emulsions can be enhanced by 

reducing the droplet size or the difference between internal and external phase 

density.  In this experiment, using high concentration of pectin was preferred for the 

preparation of stable emulsions [72]. 
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Figure 4.25 Viscosity of o/w emulsions prepared different mixing orders. 

 

 Percent creaming index of o/w emulsions prepared by different mixing 

orders after storage at ambient temperature (25°C) for 14 days and after testing under 

environmental stress, i.e., temperature cycling at 4°C/40°C (6 cycles) and 

centifugation at 3,000 rpm for 10 min (Figure 4.26).  The results showed that the 

emulsions prepared by method IV had the highest stability.  This may result from the 

complexation between zein and pectin at the interfacial layer of oil droplets as well as 

the viscosity of emulsions.  In case of the method III, it was shown that the stability of 

o/w emulsions was not as good as that prepared by method IV.  This is because the 

formation from method III, the emulsifying properties was not sufficently improved 

for protecting emulsion stability.  Emulsions prepared by method II, using pectin 

alone as emulsifier, demonstrated lower viscosity and stability than emulsions 

prepared by other methods.  It is possible that the emulsifying property of pectin was 

not sufficient to prevent the coalescence of oil droplets. Therefore, from this study, 

method IV may be the suitable order of mixing for preparation of o/w emulsions. 
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Figure 4.26 Percent creaming index of o/w emulsions prepared by different mixing 

orders, tested by various techniques. 

 

 4.3.3. Effect of pH  

To investigate the effect of preparation pH on emulsion stability, the 

emulsions were prepared at pH 4 and 7 as well as by pH change from 7 to 4.  The 

droplet size of emulsions stabilized by pectin-zein complexes prepared at various pHs 

was investigated, as shown in Table 4.2.  The results showed that the droplet size of 

emulsions prepared at pH 4 was smaller and the zeta potential was less negative than 

those prepared at pH 7 and by changing pH from 7 to 4. Moreover, the highest 

viscosity was obtained in emulsions prepared at pH 4.  This indicated that, at pH 4, 

zein and pectin were oppositely charged and the complexes were then formed 

between them.  The pectin-zein complexes helped to improve the physical properties, 

i.e., droplet size, zeta potential and viscosity, of emulsion system [54].  At pH 7, the 

zeta potential of emulsion droplets was more negative than those prepared at pH 4 and 

by changing pH from 7 to 4.  It is suggested that, both zein and pectin were negatively 

charged and no electrostatic interaction took place, hence, both existed as mixed 

individual soluble polymers and favored the bridging of two oil droplets [72], leading 

to flocculation and coalescence of the emulsion droplets (Figure 4.27c).  In case of pH 

change from 7 to 4, the zeta potential was slightly less negative than that of emulsion 

droplets prepared at pH 7.   
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The viscosity of emulsions was less than those prepared at pH 4 but was 

not significantly different from those prepared at pH 7 by using spindle number CP51 

at speed 50 rpm.  Moreover, the extensive droplets aggregation also occurred (Figure 

4.27b).  It may be due to the fact that during pH change, it passed throuth the pI of 

zein, which may form bridging flocculation of the droplets and lead to differences in 

the structural organization of the pectin molecules within the interfacial membrane 

[11]. 

 

Table 4.2 Droplet size, zeta potential and viscosity of o/w emulsions prepared by 

different mixing orders. 
pH Droplet size 

(μm) 

Zeta potential 

(mV) 

Viscosity 

(cP) 

4 6.49 ± 0.33 -21.44 ± 2.38 846.43 ± 45.55 

7 to 4 10.05 ± 0.09 -29.58 ± 0.08 654.68 ± 20.23 

7 12.42 ± 0.08 -32.53 ± 0.08 663.17 ± 44.77 
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Figure 4.27 Microscopic images of o/w emulsions stabilized by pectin-zein 

complexes, prepared at various pHs; (a) pH 4 (b) pH change from 7 to 

4 (c) pH 7. 
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Figure 4.28 shows percent creaming index of o/w emulsions stabilized by 

pectin-zein complexes, prepared at various pHs.  Emulsions prepared at pH 4 were 

more stable (low percent creaming index) after stability test than those prepared at pH 

7 and by changing pH from 7 to 4.  The results suggested that zein may help to 

stabilize the emulsions by improving the rigidity of coated layer on oil droplets.  

Moreover, at pH 4, emulsions were smaller in size and higher in viscosity (Table 4.2).  

In agreement with Stokes’ law, the stability of emulsions can be enhanced by 

reducing the droplet size and decreasing of difference density of internal and external 

phase [18].  Emulsions prepared at pH 7 showed low emulsion stability (high percent 

creaming index).  This is probably due to the fact that both pectin and zein 

represented as negative charge and no complex was formed.  At pH 7, the emulsion 

droplets were larger and the viscosity was lower than at pH 4.  Furthermore, the 

droplet aggregation was observed (Figure 4.27c), which leading to less stable 

emulsions.  Emulsions prepared by changing pH from 7 to 4 demonstrated a low 

stability (high percent creaming index).  This may be due to, during pH adjustment 

from 7 to 4, the change of negative charge of zein to positive charge.  Subsequently, 

the droplets were aggregated and coalesced (Figure 4.27b).   
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Figure 4.28 Percent creaming index of o/w emulsions stabilized by pectin-zein 

complexes, prepared at various pHs. 

           

  4.3.4 Effect of zein concentration  

 As discussed in 4.3.2, more stable emulsions were achieved when 1.5% 

w/w HMP was used, at pH 4.  Emulsions containing 20% w/w rice bran oil showed no 

significant difference in droplet size (Figure 4.29).  Therefore, the increased amount 

of oil was investigated.  The emulsions were prepared by mixing the pectin emulsions 

with the weighed amount of zein (0-0.5% w/w), at pH 4.  The results demonstrated 

that the droplet size decreased from about 9 μm in the absence of zein to about 5 μm, 

in the presence of 0.5% w/w zein (Figure 4.29).  In the case of 20% w/w rice bran oil, 

the droplet size decreased from about 9 μm in the absence of zein to about 6 μm, in 

the presence of 0.1% w/w zein.  A higher emulsifer concentration influenced the 

droplet size in a larger surface area.  The sufficiently emulsifier  can be stabilized 

during homogenization, which, also lead to faster coverage of the droplet, and show 

better protection against recoalescence during the homogenization [80].  
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Figure 4.29 Droplet sizes of o/w emulsions stabilized by pectin-zein complexes, 

prepared at various zein concentrations.            

 

 Figure 4.30 shows microscopic images of o/w emulsions containing 2% 

w/w HMP and zein at various concentrations.  The results demonstrated that the oil 

droplets dispersed in water phase and did not flocculate.  It is likely that their surfaces 

were completely saturated with biopolymers.  Moreover, the droplet size tended to 

decrease with the increased zein concentration.  This may be due to the complexes of 

HMP and zein that could improve emulsification properties, resulting from an 

increase in hydrophobic behavior from zein molecules. 
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0% w/w zein 0.001% w/w zein 

  
0.01% w/w zein 0.1% w/w zein 

  
0.3% w/w zein 0.5% w/w zein 

Figure 4.30 Microscopic images of o/w emulsions containing 30% w/w rice bran oil, 

2% w/w HMP and various concentrations of zein.    
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Figure 4.31 shows the zeta potential and viscosity of o/w emulsions 

containing 2% w/w HMP and various concentrations of zein.  It was found that the 

negative charge of pectin decreased with the concentration zein increased.  The 

increase in zein concentration resulted in the increase of pectin-zein complexes in the 

emulsion system which could neutralize the negative charge of pectin.  Only slight 

change in zeta potential was observed when the zein concentration ranged from 0.01-

0.03% w/w. It is possible that the concentration of zein in this range was insufficient 

to cover the oil droplets containing pectin.  In contrast, at 0.5% w/w zein, the zeta 

potential was significantly changed.  It is likely that zein sufficiently adsorbed to the 

surface of the negative charge of oil droplets containing pectin.   

The viscosity was also slightly increased with the increased concentration 

of zein using spindle number CP51 at speed 50 rpm (Figure 4.31), resulting from the 

increased pectin-zein complexes.  Dickinson and co-workers also showed that the 

higher viscosity of pectin-casein stabilized emulsions attributes to significant 

attractive protein-polysaccharide interaction at the surface of the emulsion droplets 

[81]. 

 

 
Figure 4.31 Zeta potential and viscosity of o/w emulsions containing 2% w/w HMP   

and various concentrations of zein.            
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Figure 4.32 demonstrates the percent creaming index of o/w emulsions 

containing 2% w/w HMP and various concentrations of zein.  The results showed that 

percent creaming index of o/w emulsions decreased as concentration of zein was 

increased, resulting from pectin-zein complex formation.  Moreover, when adding 

zein into the formulations, the hydrophobicity of oil droplets containing pectin was 

increased, leading to an improve in emulsifying functionality [12].  The droplets size 

of emulsions decreased and the viscosity was increased (Figure 4.31) when zein 

concentration was increased.  The viscosity of continuous contributed to emulsion 

stability by slowing the creaming rate, leading to the stable emulsions [75]. 

 

 
Figure 4.32 Percent creaming index of o/w emulsions containing 2% w/w HMP and 

various concentrations of zein.       

 

Figure 4.33 shows photographs of o/w emulsions containing 30% w/w rice 

bran oil, 2% w/w HMP, and various concentrations of zein, after storage at ambient 

temperature (25 °C) for 30 days.  The results showed that the o/w emulsion was 

separated at zein concentration of 0.001% w/w and below.  It is probable that zein 

concentration was not sufficient to stabilize the emulsions, leading to phase 

separation.  At zein concentration above 0.01% w/w, the creaming layer increased 

with increased zein concentration.  This may result from the formation of three-
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dimensional network of aggregated droplets that retarded droplet movement [12].  It 

is suggested that addition of sufficient concentration of zein to pectin emulsions could 

stabilize emulsion system against instability of o/w emulsions.  The results were in 

agreement with other studies that improved emulsion stability is attributable to the 

presence of associative interfacial interaction between protein and polysaccharide [49, 

50, 51]. The complexes form with non-covalent association, mainly driven by 

attractive electrostatic interactions, i.e., proteins having positive charge at pH below 

their isoelectric point, can adsorb on the oil droplet and the negatively charged 

polysaccharides can form complexes at the interface [18].   

 

 
0 0.001 0.01 0.1 0.3 0.5 

Zein concentration (% w/w) 

 

Figure 4.33 Photographs of o/w emulsions containing 30% w/w rice bran oil, 2% w/w 

HMP, and various concentrations of zein, after storage at ambient 

temperature (25°C) for 30 days.    

 

4.4 Effect of high-pressure homogenization 

 The effect of high-pressure homogenization on droplet size and stability of 

emulsions was also studied.  Different homogenization pressures and homogenization 

times were investigated, in order to adjust the suitable condition for the preparation of 

emulsions. HMP was used as emulsifier in a preliminary experiment.  The droplet size 

of o/w emulsions stabilized by HMP, using various homogenization pressures and 

times, is shown in Figure 4.34(a).  Increasing of homogenization pressure from 50 to 
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100 or 150 MPa did not significantly affect the droplet size of emulsions.  Therefore, 

the homogenization pressure of 100 MPa was chosen for further formulations because 

of its reproducibility.   

 

 
Figure 4.34(a) Droplet sizes of o/w emulsions stabilized by HMP, using various 

homogenization pressures and times.   

 

The effect of homogenization cycles in high-pressure homogenization 

process was also investigated.  Figure 4.34(b) shows the droplet size of o/w emulsions 

stabilized by HMP, using various homogenization cycles.  It appears that when the 

emulsions were homogenized for three cycles, the droplet size decreased from 5.5 to 4 

μm and was not significantly decreased when the homogenization was more than 

three cycles (Figure 4.34(b)).  Besides, at 100 cycles, emulsions were separated to two 

phases (data not shown).  It is possible that a long-term high-pressure homogenization 

broke pectin chain up into shorter chain pectin.  Thus, the homogenization cycle for 

passing through the high-pressure homogenizer was set at three cycles for all 

formulations.  
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Figure 4.34(b) Droplet sizes of o/w emulsions stabilized by HMP, using various 

homogenization cycles.   

 

 Various concentrations of pectin (LMP or HMP) were used as an 

emulsifier, i.e., 0.5, 1.0 and 1.5% w/w.  Low concentration of pectin (0.5% w/w) was 

not sufficient to prepare stable emulsions.  The pectin concentration of greater than 

2% w/w tended to obstruct the machine because of its high viscosity.  Therefore, the 

concentration of pectin used in this study was fixed at 1.5% w/w for both LMP and 

HMP. 

 Figure 4.35 shows microscopic images of o/w emulsions containing 1.5% 

w/w LMP and various concentrations of zein, before and after passing through high-

pressure homogenizer.  Freshly prepared emulsions were milky white in color and all 

of emulsions showed spherical droplets. The droplet size of emulsions did not 

significantly decrease after passing through the high-pressure homogenizer.  Besides, 

higher concentration of zein did not affect the droplet size.  This may be due to a 

small difference in zein concentration.  Figure 4.36 shows microscopic images of o/w 

emulsions containing 1.5% w/w HMP and various concentrations of zein, before and 

after passing through high-pressure homogenizer.  The droplet size of emulsions was 

obviously decreased after passing through the high-pressure homogenizer.  It is also 

evident that the droplet size of emulsion using HMP was smaller than that using LMP, 
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after passing through high-pressure homogenizer.  This may be due to a greater 

emulsifying property of HMP, resulting from more hydrophobic group in the structure 

compared to LMP [82].  Moreover, the droplet size decreased when the zein 

concentration was increased.  It is likely that zein in formulation may be able to 

improve emulsifying properties of o/w emulsions stabilized by HMP, as described in 

section 4.3.4. 
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Figure 4.35 Microscopic images of o/w emulsions containing 1.5% w/w LMP and 

various concentrations of zein, before and after passing through high-

pressure homogenizer. 
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Figure 4.36 Microscopic images of o/w emulsions containing 1.5% w/w HMP and 

various concentrations of zein, before and after passing through high-

pressure homogenizer. 
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 Droplet size of o/w emulsions using LMP or HMP at various 

concentrations of zein, before and after passing through high-pressure homogenizer is 

shown in Figure 4.37.  After passing through the high-pressure homogenizer, droplet 

size of o/w emulsions using HMP decreased.  It likely that the high-pressure 

homogenizer could reduce droplet size of the internal phase with forcing macro-

emulsion through narrow gaps by imposing high pressure [69].  In addition, the 

droplet size decreased when the concentration of zein increased.  In case of LMP, 

using high-pressure homogenizer or higher concentration of zein did not significantly 

affect the droplet size.  It is possible that LMP has low emulsifying property. 

According to the high amount of hydrophilic group, which  is not suitable to form  

small size emulsions. 
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Figure 4.37 Droplet sizes of o/w emulsions using (a) LMP or (b) HMP and various 

concentrations of zein, before and after passing through high-pressure 

homogenizer. 
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Table 4.3 shows zeta potential of o/w emulsions using LMP or HMP and 

various concentrations of zein, before and after passing through high-pressure 

homogenizer.  The zeta potential of the emulsions before and after passing through 

high-pressure homogenization was  not significantly different.  It is likely that the 

composition and structure of emulsions were not changed after passing through the 

high-pressure homogenizer.  However, the zeta potential of emulsions using HMP 

was less nagative than those using LMP, resulting from the higher amout of free 

carboxyl group in HMP [53].   

 

Table 4.3 Zeta potential of o/w emulsions using LMP or HMP and various 

concentrations of zein, before and after passing through high-pressure 

homogenizer (n=3). 

Zein 

(% w/w) 

Zeta potential (mV) ± S.D. 

LMP HMP 

Before After Before After 

0 -37.90 ± 0.61 -36.90 ± 0.96 -22.90 ± 2.26 -23.67 ± 0.71 

0.001 -38.57 ± 0.55 -38.47 ± 0.68 -24.00 ± 0.36 -24.20 ± 0.53 

0.01 -37.47 ± 1.21 -37.13 ± 0.40 -23.00 ± 1.35 -23.73 ± 1.10 

0.1 -38.00 ± 0.20 -37.37 ± 0.91 -23.27 ± 0.75 -23.97 ±0.74 

 

The stability of o/w emulsions prepared by high pressure homogenizer was 

also investigated in this study.  Figure 4.38 shows percent creaming index of o/w 

emulsions using LMP or HMP and various concentrations of zein, before and after 

passing through high-pressure homogenizer, determined by centrifugation test at 

3,000 rpm for 10 min. Freshly prepared emulsions were milky white in color.  The 

results showed a lower emulsion stability of both pectin types (with a higher percent 

creaming index) after passing through the high-pressure homogenizer as shown in 

Figure 4.38, 4.39, and 4.40.  This may be due to the fact that high-pressure 

homogenizer might destroy the long chain molecules and then reduce the emulsifying 

property of pectin [69, 83].  The results also demonstrated that the stability of 

emulsions after passing through high-pressure homogenizer was slightly higher when 
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using high zein concentration, compared to that using low zein concentration.  The 

higher zein concentration may result in the stronger of pectin-zein complexes (as 

discussed in section 4.3.4), which could rearrange and adsorb onto the emulsion 

droplets.  This resulted in a better protection of emulsion droplets by pectin-zein 

complexes.  In addition, HMP used in this study was higher in molecular weight than 

LMP.  Therefore, the HMP may effectively cover on the oil droplet compared to LMP 

[78].  Moreover, emulsions using HMP were more stable (low percent creaming 

index) than those using LMP, the results showed that emulsions using LMP separated 

to two phases (data not shown) and demonstrated low stability (with 50 percent 

creaming index) of emulsions using LMP, both before and after passing through high-

pressure homogenization.  In addition, the percent creaming index was not influenced 

by zein concentration.  It is probably due to the low emulsifying property and 

sensitivity to temperature of LMP [53].   
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Figure 4.38 Percent creaming index of o/w emulsions using (a) LMP or (b) HMP and 

various concentrations of zein, before and after passing through high-

pressure homogenizer, determined by centrifugation test at 3,000 rpm for 

10 min.  
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Figure 4.39 Percent creaming index of o/w emulsions using (a) LMP or (b) HMP and 

various concentrations of zein, before and after passing through high-

pressure homogenizer, after temperature cycling test (4°C/40°C) for 6 

cycles. 
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Figure 4.40 Percent creaming index of of o/w emulsions using (a) LMP or (b) HMP 

and various concentrations of zein, before and after passing through 

high-pressure homogenizer, when kept at ambient temperature (25°C) 

for 14 days. 
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CHAPTER 5 

CONCLUSIONS 

Emulsions are known to be thermodynamically unstable systems and the 

biopolymers are widely used as emulsifier.  Previous studies have shown that pectin 

alone at low concentration is not good emulsifier for stabilizing emulsion.  In this 

study, the system containing pectin-zein complexes under appropriate conditions has 

been proposed in order to improve the physical properties and stability of o/w 

emulsions.   

To gain more understanding about the pectin-zein complexes, the 

properties of the complexes were studied.  Various concentrations of zein was mixed 

with pectin solution, at pH 4, and the morphology of pectin-zein complexes was 

observed from digital images, optical microscopic images and SEM micrographs.  

When the concentration of zein was increased, the turbidity of pectin-zein mixture 

increased but the surface tension of pectin-zein mixture decreased.  The interfacial 

tension of pectin-zein mixture was slightly lower than that of pectin alone.  FTIR 

results confirmed the possibility of weak interaction between pectin and zein. 

Emulsions stabilized by pectin-zein complexes were evaluated.  Various 

concentrations of rice bran oil, pectin, and zein were investigated.  The effect of order 

of mixing, pHs and high-pressure homogenization on physical properties, e.g., droplet 

size, zeta potential, viscosity and emulsion stability (i.e., percent creaming index) at 

ambient temperature and under environmental stress conditions, was studied.  The 

stability of prepared emulsions by using 1.5-2% w/w pectin with 15-20 % w/w rice 

bran oil was not good while the emulsions prepared by using pectin as primary 

emulsifier and zein as secondary emulsifier (method IV) showed small droplet size, 

high viscosity and the highest stability.  Emulsions prepared at pH 4 showed small 

droplet size, high viscosity and stability while at pH 7 and pH change from 7 to 4, the 

extensive droplets aggregation occurred and large droplet size, low viscosity and low 

stability emulsions were obtained.  When the concentration of zein was increased, the 

droplet size of emulsions decreased, the viscosity increased, the zeta potential was 

less negative and the emulsion stability was improved.  High-pressure homogenizer 
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was only used to prepare emulsions containing 1.5% w/w pectin (i.e., LMP or HMP), 

20% rice bran oil and various concentrations of zein and morphology, droplet size, 

zeta potential and emulsion stability at ambient temperature and under environmental 

stress conditions was investigated.  The stability of emulsions using pectin, both LMP 

and HMP, decreased after passing through high-pressure homogenizer. Emulsions 

using HMP were more stable than those using LMP.  After passing through high-

pressure homogenizer, stability of emulsions prepared by using LMP and high 

concentration of zein decreased but the droplet size and zeta potential were not 

significantly changed.  In addition, the emulsions prepared by using HMP and high 

concentration of zein were more stable and their droplet size decreased after passing 

through high-pressure homogenizer but, their zeta potential was not different. 

 In conclusion, this study provides valuable insights into the pectin-zein 

complexes and their emulsifying properties.  The selection of suitable conditions, 

such as polymer and oil concentration, order of mixing, pH and emulsification 

equipment, may help to improve the emulsion stability.  This information may be 

useful in designing materials with novel properties for commercial products, such as 

foods, cosmetics or personal care products. 

Future direction of research 

 The decrease in emulsion stability after passing through the high-pressure 

homogenizer should be investigated.  The study for understanding emulsion 

preparation process by high-pressure homogenizer should be performed.  Moreover, 

the applicability of this technique to some other oils, such as olive oil, fish oil, having 

bad taste or odor should be investigated.  The effect of influencing parameters of 

emulsion preparation (e.g., pH, salt, solvent) on stability of emulsions is also needed 

to be studied for scaling up and industrial applications. 
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Table List of abbreviations 

Symbol Definition 

% percent 

> more than 

< less than 

˚C degree celsius 

μm micrometer 

% w/w percent weight by weight 

A absorbance 

e.g. exemplī grātiā (Latin); for example 

et al. and others 

etc. et cetera (Latin); and other things/ and so forth 

FTIR Fourier transform infrared spectroscopy 

g gram 

HMP high methoxy pectin 

HCl Hydrochloric acid 

h hours 

i.e. id est (Latin); that is 

kDa kilodalton 

kg kilogram 

LMP low methoxy pectin 

Lot. No. lot  number 

mg milligram 

mL milliliter 

MW molecular weight 

NaOH sodium hydroxide 

pI isoelectric point 

pKa the negative logarithm of the dissociation constants 

S.D. standard deviation 

UV-VIS ultraviolet - visible 
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