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Part 2    Abstract   

The objective of this study was to investigate the physical properties of pectin-zein polyelectrolyte 

complexes and the stability of rice bran oil-in-water emulsions stabilized by pectin–zein complexes. First, the 

formation of pectin-zein polyelectrolyte complexes was investigated with emphasis on the effect of pectin type 

and zein concentration. The pectin-zein complexes were formed by mixing pectin solution with zein solution, at 

pH 4, where zein and pectin had opposite charges. The formation of complexes was evidenced by an increased 

turbidity, a slight decrease of negative charges, and an aggregation of polymers as observed by digital images, 

microscopic images and scanning electron micrographs. Fourier transform infrared spectra suggested the 

possibility of weak physical interaction between pectin and zein. The pectin-zein complexes demonstrated better 

oil/water interfacial tension lowering properties than pectin alone. Next, the stability of emulsions stabilized by 

pectin–zein complexes was investigated. The effects of concentration of pectin, zein and rice bran oil as well as 

order of mixing on physical properties, such as droplet size and zeta potential, and emulsion stability after storage 

at ambient temperature and under environmental stress conditions, i.e., temperature cycling and centrifugation 

test, were observed. The stable emulsions could be prepared by homogenizing pectin with rice bran oil and then 

adding zein solution at pH 4. It was found that the pectin–zein complexes could improve stability of emulsions by 

decreasing droplet size and increasing viscosity of the emulsion system. The stability of emulsions also increased 

as concentration of zein was increased.  In addition, applying high-pressure homogenization after mechanical 
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homogenization caused only a small additional decrease in emulsion droplet size. The droplet size of emulsions 

was influenced by the type of pectin used; emulsions using high methoxy pectin (HMP) were smaller than those 

using low methoxy pectin (LMP). The emulsions stabilized by HMP–zein showed good physical stability with 

lower percent creaming index than those using LMP, both before and after passing through high-pressure 

homogenizer. These results suggested that the pectin–zein complexes within optimal condition could be used to 

improve the physical properties and stability of rice bran oils emulsions. It suggested that pectin and zein are 

promising materials, thus extending the range of applications of these natural polymers.   

 

Key words: rice bran oil, emulsion, pectin, zein, stability  



 

 

D 

 

บทคดัย่อ 

 

ส่วนทีÉ 1     

         ชืÉอโครงการ  การพฒันาอมิลัชันของนํÊ ามนัราํขา้วโดยใช้เพกตินและเซอินเป็นสารก่ออิมลัชัน 

         ชืÉอผูว้จิยั   ř.  รองศาสตราจารย ์ดร. สุชาดา พิริยะประสาธน์ (หัวหนา้โครงการ) 

   คณะเภสัชศาสตร์ มหาวทิยาลยัศิลปากร 

  Ś. ศาสตราจารย ์ ดร. พรศกัดิÍ  ศรีอมรศกัดิÍ  (ผูร่้วมวจิยั) 

   คณะเภสัชศาสตร์ มหาวทิยาลยัศิลปากร 

  3.  นางสาวมณีรัตน์ จตุัลาภา (ผูร่้วมวจิยั) 

   คณะเภสัชศาสตร์ มหาวทิยาลยัศิลปากร 

        แหล่งทุนอุดหนุนการวจิยั   งบประมาณแผน่ดินประจาํปี  ŚŝŝŠ                 . 

    สถาบนัวิจยัและพฒันา  มหาวทิยาลยัศิลปากร   

 ปีทีÉเสร็จ  Śŝŝš 

 ประเภทการวิจยั    การวิจยัประยุกต์  

 สาขาวชิา (อา้งองิตามวช.)  วิทยาศาสตร์เคมีและเภสัช       

 

ส่วนทีÉ Ś    บทคดัยอ่  

งานวิจยันีÊมีวตัถุประสงคเ์พืÉอศกึษาสมบติัทางกายภาพของสารประกอบเชิงซ้อนระหว่างเพกตินและเซอิน

และผลของสารประกอบเชิงซอ้นต่อสมบัติทางกายภาพและความคงสภาพของอิมลัชันนํÊ ามนัรําขา้ว ขัÊนแรกศึกษา

การเกิดสารประกอบเชิงซ้อนระหว่างเพกตินและเซอิน โดยเน้นผลของชนิดเพกตินและความเขม้ขน้ของเซอิน 

สารประกอบเชิงซอ้นระหว่างเพกตินและเซอินเกิดขึÊนโดยการผสมสารละลายเพกตินและสารละลายเซอินทีÉพีเอช

เท่ากบั Ŝ ซึÉงเซอินและเพกตินมีประจุตรงขา้มกนั  พบว่าการเติมเซอินลงในสารละลายเพกตินเกิดเป็นสารประกอบ

เชิงซ้อนระหว่างเพกตินและเซอินทีÉไม่ละลายนํÊ า โดยมีความขุ่นเพิ ÉมขึÊนและประจุทีÉเป็นลบลดลงเล็กน้อยเมืÉอ

ทดสอบศกัยไ์ฟฟ้าซีตา ภาพการเกาะกลุ่มกนัจากกล้องจุลทรรศน์ และกลอ้งจุลทรรศน์อิเล็กตรอนแบบส่องกราด 

ผลจากอินฟาเรดสเปกโทรสโกปีชนิดฟูเรียร์ทรานสฟอร์มแสดงให้เห็นว่าอาจมีอนัตรกิริยาทางกายภาพอย่างอ่อน

ระหว่างเพกตินกบัเซอิน แรงตึงระหว่างผิวประจันของสารประกอบเชิงซ้อนระหว่างเพกตินและเซอินตํÉากว่า

สารละลายเพกตินเดีÉยวเลก็นอ้ย  จากนัÊนศกึษาความคงตวัของอิมลัชันทีÉมีส่วนประกอบของเพกตินและเซอิน ศึกษา

อิทธิพลของความเขม้ขน้เพกติน เซอิน และนํÊ ามนัรําขา้ว  ลาํดับการผสมต่อสมบัติทางกายภาพ เช่น ขนาดหยด

อนุภาค ศกัยไ์ฟฟ้าซีตาและความคงสภาพของอิมลัชนัหลงัจากเกบ็ไวที้Éอุณหภูมิห้องและภายใต้สภาวะความเครียด

ทางสิÉงแวดลอ้ม ได้แก่ การเปลีÉยนแปลงของวงจรอุณหภูมิและการปัÉ นเหวีÉยง พบว่าอิมลัชันทีÉมีความคงสภาพสูง

เตรียมได้จากการปัÉนผสมเพกตินกบันํÊ ามนัรําขา้วก่อนแล้วจึงเติมสารละลายเซอินทีÉพีเอชเท่ากบั Ŝ ผลการศึกษา

ชีÊให้เห็นว่าสารประกอบเชิงซอ้นระหว่างเพกตินและเซอินสามารถปรับปรุงความคงสภาพของอิมลัชันได้โดยการ

ลดขนาดหยดอนุภาคและการเพิ Éมความหนืดของระบบอิมลัชัน ความคงสภาพของอิมลัชันเพิÉมขึÊนเมืÉอความเขม้ขน้

ของเซอินเพิÉมขึÊน นอกจากนีÊพบว่าการนาํอิมลัชันไปผา่นเครืÉองปัÉนผสมแรงดันสูงทาํให้ขนาดของอนุภาคลดลงอีก
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เล็กน้อยทัÊ งนีÊ ขึÊนกบัชนิดของเพกตินทีÉใช้ โดยอิมัลชันทีÉมีเพกตินชนิดเมทอกซีสูงจะมีขนาดเล็กกว่าเพกตินชนิด   

เมทอกซีตํÉา ความคงสภาพของอิมลัชันทีÉใช้สารประกอบเชิงซ้อนระหว่างเพกตินชนิดเมทอกซีสูงและเซอิน สูงกว่า

อิมลัชนัทีÉใช้สารประกอบเชิงซ้อนระหว่างเพกตินชนิดเมทอกซีตํÉาและเซอิน ทัÊ งก่อนและหลงัจากผ่านเครืÉองปัÉน

ผสมแรงดันสูง ดงันัÊนสารประกอบเชิงซอ้นระหวา่งเพกตินและเซอินภายใต้สภาวะทีÉเหมาะสมสามารถนาํมาใช้เพืÉอ

ปรับปรุงสมบตัิทางกายภาพและความคงสภาพของอิมลัชันนํÊ ามนัรําขา้วได ้เพกตินกบัเซอินจึงเป็นพอลิเมอร์ธรรม

ชาติทีÉมีแนวโนม้ทีÉจะนาํไปประยกุต์ใช้งานไดก้วา้งขวางมากขึÊน 

 

คาํสําคญั : นํÊ ามนัรําขา้ว อิมลัชนั เพกติน เซอิน  ความคงตัว   
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Introduction 

 

 Since the excipients used in pharmaceutical industries in Thailand were quite expensive and had to 

be imported from overseas.  Therefore, the development of the new natural pharmaceutical excipient was 

interesting.  This would reduce the cost in pharmaceutical industries in Thailand, add value to local 

agricultural products and replace imports from abroad and might also help Thai economic.  Rice bran oil, 

which is extracted from germ and inner husk of rice, has been used extensively in several Asian countries and 

United States.   India and Thailand are the most important producers of rice bran oil, together accounting for 

more than ŚŚŝ,ŘŘŘ metric tons of rice bran oil per year.  Rice bran oil is used as additives in foods, 

pharmaceuticals, cosmetics and animal feeds.   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.  The powerful antioxidants are tocotrienols 

and γ-oryzanol, which associate with prevention of cardiovascular diseases and some cancers.  Because of 

these beneficial effects, rice bran oil is very appealing as specialty oil or healthy oil in niche markets.  

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).  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. 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 prevent droplets from aggregation by generating repulsive 

interactions. 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.  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 are the commonly used protein emulsifiers.  The main 

stabilizing action of polysaccharides is via viscosity modification or gelation in the aqueous continuous phase 

whereas proteins have 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.  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 
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stability.  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.  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. 

 

Review literature 

 Rice bran oil, which is extracted from germ and inner husk of rice, has been used extensively in 

several Asian countries and United States [ř].   India and Thailand are the most important producers of rice 

bran oil, together accounting for more than ŚŚŝ,ŘŘŘ metric tons of rice bran oil per year.  Rice bran oil is used 

as additives in foods, pharmaceuticals, cosmetics and animal feeds [Ś].   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 [ś-ŝ].  The powerful 

antioxidants are tocotrienols and γ-oryzanol, which associate with prevention of cardiovascular diseases and 

some cancers [Ş-ş].  Because of these beneficial effects, rice bran oil is very appealing as specialty oil or 

healthy oil in niche markets [ř-ś].  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) [Š].  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 prevent droplets from aggregation by 

generating repulsive interactions [š-řŘ].  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 [řř].  The most widely used 

polysaccharide 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 [řŚ-řś].  The main stabilizing action of 

polysaccharides is via viscosity modification or gelation in the aqueous continuous phase whereas proteins 
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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 [řŚ].   

  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 [řŜ], β-lactoglobulin + gum arabic [řŝ], lecithin 

+ chitosan [řŞ], β-lactoglobulin + carrageenan [řş], 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 [řŠ]. 

  Zein is one of interesting proteins that could be used to form complexes with polysaccharide. It is a 

prolamine, a major storage protein of corn. 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 and, thus, ethanol at high concentrations (60–95%) is required to maintain 

their molecular conformations [19]. The properties of zein are not only dependent on the amino acid 

composition, but also their molecular structures on the nanometer scale [20]. Due to its water insolubility, zein 

has been used in food and packaging industry to form a moisture barrier. In pharmaceutical application, zein 

nanoparticles have been studied for sustained drug delivery applications for drug molecules [21].  

 Pectin, a naturally occurring water-soluble polysaccharide, is a well-known food additive which is 

mainly used for its gelling and stabilizing abilities. Due to its biocompatibility, biodegradability and non-

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

applications [22]. It also has several unique properties that have enabled it to be used potentially as an 

emulsifier and a carrier for drug delivery to gastrointestinal tract, such as matrix tablets, gel beads, film-coated 

dosage forms [23,24]. Chemically, 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 [22]. 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. 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).  

 Recently, combination of zein and pectin has been used as drug delivery carrier in the form of 

complex hydrogel beads [25], microspheres [26], or nanoparticles [27,28]. Therefore, in this study, pectin-
zein polyelectrolyte complexes were prepared and the physical properties of pectin-zein complexes 
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were characterized and 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. 

 

Objectives 

This research was aimed to: 

ř. Develop pectin-zein complexes as emulsifier in order to increase emulsion stability in 

pharmaceutical products  

Ś. Develop products that are used as health supplement, prepared from rice bran oil, as oral 

emulsions using pectin and zein as emulsifier, and determine physicochemical properties 

and stability of prepared products.  

 

Expected Outcome 

ř. To develop natural substances including pectin and zein as emulsifier, apply emulsion 

process technology and develop a new manufacturing process (knowledge) 

Ś.  To publish research in international journals and present the work in the academic 

conferences (knowledge) 

ś.  To obtain prototype/production process of rice bran oil emulsion using natural substances 

as emulsifier in order to be an alternative in using supplements to promote good health 

(commercial) 
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pectin 
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stability  
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C degree celcius 

cps centipoises 

µm micrometer 
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rpm round per minute 

%w/w percent weight by weight 

LMP low methoxy pectin 

HMP high methoxy pectin 

A absorbance 

cm-1 wavenumbers 

min minute 

FTIR fourier transform infrared spectroscopy 

H hours 

kDa kilodalton 

kg kilogram 

mg milligram 

mL  milliliter 

MW molecular weight 

N normality 

NaOH Sodium hydroxide 

 

Conceptual Framework  

 To develop the emulsion system containing pectin, an anionic polysaccharide, and zein, a 

cationic charge as emulsifier under appropriate conditions in order to improve the physical properties 

and stability of o/w emulsions and to develop products that are used as health supplement prepared from 

rice bran oil in oral emulsion using pectin and zein as emulsifier and determine physicochemical and 

stability of prepared products 

 

Materials and Methods 

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) 
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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) 

Equipments 

1.  Glassware   

2. Analytical balance   

3. Magnetic stirrer 

4. Texture analyzer 

5. Water bath 

6. Refrigerator 

7. Oscillatory rheometer 

8. Brookfield viscometer 

9. Du Nouy tensiometer 

10. Fourier transform infrared spectroscopy  

11. Shaker with temperature control system 

12. Scanning electron microscope 

13. Zeta potential Analyzer 

14. Vortex mixer 

15. UV-visible spectrophotometer 

16. High pressure homogenizer 

17. Hot air oven 

18. Freeze dryer 

19. pH-meter  

20.  Centrifuge 

21. Particle size analyzer 

22. Dynamic light scattering analyzer 

Methods 

1.  Preparation of biopolymer solutions and complexes 

1.1 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 
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to remove any insoluble particles.  Only supernatant was used and pH was adjusted to the appropriate 

pH value.  

 1.2 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 1.1. 

1.3 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. 

2. Characterization of biopolymer solutions 

 2.1 Zeta potential measurement 

 The zeta potential of biopolymer solutions (pectin and zein) at various pHs (pH ś to ş) 

and mixtures of ř% 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 ŝ 

mM acetate buffer (pH Ŝ) with gentle stirring before measurement.  The electric field applied was ř V.  

The average and standard deviation of the measurement of three batches of samples were reported. 

 2.2 Turbidity measurement 

 The turbidity of pectin, zein and mixtures of pectin and zein at various pHs (pH ś to 

ş) was determined using a UV-visible spectrophotometer (model TŞŘ, PG Instrument, USA) at ŞŘŘ 

nm.  The quartz cuvettes with a cell path length of ř.Ř cm were used.  Distilled water was used as a 

blank reference. The transmission and absorbance data (at ŞŘŘ nm) were analyzed.  

 2.3 Optical microscopy 

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

(model CXŜř, 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. 

 2.4 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.ŝř at a speed of ŝŘ rpm, 

at ambient temperature (25°C).  Sample (Ř.ŝ mL) of each formulation was added on the plate. 
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2.5  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 řŘŘ, 

Data Physics Corporation, USA) operated with the FTAśŚ vŚ.Ř 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 Ř.Şśŝ mm.  Surface tension of pectin (HMP or LMP) and zein solutions 

at various concentrations were 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 Ř.ŝ-Ś% 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 Ŝ or ş, was also 

determined.  All the measurements were carried out in triplicate. 

2.6  Morphological observation 

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

microscope (model Maxim-ŚŘŘŘ, CamScan Analytical, England), under an accelerating voltage of řŝ 

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. 

2.7  Fourier transform infrared (FTIR) spectroscopic analysis 

The FTIR spectra of samples were recorded by FTIR (model ŜşŘŘ, 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 ŝ tons for ŞŘ s before placing in a sample holder.  The 

spectral value of the samples was obtained by scanning from ŜŘŘŘ to ŜŘŘ cm-ř.  FTIR spectra of the 

samples were obtained using a software package (Omnic FTIR software, version ş.Śa, Thermo Electron 

Corporation, USA).  

3. 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. 

3.1  Effect of pectin and rice bran oil concentration 

To study the effect of pectin and rice bran oil concentration.  Emulsion was 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 obtained emulsion containing 0.1% w/w methyl-propyl paraban 
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as an antimicrobial agent.  The resulting emulsions were then stored at ambient temperature (25°C) for 

24 h before analysis. 

3.2  Effect of mixing order 

Emulsions stabilized by pectin and zein were prepared by different mixing order using 

homogenizer (model T25 digital Ultra-Turrax, IKA, Germany) performed in an ice-bath to avoid over 

heating. 

Method I: The o/w emulsion was 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. 

Method II: The o/w emulsion was 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 emulsion was 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 emulsion was 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 then stored at ambient temperature (25°C) for 24 h before analysis.   

3.3  Effect of pH 

To study the effect of pH of emulsion, method IV was used to prepare pectin-zein 

stabilized emulsions. Primary emulsion was 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 emulsion in order to 

obtain secondary emulsion.  The composition of secondary emulsion 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 was also investigated.  The obtained 

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

3.4  Effect of zein concentration 

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

stabilized emulsions.  Primary emulsion was prepared by homogenizing the oil phase (20% 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 emulsion.  The obtained mixture containing 0.1% 

w/w methyl-propyl paraban as an antimicrobial agent was homogenized for 3 min.  The resulting 

emulsions were then stored at ambient temperature (25°C) for 24 h before analysis. 
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3.5  Effect of high-pressure homogenizer 

The effects of homogenization pressure and number of pass through the high-pressure 

homogenizer on the droplet size of emulsion were studied. 

4. Characterization of o/w rice bran oil emulsions   

4.1 Measurement of drop size: The size of emulsion droplets was measured by using 

laser scattering particle size distribution analyzer (model LA-950, Horiba, Japan).   

4.2 Zeta potential measurement: The zeta potential of the obtained emulsions was 

measured by zeta potential analyzer 

4.3 Measurement of viscosity: The viscosity of the obtained emulsions was measured 

by Brookfield viscometer:cone and plate (DV III, Brookfield, Germany)  

4.4 Optical microscopy: The morphology of droplet of the emulsions was investigated 

by light microscope (model CXŜř, Olympus, Japan).  

4.5 Determination of %creaming or cracking after keeping in various conditions 

(detail in 4.6) 

4.6. Stability of o/w emulsion 

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 condition, 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: 
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 Results and Discussion 

 

1. Characterization of pectin and zein solutions 

 The zeta potential of zein, HMP or LMP at various pHs was determined as shown in 

Figure 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 (from pH 2.5 to 7).   

 

 
Figure 1  Zeta potential of 1% w/w LMP, 1% w/w HMP and 0.125% w/w zein at various pHs. 

 

 

 The particle size of zein solution at various pHs was determined as shown in Figure 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 [20].  This is confirmed by the photograph 

of zein solution at various pHs (Figure 3).  The zein solution was turbid with some precipitates at pH ≈ 

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. 
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Figure 2  Particle size of zein solution (0.125% w/w) at various pHs. 

 

 

 

 

 
   3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 

pH 

Figure 3 Photograph of 0.125% w/w zein solution at various pHs. 

 

  

Figure 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 [29].  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 
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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.   

 

 
Figure 4 Turbidity of zein and pectin at various pHs. 

 

 Figure 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 [30].   

  

 
Figure 5 Viscosity of pectin (LMP or HMP) solution at various concentrations. 
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 Surface tension of pectin (LMP or HMP) at various concentrations was investigated as shown 

in Figure 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 was already excess, above or close to the interfacial saturation [15].  However, the expansion of 

the air-water interface was not practical in the preparation of o/w emulsion, so the interfacial tension 

between oil and water was also investigated. 

 

 
Figure 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 7).  The interfacial tension slightly decreased with increasing of time and the 

constant value was observed at more than 600 s.  This might be due to time consuming for adsorption of 

macromolecule on the interface followed by rearrangement in the surface film [31].  Moreover, the 

interfacial tension of pectin decreased with the increased pectin concentration, resulting from the more 

surface active character of pectin molecules.  

 

2.  Characterization of pectin-zein complexes  

 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 [32], i.e., at pH 4.  Figure 8 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 [32].  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 
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surface charge of zein molecule could form bridges between pectin molecules and 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.   

 

 
 

 
Figure 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. 

 

 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 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 [29].  

 

(a) LMP 

(b) HMP 
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Figure 8  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. 

  

 
Figure 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. 

 

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 10).  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 10  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. 

 

 

 

 

 

 

5% w/w zein 

2% w/w LMP 2% w/w HMP 

2% LMP+0.05% zein 

2% LMP+0.25% zein 

2% HMP+0.05% zein 

2% HMP+0.25% zein 
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 Figure 11 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 [32]. 

 

 

  

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 11  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. 

 

 The surface morphology of the pectin-zein complexes was also investigated by SEM, as 

shown in Figures 12 and 13.  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.   

0.1 mm 
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2% w/w LMP +  

0.05% w/w zein 

 

 

 
 

2% w/w LMP + 

0.25% w/w zein 

 

 
 

Figure 12   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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  5,000X 

2% w/w HMP  

 
 

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

zein 

 

 
 

2% w/w HMP + 0.25% w/w 

zein 

 

 
 

Figure 13  SEM micrographs of pectin-zein complexes containing 2% w/w HMP and zein (0.05 or 

0.25% w/w), at pH 4. 

  

FTIR spectra of pectin-zein complexes are shown in Figures 14 and 15.   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 [33].  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 [34].  

Figure 15 showed that no new transmission peak or shifting was found from the FTIR analysis, 
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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 C=O of pectin increased, compared to the physical mixture of pectin and zein in the 

same ratio.  Similar results were observed in case of HMP (Figure 15).  These observations suggested 

the possibility of weak physical interaction between pectin and zein. 

 

 
Figure 14  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 15 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. 

 

 

 Figure 16 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 [35].  However, the 

decrease in surface tension of pectin-zein complexes was less extent than that of zein solution alone.  

This might 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 [36].   This finding indicated that the 
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concentration of pectin-zein complexes could influence the adsorption properties at the interface 

between oil and water phases.    

  

 
 

Figure 16  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. 

 

 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 17. 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.  In contrast, the interfacial tension of HMP-zein complexes at pH 7 decreased 

slightly when time progressed.  The constant value (about 11 mN/m) was observed at more than 600 s.  

It might be due to the fact that the electrostatic interaction was not occurred at pH 7 because HMP and 

zein exhibited the same charge.  Hence, independent pectin and zein need time for adsorption of 

macromolecule on the interface followed by rearrangement at the interface [15].  The interfacial tension 

of complexes using HMP more decreased than those using LMP.  This was because HMP had more 

hydrophobic group than LMP, thus, exhibited a good emulsifying property [18].  
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Figure 17  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. 

 

3. Preparation of o/w emulsions stabilized by pectin-zein complexes  

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 18 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 



 

 

25 

 

of making smaller droplets [12].  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 18  Droplet sizes of o/w emulsions stabilized by HMP, prepared by using various 

concentrations of rice bran oil. 

 

Figure 19 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 was 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. 
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Figure 19  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 Figure 20, 21, 

and 22.  These 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 emulsion (percent creaming index increased).  This is probably pectin was 

not sufficient to prepare stable emulsions.  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 21 also appears that the formations 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 22).  This suggested that the pectin concentration at least 1.5% w/w had 

sufficient to produce stable emulsion.  From the above results, therefore, the o/w emulsions prepared by 

using 2% w/w HMP and 20% w/w rice bran oil was selected for further investigation. 
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Figure 20  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. 

 
Figure 21  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. 



 

 

28 

 

 
Figure 22  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. 

 

 3.2 Effect of order of mixing  

 In order to compare the order of mixing for emulsion preparation using pectin and/ or zein 

as emulsifiers, four methods were used.  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 pH4.  In case of zein alone (method I), 

stable emulsions could not be obtained.  Zein alone has insufficient surface active property to produce 

emulsion.  The zeta potential of emulsions prepared by different methods was not significantly change 

(Table 1).  In method II, emulsions prepared by HMP alone showed that the mean droplet size of o/w 

emulsions was about 8 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 

1).  This suggested that zein and HMP showed opposite charge and then electrostatic interaction could 

form.  However, method III and method VI 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 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.   Hence, based on this 

finding, method IV was selected for further investigation.   
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Table 1 Droplet size and zeta potential of o/w emulsions prepared by using different orders of mixing. 

Method  d4,3 (µm) ± 

S.D. 

Span 

value 

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 

 

 Figure 23 shows microscopic images of o/w emulsions prepared by different methods.  

The results demonstrated that the oil droplets dispersed in water phase and not coalesced.  This may be 

due to the fact that their surfaces were completely saturated with biopolymers.  Moreover, method II 

which 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.   

 

 The viscosity of o/w emulsions prepared by different mixing orders was investigated 

(Figure 24).  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 [32].     

In general, the physical stability of the emulsions can be improved according to Stroke’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 (1): 

    (1) 

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

gravitational acceleration (m/s2), and R is radius of the spherical object (m). 

 The Stoke’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 along with increasing internal and 

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

preparation of stable emulsions [31]. 
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(a) Method II 

 
(b) Method III 

 
(c) Method VI 

 
Figure 23  Microscopic images of o/w emulsions prepared by different methods;    (a) method II, 

(b) method III, (c) method IV. 

  

 

 
Figure 24  Viscosity of o/w emulsions prepared different mixing order. 
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 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 25).  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 was because the formation from method III, the emulsifying 

properties was not sufficently improved for protecting emulsion stability.  Emulsions prepared by 

method II, using pectin 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, in this study the method IV was the suitable order of 

mixing for preparation of o/w emulsions. 

 

 
Figure 25  Percent creaming index of o/w emulsions prepared by different mixing orders, tested by 

various techniques. 

 

 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 by well as 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 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, which the pectin-zein 
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complexes was improved the physical properties i.e., droplet size, zeta potential and viscosity of 

emulsion system [32].  At pH 7, the zeta potential of emulsion droplets was more negative than those 

prepared at pH 4 and changing pH from 7 to 4.  It was 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 [31], leading to flocculation and 

coalescence of the emulsion droplets (Figure 26c).  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.  The viscosity of emulsions 

was less than those prepared at pH 4 but was not significantly different from those prepared at pH 7 

moreover, the extensive droplets aggregation also occurred (Figure 26b).   

 

Table 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 

 

Figure 27 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 2).  In 

agreement with Stoke s’law , the stability of emulsions can be enhanced by reducing the droplet size 

along with increasing internal and external phase density [18].  In the case of emulsion prepared at pH 7 

showed low emulsion stability (high percent creaming index).  It is probably due to the fact that both 

pectin and zein represented as negative charge and no complex was formed.  Furthermore, at pH 7, it 

showed larger droplets, lower viscosity than prepared at pH 4 and also aggregation of droplet (Figure 

26c) which leading to the 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 26b).   
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Figure 26  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. 

 

 

(a) 

(b) 

(c) 
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Figure 27  Percent creaming index of o/w emulsions stabilized by pectin-zein complexes, prepared 

at various pHs.           

 

  3.4 Effect of zein concentration  

 As discussed in 3.2, the more stable emulsions were achieved when 2% w/w HMP was 

used, at pH 4.  As emulsions containing 20% w/w rice bran oil showed good stability with low percent 

creaming index so 30% w/w rice bran oil was used to investigate the effect of zein concentration on 

physical properties and stability of o/w emulsions.  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 28).   

  

 
Figure 28  Droplet sizes of o/w emulsions stabilized by pectin-zein complexes, prepared at various 

zein concentrations.            

 



 

 

35 

 

 Figure 29 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. 

 

  
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 29  Microscopic images of o/w emulsions containing 2% w/w HMP and zein at various 

concentrations.    
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Figure 30 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 charge 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 (Figure 

30), 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 [37]. 

 

 

 
Figure 30  Zeta potential and viscosity of o/w emulsions containing 2% w/w HMP   and various 

concentrations of zein.           

  

Figure 31 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 30) when zein concentration was 
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increased.  The viscosity of continuous contributed to emulsion stability by slowing the creaming rate, 

leading to the stable emulsions [34]. 

 

 
Figure 31  Percent creaming index of o/w emulsions containing 2% w/w HMP and various 

concentrations of zein.       

 

Figure 32 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 emulsions cracked 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-dimensional network of aggregated droplets 

that retarded droplet movement [12].   

 

 
0 0.001 0.01 0.1 0.3 0.5 

Zein concentration (% w/w) 

 

Figure 32  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.    



 

 

38 

 

 3.5 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.  Figure 33 shows droplet size of o/w emulsions stabilized by HMP, using 

various homogenization pressures and times.  Increasing of homogenization pressure from 50 to 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.   

The effect of homogenization cycles in high-pressure homogenization process was also 

investigated.  Figure 34 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 was decreased from 5.5 to 4 µm and was not significantly decreased when the 

homogenization was more than three cycles (Figure 34).  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.  

 Various concentrations of pectin (both LMP and 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 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 was 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 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 was also evident that the droplet size of emulsion using HMP was smaller than that using LMP, 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 [38].   
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Figure 33  Droplet sizes of o/w emulsions stabilized by HMP, using various homogenization 

pressures and times.   

 

 

 
Figure 34  Droplet size of o/w emulsions stabilized by HMP, using various homogenization cycles.   
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Figure 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 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. 

  

Droplet size of o/w emulsions using LMP or HMP at various concentrations of zein, before and after 

passing through high-pressure homogenizer was shown in Figure 37.  After passing through the high-

pressure homogenizer, droplet size of o/w emulsions using HMP decreased.  It is 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 [39].  In addition, the droplet size decreased when the 

1000 µm 
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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  was not suitable to 

form  small size emulsions. 

 

  

 
 

Figure 37  Droplet size of o/w emulsions using (a) LMP or (b) HMP and various concentrations of 

zein, before and after passing through high-pressure homogenizer. 

 

 

Table  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 possible 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 [22].   
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Table 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 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 all 

preparations.  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 38, 39, and 40.  

This might be due to the fact that high-pressure homogenizer might destroy the long chain molecules 

and then reduce the emulsifying property of pectin [39].  The results demonstrated that the stability of 

emulsions after passing through high-pressure homogenizer was slightly higher when using high zein 

concentration, compared to that using low zein concentration.  This may be due to, 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 [40].  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 [22].   
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Figure 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.  

 
Figure 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. 

 
Figure 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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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.  The 

emulsions were 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.  Only using high-pressure homogenizer, emulsions containing 1.5% w/w pectin (i.e., LMP or 

HMP), 20% rice bran oil at various concentrations of zein were prepared and investigated using optical 

microscopy, droplet size, zeta potential and emulsion stability at ambient temperature and under 

environmental stress conditions.  The droplet size of emulsions was influenced by the type of pectin 

used; emulsions using high methoxy pectin (HMP) were smaller than those using low methoxy pectin 

(LMP). The emulsions stabilized by HMP–zein showed good physical stability with lower percent 

creaming index than those using LMP, both before and after passing through high-pressure 

homogenizer.  

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 rice bran oil 
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emulsion stability.  This information may be useful in designing materials with novel properties for 

commercial products, such as foods, cosmetics or personal care products. 
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