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ABSTRACT 

Das Ziel der Arbeit ist die Erfassung der komplexen materialwissenschaftlichen Eigenschaften von 

Kokosfett, Kokosmilch bzw. Kokosmilchprodukten durch moderne rheologische 

Untersuchungsmethoden. Neue Produkte auf der Basis von Kokosmilch wie Kokosmilchkäse und 

stabilisierte Kokosöl-im-Wasser Emulsion können mit Hilfe der gewonnenen Kenntnisse entwickelt 

werden. 

Scherversuche ergaben, dass die Kokosfette im Temperaturbereich von 35 bis 90 °C aufgeschmolzen 

vorlagen und ausschließlich Newtonsches Fließverhalten aufwiesen. Anhand der Oszillationsversuche 

wird deutlich, dass für alle Kokosfette der Kristallisationsvorgang im Temperaturbereich von 20 bis   

10 °C sowie der Aufschmelzvorgang von 17 bis 32 °C vorlag. 

Die frische Kokosmilch und die Kokosmilch aus der Dose weisen eine Strukturviskosität nach Ostwald 

– de Waele auf. Im Gegensatz dazu zeigt die rehydralisierte Kokosmilch (10 – 50 %) Newtonsches 

Fließverhalten. Einflüsse wie Temperatur, Konzentration und Partikulierung der Kokosmilch wirken 

sich hauptsächlich auf das materialwissenschaftliche Verhalten der Produkten auf.  

Die Herstellung des Kokosmilchkäses erfolgt durch zusätzlichen Einsatz von der Magermilchpulver als 

Caseinquelle. In dieser Arbeit zeigte das System 20:20:60 (Magermilchpulver : Kokosmilch : Wasser) 

die besten Gerinnungseigenschaften. Die Konzentrations- und Temperaturbedingungen sind die 

Haupteinflussfaktoren der labinduzierten Gerinnung. 

Der synergistische Effekt der Hydrokolloide (Xanthan/Guar, Xanthan/Johannisbrotkernmehl, 

Guar/Carboxymethylcellulose) wird mittels Scherversuche untersucht. Die 0,5 %ige Mischung von 

Xanthan und Guar (15:85) ist das System mit der höchsten effektiven Viskosität und einer optimalen 

Strukturstabilität (geringster Fließindex). Damit ist diese Mischung am geeignesten zur Stabilisierung 

der 20 %iger Kokosöl-im-Wasser Emulsion. Einer Netzwerksstruktur wird nach dem Herschel-Bulkley 

Modell erfasst und begründet die Langzeitstabilität der Emulsionen.  

Die Technologieführung für die Herstellung der Emulsion, die mit dem Propellerrührer bei 400 U/min 

für 1 Minute langsam vorgeschert und danach bei 200 bar durch 2 Durchläufe homogenisiert wurde, 

zeigt das höchste Viskositätslevel der Emulsion. Durch den Einfluss des Homogenisierens findet die 

mechanolytische Destrukturierung der Hydrokolloide statt. Nach partieller Zugabe nicht 

homogenisierter Hydrokolloiden nach dem Homogenisieren lässt sich eine höhere Viskosität und 

Langzeitstabilität der Emulsion erziehen. Die Sicherung der Stabilität erfolgt durch Zugabe der 

Hydrokolloide und wird teilweise vor und nach der Homogenisierung im Verhältnis von 75/25. Je nach 

Einsatz kann die erwünschte Stabilität bei 30 °C und Raumtmperatur mehr als 3 Monaten beibehalten 

werden. Die neuartigen und modernen Methoden lassen sich insbesondere in der thailändische 

Kokonussindustrie vorteilhaft anwenden. 

 



ABSTRACT 

The aims of this research were to investigate the complex material science properties of coconut fats 

and oils, as well as coconut milks and its products using modern methods of shear rate examination 

and dynamic viscoelastic measurement, and to develop new food-based coconut milk products such 

as coconut cheese-like and stabilized coconut oil-in-water emulsion.  

From the results obtained from oscillation tests, melted coconut oils showed Newtonian behavior over 

a wide range of temperatures (> 35 °C) while coconut fats exhibited a rapid phase change in a narrow 

range of temperatures, 20 -   10 °C for crystallization and 17 – 32 °C for melting.  

Fresh and canned coconut milks are non-Newtonian fluids according to the Ostwald-de Waele model. 

In contrast, rehydrated coconut milk (10 –   50 %) exhibited Newtonian behavior. The main factors 

affecting their rheological properties were temperature, concentration and particle size.  

Successful trials for utilizing coconut milk to produce a coconut cheese-like product were done by 

adding skim milk powder as an enriched casein source. The recommended formulation obtained from 

this experiment is 20:20:60, for skim milk, coconut milk and water, respectively. The main parameters 

affecting cheese curd formation are concentration and temperature. 

Various hydrocolloids (xanthan/guar, xanthan/locust bean gum, guar/carboxymethylcellulose) and 

their synergistic effects were examined using control shear rate tests. The best organized system 

appropriate for stabilizing 20 % coconut oil-in-water emulsion, apparently due to it induced highest 

effective viscosity and optimal structural stability (low flow index), is the X/G mixtures (0.5 wt%) at 

15:85. Its semi-slid micro-particle gel-like structure according to the Herschel-Bulkley model is the 

main reason controlling its long-term emulsion stability.  

Additionally, when crude emulsions were premixed at slow speed using propeller at 400 rpm for 1 min 

and homogenized at 200 bar for two times using a two-stage homogenizer they showed the best 

results of final emulsion viscosity. Furthermore, due to the structure degradation induced by high 

pressure treatment during emulsion homogenization, new methods found in this study using partial-

added gum solutions is recommended. This can promote longer emulsion stability and higher product 

viscosity. Parts of gum mixtures were designated for separate addition prior to and after 

homogenization (at a ratio of 75/25) to regain emulsion viscosity and the required rheological 

properties. Stable coconut oil-in-water emulsion over 3 months of storage (at 30 °C and room 

temperature) has been successfully developed. The modern technological methods developed 

attaining these results could be useful to Thai coconut industries.  
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1. INTRODUCTION 

Coconut oils and coconut milks are the main products derived from coconuts. In 2001, the world 

consumption of coconut oil was approximately 3,096,000 tons and consumption has been increasing 

approximately 3 % each year since (Food Market Exchange, 2009). European countries and the 

United States are major importers of coconut oils as it is an important ingredient for making desserts. 

Thailand is the world’s biggest producer and exporter of coconut products. Although coconut oil 

recovery remains the major concern in the coconut industry, there appears to be an increasing 

demand for coconut milk products. It has been estimated that 25 % of the world’s consumption of 

coconuts is as coconut milk (Gwee, 1988). Many traditional foods in Thailand and other southeast 

Asian countries contain coconut milk as a main or indispensable ingredient.  

However, information on coconut milk physical and chemical properties is comparatively sparse and 

widely scattered (Seow and Gwee, 1997). One of the major problems encountered by Thai coconut 

industries is the lack of improved technology in production, processing and product development 

(Food Market Exchange, 2009). This has prompted interest in this product in recent years of food 

scientists and food engineers to develop new products and technologies from coconut oils and milks. 

Such useful information should provide important tools for researchers as well as food processors.  

In this study, the material science examinations of coconut oils and milks have been carried out and 

new products and technologies for coconut cheese-like production and the stabilization of coconut oil-

in-water emulsions have been developed.  

The examinations of the rheological, physicochemical and physico-mechanical properties of coconut 

fats and oils, and coconut milk and its products might provide key information needed to fully 

understand their product functionalities. One of the most important functionalities of coconut oils and 

fats includes the solid-liquid and liquid-solid phase change, flow behavior and thermocaloric 

parameters. A basic assumption of this research is that rheology might be a practical method for 

defining melting and crystallization temperatures as well as revealing a great deal of information 

regarding flow behavior and structural change during thermal transition. The effects of concentration 

and thermal treatment on coconut milk and its products, such as rehydrated coconut milks, and fresh 

and canned coconut milks, has also been determined to provide basic information for the development 

of new food-based coconut milks products and technologies.  

Food-based coconut milk products are still limited in markets. Traditionally, coconut was manufactured 

as an intermediate product for food-based uses in the form of coconut protein, powder, UHT or 

canned coconut milks. Successful development of new products, such as coconut cheese, would bring 

substantial economic benefits to the coconut industry. In this study, coconut milk has been used as an 

ingredient for preparing a coconut cheese-like product. This result is expected to help in the 

production of new inexpensive types of dairy-like foods from coconut. 

Another type of coconut milk product generated in this study is a coconut oil-in-water emulsion as an 

imitation coconut milk. The product formulation and process development has been discussed. These 
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results can be maintained as useful information for coconut milk and cream stabilization. The 

instability of coconut milk and cream to separate into two distinct phases create inevitable problems 

for coconut producers. The reason for this instability is the insufficient amount of natural emulsifiers in 

coconut milk to retard creaming instability. To improve stability, various types of emulsifiers and 

stabilizers were investigated, along with the development of a new technological process of producing 

coconut oil-in-water emulsion.  

Food gums such as xanthan, guar, locust bean gum and cellulose derivatives are widely used for 

stabilizing oil-in-water emulsions. To gain better economics and quality the synergistic interaction 

between gums was investigated. The interaction mechanism between xanthan and locust bean gum 

has been intensively studied but is still controversial. Moreover, studies about the interaction between 

xanthan/guar and guar/CMC are limited. The investigation of utilizing these gum mixtures in coconut 

oil-in-water emulsions or coconut milks cannot be found in current literature. Therefore, the material 

science examinations of these gum mixtures were conducted and on the basis of this research, gum 

mixtures and ratios were selected for stabilizing coconut oil-in-water emulsion. The understanding of 

rheological properties and the influence of high pressure and temperature treatment on these gum 

mixtures could provide information that will result in emulsion stability.  

To achieve these goals, a sophisticated rheometer was used and a series of experiments were 

conducted. Shear rate examinations and dynamic viscoelastic measurements were carried out. Other 

physical examinations including color, texture, particle size distribution and microscopic 

measurements were also determined. The hypothesis of the correlation of emulsion rheology and 

process parameters controlling emulsion stability, i.e., functionality, process and structural properties, 

has been created and investigated. These results will promote improvements in modern technology for 

emulsion process development.  
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2. OBJECTIVES 

The overall aims of this study were to investigate complex material science properties of coconut fats, 

oils and milks that could be used to develop new food-based coconut milk products such as coconut 

cheese-like and coconut oil-in-water emulsion. Objectives are given as follows. 

• To review the literature in order to provide an elaborate background involving coconut fats and 

oils, coconut milk and its products, coconut cheese production, food hydrocolloids and their 

interactions, food emulsions and basic rheology for solutions and components in food emulsions. 

A series of experiments was carried out according to the following objectives. 

• To examine the material science properties of coconut fats and oils, fresh and rehydrated coconut 

milks as well as commercial coconut milks. Shear rate examination and dynamic viscoelastic 

measurements will be conducted on all samples. Phase change behavior will be evaluated in 

coconut fats and oils samples. Also, the effect of total solid content and temperature will be 

determined. The comparison between rheological parameters and thermocaloric values will also 

be discussed.  

• To study the feasibility of producing a coconut cheese-like product enriched with non-fat skim milk 

powder. The effect of different ratios between rehydrated coconut milk and skim milk powder, 

including the effect of coconut milk concentration and rennet temperature, will also be discussed 

as to their structure formation during the renneting process. 

• To examine the material science properties of selected polysaccharides, i.e., xanthan, guar, locust 

bean gum and carboxymethylcellulose solutions. The gum solutions and their synergistic effects of 

gum mixtures of xanthan/guar, xanthan/locust bean gum and guar/carboxymethylcellulose will 

also be investigated. The combined effects of high pressure treatment and gum fractions, as well 

as high temperature treatment, will also be evaluated.  

• To stabilize 20 % coconut oil-in-water emulsion with the addition of selected emulsifiers (Tween 60 

and Span 60) and stabilizers (xanthan, guar and their mixtures) at different HLB and gum ratios. 

Rheological measurements and particle size determination will be conducted and correlated with 

long-term emulsion stability, both for freshly prepared emulsions and during storage conditions at 

30 °C and room temperature. 

• To develop new technology for stabilizing coconut oil-in-water emulsion by studying the influence 

of crude emulsion preparation and homogenization methods. The appropriate homogenization 

pressure and cycles will be studied. To improve product stability and viscosity, the influence of 

partially adding gum solution before and after homogenization will be investigated and compared.  

The best formulation and processes for producing a coconut cheese-like product and stabilizing 

coconut oil-in-water emulsions found in these studies will be given. The obtained results are intended 

to further the expansion of Thai coconut industries. 
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3. REVIEW OF LITERATURE 

 
3.1 Coconut fats and oils 

Coconut fats and oils are the predominant composition extracted from coconuts, specifically coconut 

flesh. Coconut flesh, an abundant source of coconut oil and coconut milk, is the important plant crop in 

tropical regions. The utilities of coconut oil and fat are varieties. Coconut oils have been used for a 

long time as household cooking oils or substitutes for butter and lard in Asia. In European countries 

coconut fat and its products are also famous as an important ingredient for making dessert. Coconut 

oil is also important in lubricant, and cosmetic industries.  

Fresh coconut kernel contains from 35 to 50% fat, which when extracted is a white solid at room 

temperature. Wide variations in fat content occur among individual nuts, trees and areas of production. 

When the kernel is dried into copra, the percentage of fat rises to 63-65%. Coconut fat, known in 

commerce as coconut oil, becomes virtually clear liquid at temperatures above 30 °C, and is low in 

viscosity and surface tension. The unrefined oil removed from the kernels by pressing has a 

disagreeable odor from the volatile fatty acids (Woodroof, 1970).  

3.1.1 Properties of coconut oils 

Coconut oil belongs to unique group of vegetable oils called lauric oils (Jayadas and Nair, 2006; 

Woodroof, 1970). Coconut oil, except lauric acid, also contains the number of short or medium chain 

of saturated fatty acid. The chemical compositions of coconut oil are given in Table 3.1.  

Table 3.1 Fatty acid constitution of coconut oil from several early researches 

Fraction (%) Component Carbon atom : 
double bonds Jayadas 

and Nair 
(2006) 

Acharya 
et.al. 

(2002) 

 
Child 

(1974) 

 
Woodroof 

(1970) 

 
Kaufman  
(1965) 

Lauric acid  
(CH3(CH2)10COOH)  12:0 51.0 44.3 44.1 45.0 48.0 

Myristic acid  
(CH3(CH2)12COOH) 14:0 18.5 15.9 13.1 18.0 19.0 

Caprylic acid  
(CH3(CH2)6COOH)  8:0 9.5 9.2 5.4 7.8 8.0 

Palmitic acid 
(CH3(CH2)14COOH)  16:0 7.5 9.6 7.5 9.5 7.0 

Oleic acid 
CH3(CH2)7CH=CH(CH2)7
COOH)  

18:1 5.0 6.3 5.0 8.2 6.0 

Capric acid  
(CH3(CH2)8COOH)  10:0 4.5 9.7 4.5 7.6 7.0 

Stearic acid  
(CH3(CH2)16COOH)  18:0 3.0 3.2 1.0 5.0 4.0 

Linoleic acid 
(CH3(CH2)4CH=CHCH2C
H=CH(CH2)7 COOH) 

18:2 1.0 1.5 1.0 - 1.0 

 

More than 90% of fatty acids of coconut oil are saturated. The iodine value of coconut oil which is a 

measure of un-saturation in coconut oil is 7-12 (Hui, 1996) or approximately 9 (Tan and Man, 2002). 

According to the research of Jayadas and Nair (2006), the minimum energy conformations of the 
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molecules are shown in Fig. 3.1. The minimum energy conformation of coconut oil molecules modeled 

with three lauric acid chains has their fatty acid chains nearly parallel to one another. This enables 

close packing of the molecules during cooling leading to a gel like structure which in turn entraps the 

low melting constituents. 

 

 

 

 

 

 

 

(a) (b) 
Fig. 3.1 Minimum energy conformation of coconut oil molecule with 3 lauric acid chains (a) or with a 

lauric acid, an oleic acid and a linoleic acid chain (b) (Jayadas and Nair, 2006) 

From the list of fatty acids in coconut oil (Table 3.1), it is seen that this oil is highly saturated which is 

of great value to manufactures of food products. Because of this high saturation, coconut oil is very 

resistant to rancidity and hence, foods containing coconut oil have a long shelf life. Certain bakery 

items like crackers are sprayed with an edible oil to impart gloss and to provide a moisture barrier. 

Such large surface exposure to air is highly conducive to oil oxidation resulting in rancidity. Although 

coconut oil is priced higher than most other oils (soybean, palm, etc.), it is preferred in the 

manufacture of certain foods because of its high resistance to rancidity (Banzon et al., 1990).  

When considered in the study of Jayadas and Nair (2006), coconut oil showed comparatively lesser 

weight gain, an indicator of oxidative stability, under oxidative environment than other vegetable oils 

such as sesame oil and sunflower oil. In European countries coconut oil is also used as a mixture with 

other oils to gain commercial vegetable oil products and margarine. Crude coconut oil from presses is 

usually neutralized and the color and smell are removed before it is used in foodstuffs. Because of its 

high melting point, it is classified as a solid fat (de Taffin, 1998). After fractional distillation or 

hydrogenation aimed at rising the melting point to 32-37°C, a coconut fat is produced that is highly 

valued in the confectionery industry for use in chocolate coatings, artificial creams and cream 

substitutes.   

Coconut oil has qualities which make it eminently suitable in the preparation of margarine, shortening, 

soap, and other edible and inedible products. Coconut oil is a “standard” for deep fat frying of nuts and 

snacks. Coconut oil is one of the most important raw materials of the cosmetic industry and 

pharmaceuticals. These range from the simple use of natural and synthetic triglyceride oils as liquid 

carriers and solvents for vitamins, hormones and antibiotics for intramuscular injections, to its use as 

creams, lotions and coatings in making tablets (Woodroof, 1970).  

According to Enig (2001), lauric acid, a medium chain fatty acid, has antimicrobial properties and is 

the precursor to monolaurin, the antimicrobial lipid. 

http://en.wikipedia.org/wiki/Lauric_acid
http://en.wikipedia.org/w/index.php?title=Monolaurin&action=edit
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Coconut oil and its hydrogenated, interesterified and chemically modified forms are the preferred fatty 

components in pharmaceuticals because of their lower calorific value. Results of experiments 

conducted show that a synthetic liquid triglyceride derived form coconut oil and completely saturated 

in nature had the ability to not only control cholesterol levels in approximately the same degree as 

corn oil, but also controlled the deposition of cholesterol in the liver, arteries and heart. All of these 

factors have gradually lowered the safflower oil market from its pedestal position (Woodroof, 1970). 

Specifically, coconut oil has the medium-chain triglyceride. Only coconut oil and palm kernel oil, 

among the commercially available oils, contain medium-chain triglyceride, practically none is present 

in soybean, palm, corn, and cottonseed oils (Banzon et al., 1990). 

3.1.2 DSC of coconut fats and oils 

The high degree of saturation and long stability of coconut oils and fats render it one of the world’s 

most desirable natural oils for confections, bakery goods, deep fat frying and candles (Woodroof, 

1970). Fundamental knowledge of the thermal behavior over the crystallization and melting 

characteristics of this oil would play an important role in many food industries in practical applications 

in many preparations of food products. Oil properties may also explain the thermal behavior of coconut 

milk, an oil-in-water emulsion which contains 35-50% coconut fat as the main composition.  

Most of the research on the crystallization and melting process of coconut oils and fats subjects them 

to experimentation by differential scanning calorimetry or DSC. DSC is the technique for measuring 

the energy necessary to establish a nearly zero temperature difference between a substance and an 

inert reference material as the two specimens are subjected to identical temperature regimes in an 

environment heated or cooled at a controlled rate. Over the past two decades, differential scanning 

calorimetry (DSC) has been increasingly utilized for thermodynamic characterization of edible oils and 

fats (Dollimore, 1996). 

Some previous researches studied the thermal behavior of coconut oil by DSC by monitoring peak 

transition temperatures and transition enthalpies. Tan and Man (2002) investigated the thermal 

behavior of coconut oil compared to palm oils. The researcher, using different scanning rates, stated 

that an increase in heating rate was generally associated with an increase in peak size, peak transition 

and offset temperature. Meanwhile, peak transition and onset temperatures increased with decreasing 

cooling rates. A decreased heating or cooling rate also caused a narrowing of the melting endotherms 

or crystallization exotherms. Moreover, at increased heating rates, the shape of the melting curve is 

smoothed and, as a result, detailed information may be lost. However, DSC peak analysis allows the 

determination of the temperature of transition of a given oil or fat. The heating rate affects the 

sharpness of the peaks in the DSC endotherm of the oils. The sharpness of the peak also indicates 

the cooperative nature of the transition from triacylglycerol (TAG) composition. If transition occurs in a 

very narrow range of temperatures, it is highly cooperative. Generally, the highly saturated TAG 

melted at higher temperatures than the highly unsaturated TAG. 

Tan and Man (2002) also studied crystallization exotherms in coconut oil and stated that coconut oil 

samples exhibited two overlapping exothermic peaks. As the cooling rate decreased, both exothermic 

peaks shifted to higher temperatures and finally merged with the lower temperature peak. The height 
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of the higher-temperature peak diminished with the decreasing cooling rate whereas the height of the 

lower-temperature peak increased with decreasing cooling rate. One possible explanation for the 

disappearance of the higher-temperature crystallization peak at low cooling rate was the stronger co-

crystallization effect of TAG in the coconut oil as compared with higher cooling rates.  

By comparison, coconut oil, which has high degrees of saturation, showed DSC melting enthalpies at 

higher values than other oil samples which have high degrees of unsaturation such as palm oil and 

palm based products, because of the oil sample with a higher degree of saturation requires more 

energy during the melting process. 

Jayadas and Nair (2006) stated that DSC curves show plots of heat flow against temperature. Hence 

DSC curves of vegetable oils, including coconut oil during cooling show an exothermic peak (Fig. 3.2). 

The crystallization temperature at which exothermic peak occurs for coconut oil is at 24 °C. It’s also 

known that coconut oil contains approximately 5% of oleic acid and 1% of linoleic acid. Low 

temperature properties of coconut oil can be modified by attaching long chain molecules at the double 

bond sites by suitably designed chemical processes. The study of Dyszel and Baish (1992), also 

observed the characterization of several different tropical oils using differential scanning calorimetry 

(DSC). The melting of the components of the oil matrix was profiled by heating at 5 K/min. This study 

provided the data for the peak temperature of the largest peak for coconut oil at maximum 

temperature of ≅ 25 °C with the total heat of melting of 89.7 J/g as shown in the DSC curve. 

 

 

 

 

 

 

 

 
(a) (b) 

Fig. 3.2  DSC thermal curve of a typical coconut oil from Jayadas and Nair (2006) (a) and Dyszel and 

Baish (1992) (b). The large size curves are given in Appendix C-1. 

3.1.3 Some rheological aspects of coconut fats and oils 

Only a small number of reports have investigated coconut oils and fats from the viewpoint of 

rheological properties. None have been conducted using the oscillatory test to describe coconut oil 

crystallization or melting characteristics. Most studied their viscosity or the changes in their viscosity 

as a function of temperature. However, rheology measurement has been found an effective tool for 

studying the crystallization of oil derivative products (Drake et. al., 1994), meat fats (Hildebrandt and 

Senge, 2005) or any other fat blends or shortenings such as palm oil and rapeseed oil (Bell et al., 

2007). As stated by Bell et al. (2007), viscosity measurements are commonly used to monitor changes 

in fat rheology due to crystallization, but the application of shear can destroy some of the delicate 
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interactions present in fat systems. Therefore, the using of a controlled stress rheometer instead of 

simple viscosity measurement to describe the crystallization with the storage (G′) and loss modulus 

(G″) is more preferable. Until now, limited information was found on the rheological properties of 

coconut fats and oils. 

3.2 Coconut milk and its products 

Coconut milk, a milky white oil-in-water emulsion, has long been an important ingredient in Thai food, 

which is an increasingly important export commodity. Coconut milk is sold in many forms such as 

canned, UHT or coconut powder. Many traditional foods in Thailand, both curries and desserts, 

contain coconut milk as a main ingredient. The sweetened coconut milk for desserts is typically 

prepared by adding salt and sugar to fresh or heated coconut milk and mixed thoroughly. Some fruits 

or gelatinized formed flour (such as dough known for a typical Thai food dessert) may also be added 

during heating. Heated coconut milks are expected to retain their white color, stability and natural 

coconut aroma. Oil separation of coconut milk after heating is normally unacceptable. For savory 

dishes, on the contrary, coconut milk is added to a mixture of meat and curry paste and then boiled. 

After boiling, coconut milk is expected to be creamy where the partial separation of oil is required. 

However, customers require fresh or commercial coconut products to be white, aromatic and creamy, 

non-flocculated with a long term stability. 

The term “coconut milk” is conventionally defined as the aqueous products, free from fiber, extracted 

from solid coconut endosperm but optionally may include some coconut water. This certain definition 

was proposed by the Standard Task Force of the Asian and Pacific Coconut Community (APCC) in the 

year 1994. It totally differs from the term “coconut water” which should refer to the natural aqueous 

liquid endosperm of Coco nucifera L. that can be obtained directly from coconuts. Coconut milk is 

produced by grinding the white coconut meat and then squeezing out the milk which may include 

water or liquid endosperm (coconut water). Fresh coconut milk normally contains over 34 % fat 

content.  

By Thailand regulations, commercial coconut milk products are differentiated between coconut milks 

of (1) low-fat content which contains 5-8 % fat, (2) medium-fat content which contains 12-14 % fat, (3) 

coconut milk which contains 20-22 % fat and (4) coconut cream which contains more than 30 % fat 

content.  

3.2.1 Extraction of coconut milk 

The extraction of coconut milk (Fig. 3.3) begins with husking, shelling and paring of fully mature 

coconuts. Paring removes the brown testa which imparts a brown color and a slight bitter taste to the 

extracted milk. The coconut flesh or meat is then washed, drained and grated by machine (Seow and 

Gwee, 1997). The hammer mill is widely used for size reduction of coconut meat. Home preparation of 

coconut milk usually involves squeezing the cheese-cloth-wrapped freshly grated coconut meat, to 

express the milk. It is customary to repeat the extraction two or three times by adding water at room 

temperature, each time obtaining more diluted milk. The extracts may be bulked or used separately for 

specific purposes. For large scale production, a hydraulic or screw press is used. The milk is then 
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filtered through a cloth filter or centrifuged at low speed to remove finely comminuted particles of 

coconut pulp without breaking the emulsion (Cancel et al., 1979).  
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Fig. 3.3 Coconut processing (modified from Gonzalez, 1990) 

The extraction of coconut milk is, in fact, the first step in the aqueous or wet processing of fresh 

coconuts, which is an alternative method to traditional mechanical pressing of copra for the recovery 

of oil (Seow and Gwee, 1997; Hagenmaier et al., 1980; Banzon et al., 1990; Dessler and Heitmann, 

1991; Grimwood, 1975). The whey that remains after separation of virgin oil from the whole milk by 

centrifugation is a byproduct, termed coconut skim milk, which can be further processed, e.g. spray-

dried (Hagenmaier et al., 1980). 

3.2.2 Coconut milk compositions 

The chemical composition of fresh coconut milk show very wide variation due to the range of 

geographical sources, maturity of nuts and methods of extraction. Typical proximate compositions of 

the emulsion directly expelled from coconut kernel without any addition of water reported by different 

workers are given in Table 3.2.  

The main carbohydrates present are sugars, primarily sucrose, and some starch. Freshly extracted 

coconut milk contains small amounts of water-soluble B vitamins and ascorbic acid. Contents that 

might play an important role in coconut milk are coconut proteins (Seow and Gwee, 1970). Tansakul 

and Chaisawang (2006) investigated thermophysical properties of coconut milk. They reported that the 

thermal conductivity, specific heat, density, and thermal diffusivity of coconut milk samples with 20 – 

35 % fat content at 60 – 80 °C were in the range of 0.425 – 0.590 W/m⋅K, 3.277 – 3.711 kJ/kg °C, 

969.00 – 983.05 kg/m3 and 1.325 – 1.634 ⋅ 10-7 m2/s, respectively. 
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Table 3.2 Proximate composition of undiluted whole coconut milk as reported by different sources 

(modified from Seow and Gwee, 1997) 

Constituent (%) Nathanael  

(1954) 

Popper et 

al. (1966) 

Jaganathan 

(1970) 

Anon.  

(1984) 

Gonzalez 

(1990) 

Tansakul & 
Chaisawang 

(2006) 

Moisture 50.0 54.1 50.0 53.9 50 55.3 
Fat 39.8 32.2 40.0 34.7 34 35 
Protein (N x 6.25) 2.8 4.4 3.0 3.6* 3.5 4.02 
Ash 1.2 1.0 1.5 1.2 2.2 1.02 
Carbohydrates 
(by differences) 

6.2 8.3 5.5 6.6 7.3 4.70** 

* N X 5.30; ** contains solid non-fat about 9.74 % 

The authors also suggested that a decrease in fat content of coconut milk samples and an increase in 

temperature resulted in an increase in values of these thermal properties. Other physical properties 

reported by other researchers are summarized in Table 3.3. 

Table 3.3 Physical properties of undiluted coconut milk 

Physical properties Unit Gonzalez (1990) Hagenmaier (1980) 

Specific gravity, g/cm3 1.0029-1.0080 - 

Surface tension,  dynes/cm3 * 97.76-125.43 - 

Viscosity, Poise mPas 1.61-2.02 12 at 40 °C 
Refractive index - 1.3412-1.3446 - 
pH - 5.95-6.30 6.0 

* non-valid unit 

Coconut protein content of the undiluted coconut milk ranges from 5 to 10 % (on dry basis). 80 % of 

those proteins found in coconut endosperm would be classified as albumins and globulins and only  

30 % of protein in the filtered milk is dissolved in the aqueous phase. The undissolved protein acting 

as an emulsifying agent is closely associated with the oil globules (Hagenmier et al., 1972; Samson et 

al., 1971). Balachandran and Arumunghan (1992) have observed that the water-soluble proteins and 

salt-soluble proteins of the coconut endosperm resolved with molecular weights ranging from 14,000 – 

52,000 and from 17,500 – 45,000 respectively, and their minimum protein solubility in aqueous 

coconut extracts ranged at pH 2-3.  

From DSC results, coconut protein in fresh extract coconut milk denatured at 92 and 110 °C (Kwon et 

al., 1996). The authors suggested that the former denaturation temperature was attributable to the 

overlapping transitions of both albumins and some globulins while the latter temperature is due to 

denaturation of globulins. In contrast, canned and UHT products did not exhibit any of the major 

endotherms associated with protein denaturation, indicating that proteins had been denatured during 

the thermal processes involved. Albumins and globulins appear to be most stable over the pH 5 – 9. 

These proteins increased the resistance to heat denaturation in the presence of sugars, polyols and 

common salt (Seow and Goh, 1994). Amino acid composition of these coconut proteins was shown in 

Table 3.4. In general, these proteins contain relatively high levels of glutamic acid, arginine and 

aspartic acid but are deficient in methionine.  



  - 11 - 

Table 3.4 Amino acid composition of the albumin and globulin fractions from defatted coconut meal   

(g / 100 g protein) (Kwon et al., 1996) 

Amino acids Albumins Globulins 
Isoleucine 2.8 4.1 
Leucine 3.9 6.5 
Lysine 5.1 3.5 
Methionine 1.2 2.9 
Phenylalanine 2.7 5.9 
Threonine 3.3 3.3 
Valine 3.5 7.5 
Histidine 1.8 1.9 
Tyrosine 3.0 3.7 
Aspartic acid 5.6 8.9 
Proline 2.7 3.4 
Serine 3.1 5.0 
Glutamic acid 24.9 17.5 
Glycine 4.0 4.9 
Alanine 2.9 4.1 
Arginine 17.9 15.0 

 

3.2.3 Some aspects on coconut milk stability 

The emulsion is known to be naturally stabilized by coconut proteins: globulins and albumins, and 

phospholipids (Birosel et al., 1963). However, the coconut milk emulsion is unstable, and readily 

separates into two distinct phases - a heavy aqueous phase and a lighter cream phase (Cancel, 1979; 

Gonzalez, 1990). The reason for this instability is that the protein content and quality in coconut milk is 

not sufficient to stabilize the fat globules (Monera and del Rosario, 1982). The emulsifying properties 

of coconut proteins are affected by pH, ionic strength, and temperature (Gonzalez and Tanchuco, 

1977; Kwon and Rhee, 1996; Onsaard, et al., 2005, 2006). They are generally poorly soluble, 

particularly at pH values close to their isoelectric points (pI = 4 – 5) (Kwon and Rhee, 1996; Monera 

and del Rosario, 1982; Samson et al., 1971). Coconut proteins have been shown to denature and 

coagulate on heating to 80 °C (Gonzalez, 1990; Kwon et al., 1996). Proteins extracted from coconut 

cream are less surface active than whey protein isolate (WPI) and are not particularly effective at 

either creating small droplets within the homogenizer or preventing  droplet aggregation during or after 

homogenization, thus resulting in less stable emulsions (Onsaard et al., 2006). 

Physical separation of canned coconut milk into an oil-rich phase and a water-rich phase are 

unavoidable during processing and storage. Much research in the past decade has been done aiming 

for methods to retard the instability in coconut milk and prolong its shelf life (Baudot, 1971; Goncalves 

et al., 1984; Timmins and Kramer, 1977, 1978; Agrawal et al., 1991; Soler et al., 1991). The usage of 

appropriate emulsifiers and stabilizers coupled with two-stage homogenization is their main focus. 

Certain commercial canned coconut milks are known to contain polyoxyethylene sorbitan 

monostearate and/or sorbitan monostearate. Soy lecithin, alginates, carboxymethyl cellulose, casein, 

carrageenan, guar gum, karaya gum and locust bean gum, individually or in various combinations, 

may also be used to stabilize or modify the consistency of the product (Seow and Gwee, 1997). 
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New technology has been recently used to observe and investigate the stability of coconut milk. Two-

stage homogenization or sonication was used as a primary method to reduce the size of coconut milk 

particles (Jena and Das, 2006; Chiewchan et al., 2006; Tangsuphoom and Coupland, 2005). High 

pressure treatment is required in combination with the addition of some emulsifiers and stabilizers to 

stabilize the coconut milk emulsions. The effects of homogenization on of coconut milk particle size as 

reported by Tangsuphoom and Coupland (2008) is shown in Fig. 3.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4 Representative images from optical microscopy (a, b) and cryo-SEM (c, d), taken of non-

homogenized (a, c) and homogenized (b, d) coconut milks. The arrow indicates the flocculated 

droplets. P shows some of the background protein (Tangsuphoom and Coupland, 2008). 

The addition of emulsifiers to absorb at oil interface and the stabilizer to retard phase separation 

during prolonged standing and thicken at the continuous phase are still the efficient solutions to 

prevent the instability in coconut milk. Soler et al. (1991) found that the most stable formulation 

involved the addition of 0.15 % emulsifier (Tween 60 and Span 60 mixed to obtain a 

hydrophilic/lipophilic balance HLB of 10) plus 0.3 % of high viscosity carboxymethyl cellulose. Some 

modern research covering the rheological properties and stability in coconut milk are summarized in 

Table 3.5.  

Fat content and temperature are also an important factor affecting stability and rheological properties 

of coconut milk emulsion (Simuang et al., 2004; Peamprasart and Chiewchan, 2006). According to 

Seow and Gwee (1997), temperatures over the range of 50-130 °C would reflect the complex protein 

composition and thermal denaturation behavior of the milk, with the peak or denaturation temperatures 

at about 92 and 110 °C, respectively. Simuang et.al. (2004) and Tangsuphoom and Coupland (2005) 

studied the apparent viscosity of coconut milk with different fat contents at the range of temperatures 
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of 70 - 90 °C and 50 - 90 °C, respectively. The results showed that all samples exhibited non-

Newtonian behavior with the reducing flow behavior index (n) and the increasing consistency 

coefficient (K) when the temperatures were increased. 

Table 3.5 Executive summary on viscosity and stability aspects of coconut milks 

 % Fat Process Additives  Summary results Reference

15-30 *preheating (70-90 °C) 

*Two-stage homogenizer 

at 14/4 mPa 

*0.6 % Tween 60 

and 0.6% CMC 

* Higher quality of processed 

coconut milk obtained when 

preheating temperature is 

higher (at 90 °C) 

 

Peamprasart 

& Chiewchan 

(2006) 

15-17 * homogenization at 40/4 

MPa and then heat (50-

90 °C) for 1 h 

none * Homogenization process 

alone would not be enough to 

stabilize coconut milk emulsion 

 

Tangsuphoom 

& Coupland 

(2005) 

30 * homogenization at 15-

27 MPa and sterilization 

at 109.3-121 °C 

*0.6 % Tween 60 

and 0.6% CMC 

* K increased with decreasing n 

after homogenization  

* Viscosity decreased after 

homogenize- and sterilization 

 

Chiewchan 

et al. 

(2006) 

17-18 * Twin-stage valve 

homogenizer at 20/2 MPa 

for 4-5 passes 

* 0-1% sodium 

caseinate, WPI, 

SDS, Tween 20 

* at 1 wt%, all samples were 

stable over 1 week 

* Tween 20 produced the best 

stable at same concentration 

 

Tangsuphoom 

& Coupland 

(2008) 

30 *preheat at 70 °C and 

homogenization at 11/4 

MPa and sterilization at 

121 °C for 1 h 

* 1% Tween 60 

* 1% CMC 

* coconut sugar 

*After 3 days all samples were 

creaming 

* Higher sugar content 

increased stability 

Jirapeangtong 

et al. 

(2008) 

 

3.2.4 Coconut milk processing and its products 

Since fresh coconut milk is easily spoiled at room and low temperatures (~ 5 °C), thermal processing 

is required to prevent microbial and chemical spoilage. This heat treatment is necessary because raw 

coconut milk is a low-acid liquid food, with a pH of approximately 6.2. It is a very rich medium and 

supports the growth of all the common spoilage microorganisms (Seow and Gwee, 1997). The 

generation time for multiplication of bacteria in coconut milk was found to drop from 232 min at 10 °C 

to 44 min at 30 °C (Fernandez et al., 1970) and posed serious organoleptic defects within 6 hr of 

storage at 35 °C (Kajs et al., 1976). However, such heat processing causes unpleasant physical 

changes such as phase separation, fat coagulation, off-flavor or lipid oxidation. As reported, coconut 

milk coagulates readily upon heating to 80 °C. Breakage of the oil-in-water emulsion also occurs in 

both raw (by gravitational left-stand) and processed forms of coconut milk (by heat treatment) which is 

normally considered an unacceptable physical defect. Due to the lack of protein content, coconut milk 
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was found to display poor emulsion stability over a relatively wide pH range from 3.5 – 6.0 (Seow and 

Gwee, 1997). Over the years many attempts have been made to stabilize coconut milk upon heating. 

Commercially, shelf-life extension of coconut milk has been achieved primarily through canning, 

aseptic packaging and spray-drying but the stability problem still remains.  

3.2.4.1 Short-term preservation coconut milk 
Short term preservation is easily effected by pasteurizing the milk at 72 °C for 20 min. Pasteurized 

coconut milk has a shelf life of not more than 5 days at 4 °C (Gwee, 1988).  

3.2.4.2 Canned coconut milk 
Long-term storage can only be achieved by sterilization. Canned coconut milk can last for at least 24 

months under normal storage conditions (Seow and Gwee, 1997). Canned coconut milk can be made 

by sterilizing bottled homogenized coconut milk at 115 or 121 °C more than 45 min in a rotary retort. 

Preheating the milk to 90 – 95 °C for several minutes, followed by filtration and homogenization prior 

to retorting, must be done. These processes might cause the denaturation of most of the proteins. 

Preheating reduces the microbial load of the milk and eliminates the denatured proteins before the 

secondary heat treatment. The major problems, however, encountered by those processes in canning 

whole coconut milk are related to its instability both during heating and on prolonged standing.  

3.2.4.3 Coconut milk UHT 
In recent years, aseptically packaged ultra-high temperature (UHT) treated coconut milk has found its 

way into both the industrial and retail markets. The aseptic continuous flow processing is conducted 

using an equivalent lethality, F0 of 5.0 min at 121 °C. Processors are also cautioned that the coconut 

material may progressively coat heat exchangers, thereby increasing thermal resistance (Seow and 

Gwee, 1997). 

3.2.4.4 Dehydrated coconut milk powder 
Dehydrated coconut milk or instant coconut milk powder are usually manufactured commercially by 

the spray-drying method. Coconut milk or cream powder, a creamy white product, easily dispersible in 

water, should have a natural flavor and stable liquid emulsion of coconut milk upon rehydration. A 60 – 

100 g pack is usually equivalent to one coconut. Coconut milk was used as a raw material in its 

production. Additives such as maltodextrin, casein or skim milk, and/or corn syrup are added to the 

extracted milk (Hagenmaier, 1983; Hassan, 1985; Gonzalez, 1986) and the mixture is pasteurized and 

homogenized before spray-drying (Noznick and Bundus, 1971). The spray-drying process may also be 

applied to the skim milk after separation of the oil from the whole milk by centrifugation (Kajs et. al., 

1976). Minimal amounts of maltodextrin (partly hydrolyzed starch) and casein are blended into fresh 

cream to improve the fluidity of the final product. Such additives aid the spray-drying process and help 

to convert a high-fat material such as coconut milk into a flowable but cohesive powder through 

encapsulation of the fatty substances (Seow and Leong, 1988). 

Patents were obtained in the early 1970s by Noznick and Bundus for the production of spray-dried 

coconut milk to which was added an emulsifier (0.5 – 3 wt%) such as partial esters of higher fatty 

acids with mono or polyglycerides (e.g. decaglycerol monostearate). 0.2 – 1.0 wt% sodium caseinate 

is also added to provide emulsion stability of the fat-sugar system in coconut milk. Corn solids and/or 
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dextrin in an amount of 1 to 25 wt% are presented in coconut milk to eliminate the tacky 

characteristics.  

Great interest in powdered coconut milk has been generated in many non-coconut producing 

countries like the United Kingdom, USA, Japan, Singapore, and the Middle East (Gonzalez, 1990). 

The chemical composition of commercial spray-dried coconut milk powders produced in Malaysia and 

Philippines are summarized in Table 3.6 (Seow and Gwee, 1997). 

Table 3.6 Chemical composition of commercial spray-dried coconut milk powder as reported by 

different resources 

Component (% w/w) Seow and Leong (1998) Gonzalez (1986) 

Moisture 2.2 0.8 – 2.0 
Fat 63.6 60.5 
Protein N x 6.25 4.5 6.9 
Ash 1.0 1.8 
Carbohydrates (by differences) 28.7 27.3 
Crude fibre - 0.02 

 

3.3 Reviews on coconut cheese production 

Over the past decade, few research projects have attempted to study the production of cheese from 

coconut milk (Davide et al., 1986, 1988; Srigham, 1997; Sanchez and Rasco, 1983 a,b; Bautista, 

1982). Coconut milk is an acceptable substitute for fresh cow’s milk in butterfat and dairy products due 

to its inexpensiveness and wide availability. Sanchez and Rasco (1983 a,b) conducted a study to 

utilize coconut milk as a cow’s milk extender in processing white soft cheese using formulations of 

various combinations of coconut milk and skim milk. Also, the effects of different amounts of rennet on 

the coagulation time of cheese milks consisting of coconut milk plus reconstituted skim milk of different 

concentrations were studied.  

Davide et al. (1986, 1988) developed a fresh soft cheese spiced with garlic (Queso de Ajo), with 

starter and blue-type cheese from a blend of skim milk powder and coconut milk. According to Davide 

et al. (1987) the coconut milk was prepared and mixing with reconstituted skim milk. The cheese milk 

was formulated by blending 13 parts of the coconut milk with 87 parts of a 10 percent reconstituted 

skim milk. The coconut milk was blended with 12 % or 15 % reconstituted skim milk to obtain filled 

cheese milk containing about 3 % fat. Cheese milks were heated to 55 °C, homogenized at 2,000 psi 

and then pasteurized. The cheese milk was mixed with 0.5 % lactic or 0.003 or 0.005 % blue mold 

cheese starter (Lactic starter S54 and Penicillium roqueforti spores), and 0.02 % CaCl2, before it set 

for 1½ hours. Apparently, the addition of more skim milk powder to the blend caused the cheese to 

retain more moisture and significantly increased its protein content. Davide et al. (1986) stated that 

coconut milk is highly suitable for blending with skim milk powder in making a modified Blue cheese 

which is a potential substitute for the extremely expensive Roquefort and other blue-type cheeses. 

However, it was reported that filled cheese like Cheddar made from milk fat/coconut oil blends did not 

produce a desirable flavor of its own or develop the flavor and physical attributes of Cheddar cheese. 
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The cheese was brittle, crumbly and appeared very coarse. Its loose moisture increased 

proportionately with the concentration of coconut oil substituted. On the other hand, coconut milk-

blended soft cheese is comparable to the product made of 100 per cent fresh cow’s milk in body, 

texture and general acceptability. 

3.3.1 General information of cheese science 

To make a real cheese, other process steps are needed: shaping, salting, and ripening (Walstra et.al., 

1999). There are more than 2000 types of cheese, sometimes made by very different manufacturing 

processes. In most cases the classification, definition, manufacturing and quality criteria are controlled 

by a codex or by law, as done in Germnay with the “Käseverordnung” (cheese regulation). A general 

classification can be made for three major groups: rennet or natural cheese, fresh cheese or non-

ripened cheese and long-life cheese (Spreer, 1998).  

A general and internationally recognized classification is based on the raw material, type of 

consistency, interior, and exterior (after indicating the type of milk, the type of cheese such as hard, 

semi-hard, semi-soft and soft cheese is indicated), interior hole formation and surface characteristics 

(fungus, smear). German cheese regulations differentiate between groups and standard cheese types. 

3.3.2 Schematic of cheese making 

3.3.2.1 Protein coagulation 
The schematic mechanism of cheese formation on commercial milk samples refers to chemical and 

structure conformation of casein micelles, of which rennet coagulation is an example (Senge, 2008). 

The aggregation of casein micelles forms a matrix of denatured casein, and binds certain other milk 

components such as fat and some serum. Traditional cheese technology required that the protein, 

especially casein, must be separated from milk by coagulation. The colloidal casein particles with a 

stable and even distribution must be coagulated. According to Spreer (1998), cheese gels are 

semisolid gelled structures with some shape retention and elasticity. The casein particles are oriented 

in a three-dimensional honeycombed gel structure whose interstices are filled with water. Basically 

casein can be coagulated in two ways, by reaction with acids (acid coagulation) and by enzymatic 

coagulation (rennet coagulation). By renneting of the milk, enzymes or acid or both are used. When 

milk is made into cheese, casein and fat are concentrated, whereas the other milk components, 

especially water, are largely removed with the whey (Walstra et.al., 1999).  

Pure acid coagulation is used in the manufacture of sour milk quarg, sour milk drinks and acid casein. 

Production of hard, semi-soft and soft cheese is based on the enzymatic coagulation of milk with an 

additional acid reaction.  

3.3.2.2 Enzymatic or rennet coagulation  

The κ-casein has a unique position in the complex casein micelle (Fig. 3.5), and can be found with 

large micelle on the surface where it is insensitive and acts as a protective colloid. This protective 

action is based on the parts of κ-casein, i.e., the glycomacropeptide (CMP hairy) or proteoses (non-

protein-nitrogen NPN) that project into the aqueous phase of the milk and form a hydration sphere 

because of their hydrophilic characteristics. The other part of κ-casein is calcium sensitive and is 
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bound to it like other fractions. As the hydration sphere has an equal negative charge, individual 

casein micelles repel each other, i.e., remain solubilized in colloidal form, and precipitation is avoided.  

 

 

 

 

 

 

 

Fig. 3.5 κ-casein micelle and submicelle structure (Walstra, 1999) 

Casein precipitation takes place in two steps during the primary phase (enzymatic phase) and 

secondary phase (coagulation phase). In the enzymatic phase, the κ-casein protective colloids 

fractions of glycomacropeptides and the hydrating sphere of the micelle disappear, and the protection 

against a joining disintegrates (105 – 106 for phenylalanine to methionin). At the end of the 

coagulation phase, at an optimal temperature (30 – 35 °C) and optimal pH (pH 6.35), salt bridges form 

between the Ca-sensitive micelles because of the existence of calcium ions, reacting rapidly (linking) 

and causing precipitation. They remain water soluble and migrate as whey proteins into the aqueous 

phase.  

In summary, most of the κ-casein must split before appreciable aggregation of para-casein micelles 

occurs. The paracasein micelles flocculate to form irregular, often somewhat thread-like aggregates 

that finally form a continuous network, hence a gel (Fig. 3.6) (Walstra et al., 1999). 

 

 

 

 

Fig. 3.6 Schematic representation of the flocculation of paracasein micelles, the formation of a gel 

(modified from Walstra et al., 1999). 

Gel is formed by rennet coagulation. This gel increases rapidly in firmness and at a certain moment is 

firm enough to be cut into cubes. The subsequent curd treatment, including cutting, stirring, cooking 

(scalding), and drainage, essentially determines the composition of the cheese. Of special importance 

are the water content and the pH. The characteristic and most important phenomenon involved is 

syneresis (Walstra et al., 1999). During syneresis, some areas in the network of paracasein micelles 

will become denser, whereas wider pores are formed on adjacent sites. If whey can drain off, the 

whole network is condensed and the permeability decreases. The gel becomes firmer due to stronger 

bonds, causing strands of micelles to break less readily.  
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Without syneresis the flocculated micelles do not have close-packed arrangement. Under appropriate 

conditions, the gel largely consists of strands of micelles that join locally making it possible for more 

bonds between micelles to form. This proceeds somewhat slowly since formation of these bonds is 

geometrically difficult. All casein particles are incorporated in the network and thus have very little 

freedom of motion. To have a substantial syneresis some bonds should first be loosened. Strands of 

micelles in the network must break to allow formation of more new bonds. After some time syneresis 

becomes slower and slower and eventually stop because the gel cannot shrink further. It then has 

attained its most close-packed arrangement of casein micelles and fat globules (Walstra et al., 1999). 

The whole process involved in this section is summarized schematically in Fig. 3.7. 

 
Stabilized casein micelles in milk 

Primary phase (enzymatic phase)

Formation of para-κ-casein and 
glycomarcropeptide; loss of electrostatic and 
steric stability, colloidal balance is disturbed.  

Secondary phase (non- enzymatic 
coagulation and gel formation phase) 

The flocculation of casein micelles (binding 
structure formation) by calcium bridging  

Three-dimension network linkage by calcium 
bridging formation, but far more bonds with 
hollows in serum 

Tertiary phase 

Contraction of casein by drainage of whey 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fg. 3.7 The mechanism for enzymatic coagulation (derived from Flüeler, 1982; Carlson et.al., 1987; 

Dalgleish, 1993 and van Hooydonk, 1988 In: Senge, 2008). 

Protein coagulation affects the increasing viscosity during the secondary phase. The schematic of 

viscosity change over time projected in Fig. 3.8. In the primary phase, the viscosity increases only at 

the minimal after the adding of the rennet solution. During the secondary phase, the expedition of 

viscosity occurs in state II and would increase constantly in state III. The sigmoid curve is observed in 

these states. The maximal viscosity exists in the tertiary phase and then decreases viscosity in the 

drainage state. The measurements of this phase are to analyze the syneresis step of processing.  



  - 19 - 

 

 

 

 

 

 

 

 

Fig. 3.8 Process viscosities over time during enzymatic coagulation (Senge, 2008) 
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3.4 Food hydrocolloids 

The term “hydrocolloids” refers to a range of polysaccharides and proteins (Phillips and Williams, 

2000).  Food hydrocolloids, more commonly know as food gums, consist of long chains of sugar-

building units of either hydrophobic or hydrophilic high molecular weight molecules. Because gums 

dissolve or disperse in water, they are used primarily to thicken and/or gel aqueous solutions to modify 

and/or control the flow properties and textures of liquid food and beverage products as well as the 

deformation properties of semisolid foods (Whistler and BeMiller, 1999). Polysaccharides and 

hydrocolloids are generally classified according to their source or based on their major 

monosaccharide component. The commercially important hydrocolloids and their origins are given in 

Table 3.7. 

Table 3.7 Source of commercially important hydrocolloids (Phillips and Williams, 2000) 

Source  Hydrocolloid 
Botanical - Trees cellulose 
 - Tree gum extrudates gum Arabic, gum karaya, gum ghatti, gum tragacanth 
 - Plants starch, pectin, cellulose 
 - Seeds Guar gum, locust bean gum, tara gum, tamarind gum 
 - Tubers Konjac mannan 
Algal - Red seaweeds Agar, carrageenan 
 - Brown seaweeds alginate 
Microbial  Xanthan gum, curdlan, dextran, gellan gum, cellulose 
Animal  Gelatin, caseinate, whey protein, chitosan 

 
It is important to define the structures of polysaccharides before describing their physical properties. 

Solubility, as well as the thickening, stabilizing or gelling properties of polysaccharides, depend not 

only on the size of the macromolecules, but also on their shape, flexibility and capacity to self-

associate. These factors can only be understood if the nature of the monosaccharide, the type of bond 

between them and their conformation are known. The following sections describe more in detail about 

both the micro- and macrostructures and their physical properties that are specified in current 

literature. Information about main thickeners used in food products is listed in Table 3.8. 
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Table 3.8 Main hydrocolloid thickeners (Phillips and Williams, 2000) 

Xanthan gum 
Very high low-shear viscosity (yield stress), highly shear thinning, maintains viscosity in the presence 
of electrolyte, over a broad pH range and at high temperatures. 
Carboxymethyl cellulose 
High viscosity but reduced by the addition of electrolyte and at low pH 
Galactomannans (guar and locust bean gum) 
Very high low-shear viscosity and strongly shear thinning. Not influenced by the presence of 
electrolyte but can degrade and lose viscosity at high and low pH and when subjected to high 
temperatures. 
 
3.4.1 Xanthan gum 

3.4.1.1 Structure 
Xanthan is metabolized by a bacterium which is the only bacterial polysaccharide produced industrially 

on a large scale. Xanthan is an anionic heteropolysaccharide with a very high molecular weight 

between one to several millions. The monosacharides present in xanthan are β-D-glucose, α-D-

mannose and α-D glucoronic acid in the ratio of 2:2:1 which consists of β- (1→ 4)- D-glucopyranosyl 

units on the main backbone (Belitz et al., 2008). More specificially, the β-D-glucoses are (1→ 4) linked 

to form the backbone as in cellulose. One of two glucoses has a short three sugar side chain 

consisting of a glucoronic acid sandwiched between two mannose units. Thus, the overall repeating 

structure is the pentasaccharide shown in the Fig. 3.9. 

 

  

 

 

 

 

 

 

 

 

Acetate 

Pyruvate 

(a) (b)

Fig. 3.9 Primary structure (a) and pyruvate branch (b) of xanthan gum (Phillips and Williams, 2000; 

Belitz, 2008) 

The terminal mannose can have a pyruvate group attached via keto group to the 4 and 6 positions, 

with an unknown distribution (H3). And the mannose adjacent to the main chain may have an acetyl 

group attached to C6. In general, about one branch in two has a pyruvate group as 4,6-O-(1-

Carboxyethyl)-D-mannopyranosyl, but the ratio of pyruvate to acetate varies depending on the 

substrain of xanthomonas campestris used and the conditions of fermentation. The glucosinic and 
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pyruvic acid groups give xanthan a relatively high negative charge. These acid groups are neutralized 

using sodium, potassium or calcium ions in food products. 

In the solid state, xanthan molecules have a helical structure. The branches fold to lie along the 

backbone. The secondary structure of xanthan gum has been investigated by x-ray diffraction studies 

on orientated xanthan gum fibres. It identified the molecular conformation as a right-handed, five-fold 

helix with a rise per backbone disaccharide residue of 0.94 nm, i.e. a five-fold helix with a pitch of 4.7 

nm (Moorhouse et al., 1977). In this conformation the trisaccharide side chain is aligned with the 

backbone and stabilizes the overall conformation by non-covalent interactions, principally hydrogen 

bonding.  

In aqueous solutions, the structure of xanthan undergoes a thermally induced transition from an 

ordered (helical) to a disordered conformation. This conformational transition depends on ionic 

strength, and the nature of electrolyte, pH, acetyl and pyruvate contents (Holzwarth, 1976; Morris et 

al., 1977; Baradossi and Brant, 1982; Paoletti et al., 1983; Norton et al., 1984). The backbone of 

xanthan is disordered or partly ordered in the form of a randomly broken helix but highly extended due 

to the electrostatic repulsions from the charged groups on the side chains. As the temperature 

increased, a transition to coil-like configuration occurs, which causes a dissociation of the molecules 

and a subsequent change in the rheological properties (Rochefort and Middleman, 1987). However, 

the transition is thermally reversible with the structure returning to its original state upon cooling. 

Conversely, the transition from native to denatured state is irreversible (Phillips and Williams, 2000). 

3.4.1.2 Rheological properties of xanthan and its solution 

The molecular weight distribution of xanthan ranges from 2 ⋅106 to 20 ⋅106, depending on the 

association between chains forming aggregates of many individual chains. The variations in the 

fermentation conditions can influence the structure and molecular weight distribution of xanthan 

produced (Garcia-Ochoa et al., 2000). Other reported that it has a molecular weight of about 2.5 ⋅106 

(Nussinovitch, 1997) or range from 3 – 7.5 ⋅106 (Whistler and BeMiller, 1993) with low polydispersity. 

Hydration of xanthan in water is completely owing to its side chains. It is soluble in cold and hot water 

and yields a highly viscous, non-gelling in itself, opaque solution, which exhibits high degree of 

pseudoplastic properties resulting from its conformation (rod-like) in solution and its high molecular 

weight.  

As discussed by Senge (2006), the molecular structure of xanthan can be degraded by high shear 

rates with non-Newtonian flow behavior. The shear-induced degradation of xanthan viscosity is 

maximized in the shear rate range of 0.1 – 1 /s (Fig 3.10).  Formation of a weak network in solution 

results in high yield-point values. This quality is responsible for xanthan’s ability to stabilize emulsions 

and dispersions. 
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Fig 3.10 Viscosity and flow behavior of xanthan solutions at 0.5 % and 1 % (Senge, 2006) 

Xanthan is quite stable against degradations by acid, base, heat treatment and pH tolerance because 

of its secondary structure (side-chains wrapped around the cellulose backbone). In the range of 10 – 

90 °C, xanthan viscosity is almost unaffected in the presence of salts. After sterilization (30 min at   

120 °C) of food products containing xanthan, only 10 % of the viscosity is lost which is less than other 

hydrocolloids. The effect of electrolytes on xanthan solutions is dependent upon gum concentration. 

Below a gum concentration of 0.15 %, the addition of an electrolyte, such as sodium chloride, reduces 

viscosity slightly, whereas at higher gum concentrations, the electrolyte has the opposite effect.  

Some previous studies (Morris, 1995) have reported the changing of optical rotation and solution 

viscosity with temperature for xanthan in distilled water. They found a drop in viscosity with 

temperature beginning at T ~ 40 or 50 °C. It was suggested that the temperature driven order-disorder 

transition of xanthan structure. The temperature transition involves a conformational intramolecular 

rearrangement of the molecule from a helix to random coil structure, which in turn causes a viscosity 

decrease. Monitoring by dynamic moduli, as the temperature increased, the appearance of a 

crossover point at successively higher frequencies and the increased frequency dependence of the 

moduli indicate a change in the level of intermolecular structure. The author suggested that there is 

also a clear indication that there is less intermolecular structure at the higher temperature.  

Morris (1995) found that the transition was accompanied by first an increased and then the decrease 

in viscosity as the temperature increased from 40 °C to 60 °C. At 41 °C, the solution has less 

intermolecular structure but greater viscous dissipation which indicates that the solution is becoming 

more viscous and less elastic. The author explained that for the increase in the complex viscosity and 

the increase in the shear viscosity to occur, the first step in the order-disorder transition would be for 

the sidechains to move away from their close association with the backbone, disrupting the 

intermolecular structure and increasing the hydrodynamic volume of the molecule. This would account 

for both the increase in viscosity and the decrease in intermolecular structure. The indication from both 
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the moduli and the complex viscosity data is that the order-disorder transition begins at ~40 °C but is 

not complete until ~60 °C.  

There are also reports that the change in the dynamic properties which occurs is not solely due to 

temperature, ex. salts includes ionic strength of solutions, nature of electrolyte, pH and acetyl and 

pyruvate constituent contents (Rochefort and Middleman, 1987; Baradossi and Brant, 1982; 

Holzwarth, 1976). Also, at high temperature in high salt the structure persists, but while some gradual 

structure decrease occurs at low frequency, there is no evidence of a conformational change causing 

major structural rearrangement.  

3.4.2 Guar gum 

3.4.2.1 Structure 
Guar gum is obtained from the two leguminous guar plant, Cyanaposis tetragonolobus and C. 

psoraloides. Guar gum is galactomannans. Guar gum consists of a main chain (1 → 4) β-D-

mannopyranosyl unit substituted via glycosidic bond at C6 by single-unit side chains of α-D-

galactopyranose to, on the average, every second main chain unit. The ratio of mannose to galactose 

ranges between 1.6:1 (Dea and Morrison, 1975), 1.8:1, or 2:1 (Nussinovitch, 1997) depending on the 

source and method of extraction. It was first believed that the side groups were substituted at regular 

intervals along the mannan backbone, however, irregularity in the distribution of side groups is now 

accepted (Whistler and BeMiller, 1993).  

Guar gum possesses a regular alternating structure. It can be schematically represented by its 

regular, twofold conformation (Fig. 3.11). The unsubstituted D-mannopyranosyl units represent the so-

called “smooth” side, while the substituted D-galactopyranosyl units constitute the “hairy” side. This 

conformation explains guar gum’s functional properties.  

Guar gum containing galactomannans with galactose contents of 33 –40 % wt. is soluble in water of  

25 ºC, provided the gum is accessible to the solvent water. The presence of side chains interferes with 

the formation of stable crystalline regions which promotes water penetration, thereby enhancing 

solubility.  If the galactose of the galactomannans of guar gum is removed enzymatically to less than 

12 % wt., the final products become insoluble even in hot water. The galactomannans of guar gum are 

non-ionic (Phillips and Williams, 2000). 

 

 

 

 

 

Fig. 3.11 Primary structure of guar gum (Hoefler, 2004) 

After dissolution in water, galactomannan takes on a random coil conformation. In solution, 

galactomannans exist as disordered mobile coils, i.e. an extended random coil. As the concentration 
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rises, mutual entanglements as a result of random contact between polysaccharide chains occur. This 

causes an exponential increase in solution viscosity with concentration. In other words, the longer the 

molecule and the more extended the conformation in solution, the higher the chances of earlier, 

stronger entanglements (Nussinovitch, 1997). 

3.4.2.2 Rheological properties of guar and its solution 

The molecular weight values of guar gum varies between 0.035 – 2.19 ⋅106 (Nussinovitch, 1997; 

Phillips and Williams, 2000). Guar gum dissolves in polar solvents that form strong hydrogen bonds. 

Guar gum shows shear thinning behavior in solution. Its solution exhibits the high viscous non-

Newtonian behavior (Fig. 3.12) (Senge, 2006). The degree of non-Newtonian behavior increases with 

concentration and molecular weight. Solutions of guar gum do not exhibit yield stress properties. 
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Fig. 3.12 Viscosity and flow behavior of guar solutions at 1 – 3 % (Senge, 2006) 

Guar gum provides thickening and increasing viscosity in aqueous solutions due to its large 

hydrodynamic volume and the nature of specific intermolecular interactions (Whistler and BeMiller, 

1993). Guar gum solutions decrease their viscosity when heated. Lost viscosity is regained upon 

cooling. Therefore, guar gum is stable for freeze-thaw effect.  

Guar gum is reasonably stable under an acidic environment and also tolerates salt well (Whistler and 

BeMiller, 1999). Guar gum is soluble in salt solutions that contain up to 70 % by weight of monovalent 

cation salts. Guar’s salt tolerance decreases for divalent cations. At high concentrations of calcium 

ions, guar precipitates from solutions (Whistler and BeMiller, 1993). The lowest pH values at which 

guar remained stable were found to be 2.0, 3.0 and 3.5, respectively, at temperatures of 25, 37 and   

50 °C. The viscosity of fully hydrated guar gum solutions at acidic pH was slightly lower than at neutral 

pH even when no degradation occurred. 
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3.4.3 Locust bean gum 

3.4.3.1 Structure 
In industrial manufacture, locust bean gum (LBG) is extracted from carob fruit (Ceratonial siliqua). The 

galactomannans from locust bean gum, like guar gum, are composed entirely of linear (1→ 4)- β-D-

mannan chains with varying amounts of single α-D-galactose substituents linked to the main 

backbone by (1→6)-α-glycosidic bonds. However, locust bean gum has substantially fewer D-

galactosyl side groups than does guar gum, with the ratio of mannose-galactose of 3.9:1 (Whistler and 

BeMiller, 1993) or between 3.5 – 4:1 (Schorsch, et.al., 1997). The common chemical structure of an 

average theoretical building block of the different galactomannans is shown in Fig. 3.13. The main 

chain of carob galactomannans is structurally similar to that of cellulose.  

 

 

 

 

 

 

 

 

Fig. 3.13 Primary structure of locust bean gum (Phillips and Williams, 2000) 

In reality, the galactose sugars are not evenly distributed along the chain, but tend to be clustered 

together in blocks. This is especially true for LBG. The chains have an irregular structure with 

alternating “smooth” and substituted zones (Fig. 3.14).  

 

mannose mannosemannose & galactose

smooth smoothsubstituted

 

 

Fig. 3.14 Unsubstituted and substituted allocations of locust bean gum structure (Anon.) 

Since certain galactomannans of locust bean gum self-associate under defined conditions, it is, 

however, possible that nano-crystalline regions of 3 – 5 nm form, which alternate with much bigger 

amorphous regions. These minute crystalline parts can be dissociated by hot water. Therefore, the 

majority of galactomannans of locust bean gum with galactose contents of about 17–21 wt% needs a 

heat treatment of 10 minutes at 86 – 89 ºC under stirring to dissolve in water (Phillips and Williams, 

2000). 
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3.4.3.2 Rheological properties of locust bean and its solution 
The molecular weight values of commercial locust bean gum varies between 300,000 – 360,000 

(Whistler and BeMiller, 1993; Belitz et al., 2008) or can be 1.6 – 1.9 ⋅106 (Nussinovitch, 1997; Phillips 

and Williams, 2000). LBG is only slightly soluble in cold water. Dispersions must be heated to about 

80 – 85 °C to achieve full viscosity potential. Its solutions exhibit non-Newtonian behavior like guar 

gum but the viscosity is usually not high (Belitz et al., 2008). 

In distilled water, locust bean gum alone does not gel at any concentration. In practice, the viscosity of 

locust bean gum remains unchanged at pH range 3.5 – 11. Neutral salts such as sodium chloride 

have only slight effect on locust bean gum viscosity.   

3.4.4 Sodium carboxymethylcellulose  

3.4.4.1 Structure 
Sodium carboxymethylcellulose is a water soluble, anionic, linear polymer, commonly known as CMC. 

CMC is manufactured by treating cellulose with aqueous sodium hydroxide, followed by a reaction 

with monochloroacetic acid or sodium monochloroacetate in accordance with the Williamson 

etherification reaction to form sodium, carboxymethylcellulose and sodium chloride. Esters of 

monochloroacetic acid have also been used to react with the linear polymer of β-anhydroglucose units 

of cellulose, each of which contains three hydroxyl groups joined through 1→4 glycosidic bonding. If 

only one of the three hydroxyl groups has been carboxymethylated, the degree of substitution (DS) is 

1.0 (Nussinovitch, 1997).  

Cellulose is basically an isotactic β-1,4-polyacetal of 4-O-β-D-glycopyranosul-D-glucose (cellobiose), 

as the basic unit consists of two units of glucose β-1,4 linked. The β-1,4 configuration results in a rigid 

and linear structure for cellulose. The abundance of hydroxyl groups and their concomitant tendency 

to form intra- and intermolecular hydrogen bonds results in the formation of linear aggregates. The 

primary structure of CMC which derives from cellulose is shown in Fig. 3.15. 

 

 

 

 

 

Fig. 3.15 Primary structure of carboxymethylcellulose with a DS of 1.0 (Phillips and Williams, 2000) 

Commercial CMC generally has an average DS of less than 1.5. The most common substitution range 

is between 0.4 and 0.8 (Phillips and Williams, 2000) or higher (0.4 – 1.4) (Nussinovitch, 1997). If the 

DS is less than 0.4 the resultant CMC is not water soluble. In contrast, the unsubstituted regions tend 

to interact through hydrogen bonding and generate thixotropy in solutions. Thixotropy is also a 

function of uniformity of substitution. Uniformity of substitution also increases tolerance to acidic 

systems and dissolved ions. 
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3.4.4.2 Rheological properties of CMC and its solution 
CMC is soluble in both cold and hot water to give clear and colorless solutions with neutral flavor. The 

higher the DS leads to the higher the solubility of the polymer (Whistler and BeMiller, 1993). The pH of 

1 % CMC solution is typically in the range 7.5 – 8.5. Solution viscosity is almost uninfluenced in a pH 

range 5 – 9. The viscosity of CMC solution decreases with increases in temperature, but reversible 

unless the heating is prolonged. The solutions do show a reversible reduction of viscosity on heating 

but in food systems do not gel either alone or with other hydrocolloids. Salts tend to decrease gum 

hydration and its corresponding viscosity, especially when the salt is dissolved before CMC is added. 

CMC, in contrast to MC and HPC, is not highly surface active, because of its considerable ability to 

bind water. 

The degree of polymerization of CMC is largely responsible for its thickening action, that is, the longer 

the average chain length, the more viscous is the solution. Long CMC molecules give a 

disproportionate increase in viscosity owing to chain entanglement at higher concentrations (Phillips 

and Williams, 2000).  

3.4.5 Interactions in mixed polysaccharide systems 

3.4.5.1 Polysaccharide conformation 
Polysaccharide in nature can conform in many different ways. To thoroughly understand the structure 

conformation of mixed polysaccharide, some aspects of structure in each form must be clarified. The 

classifications of their primary structures are given in Fig. 3.16. The primary structures found in food 

polysaccharides are linear and non-linear (i.e. branches and linear-branch) structure (Belitz et al., 

2008).  

 

 

 

 

(a) (b) (c) 
Fig. 3.16 Schematic primary structure of effective volume type as linear (a), branches (b) and linear-

branch (c) polysaccharides (Belitz et al., 2008) 

Perfect-linear polysaccharides are undissolved in water. Branches polysaccharides can be dissolved 

in water to a greater degree than the perfect-linear polysaccharide. But their solutions usually have a 

lower viscosity than that of linear polysaccharide at the same concentration and molecular weight 

because in spherical form its diameter is equal to the longest linear chain of molecule. 

Linear-branch polysaccharide consists of long linear chain branches with short side chain molecules 

such as guar gum. Because it consists of long linear chains the viscosity is high. And because of its 

numerous short side chains this polysaccharide has high intermolecular interaction as well as high 

solubility and stability at high concentration (Belitz et al., 2008). 
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The following section describes the typical secondary and/or tertiary conformation (sterical- or 

geometrical-) of macromolecules found in food polysaccharide (Belitz et al., 2008). 

Globular macromolecules. Globular or highly branched macromolecules (Fig. 3.17 a) take up very little 

space, even when they have a high molecular weight. They trap very little water, so the viscosity of 

their solutions is low and close to Newtonian. After depolymerisation, the solutions of molecules with 

other structures have similar behavior.  

Flexible coil molecules. Linear molecules which form coils in solution (Fig. 3.17 b) can trap a much 

larger volume of water than branched molecules, e.g. sodium alginate or galactomannans. As a result, 

they form high viscosity solutions. This behavior can be explained by the deformation of the coil under 

shear, which squeezes out some of the trapped water. 

Open rigid molecules. These molecules resemble rigid rods (Fig. 3.17 c). Their solutions have even 

more shear thinning than those of flexible coil molecules. The rods cannot move freely due to the 

presence of their neighbors. This structure is stable, so the yield stress must be exceeded. However 

once flow has started, the rods orient in the flow, so the solution is shear thinning, like those of flexible 

coil molecules. These effects are instantaneously reversible. The example of this molecule is xanthan 

gum.  

 

 

 

 

(a) (b) (c) 
Fig. 3.17 Schematic secondary structure of globular (a), flexible coil (b) and open rigid rod (c) 

conformation of macromolecule (Anon.) 

These following sections describe the tertiary structure of polysaccharide. Overall shape of the chain 

is determined by the geometrical relationship within each monosaccharide unit (Belitz et al., 2008). 

Ribbon type. It forms as β-1,4-zig-zag ribbon type (Fig. 3.18) found most in cellulose molecules. The 

chain can align and pack closely together. Hydrogen bonding is responsible for its stabilization. In 

another case, it can be stabilized by calcium ion bonding between two chains (egg box type). 

 

 

 

 

 
(a) (b) 

 
Fig. 3.18 Ribbon type conformation of (a) zig-zag geometry and (b) egg box type (Belitz et al., 2008) 
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Hollow helix molecules. This type usually occurs in a 1,3-β-D-glucopyranosyl molecule. This helix 

conformation can be stabilized in many forms. For the molecule that has a large diameter, it can form 

as a tight helical shape (Einschlussverbindung) (Fig. 3.19 a) or the chain can elongate or extend 

allowing two or more chains to twist around each other to form double-helix or triple-helix molecules 

(Fig. 3.19 b). If the chain is stretched out long enough it can form a very extended shape, i.e., one 

close-packed without twisting around each other (Fig. 3.19 c).  

 

 

 

 

 

(a) (b) (c) (d) (e) (f) 

 
Fig. 3.19 Stabilized helical conformation in the form of (a) tight helical shape, (b) double-helix, (c) 

triple-helix, (d) extended shape, (e) egg box type and (f) aggregated double-helix (modified from Belitz 

et al., 2008). 

Gel conformation (Intermolecular interaction). Owing to the fact that two or more molecules have 

themselves intermolecular interaction during gelation, their repeating units (periodic sequence) are 

intercepted and break through the unrepeating unit (unperiodic sequence). When this sequence is 

disturbed, the conformation also changes. If two chains build the double helix without disturbing the 

side chains, a three dimensional network is formed which can immobilize the solvent phase and a gel 

is formed (Fig. 3.20 a). The mixture of two polysaccharides can also cause intermolecular interaction 

that can form a variety of structures when mixed and gelled. Two or more double helices are bonding 

as in one double helix and a ribbon molecule. This becomes a gel or promotes synergistic effect. The 

regular conformations from the interactions are given in Fig. 3.20 b.  

   

 

 

 

 

(a) (b) 

Fig. 3.20 Schematic conformation of gelation and/or synergistic effect conformation of single (a) or 

various (b) polysaccharides (modified from Belitz et al., 2008) 

Other research has proposed the gel conformation of binary mixtures (Stephen, 1995). The structure 

shown in Fig. 3.21a arises if only one polymer associates to form a network, and (b) represents the 

case when each biopolymer associates to form two independent but interlinked networks.  
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(a) (b) (c) (d) 

Fig. 3.21 Schematic model for binary gels, (a) single polymer network containing a second polymer 

within the gel network, (b) interpenetrating network, (c) phase separation network and (d) coupled 

network (Stephen, 1995) 

3.4.5.2 Interactions between xanthan and galactomannans 
Two types of galactomannans, guar and locust bean gum are generally considered not to form gels on 

their own although LBG does at high concentrations under specific conditions, i.e. at low temperature 

or upon ageing. However, a synergistic interaction occurs between xanthan gum and galactomannans 

in solutions which results in enhanced viscosity or gelation. It was clear that xanthan and locust bean 

gum mixtures exhibit the gelation, in contrast, a gelation did not occur in a solution of xanthan and 

guar gum (Tako and Nakamura, 1986; Bresolin, et.al., 1999; Ridout, et.al., 1993; Lundin and 

Hermansson, 1994; Goycoolea et.al., 1995; Cheetham and Mashimba, 1991).   

Again various tentative models have been proposed for xanthan association. Norton et al. (1984) 

proposed that the conformational ordering of xanthan is incomplete and that the xanthan molecules 

contain helical sequences separated by disordered sequences. Helical sequences are considered to 

associate side by side to form a molecular network (Fig. 3.22 a). This model does not explain why 

such helix-helix association should occur. The model, based on the concept of a single-stranded helix, 

should perhaps now be discounted. An analogous model based on the formation of double-helical 

linkage is shown in Fig. 3.22 b. Such aggregation could account for the weak-gel like behavior of 

xanthan. Disruption and reformation of weaker linkages could account for the reversible shear thinning 

behavior.  

 

 

 

 

 

 

(a) (b) 

Fig. 3.22 Models for xanthan association (a) Norton et al. (1984) model and (b) cluster model 

(Stephen, 1995) 

Early models of galactomannans association suggested that the blocks of unsubstituted backbone 

alternated with fully substituted regions. Later studies suggested a more random distribution of side 
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chains although likely there are still blocks of mannan backbone regularly (or irregularly) substituted 

on one face of the ribbonlike structure, the clear unsubstituted face acting as the source of self or 

synergistic interactions (Fig. 3.23). 

(a) (b)
 

 

 

 

 

Fig. 3.23 Models for self association of galactomannans (a) bridging between unsubstituted bare 

mannan blocks (b) bridging between blocks showing a bare mannan face (Stephen, 1995) 

To date, the intermolecular binding mechanism between xanthan and galactomannans is still 

controversial, and different models have been proposed. Some authors have summarized the 

available literatures concerning xanthan-LBG interaction (Stephen, 1995; Khouryieh et al., 2006, 

2007a,b). The following details provide information for these interactions.   

Unilever (original) model. This first model was proposed by Dea et al. (1977) and Morris et al. (1977), 

who reported the synergistic interaction between xanthan and galactomannans, based on a 

cooperative interaction that depended on the fine structure of the galactomannans. The intermolecular 

binding may occur between the ordered xanthan, rod-like conformation and unsubstituted or poorly 

substituted regions of the galactomannan backbone (Fig. 3.24). The synergistic interaction is strongly 

dependent on galactose content (Dea and Morrison, 1975).  

 

 

 

 

 

Fig. 3.24 Schematic model to explain xanthan-galactomannans gelation mechanism which involved 

binding the unsubstituted “smooth” galactomannan backbone with the ordered xanthan helix (modified 

from Dea et al, 1977) 

McCleary (1979) modified the above model in order to explain the strong interaction between xanthan 

and certain high-galactose galactomannans (Fig. 3.25). The author proposed that the intermolecular 

binding may occur where the substituted galactose units are located on one side (McCleary, 1979). 

The interaction was greater than would be expected based on galactose content which was similar to 

guar gum. The modified model does not require long unsubstituted regions along the backbone in 

order to interact with xanthan, but rather regions where the galactosyl units are sited on one side of 

the mannan backbone. 
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(a) (b) 

Fig. 3.25 Model for xanthan-galactomannan mixed junction zones (a) by Dea et al. (1977 ) and (b) by 

McCleary (1979). X, xanthan in the ordered helical conformation; G, galactomannan with a galactose-

free face interacting with xanthan 

Tako model. The second model was proposed by Tako and Nakamura (1986) and Tako (1991), in 

which the intermolecular interaction occurs between the sidechains of xanthan in the helical form and 

the backbone of the galactomannans (Fig. 3.26). The authors stated that the noncovalent bonding 

between the sidechains of the xanthan which are inserted into adjacent unsubstituted regions of the 

galactomannan backbone adopt an extended, twofold, ribbon-like conformation. Xanthan may 

combine with two or more galactomannans. In this mechanism, hydrogen bonding is the key factor in 

the interaction. The interaction might be incomplete as the side chains of xanthan molecules are 

somewhat rigid due to the acetyl residues associating intramolecular with the backbone. Deacetylation 

of xanthan, therefore, strongly increased the synergistic interaction because the side chains of 

xanthan become more flexible after deacetylation and more liable to interact with galactomannan. In 

this model the precise conformation in which xanthan interacts with galactomannans is unknown and 

results do not agree with X-ray studies.  

 

 

 

 

 

(a) (b) (c) 

Fig. 3.26 Possible model of intermolecular interaction between xanthan and locust bean gum molecule 

in aqueous solution. The models are viewed perpendicular to the axis. (a) Incomplete interaction (b) 

Interaction by deacetylated of xanthan. The bold lines indicate the association sites. (I) Locust bean 

gum (II) xanthan (Tako and Nakamura, 1986) and (c) Possible binding sites for D-mannose-specific 

interaction between deacetylated xanthan. Dotted lines refer to hydrogen bonding and the broken line 

to electrostatic attraction (Tako, 1991). 

Norwish model. The third model proposed by Cairns et al. (1986, 1987) was based on x-ray diffraction 

studies in which intermolecular binding may occur between the disordered xanthan and 

galactomannans. Disordering xanthan helical structure is necessary for gelation. The interaction 

occurs only when xanthan is in its disordering state in which the xanthan helix does not retain an 
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ordered conformation during the interaction with a galactomannan. Galactomannans interact direct to 

the cellulose backbone of xanthan where xanthan has a disordered, extended, twofold, cellulose-like 

conformation, rather than a fivefold helix. However, the author proposed that gelation did occur only 

after xanthan helix denatured. The mixtures of xanthan-LBG must be heated above helix-coil transition 

temperature (~95 °C) in order to denature the xanthan helix and then recooled in order for 

intermolecular binding to occur.  

Other authors disputed this model (Dea et al., 1977). By the recovery of optical rotation on cooling and 

gelation, the intermolecular binding involved the denatured xanthan, so small parts of the xanthan 

molecule could be involved in binding and the remainder reformed into a helical structure.  

Goycoolea and coworkers model. Dea at al. (1977) developed a model based on the original 

“Unilever” and “Norwish” models. The first model (Fig. 3.27 a) indicated that intermolecular binding 

occurs mainly between an ordered, five-fold xanthan helix with unsubstituted galactomannans. The 

latter model (Fig. 3.27 b) indicated that the intermolecular binding occurs only between a disordered, 

two-fold xanthan helix with unsubstituted galactomannans. These also agree and disagree to their 

proposed model. Goycoolea et al. (1995) proposed that both the ordered and disordered xanthan 

would bind with galactomannans (Fig. 3.27 c) and promoted the heterotypic junctions zone.  

(a) 

(b) 

(c) 

 

 

 

 

 

 

Fig. 3.27 Proposed interpretations of the interaction of xanthan with galactomannan or glucomannan 

chains (GM): (a) “Unilever” model; (b) ”Norwich” model; (c) Goycoolea and coworkers model 

(Goycoolea et al., 1995) 

Other studies. Pyruvate-free xanthan did not form gel in cold water or even on heating and cooling. 

Acetate-free xanthan formed gel with LBG when heated and cooled. These results suggested that 

pyruvate destabilizes the ordered conformation of xanthan (Holzwarth et al., 1979), whereas acetate 

stabilizes the molecule (Tako and Nakamura, 1986). Mannion et al. (1992) suggested that xanthan 

and galactomannans gelation can be explained by two different mechanisms. One takes place at room 

temperature, at which the interaction with ordered xanthan gives weaker elastic gels with little 

dependence on the galactose content of the galactomannan. The second mechanism requires heating 

of the polysaccharide mixture, and the interaction with heat-disordered segments of the xanthan gives 

a stronger gel that is highly dependent on the sidechains of the galactomannan. Zhan et al. (1993) 

argued that gelation between xanthan and LBG can be explained only by a single mechanism. In 

agreement with Cheetham et al. (1986) and Cheetham and Mashimba (1988, 1991), they suggested 

that intermolecular binding involves binding of disordered segments of the xanthan chain to LBG 
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chains in hot mixing, in which the preparation temperature is higher than the transition temperature of 

xanthan, and in cold mixing, in which preparation temperature is lower. The authors also suggested 

that the extent of disorder induced in xanthan before mixing is the main factor in the interaction 

(Khouryieh et al., 2006). Others are more controversial as shown in Fig. 3.28. This author proposed 

the helix-band-association, where LBG in ribbon type would bind with xanthan in helix form (Anon.) 

 G 

X 

 

 

 

 

 

Fig. 3.28 Helix-band-association as binding mechanism of xanthan-LBG gel (Anon.) 

As concluded above, in the past decade the studies on the subject of intermolecular interaction 

between xanthan-galactomannan have been focused on the mixtures of xanthan and locust bean 

gum, not on the mixtures of xanthan and guar gum. This may be due to the fact that only xanthan-LBG 

solution makes gelation. Only a few researches have been conducted on the rheological properties of 

mixed xanthan and guar gum blends and the application in foods up to this date. Some literatures 

were found that investigated their synergistic effect in dilute solutions (Khouryieh et al., 2006, 2007 a, 

b), or the effect of ratio on viscoelastic properties (Schorsh et al., 1997; Pal, 1996) and the effect of 

salt on this mixture (Lopes et al., 1992). But the intermolecular binding mechanism between xanthan 

and guar gum is still unclear.  

Pal (1996) investigated the steady flow and viscoelastic properties of mixed xanthan and guar gum (at 

0.75 % total concentration). He reported that there is a strong synergistic effect whose maximum was 

found at a ratio of 15:85. This combination also improved the rheological properties of emulsions 

which promoted a strong shear thinning and highly viscoelastic in nature. The apparent viscosity and 

viscoelastic moduli are increased by adding this mixture.  

Lopes et al. (1992) studied the synergistic interaction between xanthan and guar gum using low shear 

viscosity measurements as a function of temperature in the presence of salt. In the presence of salt 

only a small synergistic effect was observed. They concluded that there is a stronger interaction 

between deacetylated xanthan and guar gum than between native xanthan and guar gum because of 

enhanced deacetylated xanthan-guar gum backbone association as a result of removing the acetyl 

group from the side chain. These results are consistence with the results reported by Khouryieh et al. 

(2006, 2007a,b). They suggested that conformational change of deacetylated xanthan may not 

predominate in controlling the intrinsic viscosity, and that deacetylated xanthan may be in an exact 

conformation to bind guar gum.  

Khouryieh et al. (2007 a, b) reported on the synergistic effect between xanthan, both native and 

deacetylated state, with guar gum in dilute solutions and in 2 mM NaCl. In the presence of salt, 
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xanthan starts to assume an ordered conformation due to charge screening effect. In 2 mM NaCl 

xanthan is partly ordered whereas the molecule is completely ordered in 40 mM NaCl which causes 

mutual incompatibility and diminishes the synergistic effect of these two gums. They also reported that 

the viscosity of X/G blends depend on its ratio, where xanthan plays a crucial role in determining blend 

viscosity (Khouryieh et al., 2006). 

3.5 Food Emulsion 
3.5.1 Definitions 

An emulsion consists of two immiscible liquids (usually oil and water), with one present as small 

spherical droplets within the other (McClements, 1999). An emulsion also consists of an interfacial 

layer between the two phases which is occupied by some necessary surfactant material (Friberg et al., 

2004; Walstra, 2003). The substance that makes up the droplets in an emulsion is referred to as the 

dispersed or internal phase, whereas the substance that makes up the surrounding liquid is called the 

continuous or external phase (McClements, 1999). In most foods, the diameter of the droplets usually 

lies somewhere between 0.1 and 100 μm (Dickinson, 1992). The concentration of droplets in an 

emulsion is usually described in terms of the dispersed phase volume fraction (φ). 

Emulsions can be conveniently classified according to the distribution of the oil and aqueous phases. 

A system which consists of oil droplets dispersed in an aqueous phase is called an oil-in-water or O/W 

emulsion (e.g. mayonnaise, milk, cream, soups and sauces). A system which consists of water 

droplets dispersed in an oil phase is called a water-in-oil or W/O emulsion (e.g. margarine, butter and 

spreads). Multiple emulsions of O/W/O or W/O/W types can also be prepared (McClements, 1999).  

3.5.2 Mechanisms of emulsion instability 

Emulsions are thermodynamically unstable due to the unfavorable contact between oil and water 

molecules (Friberg, 1997), and as a consequence their physical structures will tend to change over 

time by various mechanisms (e.g., creaming, flocculation, and coalescence), eventually leading to 

complete phase separation (McClements, 2005). It is possible to form emulsions that are kinetically 

stable (metastable) for a reasonable period of time. Kinetical stability over the lifetime of the product is 

usually achieved by the addition of proteins or small-molecule surfactants.  

The presence of absorbed surfactant molecules lowers the interfacial tension between the oil and 

water phases. When the interfacial energy is minimized making the interfacial area between oil and 

water as small as possible, the two phases could possibly immerse in one another forming an 

emulsion (Friberg et al., 2004). Many surfactants (e.g. proteins) do not simply reduce interfacial 

tension but actively inhibit coalescence by altering the viscoelastic properties of the interface. The 

adsorbed material can also prevent the close approach of oil droplets by causing the surfaces to have 

sufficient charge to repel one another or by creating an extended surface layer, which also prohibits 

close approach. 

The term “emulsion instability” is broadly used to describe the ability of an emulsion to resist changes 

in its properties with time. A number of the most important physical mechanisms responsible for the 

instability of emulsions are shown schematically in Fig. 3.29. 
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Fig. 3.29 Instability of food emulsions (McClements, 1999). 

The following physical mechanism of emulsion instability was described by McClements (1999). 

Creaming and sedimentation are both forms of gravitational separation. Creaming describes the 

upward movement of droplets due to the fact that they have a lower density than the surrounding 

liquid, whereas sedimentation describes the downward movement of droplets due to the fact that they 

have a higher density than the surrounding liquid. Flocculation and coalescence are both types of 

droplet aggregation. Flocculation occurs when two or more droplets come together to form an 

aggregate in which the droplets retain their individual integrity, whereas coalescence is the process 

where two or more droplets merge together to form a single larger droplet. Extensive droplet 

coalescence can eventually lead to the formation of a separate layer of oil on top of a sample, which is 

known as “oiling-off”. Phase inversion is the process whereby an oil-in-water emulsion is converted 

into a water-in-oil emulsion or vice versa.  

Suspensions of flocculated particles effect the changing of rheological properties of an emulsion. It 

tends to exhibit pronounced shear thinning behavior (McClements, 1999). At low shear rates, the 

hydrodynamic forces are not large enough to disrupt the bonds holding the particles together, resulting 

in a constant viscosity. As shear rate is increased, the hydrodynamic forces become strong enough to 

cause flocs to deform and eventually disrupt, resulting in a reduction in the viscosity (Fig. 3.30). 

 

 

 

 

 

 

 

 

Fig. 3.30 A flocculated emulsion exhibits shear thinning behavior (McClements, 1999) 
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3.5.2.1 Physical basis of gravitational separation (McClements, 1999) 
When a particle has a lower density than the surrounding liquid, an upward gravitational force acts 

upon it. As the particle moves upward through the surrounding liquid it experiences a hydrodynamic 

frictional force that acts in the opposite direction and retards its motion. The rate at which an isolated 

spherical particle creams in an ideal liquid is determined by the balance of forces which is described 

by the Stokes’ law equation for the creaming rate (νS) in m/s of an isolated spherical particle in a liquid 

as described by Eq. 3.1 (Senge, 2004). 

( )
η
ρρ

ν
18

2 gd DTT
S

−
=   in m/s        (3.1) 

The sign of νs determines whether the droplet moves upward (+) or downward (-). As a useful rule of 

thumb, an emulsion in which the creaming rate is less than approximately 1 mm/day can be 

considered to be stable toward creaming (Dickinson, 1992). Stokes’ law is somewhat deviated from in 

real food emulsions. It can only be strictly applied to calculate the velocity of an isolated rigid spherical 

particle suspended in an ideal liquid of infinite extent.  

3.5.2.2 Physical basis of flocculation (McClements, 1999) 
In many food emulsions, the droplets aggregate to form flocs. At low or intermediate droplet 

concentrations, where flocs do not substantially interact with one another, flocculation tends to 

increase the creaming velocity because the flocs have a larger effective size than the individual 

droplets. In concentrated emulsions, flocculation retards creaming because a three-dimensional 

network of aggregated flocs is formed preventing the individual droplets from moving.  

The most effective means of controlling the rate and extent of flocculation in an emulsion is to regulate 

the colloidal interactions between the droplets. The most important types of colloidal interaction are 

identified as follows. 

Electrostatic interactions. Emulsion can be stabilized by using ionic emulsifiers such as ionic 

surfactants, proteins or polysaccharides. Their electrical charges will generate an electrostatic 

repulsion between the oil droplets and exclude the flocculation by preventing them from coming close 

together. However, for each type of food product it is necessary to select an emulsifier with 

appropriate electrical characteristics because the number, position, sign and dissociation constants of 

the ionizable groups in an emulsifier determine its electrical behavior under different environment 

conditions (McClements, 1999). This includes Keesom-energy and also Debye-energy. 

Polymeric steric interactions. Emulsion can also remain stable, despite being surrounded by a layer of 

emulsifier molecules that has no electrical charge, by the use of other types of repulsive interactions. 

The most important is polymeric steric stabilization which is due to the presence of polymeric 

emulsifiers at the oil-water interface. To be effective at preventing droplet aggregation, steric 

interactions must be comparable, both in magnitude and range (but opposite in sign), to van der 

Waals and any other attractive interactions (McClements, 1999).  
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Biopolymer bridging. Some polysaccharides which are absorbed to the oil-water interface can promote 

flocculation by forming bridges between two or more droplets (Fig. 3.31 a). When a bioplomer has a 

number of nonpolar residues along its backbone, some of them may associate with hydrophobic 

patches on one droplet, while others associate with hydrophobic patches on another droplet. This 

tends to occur when an emulsifier is insufficient and then a biopolymer is added as an emulsifier. It 

can also occur when biopolymer molecules in the continuous phase have an electrical charge which is 

opposite to that of the droplets and attractive to one another (McClements, 1999). 

Depletion interactions. The presence of non-absorbing colloidal particles such as biopolymers or 

surfactant micelles, in the continuous phase of an emulsion causes an increase in the attractive force 

between the droplets due to an osmotic effect associated with the exclusion of colloidal particles from 

a narrow region surrounding each droplet. This attractive force increases as the concentration of 

colloidal particles increases, until eventually it may become large enough to overcome the repulsive 

interactions between the droplets and cause them to flocculate. This is usually referred to as depletion 

flocculation (Fig. 3.31 b). The lowest concentration required to cause depletion flocculation is referred 

to as the critical flocculation concentration (McClements, 1999).  
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Fig. 3.31 Bridging- (a) and depletion flocculation of polysaccharides in emulsions (modified from 

Dickinson, 2008) 

3.5.2.3 Physical basis of coalescence (McClements, 1999) 
Coalescence causes emulsion droplets to cream more rapidly because of the increase in their size. 

The rate at which coalescence proceeds, and the physical mechanism by which it occurs, is therefore 

highly dependent on the nature of the emulsifier used to stabilize the system. There are two different 

types of situations which can lead to coalescence in food emulsion, (1) coalescence induced by 

collisions occurs immediately after two or more droplets encounter each other during a collision. In the 

absence of an emulsifier, the coalescence collision efficiency is high (EC  1) because there is little 

resistance to the droplets merging together. In the presence of emulsifier, the collision efficiency may 

be extremely low (EC  0) because of short-range repulsive interactions between the droplets or 

because of the low probability that the interfacial membrane will be ruptured. For this reason, this type 

of coalescence is only significant in systems in which there is insufficient emulsifier, (2) coalescence 

induced by prolonged contact occurs spontaneously after droplets have been in contact for a 

prolonged period. The type is therefore important in emulsions with high droplet concentrations, which 
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contain flocculated droplets, or which contain droplets that have accumulated at the top or bottom of 

the sample due to creaming.  

3.5.2.4 Physical basis of Ostwald ripening (McClements, 1999) 
Ostwald ripening is the process whereby large droplets grow at the expense of smaller ones because 

of mass transport from one droplet to another through the intervening continuous phase (Fig. 3.32). It 

is negligible in most food emulsions because the mutual solubilities of triacylglycerols and water are so 

low that the mass transport rate is insignificant.  

 

Mass transfer  

 

 

Fig. 3.32 Ostwald ripening involves the growth of large droplets at the expense of smaller ones 

3.5.3 Emulsion formation 

The formation of emulsion may involve a single step or a number of consecutive steps (McClements, 

1999). The process of converting two immiscible liquids into an emulsion is known as homogenization. 

The creation of an emulsion directly from two separate liquids will be defined as primary 

homogenization, whereas the reduction in size of the droplets in an existing emulsion will be defined 

as secondary homogenization.  

In the formulation of emulsion systems, one normally distinguishes between two types of ingredient: 

the emulsifying agent and the stabilizer (Dickinson, 2003). To form an emulsion that is kinetically 

stable, one must prevent the instability mechanism (as described in the previous section). This is 

achieved by having a sufficiently high concentration of emulsifier present during the homogenization 

process. The emulsifier absorbs to the surface of the droplets during homogenization forming a 

protective membrane which prevents them from flocculation or coalescence (McClements, 1999). This 

agent promotes short-tern stabilization by interfacial action (Dickinson, 2003). The second ingredient, 

stabilizer, is required to prolong stabilization. Stabilizer can be defined as a single chemical 

component conferring long-term stability (Dickinson, 1992), possibly, but not necessarily, by an 

absorption mechanism. The main stabilizing action of food polysaccharides is via viscosity 

modification or gelation in the aqueous continuous phase (Dickinson, 2003).  

The production and control of submicron emulsions with a narrow size distribution of oil droplets is the 

main key to food emulsions. To produce these emulsions either a large amount of energy or surfactant 

or a combination of both is required. The low-energy homogenizer (e.g. a high speed blender or rotor 

stator system) is used during the primary step to convert the separated oil and water to a coarse 

emulsion. The high-energy homogenizer (e.g. high pressure valve system) is then used to reduce 

droplet size and promote an effective emulsification process. Some types of homogenizers are 

described and compared as shown in Table 3.9. 
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Table 3.9 Comparison of rotor/stator and high pressure system (modified from Jafari et al., 2008) 

Emulsification system Rotor-stator system High-pressure system 
Examples Mixers, agitators, colloid mills 

(Ultra-Turrax) 
Valve homogenizers, two-stage 
homogenizer 

Droplet disruption mechanisms Shear stress in laminar flow, 
shear and inertial stress in 
turbulent flow  

Shear and inertial stress in 
turbulent flow, cavitation in 
laminar extension flow 

Minimum droplet size (μm) 1.0 0.1 
Energy density low to high Medium to high 
Energy input and adjustment Rotation speed, exposure time, 

gab distance, and disk design 
Pressure, recirculation 

Required absorption rate of 
emulsifier 

Low to high High to very high 

 

3.5.4 Role of emulsifiers in food emulsion 

An emulsifier is a single chemical or mixture of components having a capacity to promote emulsion 

formation and short-term stability by interfacial action (Garti and Leser, 2001). Emulsifiers used in food 

emulsions are versatile. It can be roughly classified into two broad classes as small-molecule 

surfactants such as monoglycerides, polysorbates, sucrose esters, lecithin, etc. and macromolecular 

emulsifiers, usually proteins (Dickinson, 2003). A small-molecule surfactant is a distinctly amphiphilic 

molecule having both polar (hydrophilic head) and non-polar (hydrophobic tail) parts and must be 

surface active. That is, it must have the capacity to lower the tension at the oil-water interface, both 

substantially and rapidly when present at the concentrations typically used during emulsification. The 

ideal emulsifying agent is typically composed of species of relatively low molecular mass with good 

solubility in the aqueous continuous phase, e.g. water-soluble surfactant of high HLB number 

(Dickinson, 2003). In oil-in-water emulsion, the first monolayer of emulsifiers absorb directly to the oil-

water interface where polar parts disperse in the water phase but non-polar hydrocarbon parts are 

present in oil phase (Pomeranz, 1991) as shown in Fig. 3.33 a. 

Hydrophile-lipophile balance (HLB) is described by a number which gives an indication of a relative 

affinity of a surfactant molecule for the oil and aqueous phase. Each surfactant is assigned an HLB 

number according to its chemical structure and has been tabulated in literature. A molecule with a high 

HLB number has a high ratio of hydrophilic group to lipophilic groups, dissolves preferentially in water, 

stabilizes oil-in-water emulsions and forms micelles in water (McClements, 1999). 

Surfactants in an aqueous solution are dispersed predominantly as monomers but once it exceeds the 

critical micelle concentration, any additional surfactant molecules form micelles, and the monomer still 

remains fairly constant. These micelles are the most important type of association colloid formed in 

food emulsions (McClements, 1999). They form a variety of thermodynamically stable structures 

known as association colloids and consist of micelles, bilayers, vesicles, and reverse micelles (Fig. 

3.33 b) which are particularly sensitive to changes with temperature, pH and ionic strength. 
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(a) (b) 

Fig. 3.33 Absorbing emulsifiers at oil-water interface (Pomeranz, 1991) (a) and some typical structures 

as self-association of excess surfactants (McClements, 1999) (b) 

3.5.4.1 Sorbitan esters and polysorbates 
The most common sorbitan ester that is permitted in food products is sorbitan monostearate or 

Span60. The sorbitan esters of stearic, lauric, oleic and other fatty acids can be further reacted with 

ethylene oxide to produce the polyoxyethylene sorbitan esters or polysorbates or Tween (Whitehurst, 

2004). These two surfactants are used widely in oil-in-water emulsion. 

Sorbitan monostearate (Span 60) is a non ionic, monomorphic, low HLB (at 4.7) emulsifier (Fig. 3.34 

a). It has short chain length of fatty acid (Whitehurst, 2004) which is an ester of sorbitol and steric acid, 

where the sorbitol end is soluble in water and steric end is soluble in oil. It has bulky hedroxylated 

sorbitan rings.  These esters are primarily used as intermediates for the polyoxyethylene derivatives or 

mixed with polysorbates to adjust to the required HLB number. 

Polysorbate 60 or Tween 60 is a polyoxyethylene derivative of sorbitan monostearate (Fig. 3.34 b) 

with an average of 20 moles of ethylene oxide chain length. All 20 moles of ethylene oxide are in a 

single chain which results in a strongly polarized structure. It is, however, considered a hydrophilic and 

is truly water soluble with HLB of 14.9.  Due to its long polyoxyethylene chain it is the most water 

soluble emulsifiers allowed in foods. At 25 °C, polysorbate 60 has the approximate molecular weight of 

1312 with critical micelle concentrations (CMC) of 0.025 mM or 0.03 % (Whitehurst, 2004).  

 

 

 

(a) (b) 

Fig. 3.34 Chemical structure of sorbitan monostearate (a) and polysorbate 60 (b) (Whitehurst, 2004)  

3.5.4.2 Gum Arabic as emulsifying agent 
Gum Arabic, usually used in beverage industries, is one type of hydrocolloid which has many uses as 

an emulsifier. The most widely used comes from the species Acacia senegal, but it is a fairly 
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expensive ingredient (Dickinson, 2003) and requires high concentrations to produce stable emulsions 

of relatively small oil droplets (Garti and Leser, 2001).  

Gum Arabic (A. senegal) is a complex branched heteropolyelectrolyte with a backbone of 1,3-linked β-

galactopyranose units and side chains of 1,6-linked galactopyranose units terminating in glucoronic 

acid or 4-O-methylglucuronic acid residues. It contains ca. 2 % protein, covalently linked to 

carbohydrate as a mixture of arabinogalctan-protein complexes, each containing several 

polysaccharide units linked to a common protein core (Dickinson, 2003), resulting in the so-called 

“wattle blossom” model (Connolly et al., 1988) (Fig. 3.35 a). It actually consists of a fraction of a high 

molecular mass glycoprotein (AGP) and a low molecular mass protein (AG). AGP consists of five 

carbohydrate blocks of molecular mass 2.8⋅105 linked together with a polypeptide chain which may 

contain 1600 amino acid residues. This AGP fraction is responsible for the gum’s emulsifying ability 

because it actually does absorb onto the oil droplet (Randall et al., 1989). 

Fig. 3.35 b shows the high-molecular-mass protein-rich fraction of A. senegal gum absorbing at the oil-

water interface. The more hydrophobic protein chain firmly anchors the protein-polysaccharide hybrid 

at the interface, and the protruding hydrophilic carbohydrate blocks attached to this chain provide a 

strong steric barrier toward flocculation and coalescence. Charged groups provide electrostatic 

stabilization, and the relatively low value of the (negative) zeta-potential indicates that the primary 

stabilization mechanism is steric in character. Nevertheless, the level of surface activity is actually 

rather low in comparison with typical food protein emulsifiers. To compensate for this, a rather high 

gum-to-oil weight ratio of gum arabic must be used (Dickinson, 2003).  
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(a) (b) 

Fig. 3.35 Schematic representation of the wattle blossom model representing the functionally active 

component of gum arabic (a) in solution and (b) absorbed at oil-water interface (modified from 

Dickinson, 2003). C is carbohydrate blocks and P is protein chain. 

There is a commercial attempt to improve on the emulsifying ability of naturally occurring gum arabic. 

In the year 2007, Phillips and his coworker proposed “Acacia (sen) SUPER GUMTM”, a new form of 

gum arabic which has constant properties and precisely structured molecular dimensions, unlike the 

naturally occurring gum  (Al-Assaf et al., 2007; Cui et al., 2007; Aoki et al., 2007 a, b). The amount of 

arabinogalactan protein (AGP) emulsifying component was successfully increased up to more than 

double amount naturally present, resulting in a dramatic increase in the interfacial surface properties 

and coverage of the oil droplet in oil-in-water emulsion. Also, it increased the viscosity up to 20 times 

and was four times higher in molecular weight. Further in their researches, they discovered more 

effective emulsifying properties and claim this SUPER GUMTM is an improved emulsifier over natural 
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gum arabic. It has been suggested that the series of SUPER GUMTM can provide more ability to 

stabilize emulsion with lower amounts of usage. This can be done by improving the maturation 

process. However, knowledge about the application in real food systems and their rheological 

properties is still rarely discussed in literature. 

3.5.5 Role of stabilizers in food emulsion 

Most stabilizers are high molecular weight biopolymers which have properties that increase the 

viscosity of the continuous phase or to modify the rheology of the aqueous phase, preventing the 

droplets to come closer, and retarding creaming or flocculation.  

The most common polysaccharides used as stabilizers both in model studies or in commerce are 

xanthan gum, galactomannan gum, cellulose derivatives, carrageenan and pectin. Many attempts 

have been made in their successful formulation and/or development of procedures of using these 

hydrocolloids to delay creaming. Some of these are discussed. 

Huang et al. (2001) investigated and compared some selected hydrocolloids, e.g. xanthan, guar, 

locust bean, fenugreek, alginate, gellan, carrageenan, pectin, cellulose derivatives, gum arabic, 

flaxseed and oat gum to stabilize 40 % canola oil-in-water emulsion. They founded that 1.5 % 

fenugreek gum produced a very stable emulsion over three months with low interfacial tension and 

very small droplets. Xanthan and guar gum were also effective hydrocolloids to stabilize emulsion also 

at low concentration (0.5 – 1.5 %).  

Lorenzo et al. (2008) examined the efficiency of xanthan/guar mixtures to stabilize low-in-fat sunflower 

oil-in-water emulsion. They reported that from the visual inspections of the formulated emulsions they 

could show the long-term stability over eight month’s period by adding 0.5 – 2.0 % X/G mixtures. 

Xanthan and guar mixtures can stabilize the model emulsion by increasing the viscosity of the 

continuous phase as a consequence of the formation of a gel or three dimensional networks of 

aggregate droplets.  

Moschakis et al. (2005, 2006) determined the effect of xanthan gum (0.01 – 0.125 %) in concentrated 

Tween20-stabilized emulsions (30 – 60 % oil) and caseinate-stabilized emulsions (1.4 % sodium 

caseinate, pH 7). The results showed that xanthan would induce the interconnected depletion-

flocculated network of oil droplets and exhibit creaming instability of emulsions because of its non-

absorbing polysaccharides. Flocculation occurred at very low concentrations of xanthan gum (0.01 %), 

however, and increasing concentrations resulted in gradually slower creaming until the concentration 

was above 0.125 %. The emulsions did not exhibit any phase separation over a timescale of a few 

days. This may attributable to the immobilization of dispersed oil droplets in a weak gel-like network 

with a high low-stress shear viscosity. These results were also consistence with the investigation of 

Hemar et al. (2001) and Euston et al. (2002). The effect of guar gum also showed the same 

phenomena where low concentration (< 0.075 %) induced depletion flocculation and increased 

creaming but high concentration (> 0.1 %) produced slower creaming. This examination has been 

done in 10-20 % sunflower oil with Tween 20-stabilized emulsion (Velez et al., 2003).  
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From these findings it can be shown that xanthan can produce stable or instable emulsion depending 

mainly on concentration and type of emulsions. The lower concentration of xanthan present in o/w 

emulsion may provide depletion or bridging flocculation and lead to both stability and instability of 

emulsion while the high concentration of xanthan should provide more potential to produce stable 

emulsion over a period of time.  

3.6 Rheology of solutions and food emulsions 
3.6.1 Definitions 

The first use of the word “Rheology” is credited to Eugene C. Bingham (ca. 1928). By definition, 

rheology is the study of the deformation and flow of matter (Rao, 1999; Steffe, 1996) under the 

influence of mechanical force (Tscheuschner, 2004). Rheological behavior describes properties of 

matter by its behavior, i.e., its reaction to deformation and flow. Results of rheology showing 

superposition of viscous and elastic effects aid in the study of material by observing structural changes 

under the influence of applied forces (Malkin and Isayev, 2006). 

Rheology can be expressed in terms of viscous, elastic, and viscoelastic functions. In terms of fluid 

and solid phases, viscous functions are used to relate stress to shear rate in liquid systems, whereas 

elastic functions relate stress function to strain in solids. Viscoelastic properties cover materials that 

exhibit both viscous and elastic properties (Rao, 1999).  

3.6.2 Viscosity 

Movement of all fluids and liquid-like materials is based on the model of sliding of neighboring layers 

relative to each other when any external force applied to a body leads either to movement as a whole 

or to change in its initial shape (Malkin and Isayev, 2006). As shown in Fig. 3.36, the lower plate is 

stationary and the upper plate is linearly displaced by an amount of dx when forces are applied 

(Tscheuschner, 2004; Malkin and Isayev, 2006). With a small deformation, the angle of shear is equal 

to shear strain, γ = dx/dy. Shear strain rate or shear rate, γ&  can also be calculated as a velocity 

gradient established in a fluid as a result of an applied shear stress. It is expressed as dγ/dt in a unit of 

1/s. Shear stress is the stress component applied tangentially. It is equal to the force divided by the 

area of application and is expressed in units of force per unit area (σ = F/A or τ) or in Pascal (Pa) 

(Rao, 1999). 
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Fig. 3.36 Shear deformation of viscous body (modified from Tscheuschner, 2004) 
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Viscosity is the internal friction of a fluid or its tendency to resist flow. It is noted by the symbol η for 

Newtonian fluids whose viscosity does not depend on shear rate. It is defined as the proportional 

between shear stress and shear rate in units of Pas (Eq. 3.2) 

A
F

dh
dv

dr
dv

==⋅=⋅= ηηγητ &  ; for Newtonian fluids  in pipes     (3.2) 

For non-Newtonian fluids, the relationship between shear stress and shear rate is non-linear. It shows 

the shear dependent with destruction of structure where the viscosity is not constant throughout a 

given shear rate. The viscosity can be so called functional viscosity, η(γ& ). This functional viscosity 

can be defined as apparent viscosity ηapp , or effective viscosity ηeff (Tscheuschner, 2004) and is 

dependent on shear rate. Fluidity ϕ of any material can be defined as 1/η in unit 1 /Pas. The effect of 

absolute temperature (T*) on effective viscosity can be calculated by Frenkel-Eyring equation (Eq. 

3.3).  
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3.6.3 Fluid flow behavior 

The major types of fluid flow behavior can be described by means of function between shear rate and 

shear stress as shown in Table 3.10.  

From Table 3.10, by fitting the regression parameters in these given equations, the effective or 

apparent viscosities can be calculated in the dependent on shear rate. The fluid that is independent on 

shear rate can be explained by Newton’s equation. Ostwald-de Waele was used for the group of non-

Newtonian fluids for more than 95 % of cases. On the contrary, the assumptions of Bingham-, 

Casson- and Herschel-Bulkley equations were used for the non-Newtonian materials (solid-like 

behavior). The parameters in these equations can be used to describe the structure degradation and 

also the flow behavior changing in processing. The appropriate equations were selected according to 

the number of parameters and the successful regression of flow curves. The less number of 

parameters and the high correlation between experimental data and model equation, i.e., the high 

correlation coefficient (r) and standard deviation (SD), would be the criteria of selections. 

3.6.4 Yield stress 

This yield stress (τ0) parameter refers to the material that exhibits particle micro-gel dispersion. This 

parameter is the criteria of the energy input of the mechanical forces in process. It describes the 

structural characteristic of the dispersion phase and the viscosity in each model as follows. 

τ < τ0   elastic behavior 

τ = τ0  solid-liquid transition  

τ > τ0  viscous behavior 
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Table 3.10 Standard rheological models with defined viscosity 

Model Equation  Effective viscosity  
Number of 

model 
parameters 

 ( )γτ &f=  in Pa  ( )γη &feff =  in Pas   

Newton 1γητ &⋅=  (3.4) ( )γη &fdyn ≠   1 
Ostwald-
de Waele 

nK γτ &⋅=  (3.5) ( ) 1−⋅== n
eff Kf γγη &&  (3.6) 2 

   ( ) 1−⋅⋅== n
proz Knf γγη &&  (3.7) 2 

Herschel-
Bulkley 

nK γττ &⋅+= 0  (3.8) 10 −⋅+= n
eff K γ

γ
τ

η &
&

 (3.9) 
3 
Non-linear 
plastic 

Bingham γηττ &⋅+= BH0  (3.10) BHeff η
γ
τ

η +=
&
0  (3.11) 2 

Linear plastic 

Casson γηττ &⋅+= CA0  (3.12) γητη
γ
τ

η &
&

/CACACAeff ⋅++= 0
0 2  (3.13) 

2 
Non-linear 
plastic 

 
3.6.5 Viscoelasticity 

All material has viscoelastic properties. Viscoelasticity of materials represents simultaneously the 

properties of reversible elastic behavior and irreversible viscous behavior. Viscoelastic behavior of 

many foods can be determined by means of oscillatory testing. Small amplitude oscillatory shear, also 

called dynamic rheological experiment, can be used (Rao, 1999). In the small amplitude oscillatory 

shear experiment, a sinusoidal oscillating stress or strain with a frequency ƒ is applied to the material, 

and the phase different between the oscillating stress and strain, as well as the amplitude ratio, is 

measured. The information obtained should be equivalent to data from a transient experiment at time  

t = ƒ -1 (Rao, 1999).   

In an oscillatory test a food sample is subjected to a small sinusoidal oscillating strain or deformation 

γ(t) at time t according to Eq. 3.14 for evaluating the elastic component. Differentiation yields the next 

equation of Eq. 3.15, which shows the strain rate γ& (t) for evaluating the viscous component to be - π/2 

radians out of phase with the strain. 

 γηγτ &⋅+⋅=G   ; dominant in elastic component               (3.14) 

γ
ητγ
&

& +=
G

   ; dominant in viscous component              (3.15) 

The applied strain generates two stress components in the viscoelastic material. First is an elastic 

component in line with the strain (stress and strain are in phase), the second is a viscous component, 

- 90° out of phase (stress and strain are - π/2 radians out of phase) as shown in appendix A. 

For deformation within the linear viscoelastic range, the generated stress σ0 can be expressed in 

terms of an elastic or storage modulus G′ (Eq. 3.16), a viscous or loss modulus G″ (Eq. 3.17) and loss 

factor tan δ (Eq. 3.18), as shown in the following equations. 
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δ
γ
σ cos

0

0=′G   in Pa                  (3.16) 

δ
γ
σ sin

0

0=′′G    in Pa                             (3.17) 

G
G
′
′′

=δtan                      (3.18) 

( ) ( )22 GGG ′′+′=*   in Pa                  (3.19) 

( ) ( )22 ηηη ′′+′=*   in Pas                  (3.20) 

The storage modulus G′ expresses the magnitude of the energy that is stored in the material or 

recoverable per cycle of deformation. G″ is a measure of the energy that is lost as viscous dissipation 

per cycle of deformation. It is noted that if G′ is much greater than G″ the material will behave as solid-

like or elastic. If the G″ is much greater than G′ the material will behave as liquid-like. 

The dynamic oscillation tests can be used to obtain useful properties of viscoelastic foods as 

described as follows.  

Amplitude sweeps. This study is to determine G′ and G″ as a function of amplitude at a fixed 

frequency and temperature (in appendix A). The linear curve in a small oscillating regime expresses 

the microstructure of material which has no structural change within the studied range.  

Frequency sweeps. This study is to determine G′ and G″ as a function of frequency (ƒ) at a fixed 

amplitude, especially in the linear regime, and temperature (in appendix A). Based on frequency 

sweeps, one can designate solid-like and liquid-like properties. For example, for dilute biopolymer 

solution, G″ is usually larger than G′ which presents a liquid-like behavior. For concentrated 

biopolymer solution, G″ is usually larger than G′ which presents a solid-like behavior.  

Temperature sweeps.  This study is to determine G′ and G″ as a function of temperature at a fixed 

frequency and amplitude. This test is well suited for studying phase change transition or gelation 

during heating and cooling process.  
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4. MATERIALS AND METHODS 

 
4.1 Materials 

4.1.1 Coconut fats 

The four commercial coconut fats studied were purchased from different manufacturers. All samples 

which were white, opaque and odorless were solidified at room temperature (20 °C). 

Type A  Hydrogenated pure coconut oil or commercial coconut fat under trade mark as 

“Palmin” (Palmin®, Peter Kölln KgaA, Elmshorn, Germany) was purchased from a 

German local market. 

Type B Unhydrogenated pure coconut oil under trade mark as “Othüna” (Ostthüringer 

Nahrungsmittlwerk Gera GmbH, Thüringen, Germany) was purchased from a German 

local market. 

Type C Refined bleached deodorized coconut oil (RBDCO) or unhydrogenated coconut oil was 

manufactured by Patum Vegetable Oil Co., Ltd., Thailand local refinery, with the trade 

name of “Dokmai”. 

Type D Unhydrogenated coconut oil was manufactured by KTC (Edibles) Ltd., Wednesbury, 

Sri Lanka.  

 

4.1.2 Coconuts 

Fully mature coconuts (Cocos nucifera L.) were purchased from a local Asian market in Germany. All 

samples purchased were husked and cleaned. After removing the brown testa, only the white meat 

with no coconut water added was used to prepare fresh coconut milk.  

4.1.3 Coconut cream powder 

Coconut cream powder purchased under the trade name of “Chao Thai” which was manufactured by 

Korn Thai Co., Ltd. (Thailand) and packed in a hermetically sealed container (500 g/pack). The 

powder is white and dried and consists of 80 % coconut powder and 20 % moltodextrin. Samples 

contain a total solid content of 94.5 % by weight.  

4.1.4 Canned coconut milk 

Eight samples of canned coconut milk were sampled from four different sources, i.e., from two 

different Asia markets and two different local German markets in Berlin. Six samples were obtained 

from Asia markets, (1) Timi Asian Market (sample names: Elephant, Suree, Aroy D and Royal Thai),  

(2) Vin Loey Asian Market (sample names: Savoy and Wind mill). Two other samples were obtained 

from local German markets, (3) Penny Markt (sample name: Mei Tai) and (4) Edeka- Reichelt  Markt 

(sample name: Bamboo Garden). 
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4.1.5 Emulsifiers 

Tween 60 and Span 60 were purchased from Merck (Schuchardt OHG, Hohenbrunn, Germany). 

Tween 60, or polyoxyethylene sorbitan monostearate, contains HLB 14.9. Span 60, or sorbitan 

monostearate, contains HLB 4.7. 

Two commercial Acacia (sen) SUPER GUMTM samples were kindly donated from San-Ei Gen 

F.F.I.Inc., Colloids Science Laboratory (Osaka, Japan). These samples were labeled as EM2 and 

EM10. These modified gum arabic samples were used as an emulsifying and/or stabilizing agent in 

coconut oil-in-water emulsion. Product specifications are provided in Table 4.1 (data obtained from 

producer). 

Table 4.1 Product specifications of Acacia (sen) SUPER GUMTM samples  

Molecular weight* (kg/kmol) Products Characteristics 

MW MW (AGP) 
EM2 Standard of SUPER GUMTM product 2.21 ⋅ 106 10.94 ⋅ 106

EM10 

high-performance new SUPER GUMTM product 

higher AGP content than EM2 

higher stability in beverage during shaking 

added amount can be reduced by 25% 

3.43 ⋅ 106 11.67 ⋅ 106

* From GPC-Malls analysis processed as one and two peaks 

4.1.6 Stabilizers 

Food grade hydrocolloids studied were kindly donated by respective companies. Xanthan gum type 

402 (E 415), guar gum (E 412) and locust bean gum (E 410) were obtained from Loryma GmbH, 

Germany. High molecular weight sodium carboxymethylcellulose (Walocel® CRT 40,000 PA) was 

obtained from Wolff Cellulosics GmbH & Co. KG, Germany. Moisture content was measured by 

heated samples at 102 °C for 2 hr (DIN 10348). Moisture contents are 9.68 %, 8.78 %, 11.9 %, 6.55 % 

for xanthan, guar, locust bean gum and CMC, respectively. 

4.1.7 Non-fat skim milk powder 

Medium heat quality non-fat skim milk powder was purchased from Milchwerke Mittelelbe GmbH 

(Stendal, Germany). A sample was dried with the total solid content at 97.8 % by weight. It contains 

total protein content approximately 38.51 ± 1.8 %. The sample was stored in a cold room (< 10 °C) for 

further use in preparing coconut cheese-like products. 

4.1.8 Table salt 

Table salt under the trade name of “Siedesalz or Safrisalz” was manufactured by Südsalz GmbH 

(Heilbronn, Germany). The sample contains sodium ferrocyanide as an anticaking agent.  
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4.1.9 Rennet solution 

Rennet solution (Tierisches Käselabextrakt P-99) was purchased from CHR Hansen (Lübeck, 

Germany). The company claims the solution contains 99% chymosin, 16 % NaCl and 0.5 % sodium 

benzoate. 

4.1.10 Buffer solution 

The phosphate buffer solution (pH 9) was purchased from Fluka chemie AG, Buchs, Switzerland. The 

acetate buffer solution (pH 4) was laboratory prepared by mixing the proportion of acetic acid with 

sodium acetate trihydrate. 

4.2 Methods 

4.2.1 Material science examination of coconut products 

4.2.1.1 Coconut fats and oils preparation 
Because all coconut fats are solid at room temperature, 8 ml of each sample was melted by heating at 

50 °C for 5 min before measurement. All samples were then investigated for their rheological 

properties and phase change behavior by rheological and differential scanning calorimetry (DSC) 

measurements.  

4.2.1.2 Fresh coconut milk extraction 
The mature coconuts were washed in water. Coconuts were dehusked and then the brown skin was 

removed to obtain white coconut meat. Coconut meat was immediately washed in water and then 

grated twice using a meat grinder machine (Fleischwolf BNr. 988971x, Quelle Shop, Germany) to 

reduce the size. The grated coconut meat was then pressed by hand through the filter cloth with or 

without water added. Fresh pressing coconut milk was then filtered again by cheese cloth. All samples 

were immediately measured for rheological properties and total solid content. 

4.2.1.3 Rehydrated coconut milk preparation 
The coconut cream powder was dissolved in warm water (50 °C) with magnetic stirring for 5 min. The 

freshly prepared rehydrated coconut milk was white, opaque and stable throughout the experiment. 

Samples were then measured for rheological properties at various concentrations (10, 20, 30, 40 and 

50 wt%) and various temperatures. The proximate analysis of product was also carried out. 

4.2.1.4 Canned coconut milk preparation 
All samples were opened without shaking to observe the stability and appearance of the products. 

They were then poured out in glass beakers and gently stirred by hand before each measurement. 

Each sample was immediately subjected to the rheological, color, microscopic and particle size 

distribution examinations.  
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The experiment mapping is shown in Fig. 4.1 
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Fig. 4.1 Material science experiments of coconut products 

4.2.1.5 Thermal analysis by differential scanning calorimetry (DSC) 
DSC was used to determine melting temperatures and phase change behaviors of coconut fats and 

oils. The experiment was done on a Simultan Thermo Analyzer (STA409C, Netzsch Geraetebau 

GmbH, Germany). Oil samples of ca. 10 – 30 mg were weighed into aluminium pans and hermetically 

sealed. Samples were then kept overnight at below freezing point ( – 20 °C) for subsequent DSC 

analysis. For analysis, samples were heated from -20 to 120 °C with two scanning rates of 2 K/min 

and 5 K/min, respectively. The instrument was calibrated by standard procedure according to the 

manufacturer’s user manual. However, the calibration can be done only with a scanning rate of 5 

K/min, according to the equipment limitation. Nitrogen was purged and flowed with 75 ml/min. Each 

DSC scan was made with a new sample to ensure the same thermal history. All samples were 

analyzed in at least in duplicate. 

The manufacturer’s software program was used to analyze and plot the thermal data. The thermal 

characteristics of each sample in a DSC melting curve were observed including melting transition 

temperature, heat flow at peak temperature (Epeak) and enthalpy. The melting transition temperatures 

were identified at each thermal curve based on the temperature at which a change in the endothermic 

heat flow value occurred. For DSC melting curves, the onset-, offset- and end temperatures were also 

determined (Fig. 4.2) and definitions of all transition temperatures were obtained. 
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Fig. 4.2 Differential scanning calorimetry (DSC) melting curves of coconut fats. The techniques used 

for determination of the DSC parameters are illustrated by constructed lines and descriptions. 

All definitions of the melting transition temperatures illustrated by constructed lines on the melting 

curves are defined as follows (modified from Höhne et al., 2003). All are defined based on the 

interpolated baseline which refers to the part of the heat flow rate curve produced of by DSC during 

steady state conditions (no reactions or transitions in the sample). 

Ton  The extrapolated onset temperature point where the extrapolated baseline intersects the 

extrapolated ascending peak slop in the first transition state 

Toff  The extrapolated offset temperature point where the extrapolated descending peak slop 

leading edge of the last melting endotherm intersects with the baseline 

Tmax The peak maximum temperature point where the temperature is at peak or highest point of the 

curve which designates the maximum value of the difference between the curve and baseline 

Tend  The end offset temperature points to the first temperature at which the curve again reaches 

the baseline (become constant) indicating that the fat samples were completely melted. 

P Peak of transition 

4.2.1.6 Rheological measurement of coconut oil samples: Steady state shear examination 

Viscosity was measured as a function of shear rate using a MCR301 Rheometer (Physica®, Anton 

Paar GmbH, Graz, Austria-Europe) equipped with a double gap rotational cylinder DG26.7 and Peltier 

Cylinder temperature system TEZ150P (Fig. 4.3a). 8 ml sample were taken with the controlling 

temperature from 30 to 90 °C with ΔT = 10 K. Samples were changed individually at each 

temperature. Shear rate examination profile was given (Fig. 4.3b). The data was collected every 4 sec 

at each state measurement. 

Upward curve;   100 < γ&  < 1500 /s t = 120 s  30 points 

Downward curve; 1500 < γ&  < 100  /s t = 120 s  30 points 
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All data from the last state were calculated using a linear model. The flow behavior of coconut fats was 

explained according to Newton’s equation (Eq. 3.4). 
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Fig. 4.3 The MCR 301 Rheometer (a) and shear rate examination profile (b) for coconut oil samples 

4.2.1.7 Temperature sweep on coconut fats (Oscillation test) 

The G′ (storage modulus) and G″ (loss modulus) were evaluated to describe the solid-liquid (sl) and 

liquid-solid (ls) phase change behavior of coconut fats. The temperature sweep measurement was 

carried out using a MCR 301 Rheometer (Physica®, Anton Paar GmbH, Graz, Austria-Europe) 

equipped with a CC27/P1 cylindrical measuring system. Precise temperature control was done by a 

Peltier Cylinder temperature system TEZ150P. 

Three stepwise temperature sweeps were done by (1) cooling from 50 to 0 °C with a cooling rate of 

0.5 K/min and then (2) keeping the temperature constant at 0 °C for 30 min to ensure complete 

crystallization. In the last period, (3) samples were heated from 0 to 50 °C with the same heating rate. 

All measurements were done in duplicate, at least. All oscillation parameters were described as shown 

in Eq. 3.16 – 3.18. Crystallization and melting curves were plotted using the universal software US 200 

version 2.30. The transition temperatures were assigned based on the temperatures at which the 

changing of loss factor (tan δ = G″/G′) occurred (Fig. 4.4). 
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Fig. 4.4 Crystallization (a) and melting (b) oscillation curves of coconut fats by a MCR301 Rheometer. 
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All definitions of the transition temperatures illustrated on the dynamic oscillation curve were defined. 

Crystallization  

TC1  The first temperature at which samples start to crystallize points to where the samples 

changing from liquid-like (tan δ >> 1) to mixed phase (tan δ = 1) 

TC2  The peak temperature points to where tan δ is lowest 

TC3 The temperature at which the samples reached the complete crystallization, points to where 

the samples changing from mixed phase (tan δ = 1) to solid-like (tan δ << 1) 

Melting 

TM1 the first temperature at which samples start to melt points to where the sample changing from 

solid-like (tan δ << 1) to mixed phase (tan δ = 1) 

TM2  The peak temperature points to where tan δ is lowest 

TM3 The temperature at which the samples reached complete melting, points to where the samples 

changing from mixed phase (tan δ = 1) to liquid-like (tan δ >> 1) 

4.2.1.8 Shear rate examination of fresh and commercial coconut milks 
Viscosity and flow behavior of fresh and rehydrated coconut milks were measured using a MCR301 

Rheometer (Physica®, Anton GmbH, Graz, Austria-Europe) equipped with a DG26.7 double gap 

rotational cylinder. Samples were taken with the controlling temperature from 0 to 90 °C with ΔT =     

10 K. Samples were changed individually at each temperature. Canned coconut milk examination was 

conducted using a Physica UDS 200 rheometer (Universal Dynamic Spectro-meter, Paar Physical 

Messtechnik GmbH, Stuttgart) equipped with a Z3 DIN rotational cylinder. Shear rate examination 

profiles are given (Fig. 4.5). The data was collected every 3 sec at each state measurement.  

Upward curve;  0.1 < γ&  < 100 /s t = 60 s   20 points 

Constant;  γ&  = 100 /s  t = 60 s  20 points 

Downward curve; 100 < γ&  < 0.1 /s t = 60 s  20 points 
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All data from the last state were calculated the effective viscosity using a linear and power law model 

(Table 3.10). 

 

 

 

 

 

 

 

 

 

Fig. 4.5 Shear rate examination profile for coconut milk samples 
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4.2.1.9 Proximate analysis of coconut milks 
Total solid content determination. Total solid content (TS) of fresh and coconut cream powder was 

determined following to Norm DIN10348 (Total solid content determination for milk and cream). 

Samples (5 g) were heated at 102 °C in oven with sand stone (2 g) for 2 hr or until the weight was 

constant. Weights of samples before and after heating were collected and used to calculate the total 

solid content (Eq. 4.1). 

Total solid content; 
( )
( )01

02 100
mm

mm
TS

−
⋅−

=   in %     (4.1) 

Where TS is total solid content (%), m0 is the weight of container (g), m1 is the weight of sample before 

heating and container (g) and m2 is the weight of sample after heating and container (g). 

Fat content determination. Fat content was then determined by Gerber method (Norm DIN10310) 

(Appendix B-1). 10.75 ml of samples were mixed with 10 ml of sulfuric acid and 1 ml of amylalcohol. 

The solution was centrifuged for 4 min and then warmed at 65 °C for 5 min before measurement. Fat 

content (%) can be read directly from Byterometer scale.  

Protein content determination. The Kjeldahl method (Half-micro method, IDF 20 B: 1993) was carried 

out to determine the protein content in coconut milk samples (Appendix B-2) by titration. The amount 

of titrated solution was then used to calculate total protein content (Eq. 4.2). 

( )
s

ppp

W
Fba 4468550

Protein  
.⋅−

=    in %               (4.2) 

Where ap is the amount of titrated 0.05N H2SO4 (ml) from sample, bp is the amount of titrated 0.05N 

H2SO4 (ml) from blind control, Fp is the 0.05N H2SO4 factor ( = 1) and Ws is the weight of sample (g). 

4.2.1.10 Particle size distribution  
To determine the droplet size, canned coconut milk were examined using a Partica LA-950 laser 

scattering particle size distribution analyzer (Retsch Technology GmbH, Germany) (Fig. 4.7). The 

refractive indices of water and coconut oil were taken as 1.33 and 1.46, respectively. The particle size 

was reported as the specific volume mean diameter (d4.3), mode and median size diameter. Also the 

specific surface area (SSA) was calculated using the Horiba Particle sizer software for Windows 

version 4.11 (Horiba, Ltd., Japan).  

The Partica LA-950 uses two solid-state light sources which ensure sufficient light scattering over the 

full angular range (0.01 to 3000 μm) (Fig. 4.6). There is a sharp-focus long-wavelength red laser 

source (λ = 650 nm) to measure the large particles up to 3000 μm and a short-wavelength blue LED 

laser source (λ = 405 nm) to detect the ultra-microscopic particles up to 0.01 μm. To measure particle 

size with the laser scattering method, the instrument detects the correlation between the intensity and 

the angle of light scattered from a particle, then calculates the particle size based on the Mie-

scattering theory. The scattering pattern, therefore, is determined by the diameter of the particle 

relative to the wavelength, not by the absolute diameter of particles. This method, however, provides a 

high accuracy of ± 0.06 or less compared to standard particles. 
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Fig. 4.6 A Partica LA-950 particle analyzer (a) and schematic light scattering method (b) 

4.2.1.11 Light microscopic method  
Canned coconut milk samples were diluted at 1:20 in glass test tubes and gently agitated to ensure a 

homogenized condition. A drop of each sample was placed on a glass slide and covered with a cover 

slip. The oil droplet in sample was observed under the microscope using a transmitted light 

microscope Askania RML 5 (Askania Mikroskop Technik Rathenow, Germany). The micrograph was 

taken under the 40X objective lens. The images were acquired using a Panasonic digital signal 

processing industrial color CCD camera GP-KR222 (Panasonic Medical & Industrial Video Company, 

Japan) connected to a typical image analyzer Kreuztischsteuerung-Bildanalyse (Lang GmbH & Co., 

KG, Hüttenberg, Germany). The digital image processing software model Digitrace version 2.28 

(Imatech Elektonische Bildanalysesysteme GmbH, Germany) was installed on the computer being 

used.   

4.2.1.12 Color measurement 
The color parameters L, a, b were evaluated using a Konica Minolta chroma meter CR-300 (Konica 

Minolta Holdings, Inc., Japan) equipped with DP-301 data processor. The measuring head of the CR-

300 uses diffuse illumination/0° viewing geometry. A pulsed xenon arc (PXA) lamp inside a mixing 

chamber provides diffuse and uniform lighting over the 8mm-diameter specimen area. Only the light 

reflected perpendicular to the specimen surface is collected by the optical-fiber cable for color analysis 

(Fig. 4.7). The color is expressed under the term L = lightness, a = red (+) to green (-) and b = yellow 

(+) to blue (-).   

Before each measurement, the instrument was calibrated by standard white plate (L = 98.25, a =         

-0.26, b = +2.07). A sample was added to a standard transparent glass test tube. The standard white 

plate was used as a background during measurement. All samples were measured at least 4 times. 
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Fig. 4.7 A Chroma meter CR-300 (a) and schematic color measurement (b) 
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4.2.2 Coconut cheese-like production from coconut milk enriched with skim milk powder 

4.2.2.1 Coconut cheese-like preparation 

Coconut cream powder was weighed and dissolved in warm water at 50 ± 2 °C with continuous stirring 

for 5 min. The fully dissolved rehydrated coconut milk was opaque white. Non-fat skim milk powder 

was then added and mixed into the rehydrated coconut milk solution while continuously stirring at 50 ± 

2 °C for 5 min to obtain the required concentrations, a ratio between rehydrated coconut milk solution 

(CM) and non-fat skim milk powder (SM). After mixing, a sample was then immediately cooled to 45 ± 

2 °C before adding 0.33 wt% CaCl2 and 3 wt% salt.  

A 500 ml sample was weighed and allowed to stand for 1 hr at 35 °C in a water bath. After 1 hr, to the 

sample was then added 200 µl rennet solutions (Käselab) to observe the changing of viscosity at      

35 °C by process viscometer RHEOSWING® (Physica Messtechnik GmbH, Stuttgart). All samples 

were also measured for pH value and density and texture was analyzed by penetration (Fig. 4.8). 

4.2.2.2 The study of the effect of CM:SM ratio 
Five different ratios between rehydrated coconut milk (CM) and skim milk powder (SM) were prepared. 

The formulations used in this experiment are shown in Table 4.2. All formulations were calculated on a 

dry weight basis (db). The best formulation obtained from this experiment was further studied as to the 

effect of coconut cream powder concentration. All samples were tested at least in duplicate. 

Table 4.2 Coconut cheese-like formulations at different ratios of skim milk powder (SM), rehydrated 

coconut milk (CM) and water (W). 

No. Ingredients Concentration (wt%), SM:CM:W 
  A 

(40:12:48) 
B 

(30:14:56) 
C 

(20:16:64) 
D 

(10:18:72) 
E 

(0:20:80) 
1 Coconut cream powder 12 14 16 10 20 
2 Skim milk powder 40 30 20 18 0 
3 Salt 3 3 3 3 3 
4 CaCl2 2 2 2 2 2 
5 Water 43 51 59 67 75 
 Total  100 100 100 100 100 
6 Rennet solution  

(per 500 ml of sample)  
200 200 200 200 200 
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Fig. 4.8 Coconut cheese-like preparation and experimental mapping throughout this experiment 

4.2.2.3 The study of the effect of coconut cream powder concentration 
The best formulation obtained from 4.2.2.2 was used as the base formula to study the effect of 

coconut cream powder concentration. The formulations are given in Table 4.3. This best formulation 

was used further to study the effect of temperature. All samples were tested at least in duplicate. 

 Table 4.3 Coconut cheese-like formulation at different concentrations of rehydrated coconut milk (CM) 

enriched with skim milk powder (SM) and water (W). 

No. Ingredients Concentration (%w/w), SM:CM:W 
  A 

(20:30:50) 
B 

(20:20:60) 
C 

(20:16:64) 
D 

(20:10:70) 
E 

(20:0:80) 
1 Coconut cream powder 30 20 16 10 0 
2 Skim milk powder 20 20 20 20 20 
3 Salt 3 3 3 3 3 
4 CaCl2 2 2 2 2 2 
5 Water 45 55 59 65 75 
 Total  100 100 100 100 100 
6 Rennet solution  

(per 500 ml of sample)  
200 200 200 200 200 
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4.2.2.4 The study of the effect of rennet temperature 
The optimal formulation was selected from 4.2.2.3. The effect of temperature during rennet was 

investigated. All samples were prepared as described in Fig. 4.8. The aging temperature before and 

after adding each rennet solution was varied at 30, 35, 40 and 45 °C. All samples were tested at least 

in duplicate. 

4.2.2.5 Viscosity measurement by the RHEOSWING® method 
The changing of viscosity during rennet was measured using a torsional oscillatory online-viscometer 

RHEOSWING® (Physica Messtechnik GmbH, Stuttgart) as shown in Fig. 4.9. The rod (length 8 cm, 

diameter 1.2 cm) was immersed in 500 ml milk samples in 600 ml beaker. The beaker, however, is 

much larger than this penetration depth so that no disturbance may result from the walls of the 

container. The small amplitudes of the torsion of the cylinder were applied. The measurements are 

hence taken in the linear viscoelastic regime. The viscosity was measured every 30 sec and the 

results were plotted with time. 
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Fig. 4.9 A torsional oscillatory online-viscometer RHEOSWING® and its schematic viscosity 

measurement (1: Rheoswing sensor, 2: Rheoswing signal detector, 3: beaker, 4: water bath, 5: PC)  

4.2.2.6 Texture analysis by penetrometer 
All samples were prepared as described in Fig. 4.8 for 100 ml in 150 ml beakers. Samples were 

measured by the depth of puncture penetrated in 5 sec using a Half-automatic Penetrometer AP4/3 

(Feinmess Dresden GmbH, Dresden, Germany) equipped with cone shape puncture head. The 

measurements were done at 2 h and 3 h. All samples were done at least in replicate. 

4.2.2.7 pH measurement  
The pH of each solution before and after the addition of rennet was evaluated at ambient temperature 

(20 °C) using the pH meter CG 840 (Schott AG, Germany). The pH probe was calibrated at 20 °C 

using the standard phosphate buffer solution (pH 9) and the acetate buffer solution (pH 4) prior to 

measurement.  

4.2.2.8 Density measurement  
Samples (at 35 °C) were weighed (g) at a known volume (ml). The density (ρ) in kg/m3 of sample 

before and after rennet was calculated by the proportional between weight (kg) and volume (m3).  
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4.2.3 Material science examination of selected gum solutions 

4.2.3.1 Stock solution preparation 
100 gram of gum solutions were prepared by thoroughly dispersing the desired amount of dry sample 

in distilled water to obtain the final concentrations of 0.5, 0.75, 1 wt%. All gum solutions were 

continuously stirred under the same conditions with a glass propeller for 10 min at 600 rpm. Locust 

bean gum (LBG) was heated to 80 - 85 °C in a water bath, while xanthan gum (X), guar gum (G) and 

high MW sodium carboxymethylcellulose (CMC) were stirred at ambient temperature (20 °C). To the 

locust bean gum solution was added some water due to water loss during heating, and then again 

stirred for 1 min. Stock solutions were kept overnight at 4 °C in order to achieve a complete hydrate. 

The low temperature condition was used to minimize bacterial growth.  

To study the effect of pH, gum solutions were determined the pH value at ambient temperature (20 °C) 

using the pH meter CG 840 (Schott AG, Germany). Further, pH of xanthan and guar gum solutions 

were adjusted to the range of pH 5 to 6.5 using the standard phosphate buffer solution (pH 9) and the 

acetate buffer solution (pH 4). The pH range studied was selected according to the pH which is usually 

found in food emulsion products, esp. coconut milk products. 

4.2.3.2 Mixed gum solutions preparation 
To study the interaction of three gum mixtures (xanthan/guar, xanthan/locust bean gum and 

guar/sodium carboxymethyl cellulose), 100 gram of gum solutions were prepared by thoroughly 

dispersing the desired amount of premixed gum powders in distilled water at room temperature, 

except the samples containing locust bean gum which required a high temperature (80 – 85 °C) to 

fully disperse. All gum solutions were continuously stirred under the same conditions with a glass 

propeller for 10 min at 600 rpm. Samples were then stored overnight in the refrigerator (4 °C) before 

rheological measurements. The total polysaccharide concentration was kept constant at 0.5 and 1 

wt% with the gum ratio as shown in Fig. 4.10. All samples were then measured for density and 

rheological properties. 
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Fig. 4.10 The combinations of mixed gum solutions used in this experiment 

4.2.3.3 Thermodynamic incompatibility examination of mixed gum solutions 
Small amounts (3 ml) of prepared mixed gum solutions (0.5 and 1 wt%) were filled into the test tubes 

and hermetically sealed. Samples were then centrifuged using a microcentrifuge (Uniequip 

Laborgeräte, Martinsried, Germany) at 10,000 g for 2 hr. The thermodynamic incompatibility of 

centrifuged gum solutions was then tested visually by the phase separation of each solution.  



  - 61 - 

The experimental mapping is shown in Fig. 4.11. 
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Fig. 4.11 Selected gum solution preparation and the experimental mapping used in this experiment 

4.2.3.4 High pressure treatment on mixed gum solutions 
2 kg of xanthan/guar mixtures were prepared as described in section 4.2.3.2. The total polysaccharide 

concentration was kept constant at 0.5 wt% with the gum ratio ranging from 15:85 to 85:15. High 

pressure treatment (HP) was applied to the stock solutions (25 °C) using a two-stage homogenizer 
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LAB100-6TBS (APV Gaulin GmbH, Lübeck, Germany) at 50, 100 and 200 bar for 1 to 9 cycles. After 

each cycle samples were collected and tested with rheological measurements. All measurements 

were done at least in duplicate. Response surface methodology (RSM) was used to investigate the 

combined effect of high pressure treatment and mixed gum concentrations.  

4.2.3.5 High temperature treatment on mixed gum solutions 
200 gram of xanthan/guar mixtures were prepared as described in section 4.2.3.2. The total 

polysaccharide concentration was kept constant at 1 wt% with the gum ratio ranging from 15:85 to 

85:15. The rheological measurements were conducted to test the effect of temperature on mixed gum 

solutions from 20 to 80 °C (ΔT = 10 K). All samples were heated to a required temperature in the 

rheometer chamber and held for 10 min before measurement. All measurements were done at least in 

duplicate. Response surface methodology (RSM) was used to investigate the combined effect of 

temperature and mixed gum concentrations.  

4.2.3.6 Rheological measurement of gum solutions: Steady state shear examination 
All rheological measurements were performed using a Physica UDS 200 rheometer (Universal 

Dynamic Spectro-meter, Paar Physical Messtechnik GmbH, Stuttgart) equipped with a Z3 DIN 

rotational cylinder. It was equipped with an electronically commutated synchronous motor allowing 

rheological testing in controlled stress and controlled strain modes. The instrument allows the 

individual creation of complex real time tests containing a large number of different intervals in 

controlled stress and controlled strain. Precise temperature control was done by a Peltier Cylinder 

temperature system TEZ150P that assures minimal temperature gradients across the measuring gap 

by a patent protected design (± 0.01 K). 

Shear rate examination profiles were given. This was done by controlling the temperature at 20 °C for 

5 min before each measurement. The data was collected every 1 sec at each state measurement. All 

measurements were done at least in duplicate.  

Upward curve;  0.1 < γ&  < 100 /s t = 60 s   60 points 

Constant;  γ&  = 100 /s  t = 60 s  30 points 

Downward curve; 100 < γ&  < 0.1 /s t = 60 s  60 points 

Only data from downward curves was used to calculate rheological parameters and effective viscosity 

according to Ostwald-de Waele and Hershel-Bulkley equations (Table 3.10).  

4.2.3.7 The study of the effect of shear rate on pure gum solutions 
0.5 wt% gum solutions (xanthan, guar, LBG and CMC) were investigated as to the effect of shear rate 

on their viscosity and flow behavior. Maximum shear rates ( maxγ& ) were varied at 25, 50, 75 and      

100 /s, respectively. The shear rate examination profile was given as follows. 

Pre-shearing;  γ&  = maxγ&   t = 60 s  20 points 

Hold;   γ&  = 0 /s  t = 30 s  2 points 

Upward curve;  0.3 < γ&  < maxγ&   t = 60 s   20 points 
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Constant;  γ&  = maxγ&   t = 60 s  20 points 

Downward curve; maxγ&  < γ&  < 0.3 /s t = 60 s  20 points 

Only data from downward curves was used to calculate rheological parameters and effective viscosity 

according to Ostwald-de Waele and Hershel-Bulkley equations (Table 3.10).  

4.2.3.8 Rheological measurement of gum solutions: Dynamic oscillation tests 

Viscoelastic properties were ascertained d by determining the storage (G′) and loss (G″) moduli as 

functions of amplitude or frequency. All gum solutions were measured by controlling temperature at  

20 °C for 5 min before each measurement. All measurements were done at least in duplicate.  

Amplitude sweep was done by varying the strain rate or deformation from 0.001 to 1 at a constant 

frequency, ƒ = 1 Hz. The storage (G′) and loss (G″) moduli and tan δ, were plotted against strain rate.  

Frequency sweep was done at a constant strain rate of 0.001 in the frequency range from 0.1 to 50 

Hz. The storage (G′) and loss (G″) moduli, as well as tan δ, were plotted against frequency (Hz). 

4.2.3.9 Temperature sweep on xanthan/locust bean gum mixtures 
The gelling properties of X/LBG mixtures were investigated by the temperature sweep method. The 

temperature sweep test was performed by decreasing temperature from 80 to 20 °C at a cooling rate 

of 1 K/min with the frequency held constant at 1 Hz and the strain amplitude at 0.001. The gelling 

temperature was defined when the properties changed from liquid-like properties (G″ > G′ or tan δ > 1) 

to solid-like properties (G′ > G″ or tan δ < 1).  

4.2.3.10 Density measurement of gum solutions 
The density of all gum solutions was carried out by a laboratory density meter DMA 38 (Anton Paar 

GmbH, Germany) (Fig. 4.12) using an oscillating U-tube method (or hydrometer method) under the 

standard measurement Norm DIN 51757 (April, 1994). All gum solutions were centrifuged using a high 

speed refrigerated centrifuge SIGMA 6K10 (Sigma Laboratory Centrifuges GmbH, Osterode, 

Germany) at 1000 g for 5 min to eliminate air bubble prior to measurement. This was first calibrated 

with distilled water until the density of water of 998.2 kg/m3 at 20 °C was given. Samples were then 

measured for density at 20 °C. All measurements were done at least in triplicate.  

 

 

 

 

 

 

 

 

Fig. 4.12 A laboratory density meter DMA 38 used in this experiment 
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4.2.3.11 Rheological molecular weight determination of polysaccharides 
The molecular weight of polysaccharides used in this experiment was determined by rheological 

method. The density and storage modulus were measured from the same centrifuged gum solutions. 

All measurements were carried out at least in duplicate. The rheological molecular weight of 

polysaccharide from gum solutions (for elastic region) is defined as shown in Eq. 4.3. 

Rheological molecular weight; 
Hz

rhe G
TMW

1′
⋅⋅ℜ

=
ρ*

 in kg/kmol                (4.3) 

Where G′1Hz is storage modulus at a constant strain rate of 0.001 and ƒ = 1 Hz obtained from 

frequency sweep method.  

4.2.3.12 High pressure treatment on Acacia (sen) SUPER GUMTM solutions 
2 kg of 8 % Acacia (sen) SUPER GUMTM (type EM2 and EM10) solution was prepared by dispersion 

in distilled water using a magnetic stirrer for 2 hr. Samples were kept overnight at 4 °C in order to 

obtain complete dispersion and to reduce foam. For studying the effect of high pressure treatment, 

samples (~25 °C) were homogenized by the two-stage homogenizer LAB100-6TBS (APV Gaulin 

GmbH, Lübeck, Germany) at 200 bar for 1 to 5 cycles. After each cycle samples were collected and 

tested with rheological, optical (color) and density measurement methods. 

Steady shear measurements were performed using a Physica UDS 200 rheometer equipped with a 

DG26.7 double gap rotational cylinder. 8 ml sample were taken at the controlling temperature of 20 °C 

for 5 min before measurement. Shear rate examination profiles were given. The data was collected 

every 3 sec at each state measurement. All measurements were done at least in duplicate.  

Upward curve;  100 < γ&  < 500 /s t = 90 s   30 points 

Constant;  γ&  = 500 /s  t = 60 s  30 points 

Downward curve; 500 < γ&  < 100 /s t = 90 s  30 points 

Only data from downward curves were used to calculate rheological parameters and effective viscosity 

according to Ostwald-de Waele and Hershel-Bulkley equations (Table 3.10). 

For color determination, the SUPER GUMTM solution was measured as described in section 4.2.1.12. 

Density of solution was also determined as described in section 4.2.3.10. 

4.2.4 The stabilization study of coconut-oil-in-water emulsion 

4.2.4.1 Stock solutions preparation 
An emulsifier solution was prepared by dissolving Tween 60 (Merck Schuchardt OHG, Germany) into 

distilled water (0.15 wt%) and heated to 50 °C for 1 min to obtain a clear solution. In order to adjust the 

HLB value, Span 60 solution (Merck Schuchardt OHG, Germany) was dissolved into coconut oil (0.15 

wt%) at 50 °C. The required HLB value (10 and 12) of emulsions was obtained by mixing them to a 

known amount according to the following calculation (Eq. 4.4) (Griffin and Lynch, 1972).  

( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−⋅=

M
MHLB emulsion

1120                               (4.4) 
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Where M1 is the molecular mass of the hydrophilic portion of the molecule, and M is the molecular 

mass of the whole molecule, giving a result on an arbitrary scale of 0 to 20.  

Acacia (sen) SUPER GUMTM solution and xanthan/guar mixtures were prepared as described in 

4.2.3.2 and 4.2.3.11, respectively.  

Coconut oil used in this experiment was prepared by heating commercial coconut fat (Palmin®, 

Elmshorn, Germany) in an oven at 60 °C for 1 hr to obtain the completely melted coconut oil sample. 

4.2.4.2 Tween-stabilized coconut o/w emulsion preparation 
Rotor-Stator homogenization (UT). 100 gram of coconut oil-in-water emulsions were prepared by 

homogenizing water phase (containing Tween 60 solution) and oil phase (containing Span 60 solution) 

using a laboratory scale Rotor-Stator homogenizer Ultra-Turrax T25 Basic (IKA® - Werke GmbH & 

Co., KG, Staufen, Germany) at 17,000 rpm (level 4) for 3 min (modified from Maa and Hsu, 1996). 

This was done in a 250 ml high-form glass beaker as a controlled container size. The final emulsion 

contains 20 wt% coconut oil and 0.15 wt% emulsifiers (Tween 60 and Span 60) at various HLB (4.7, 

10, 12 and 14.9).  

The emulsifier/oil ratio was chosen to obtain homogenized emulsions within the experimental 

timescale (Soler et al., 1991; Chonweerawong et al., 2004). That is, the emulsifier content was the 

minimum to emulsify the oil phase without bridging flocculation, but avoiding a significant amount of 

excess which might cause depletion flocculation by non-absorbed surfactant. Freshly prepared 

emulsions were investigated for droplet size distribution. Samples were left to stand for 10 min to 

reduce foam before being added to the cylinder for emulsion stability measurement. 

A two-stage homogenizer. 2 kg of coconut oil-in-water emulsion was prepared by homogenizing 

coconut oil (45 - 50 °C) and 0.15 wt% Tween 60 solutions (50 °C).  Distilled water (40 °C) was added 

to obtain 20 wt% of oil. Primary homogenization was done using a laboratory scale Rotor-Stator 

homogenizer Ultra-Turrax T25 Basic at 17,500 rpm for 3 min. A two-stage homogenizer type LAB100-

6TBS (APV Gaulin, Lübeck, Germany) was used for secondary homogenization at 200 bar from 1 to 5 

cycles. This was first done by warming the homogenizer to 40 °C using warm water to avoid the 

recyrstallization of coconut oil during homogenization. In order to compare the emulsion stabilities 

between lab scale homogenizer and a two-stage homogenizer, samples were collected at each stage 

of homogenizations and then immediately measured for droplet size distribution, light microscopic and 

rheological properties. Samples were also tested for emulsion stability for 7 days. 

For emulsion stability measurements, emulsions were also duplicated by adding 0.02 wt% oily red to 

coconut oil before homogenization. The addition of oily red was intended to stain the oil phase when 

dissolved in warm oil (45 – 50 °C). Freshly prepared coconut oil was then immediately used to prepare 

the emulsions as described above. As oily red stains only the oil dispersed phase, the water-rich 

phase and oil-rich phase can be clearly seen with a sharp interface. 

4.2.4.3 Acacia SUPER GUMTM- stabilized coconut o/w emulsion preparation  
Rotor-Stator homogenization. 50 g coconut oil-in-water emulsion was prepared with a final 

concentration of 20 wt% fat. Various concentrations of Acacia (sen) SUPER GUMTM were used (8, 10, 

http://en.wikipedia.org/wiki/Molecular_mass
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12 wt% for EM2 and 6, 7, 8 wt% for EM10) as recommended by the producer. Each acacia gum 

solution was mixed with coconut oil and double distilled water and the mixtures were then 

homogenized at 17,500 rpm for 2 min using a laboratory scale Rotor-Stator homogenizer Ultra-Turrax 

T25 Basic in a 250 ml beaker (high form). For emulsion stability measurements, samples were 

transferred to graduated cylinders and the serum height was tested visually. All samples were also 

evaluated by rheological and particle size measurements. 

A two-stage homogenizer. 2 kg coconut oil-in-water emulsion was prepared with final concentration of 

20 wt% fat and 8 wt% Acacia (sen) SUPER GUMTM. The solutions were pre-homogenized by an Ultra-

Turrax at 17,500 rpm for 2 min. A two-stage homogenizer type LAB100-6TBS was used for secondary 

homogenization at 200 bar for 2 cycles. Samples were examined by rheological measurements, 

particle size distribution, light microscopy and for emulsion stability. 

4.2.4.4 Xanthan/guar-stabilized coconut o/w emulsion preparation 
A two-stage homogenizer. 2 kg of coconut oil-in-water emulsions were prepared using coconut oil (20 

wt%), Tween 60 solution (0.15 %) and xanthan/guar mixtures at a ratio of 15:85 (0.5 wt%). Distilled 

water (40 °C) was added to obtain the required concentration. The solution was then gently stirred by 

hand and then primary homogenized by Ultra-Turrax homogenizer at 17,500 rpm for 3 min (UT) to 

obtain the coarse emulsion. Homogenization was done as described in 4.2.4.2.  

In order to investigate the effect of high pressure on stability of emulsions, homogenization was done 

on coarse emulsion at different pressures (50, 100 and 200 bar) at different cycles of homogenization. 

The droplet size distribution, light microscopic and rheological properties observations were 

immediately carried out on the freshly prepared emulsions. Samples were also tested for emulsion 

stability for at least 3 weeks.  

4.2.4.5 Coconut o/w emulsion preparation for studying the effect of pre-mixing methods 
2 kg of coconut oil-in-water emulsions were prepared using coconut oil (20 wt%), Tween 60 solution 

(0.15 %) and xanthan/guar mixtures at a ratio of 15:85 (0.5 wt%). Pre-mixing methods were then 

carried out as follows to study the effect of mechanical force during primary homogenization on 

viscosity and stability of coconut o/w emulsions. 

Method A: An Ultra-Turrax homogenizer at 17,500 rpm for 3 min (UT) 

Method B: A propeller at 400 rpm for 1 min (PR) 

 
Crude emulsions obtained from method A, B and C were then homogenized as described in 4.2.4.2. 

The emulsion stability, droplet size distribution, light microscopic and rheological properties were 

immediately carried out on the freshly prepared emulsions. 

4.2.4.6 Coconut o/w emulsion preparation stabilized by various gum solutions as stabilizers 
2 kg of coconut oil-in-water emulsions were prepared using coconut oil (20 wt%) and Tween 60 

solution (0.15 %). Xanthan/guar mixtures (0.5 wt%) were then added to stabilize emulsions at various 

concentrations (0:100, 15:85, 50:50, 85:15, 100:0). Double distilled water was added to obtain the 

required concentrations. 
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The optimal process to produce stable emulsion obtained from the previous study (selected from 

section 4.2.4.4 to 4.2.4.5) was used. Briefly, after gently stirring by hand, a coarse emulsion was pre-

mixed using a propeller at 400 rpm for 1 min. Homogenization was then carried out as described 

above. All samples were prepared at least in duplicate. 

To study long-term stability of emulsions during storage, all samples were also stored in different 

controlled temperature (5 °C, room temperature, 30 °C). This was done by pouring the freshly 

prepared emulsions onto test tubes (30 ml), hermetically sealing them and storing them in either a 

refrigerator (5 °C), in a dark controlled room (22 – 24 °C) and/or in an incubator (30 °C). The emulsion 

stability, droplet size distribution, light microscopic and rheological properties were then carried out on 

the storage time of 7 and 14 days.  

4.2.4.7 Coconut o/w emulsion preparation stabilized by partial-added gum solutions  
In order to improve the viscosity and stability of coconut o/w emulsions, portions of the gum solution 

were added to the emulsion after homogenization. This was due to the degradation of solution 

viscosity by high pressure homogenization. One part of gum solution was added before 

homogenization to stabilize emulsion stability by absorbing onto the water/oil interface and/or to 

immobilize the dispersed oil droplets. Another portion of the gum solution was added after two-stage 

homogenization to improve the long-term stability of the emulsion by increasing the viscosity of the 

continuous phase and preventing droplet flocculation.  

As a result, stabilized coconut o/w emulsions were prepared using coconut oil (20 wt%) and Tween 60 

solution (0.15 %). One portion of xanthan/guar mixtures (0.5 wt%) at a ratio of 15:85 were then added 

to stabilize emulsions. Distilled water was added to obtain the required concentration. After gently 

stirring by hand, a coarse emulsion was pre-mixed using a propeller at 400 rpm for 1 min. This crude 

emulsion was then passed twice through a two-stage homogenizer type LAB100-6TBS at 200 bar. 

The whole process was thermally controlled at temperature above 35 °C to avoid the recrystallization 

of coconut oil during homogenization.  

A latter part of xanthan/guar mixtures were heated to 50 °C and then added slowly to the 

homogenized emulsion to obtain the total concentration of gum solution of 0.5 wt% with continuous 

stirring at 200 rpm for 2 min. The final ratio of partial-added gum solution in emulsion was adjusted at 

100/0, 90/10, 75/25 for gum solutions added before and after homogenization, respectively. The long-

term stability, droplet size distribution, light microscopic and rheological properties were then carried 

out at the storage time of 0, 7 and 14 days. All samples were prepared at least in duplicate. 

4.2.4.8 Emulsion stability measurement 
In order to observe long term stability, four 10 ml portions of each freshly prepared emulsion were 

filled into graduated tubes and then stored up to 3 weeks at both room temperature (approx. 20 °C) 

and increased temperature (30 °C). The data-logger was used to monitor the room temperature 

fluctuation throughout the measuring period. Every 24 hours the height of the serum layer and total 

volume was measured and the emulsion stability ES was calculated as shown in Eq. 4.5.  
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Emulsion stability  100
V

0

0 ⋅
−

=
V

V
ES ser   in %                (4.5) 

The higher the emulsion stability means the higher long term stability, therefore, 100% ES means no 

phase separation over the observed period. 

The term “creaming index” was sometimes used in case to evaluate the creaming versus time 

dependence. A series of coconut o/w emulsion was measured the volume fraction of total emulsion 

(Total) and the volume fraction of serum layer (Serum). Creaming results were reported as a 

“creaming index” = 100 × (Serum/Total) (modified from Demetriades and McClements, 1998). The 

lower creaming index indicates the higher in emulsion stability. 

All experimental mapping is shown in Fig. 4.13. 
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Fig.  4.13 The experimental mapping for studying the stabilization of coconut o/w emulsion 
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Freshly prepared emulsions were measured for droplet size distribution (as described in 4.2.1.10), 

light microscopic (as described in 4.2.1.11) and optical (color) properties (as described in 4.2.1.12).  

4.2.4.9 Rheological measurement of coconut o/w emulsions: Steady state shear examination 
Low viscosity emulsion. Steady shear measurements for Tween-stabilized or SUPER GUMTM –

stabilized emulsions were performed using a Physica UDS 200 rheometer (Universal Dynamic 

Spectro-meter, Paar Physical Messtechnik GmbH, Stuttgart) equipped with a DG26.7 double gap 

rotational cylinder. 8 ml samples were subjected to the controlling temperature of 20 °C for 5 min 

before measurement. Shear rate examination profile was given. The data was collected every 3 sec at 

each state measurement. All measurements were done at least in duplicate.  

Upward curve;  100 < γ&  < 500 /s t = 90 s   30 points 

Constant;  γ&  = 500 /s  t = 60 s  30 points 

Downward curve; 500 < γ&  < 100 /s t = 90 s  30 points 

High viscosity emulsion. Steady shear measurements for xanthan/guar–stabilized emulsions were 

performed using a Physica UDS 200 rheometer equipped with a Z3 DIN rotational cylinder. 17 ml of 

samples were taken under the controlling temperature of 20 °C for 5 min before measurement. Shear 

rate examination profile was given. The data was collected every 1 sec at each state measurement. 

All measurements were done at least in duplicate.  

Upward curve;  0.1 < γ&  < 100 /s t = 60 s   60 points 

Constant;  γ&  = 100 /s  t = 60 s  30 points 

Downward curve; 100 < γ&  < 0.1 /s t = 60 s  60 points 

All data from the last state (downward curve) was used to calculate rheological parameters and 

effective viscosity (ηeff) using linear and power law models. 

4.2.4.10 Rheological measurement of coconut o/w emulsions: Dynamic oscillation test 
The oscillation tests were done only for the emulsions containing stabilizers. Their viscoelastic 

properties were performed by determining the storage (G′) and loss (G″) moduli as functions of 

amplitude or frequency. Amplitude and frequency sweeps were done as described in section 4.2.3.8.  

4.3 Experimental design 

The statistical model was a randomized complete block design (RCBD) for all measurements except 

the combined effect. A combined effect between two parameters was designed by full factorial 

methods. At least two replications of each experiment including at least two duplications of each 

measurement were averaged.  

4.4 Statistical analysis 

At least two replications were analyzed using SPSS for windows model 10.01. Analysis of Variance 

(ANOVA) and separation of means were conducted by General Linear Model (univariate GLM) 

procedure. Comparisons among treatments were analyzed using at least significant difference (LSD) 
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and Duncan’s new multiple range test (DMRT). Treatment means were considered significantly 

different at P < 0.05. 

For response surface methodology (RSM), nonlinear regression analyses were carried out using the 

STATISTICA software (StatSoft Inc., USA). The following second order polynomial model was fitted to 

the data (Eq. 4.6). This quadratic polynomial equation was assumed to be a predictive equation for Y 

responses. 

2112
2
222

2
11122110 XXXXXXYi ββββββ +++++=                (4.6) 

Where Yi is the response variables, Xi are the in actual level of variables and βij are the regression 

coefficients. A stepwise methodology was followed to determine the significant terms in Eq. 4.6. 

Differences in computed parameters were considered significant when the computed probabilities 

were less than 0.05 (P < 0.05). After fitting the model, the goodness of fit of the model was evaluated 

by the correlation coefficient of determination (r) and residual analysis was conducted to validate the 

assumptions used in the analysis of variance (ANOVA). This was to examine the diagnostic plots 

including normal and residual plots (modified from Lorenzo et al., 2008).  The response surface 

graphs were obtained from the regression equations in actual level of variables, keeping the response 

function on the Z axis with X and Y axes representing the two independent variables. 
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5. MATERIAL SCIENCE PROPERTIES OF COCONUT PRODUCTS 

 
The aim of this experiment was to investigate the complex material characteristics of coconut fats and 

oils, fresh coconut milks, rehydrated coconut milks and commercial canned coconut milk products. 

The examinations were done to characterize their rheological and physicochemical properties. Effect 

of concentration and temperature as well as the combined effect are discussed in the test results.  

5.1 Shear rate examination of coconut fats and oils 

The viscosity of melted coconut fats (CF) or coconut oils was investigated in the temperature range 

from 30 to 90 °C. Flow curves were plotted and considered under the first law model. Over a wide 

range of shear rate (100 to 1500 /s) studied, it was clear that all four types of melted coconut oils 

studied are subject to Newtonian behavior which is independent of shear rate (1/s) (Fig. 5.1). 
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Fig. 5.1 Flow curves of coconut oils (Palmin®) in dependence on temperature 

Dynamic viscosities (ηdyn) of four different coconut oils are summarized in Table 5.1. The four 

commercial coconut oils are as follows; 

CF-1 :   hydrogenated pure coconut oil (Palmin®, Germany)  

CF-2 :   unhydrogenated coconut oil (Othüne®, Germany)  

CF-3 :   refined bleached deodorized coconut oil (RBDCO) (Dokmai®, Thailand)  

CF-4 :   unhydrogenated coconut oil (KTC (Edibles) Ltd., Sri Lanka).  

The results revealed that all coconut oils showed approximately the same ηdyn at the same 

temperature, even coconut oils obtained from different sources and refining processes. It can be said 

that viscosity of coconut oils are independent of sources and processes while strongly depended on 

temperature. As shown in Table 5.1, the higher the temperature applied, the lower dynamic viscosity 

exhibited. With increasing temperatures from 30 to 90 °C, dynamic viscosity of coconut oils decreased 
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about 30 mPas. During a short range of temperature (30 – 50 °C), the dynamic viscosity was 

substantially decreased to more than half of the original.  

In comparison to other sources of saturated fat such as animal fats, e.g. fluidized lard and goose fats, 

coconut oils showed lower viscosity at the same temperature range (30 – 90 °C). Lard and goose 

drippings gave dynamic viscosity of 42.83 (35 °C) to 8.86 (90 °C) mPas (lard) and 50.15 (30 °C) to 

8.75 (90 °C) mPas (goose) (Hildebrandt and Senge, 2005). It provides the evidence that the saturated 

fat in coconut oils is unique with shorter chains of fatty acid than saturated fatty acid found in other 

sources of saturated fats. This might be due to the predominance of lauric acid (CH3(CH2)10COOH) 

which is found in coconut oil, about 44 – 51 %. Lauric acid is known as small molecule fatty acid        

(< 14:0) which contains short or medium chain of saturated fatty acid (Jayadas et al., 2006; Acharya et 

al., 2002). 

Table 5.1 Dynamic (Newton) viscosity of coconut oils at different temperatures 

Dynamic viscosity (ηdyn)*

mPas 
T 
°C 

CF-1 CF-2 CF-3 CF-4 

 
r 

30 35.8 35.7 36.6 35.4 0.999 
40 24.2 24.1 24.7 23.8 0.999 
50 17.1 17.1 17.4 16.9 0.999 
60 12.6 12.6 12.8 12.4 0.999 
70 9.6 9.6 9.8 9.5 0.999 
80 7.6 7.6 7.7 7.5 0.999 
90 6.1 6.1 6.2 6.0 0.999 

      * Each value in the table represents the mean. Standard deviations  
    of the reported results are less than 0.01 
 
The dependency of dynamic viscosity on absolute temperature (T*) was further studied using the well-

known Frenkel-Eyring-equation. Flow activation energy (EA) of coconut oils was calculated with the 

highest r of 0.999. All coconut fats showed no significantly difference of EA (Table 5.2). As a result, a 

new equation representative for all coconut oils can be formulated and stated as a general equation 

(Table 5.2). This can be done by averaging all dynamic viscosities and plotting them against 

temperature. EA for general coconut oil is obtained to equal 26346.03 kJ/kmol. 

Table 5.2 Frenkel-Eyring-equation and flow activation energy of coconut fats of different brands 

Sample Frenkel-Eyring-equation r 
- 

EA
kJ/kmol 

CF-1 ln η(T*) = 3228.5/T* – 14.03 0.9986 26260.62 
 η(T*) = 8.061 ⋅ 10-7 ⋅ exp[3228.5/T*]   
    

CF-2 ln η(T*) = 3230.4/T* –14.04  0.9986 26056.46 
 η(T*) =  7.989 ⋅ 10-7 ⋅ exp[3230.4/T*]   
    

CF-3 ln η(T*) = 3252.5/Τ – 14.09  0.9985 26455.84 
 η(T*) = 7.607 ⋅ 10-7 ⋅ exp[3252.5/ T*]   
    

CF-4 ln η( T*) = 3234.9/T* – 14.07 0.9985 26312.68 
 η( T*) = 7.776 ⋅ 10-7 ⋅ exp[3234.9/ T*]   
    

ln η( T*) = 3239.05/T* – 14.064  0.9986 26346.03 General 
equation* η( T*) = 7.7998 ⋅ 10-7 ⋅ exp[3239/ T*]   

    

* valid : 303 ≤ T* ≤ 363 K where T* in K 
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5.2 Phase change behavior of coconut fats 

Solid-liquid and liquid-solid phase change behavior of four different coconut fats were investigated and 

comparison between the data obtained from oscillation tests and differential scanning calorimetry 

(DSC) was made. Over the past few years, DSC has been used mainly to study phase change 

phenomena of oils and fats (Dyszel and Baish, 1992; Tan and Man, 2002). On the basis of this 

research, rheology might be a practical method to define melting and crystallization temperatures 

giving a great deal of information regarding flow behavior and structural change during thermal 

transition. In this experiment, therefore, coconut fats were examined using rheological parameters 

during cooling and heating processes by oscillatory tests in comparison with DSC results in the form of 

phase change profiles. 

5.2.1. Phase change behavior of coconut fats by oscillation test 

For solid-liquid and liquid-solid phase change behavior of coconut fats, the change in storage (G′) and 

loss (G′′) moduli during the melting and crystallization period were investigated. Dynamic oscillatory 

curves obtained from a rheometer were plotted to represent the changing in G′ and G″ as a function of 

temperature (Fig. 5.2). The same heating and cooling rate of 0.5 K/min was applied to all samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Crystallization (b) Melting 
 

Fig. 5.2 Crystallization (a) and melting (b) curves of coconut fats obtained from oscillation test 
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Fig. 5.2 illustrated the melting and crystallization profiles of the coconut fats. The curve can be 

separated into 3 phases;  

Phase 1 :  viscoelastic “solid” (tan δ < 1)  

Phase 2 :  mixed phase or cross over of moduli (tan δ = 1) 

Phase 3 :  viscoelastic “liquid” (tan δ > 1)  

TC and Tm represented the transition temperature at each state of crystallization and melting, 

respectively. 

Considering the structural changes during melting/crystallization, all four coconut fats showed the 

same curve where the changing in G′, G″ and tan δ presented the same profile along the whole 

process. The loss factor (tan δ) was determined to indicate if elastic or viscous properties predominate 

in samples.  

In this experiment, coconut fats were fluidized before filling into the rheometer chamber. It was 

maintained at 50 °C for 5 min before measurement. Samples were then cooled down to 0 °C to 

observe the crystallization process and then reheated to 50 °C to observe the subsequent melting 

characteristics. This hysteresis test showed the differences between crystallization and melting 

processes (Fig. 5.2). Obviously, crystallization occurred in a narrow range (faster) while the melting 

process occurred in a wide range (slower) of temperature.  

During the cooling process, fluidized coconut fat showed the viscoelastic “liquid” structure (G′ << G′′).  

When it started to crystallize (TC1), mixed phase occurred erratically between viscoelastic “liquid” 

structure (G′ < G′′) and viscoelastic “solid” structure (G′ > G′′) as well as in “cross over” of the moduli 

(G′′ = G′ or tan δ = 1) until it reached the end temperature (TC3) when it immediately changed to 

become crystallized coconut fat (G′ >> G′′). The cooling process was maintained for 30 min to ensure 

that complete crystallized coconut fat was obtained.  

During the heating process, crystallized coconut fat showed a viscoelastic “crystalline” structure with 

G′ >> G′′. Coconut fat samples started to melt when the samples were heated and reached the first 

transition temperature (Tm1). At this temperature the crystalline structure started breaking down and 

become mixed phase characteristic. Just as in the crystallization process, when it reached the end 

temperature (Tm3) coconut fat immediately changed from whole bulk to become liquid coconut oil (G′ 

<< G′′). Interestingly, completely melted coconut fats (> Tm3) showed exactly the same G′ and G″ 

values. This implied that after cooling and subsequent heating processes, melted coconut fats retain 

the same structure as in its original form, so heating and cooling treatments do not differ the structure 

of coconut fats. It can be assumed that phase change process of coconut fat is reversible. The reason 

for such transition is the predominance in coconut fats of small and equal molecules in the 

homologous series of its fatty acid. 

From Fig. 5.2, the transition temperature was identified where the change in loss factor occurred. The 

crystallization and melting temperatures were estimated as a range of temperature from TC1 or Tm1 to 

TC3 or Tm3. The results are given in Table 5.3. The results showed that crystallization and melting 

temperatures are relatively the same among coconut fats. Coconut fats showed melting temperature 
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of 17 – 32 °C and crystallization temperature of 20 – 10 °C. In comparison with the same method, 

coconut fats showed the smaller range of melting temperature than other types of fats, ex. lard (24 – 

47 °C) and goose fat (10 – 38.5 °C) reported by Hildebrandt and Senge (2005). This rapid change in 

coconut fat can be explained by the existence of lauric acid. Lauric acid contains short chain fatty acid 

(C12:0) and since it is saturated, has a specific melting property with a small range of temperature for 

solid-liquid and liquid-solid phase changes. This causes coconut fats to exhibit such a small range of 

temperatures for their phase changes.  

Table 5.3 Oscillatory-measured transition temperatures of coconut fat samples 
 

Transition temperature (°C)a

Crystallization process Melting process 
Sample 

TC1 TC2 TC3 ΔTC13 Tm1 Tm2 Tm3 ΔTm31
CF-1 20.2 13.4 11.7 8.5 18.4 25.5 32.0 13.6 
CF-2 17.7 11.4 9.4 8.3 19.2 25.0 28.8 9.6 
CF-3 19.5 12.9 10.4 9.1 18.7 26.0 30.4 11.7 
CF-4 19.2 10.7 9.7 9.5 18.9 25.2 29.8 10.9 

a Each value in the table represents the mean. Standard deviations of the reported results are in the range of       
0 – 1.8 °C and 0 – 0.7 °C for crystallization and melting process, respectively. 
 

In comparison with melting process, there is a large difference between melting and crystallization 

temperatures where the melting process exhibited a longer process than crystallization and occurred 

at a higher temperature range (Fig. 5.3). 
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Fig. 5.3 Melting and crystallization behavior of coconut fat in dependence on temperature 

5.2.2 Thermal analysis of coconut fats by DSC 

In the present study, the effect of the heating process of coconut fat samples was analyzed by DSC. 

All solid fat samples were melted at 50 °C so they could be pipetted into DSC aluminum pans and 

then kept at  -20 °C overnight before measurement. Even though all coconut fat samples were heated 

from -20 to 120 °C, the collected data has been plotted only from -10 to 60 °C due to the fact that all 

samples showed complete melting and exhibited horizontal linear lines after 50°C as shown in Fig. 

5.4. The endothermic plot in each melting curve has been compared with two different scanning rates 

of 5 K/min (with calibration) and 2 K/min (without calibration). 
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All DSC curves illustrated the complexity of the endothermic behavior of coconut fats which exhibits at 

least two peaks during melting (Fig. 5.4). The results revealed that the peak shapes are the same 

overall between these four samples as shown in DSC curves (data not shown). However, their shapes 

are considerably different at different heating rates. At the heating rate of 5 K/min, the shape of the 

melting curve is smoother than that of 2 K/min. This result is consistence with Tan and Man (2002). 

They stated that when the heating rate is increased some detailed information of the DSC melting 

curve may get lost. However, the result obtained from their study has found that the low heating rates 

of 2 and 5 K/min can be used effectively to explain thermal behavior of coconut fats. 

As shown in our study, the heating rate also affects the height of the peaks in endothermic melting of 

coconut fat by DSC. All the melting temperatures increased when the heating rate increased from 2 to 

5 K/min, where the location of the melting peak shifted to a higher temperature (Fig. 5.4). It can be 

concluded that a high heating rate results in a higher melting point.  

 

 

 

 

 

 

 

 

 

 

 

(a) 2 K/min (b) 5 K/min 
 
Fig. 5.4 Differential scanning calorimetry (DSC) melting curves of coconut fats at scanning rates of      

2 K/min (a) and 5 K/min (b). The original measurement curves (in A4 size) are given in appendix C-2. 

The melting temperature of coconut fats can be determined as a range between onset- (Ton), offset- 

(Toff) and end temperature (Tend). As shown in Table 5.4, the melting temperature of all types of 

coconut fats range approximately from 1 – 10 °C at the first peak and between 19 – 34 °C at the 

second peak based on the heating rate of 2 K/min, and between 22 – 45 °C based on the heating rate 

of 5 K/min. In comparing the four types of coconut fats, small differences of transition temperatures 

during the first peak occurred whereas the transition temperature range between onset- and offset 

temperature during the second peak showed relatively the same temperature range. It can be 

observed that all samples showed the same melting temperature at the same heating rate. 
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Table 5.4 Transition temperatures at each peak of coconut fats during heating process by DSC in 

comparison with oscillation test 

Transition temperature (°C)a,b

Peak 1  Peak 2 
Sample / 
Method 

Heating 
rate 

(K/min) Onset temp Offset temp Onset temp Peak temp Offset temp end temp 
CF 1        
DSC 5 6.2 ±0.8 11.1 ±0.7 22.2 ±1.1 28.3 ±1.6 32.0 ±2.1 40.5 ±3.5 
 2 4.0 ±2.2 8.2 ±1.1 20.3 ±0.3 26.2 ±0.8 28.5 ±1.0 33.0 ±0.0 
Oscillation  - - 18.4 ±0.0 

(Tm1) 
25.5 ±0.0 

(Tm2) 
 32.0 ±0.0 

(Tm3) 
CF 2        
DSC 5 4.7 ±1.1 11.5 ±1.7 22.0 ±2.2 28.4 ±0.8 32.2 ±0.8 43.0 ±1.4 
 2 9.2 ±0.3 11.8 ±0.1 20.9 ±1.6 26.0 ±0.8 27.9 ±1.1 33.0 ±1.4 
Oscillation  - - 19.2 ±0.3 

(Tm1) 
25.0 ±0.0 

(Tm2) 
 28.8 ±0.4 

(Tm3) 
CF 3        
DSC 5 3.7 ±1.0 10.9 ±0.4 22.3 ±0.1 29.3 ±0.1 33.0 ±0.0 45.0 ±0.0 
 2 1.1 ±0.6 9.5 ±1.9 19.1 ±0.1 26.7 ±0.4 29.2 ±0.4 34.0 ±0.0 
Oscillation  - - 18.7 ±0.6 

(Tm1) 
26.0 ±0.0 

(Tm2) 
 30.4 ±0.6 

(Tm3) 
CF 4        
DSC 5 7.4 ±1.3 11.9 ±0.5 22.4 ±1.3 29.6 ±1.6 33.5 ±2.1 42.5 ±3.5 
 2 4.0 ±1.0 8.1 ±0.8 20.6 ±0.5 26.4 ±0.0 28.5 ±0.0 34.0 ±0.0 
Oscillation  - - 18.9 ±0.7 

(Tm1) 
25.2 ±0.4 

(Tm2) 
 29.8 ±0.4 

(Tm3) 
a mean  ± SD; b (-) means no data related 
 

When the heating rate increased from 2 to 5 K/min, all the melting temperatures increased. 

Accordingly, the maximum peak temperature (Tmax) which normally best describes the melting point of 

coconut fats increased about 2-3 degrees with the heating rate increase. The end temperature (Tend) 

responded the same way when the high heating rate was applied and it took longer to reach complete 

melting. Results showed that different heating rates exhibited different DSC curves. 

It is also possible to determine enthalpy or phase change energy (Δslh) using the manufacturer’s 

software program for the calibrated samples at the heating rate of 5 K/min. The results showed that 

Δslh of all coconut fats studied were approximately the same value. The data obtained from the 

thermogram of all coconut fats are shown in Table 5.5. 

Table 5.5 DSC thermogram data and phase change energy (Δslh) of coconut fats 

DSC thermogram dataa,b

2 K/min 5 K/min   Sample EPeak 
(µV/mg) 

EPeak 
(µV/mg) 

EPeak 
(mW/mg) 

Δslh  
(J/g) 

CF-1 5.71 10.64 0.78 95.07 
CF-2 5.95 11.59 0.85 99.94 
CF-3 5.86 12.55 0.92 101.94 
CF-4 6.15 12.84 0.94 96.99 

a Without calibration, enthalpy for heating rate of 2 K/min can not be compared 
b Each value in the table represent the mean. Standard deviations of the reported results are in  
the range of 0 – 0.7 °C and 0 – 6.0 for EPeak and enthalpy, respectively. 
 

5.2.3 Comparison between rheological parameters and DSC 

In comparison, the transition temperatures obtained from oscillatory tests were found well correlated 

and comparable to the transition temperatures obtained from DSC (Table 5.4). As expected, Tm1, Tm2 
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and Tm3 were related to the onset-, peak, and end temperature observed from the second peak of 

DSC. Additionally, it was close to those obtained from DSC at the scanning rate of 2 K/min. The same 

range of melting transition between these two methods was found. Moreover, data from rheometer 

promoted not only the change in tan δ but also in G′. As shown in Fig. 5.2b, at 7 to 17 °C, a slight 

increase in G′ was observed. As discerned at the beginning of the melting process, this transition 

temperature was close to those obtained from the first peak of DSC. Two or more peak curves have 

been observed due to the composition of various fatty acids in coconut fat. Oleic acid (C18:1), which 

has the melting range of 5.4 to 7.4 °C, may respond to the first peak of melting curve. The second 

peak can be attributed to the predominance of lauric acid which has the higher melting range of 45.9 

to 50.3 °C (data obtained from O’Brien, 2004). 

In this study, it was confirmed that oscillation test can be successfully used to evaluate structural 

changes and also used to determine the temperature range during solid-liquid and liquid-solid phase 

changes. The results demonstrate that melting and crystallization temperatures obtained from 

oscillatory tests are comparable to the values obtained from DSC measurement. These two methods 

provide useful information for phase change behavior and are able to complete the results in itself. 

However, rheological measurements gave more ability to analyze structure during phase changes 

which also gave the ability to do a two-way study because crystallization and subsequent melting can 

be evaluated simultaneously. On the other hand, DSC uses a one-way method which allows melting 

or crystallization processes to be determined only one at a time. 

5.3 Material science properties of fresh coconut milk 

5.3.1 Effect of total solid content on rheology of fresh coconut milk 

Fresh coconut milk was prepared according to the typical method used in Thailand households. The 

white coconut meat was grated and pressed by hand through double cheese cloth. The samples were 

pressed with or without adding water. Once the water was added during pressing, the total solid 

content of fresh coconut milk was accordingly reduced. Samples produced in this study showed the 

total solid content of 33.25 % TS without adding water and 24.52 % TS with water added during 

pressing. No other additives such as emulsifiers or thickening agents were added to the fresh coconut 

milk, neither were they homogenized. All samples were immediately measured for rheological 

properties to avoid creaming or phase separation.  

Shear stress (τ) and shear rate (γ& ) were plotted as shown in Fig. 5.5. The results showed that fresh 

coconut milk contains 33 % TS indicating the higher slope that leads to higher viscosity. It also 

showed more hysteresis area, the area between the upward and downward curves.  

The linear and power law models were then fitted to confirm the flow behavior of each rheogram. 

Newton- and Ostwald-de Waele regressions were used. Both samples exhibited the same types of 

flow which is non-Newtonian behavior. Considering the correlation coefficients (r), higher values were 

obtained from Ostwald-de Waele regression (r = 0.998) (Table 5.6). Fresh coconut milk, nevertheless, 

exhibited such small yield points that they can be considered negligible. According to Ostwald-de 

Waele, fresh coconut milk (20 °C) exhibited low-viscous fluid behavior with effective viscosity at γ& max 
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= 100 /s of 6.4 mPas for 33 % TS and 3.4 mPas for 25 %TS coconut milk. This could be referring to 

the rheodynamic behavior since the rheological properties depend on total solid content.  
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Fig. 5.5 Flow curve of fresh coconut milk at different total solid contents (% TS) 

Most of the previous research investigating coconut milk added some emulsifiers and treated the milk 

by preheating or homogenizing before rheological measurement. According to their researches, 

coconut milk exhibited shear-thinning behavior over a wide range of fat concentrations (Peamprasart 

and Chiewchan, 2006; Chiewchan, et.al., 2006; Tangsuphum and Coupland, 2005, 2008; 

Pongswatmanit and Chonweerawong, 2003; Simuang, et.al., 2004; Chonweerawong, et.al., 2004). By 

this research, however, fresh coconut milk made without pre-treatment exhibited more than one type 

of flow behaviors with strong dependence on temperature effect. The effect of temperature over flow 

type and rheological parameters of fresh coconut milk will be further discussed in the next section. 

5.3.2 Effect of temperature on rheology of fresh coconut milk 

As shown in Table 5.6, viscosity and flow type of fresh coconut milk depended strongly on 

temperature. Overall, higher temperature decreased the consistency factor K and effective viscosity 

ηeff, especially in the range of 0 – 60 °C, where the temperature of 60.1 – 90 °C is the critical 

temperature in reversion to high K and effective viscosity. This is attributed to the denaturation of 

proteins in coconut milk which produces a very strong intramolecular interaction. This is especially 

obvious when samples were heated to 90 °C, the coagulation could occur causing serious clumps and 

could not be measured. Typically, coconut protein in fresh coconut milk system would be denatured 

over the range of temperature 50 – 130 °C, with the DSC denaturation peak at about 92 and 110 °C 

(Seow and Gwee, 1997). Flow index n suggested that fresh coconut milk prepared without adding 

supplement water (33 %TS) gave better structural stability, indicated by lower n values. 

Also, a comparison of the results showed that the Newton-regression gave the highest levels of 

viscosity where the power law model gave a substantial non-Newtonian deviation at the low level of 

viscosity. The viscosity of samples containing 33 % TS showed double viscosity higher than samples 

containing 25 % TS. 
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Table 5.6 Rheological parameters and effective viscosity of fresh coconut milk 

25 % TS 33 % TS 
Newton Ostwald-de Waele Newton Ostwald-de Waele 

T 
°C 

ηdyn
mPas 

r 
- 

K 
Pasn

n 
- 

r 
- 

ηeff 

(100/s)
mPas 

 ηdyn
mPas 

r 
- 

K 
Pasn

n 
- 

r 
- 

ηeff 

(100/s)
mPas 

 

0 9.423 0.978 0.028 0.73 0.970 7.945 N 17.709 0.985 0.041 0.78 0.994 15.198 OW 

10 5.798 0.968 0.017 0.72 0.994 4.812 OW 12.063 0.955 0.039 0.70 0.996 9.912 OW 

20 3.932 0.980 0.009 0.80 0.998 3.399 OW 8.054 0.916 0.034 0.64 0.997 6.418 OW 

30 3.422 0.978 0.008 0.78 0.997 2.923 OW 6.270 0.968 0.018 0.74 0.996 5.235 OW 

40 3.086 0.975 0.008 0.76 0.996 2.610 OW 5.774 0.958 0.02 0.69 0.994 4.712* OW 

50 2.699 0.971 0.007 0.76 0.997 2.285 OW 5.487 0.941 0.021 0.66 0.994 4.410* OW 

60 2.359 0.974 0.006 0.78 0.998 2.019 OW 5.253 0.940 0.019 0.68 0.997 4.258* OW 

70 2.476 0.937 0.009 0.68 0.997 2.007* OW 5.675 0.893 0.029 0.59 0.995 4.433* OW 

80 2.741 0.883 0.015 0.58 0.994 2.125* OW 6.747 0.759 0.055 0.48 0.991 5.040* OW 

90 10.554 0.000 0.626 0.03 0.395 7.03**  - - - - - - - 
(N) Newtonian fluid; (OW) Ostwald-de Waele model 

* refers to much more denaturation of protein which has very strong interaction, ** coagulated sample 

However, this result suggested that the changes in flow characteristics and viscosity of coconut milk 

were dependent on the temperature and can be divided onto 3 phases as shown in Fig. 5.6. At low 

temperature of 0 – 30 °C (Phase 1), fresh coconut milk exhibited sharp reduction in effective viscosity 

(ηeff) when temperature increased. At the temperature range of 30 – 60 °C (Phase 2), the decrease in 

viscosity was slight or almost constant. The effective viscosity, generally, is quite low at this range. At 

the higher temperature range of 60 – 90 °C (Phase 3), the viscosity was again increased when the 

temperature increased. At this temperature (T > 60 °C), large clumps and protein coagulation became 

more pronounced. By 90 °C, the denaturation of protein also occurred, particularly in samples 

containing higher total solid content (33% TS) which does not allow rheological measurement. In 

conclusion, all three phases presented the strong effect of temperature on rheological properties of 

fresh coconut milk. 
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Fig. 5.6 Effective viscosity at maxγ& = 100 /s dependent on temperature of fresh coconut milk according 

to Ostwald-de Waele (OW) and Newton’s models 
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The Frenkel-Eyring-equation was used to describe the effect of temperature on effective viscosity of 

fresh coconut milk. The effective viscosity was obtained from the Ostwald-de Waele model. The 

results showed that fresh coconut milk with higher total solid content gave lower values of flow 

activation energy (EA) (Table 5.7). These results are consisting with those found in the experiments of 

Saravacos (1970) and Simuang et al. (2004). They reported that the activation energy of flow 

decreased significantly when suspended particles were present in the product. Fat and protein 

coagulation in coconut milk system may have contributed to this.  

This effect was not found in rehydrated coconut milk. It can be presumed that the coagulation or 

flocculation of fat and protein is less. Therefore the increase in flow activation energy was due only to 

the increase in viscosity. This will be discussed further in the next section. 

Table 5.7 Frenkel-Eyring-equation and flow activation energy of fresh coconut milk ( maxγ& = 100 /s) 

Total solid content Frenkel-Eyring-equation r 
- 

EA
kJ/kmol 

From Ostwald-de Waele regression 
25 % ln η( T*) = 1523/ T* – 10.71 0.9322 12,662.222 

 η( T*) = 2.23 ⋅ 10-5 ⋅ exp[1523/ T*]   
    

33 % ln η( T*) = 1319.3/ T* – 9.3609 0.8554 10,968.66 
 η( T*) = 8.60 ⋅ 10-5 ⋅ exp[1319.3/ T*]   
    

T* in K 

5.3.3 Particle size distribution of fresh coconut milks 

Without homogenization, fresh coconut milk showed more than two peaks with a wide range of droplet 

diameters (Fig. 5.7). The several peaks of droplet diameter indicated the polydisperse of oil droplets. 

Flocculation or consequent coalescence might occur. The emulsion instability has been promoted 

quickly after the extraction process. After homogenization, samples displayed relatively smaller mean 

diameter (Table 5.8). Monomodal distribution was obtained.  
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Fig. 5.7 Particle size distribution of fresh coconut milk with (a) and without (b) homogenization 
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Table 5.8 Droplet diameters of fresh coconut milk with or without homogenization by rotor-stator 

homogenizer at 17,500 rpm 

Diameter (μm)  
samples 

d4.3 
(μm) d10 d50

(Median) 
d90

Mode 
(μm) 

SD 
 

before homogenization 45.62 3.48 12.32 151.63 4.80 65.16 
after homogenization 8.84 4.68 8.06 14.16 7.23 3.78 

 
5.4 Material science properties of rehydrated coconut milk 

Rehydrated coconut milk used in this study was prepared by dissolving coconut cream powder in 

distilled water. Coconut cream powder was purchased from Thailand (Korn Thai Co., Ltd., Thailand). 

All samples were stored in cold room (< 10 °C) for further use. The proximate compositions are given 

in Fig. 5.8.  
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Fig. 5.8 Composition of coconut cream powder used in this experiment. 

5.4.1 Effect of concentration on rheology of rehydrated coconut milk 

Rehydrated coconut milk was prepared at different concentrations from 10 to 50 %. Rheological 

measurements were carried out. The experimental data was plotted to present the relationship 

between shear stress (τ) and shear rate (γ& ) (Fig. 5.9).  
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Fig. 5.9 Flow curve of rehydrated coconut milk at different concentrations (%) 
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All samples showed similar rheograms which exhibited a direct proportion between shear stress and 

shear rate without a yield point. The linear model was fitted to confirm the flow behavior of each 

rheogram. This implies that rehydrated coconut milk exhibit Newtonian behavior over a wide range of 

dry matter (10 – 50 %). Due to the excellent fit of the linear model with the highest correlation 

coefficients (r = 0.963 – 0.999), Newtonian regression was considered the best description of the flow 

behavior of rehydrated coconut milk and its rheology behavior independent of shear rate. This may 

lead to the conclusion that rehydrated coconut milk should have low molecular weight and contain no 

large concentrations of insoluble solid or dissolved polymers. As shown in Table 5.9, the dynamic 

viscosity varied dependent on concentrations. The rehydrated coconut milk exhibited relatively low 

dynamic viscosity.  

Table 5.9 Dynamic (Newton) viscosity of rehydrated coconut milk at different temperatures 

Dynamic viscosity (ηdyn) 
mPas 

 
r 

T 
°C 

10 % 20 % 30 % 40 %  50 %  
0  4.39 9.05 21.14 45.80 136.37 0.988…0.992 
10 3.03 6.87 16.77 42.48 94.59 0.980…0.996 
20 2.20 5.32 11.92 24.18 55.25 0.969…0.998 
30 1.79 3.08 8.60 15.47 38.98 0.978…0.994 
40 1.39 2.35 6.61 12.52 26.00 0.966…0.995 
50 1.07 1.92 5.34 9.30 20.67 0.954...0.996 
60 0.85 1.57 3.96 7.10 18.08 0.871...1.000 
70 0.73 1.28 3.22 5.30 15.54 0.964...0.999 
80 0.62 1.12 2.58 5.60 12.73 0.966...1.000 
(90 0.63 1.16 2.34 5.60 13.73 0.963...0.999) 

 

5.4.2 Effect of temperature on rheology of rehydrated coconut milk 

Table 5.9 shows the dynamic viscosity calculated from the Newtonian regression. Similar results were 

found for all samples when the dynamic viscosity decreased with the increasing temperatures except 

for the samples with high concentrations of 40 and 50 % which will slightly increase the dynamic 

viscosity at temperature above 80 °C. However, this phenomenon was not found in the samples 

containing low total solid content. This may be related to the denaturation of coconut protein at higher 

temperatures which leads to agglomerate and larger molecule formation which results in higher 

viscosity. It can be seen that the protein denaturation in rehydrated coconut milk of low total solid 

content rarely occurred or, if it did occur was minimal. This can be explained by two main reasons: (1) 

the lesser amount of proteins compared to fresh coconut milk due to the elimination of some amounts 

of agglomerated proteins by filtering during the spray-drying process, and (2) the existence of 

maltrodextrin in coconut cream powder which prevents protein denaturation.  

The effect of temperature was further investigated by plotting the viscosity-temperature curve (Fig. 

5.10). The strong effect of temperature over dynamic viscosity at low temperatures (0 – 40 °C) was 

observed. Samples sharply decreased in dynamic viscosity when the temperature increased markedly 

at the higher concentrations. After this sharp reduction, the dynamic viscosity changed slightly and 

became steady at higher temperature, especially at lower concentrations. 
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Fig. 5.10 Effect of temperature on dynamic viscosity of rehydrated coconut milk at different 

concentrations (%) 

Following to Table 5.10, the Frenkel-Eyring-equation was then used to evaluate the effect of 

temperature. The natural logarithm of the dynamic viscosity (ln η) was plotted versus the reciprocal of 

absolute temperature (1/T*) and a straight line was obtained with a high degree of correlation 

coefficient (r = 0.9788 – 0.9987) at a 95 % confidence level. The results suggested that for the 

samples containing high concentrations, high values of flow activation energy were observed. This 

means that at higher concentrations samples exhibited higher viscosity which required more energy to 

flow. This is attributed to more soluble contents present in coconut milk.  

Table 5.10 Frenkel-Eyring-equation and flow activation energy of rehydrated coconut milk at different 

concentrations (%) 

Concentration 
% 

Frenkel-Eyring-equation r 
- 

EA
kJ/kmol 

10  ln η(T*) = 2223.8/T* – 13.664 0.9941 18,488.673 
 η(T*) = 1.16 ⋅ 10-6 ⋅ exp[2223.8/T*]   
    

20  ln η(T*) = 2474.5/T* – 13.815 0.9863 20,572.993 
 η(T*) = 1.00 ⋅ 10-6 ⋅ exp[2474.5/T*]   
    

30  ln η(T*) = 2537.8/T* – 13.114 0.9987 21,099.269 
 η(T*) = 2.02 ⋅ 10-6 ⋅ exp[2537.8/T*]   
    

40  ln η(T*) = 2645.6/T* - 12.763 0.9797 21,995.518 
 η(T*) = 2.87 ⋅ 10-6 ⋅ exp[2645.6/T*]   
    

50  ln η(T*) = 2674.2/T* – 11.964  0.9788 22,233.299 
 η(T*) = 6.37 ⋅ 10-6 ⋅ exp[2674.2/T*]   

T* in K 

The Frenkel-Eyring constant (A*) and coefficient (B* = EA/ℜ) obtained from Table 5.10 were plotted 

against concentrations as shown in Fig. 5.11. It explained that constant A* which related to 

concentrations has a more prominent effect (in exponent regression) on rehydrated coconut milk than 
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coefficient B* which related to temperatures. This indicated that concentrations might be the main 

parameter affecting rehydrated coconut milk viscosity while the temperature effect is minor.  
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Fig. 5.11 Frenkel-Eyring constant (A*) and coefficient (B*) versus concentrations for rehydrated 

coconut milk 

5.4.3 Combined effect of temperatures and concentrations 

The effects of absolute temperature and concentrations on dynamic viscosity can be investigated 

simultaneously. Absolute temperature (T*) and viscosity (η) were set as a function of concentration (c) 

using EA and A* obtained from the Frenkel-Eyring-equation as relating parameters. The non-linear 

regression were fit and selected with the highest correlation coefficient (r). The following appropriate 

regression equations have been proposed.  

For logarithm model; 

A* = a ⋅ ebc     in Pas        (5.1) 

And for exponential model; 

EA = a1 lnc + b1    in kJ/kmol       (5.2) 

By substituting Eqs (5.1) and (5.2) in the Frenkel-Eyring-equation the new equation to describe the 

combined effect of the two factors is proposed. 

( ) ⎥⎦

⎤
⎢⎣

⎡
ℜ

+
⋅⋅=

*
lnexp*,

T
bcaeacT bc 1

1η   in Pas       (5.3) 

Where η(T*, c) is the dynamic viscosity (mPas) as a function of absolute temperature (K) and 

concentration (%) and the coefficients a and b were obtained from the non-linear regression analysis 

with high correlation coefficients of r5.1 = 0.9440 and r5.2 = 0.9902, respectively, and substituted into 

Eq. 5.3. 

( ) ( ) ⎥⎦
⎤

⎢⎣
⎡

ℜ
+

⋅⋅=
*

.ln.exp.*, .

T
cecT c 998122785200060 04660η  in Pas    (5.4) 

This above model can be applied over the wide range of temperatures with the recommendation of the 

range studied (0 – 90 °C and 10 – 50 %). The results showed good relationship between dynamic 
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viscosity and physical parameters as temperature and concentration in the sample. The predicted 

dynamic viscosities of rehydrated coconut milk using Eq. 5.4 were compared with the experimental 

data obtained from this research and are shown in Table 5.11. It can be seen that the predicted data 

had small variation from the experimental data. This may prove useful for industrial use as well as 

process control and process predictions. 

Table 5.11 Compared viscosity data between predicted and experimental values (mPas) 
 

Concentration 
% 

T 
°C Experimental data Predicted data 

from Eq. (5.4) 
Variation* 

% 
10 0 4.4 2.9 0.66 
 30 1.8 1.3 0.72 
 60 9.0 7.0 0.78 
 90 6.0 4.0 0.67 
     

20 0 9.1 9.1 1.00 
 30 3.1 3.8 1.23 
 60 1.6 1.9 1.19 
 90 1.2 1.0 0.83 
     

30 0 21.1 21.3 1.01 
 30 8.6 8.6 1.00 
 60 4.0 4.1 1.03 
 90 2.3 2.2 0.96 
     

40 0 45.8 44.5 0.97 
 30 15.5 17.5 1.13 
 60 7.1 8.1 1.14 
 90 5.6 4.3 0.77 
     

50 0 136.4 86.9 0.64 
 30 39.0 33.4 0.86 
 60 18.1 15.3 0.85 
 90 13.7 7.9 0.58 

From the measurements (Tab. 5.12), canned coconut milk showed a relatively large oil droplet mean 

diameter (d4.3). Interestingly, droplet diameter has been found to be related to effective viscosity at 

Canned coconut milk was selected from different sources. Selected samples contain approximately 20 

% fat and were produced in 2007 and 2008. Most of the canned coconut milk contained stabilizers, 

e.g., CMC, carrageenan, guar gum or modified starch, as an ingredient. Some antibrowning agents, 

such as citric acid and the derivatives of metabisulphite, were also added to prevent browning during 

the heating process. 

5.5 Material science properties of canned coconut milk 

* Variation was calculated from predict/experimental data, variation = 1 means no variation for the predicted data. 

Bold letters showed the data with lowest variation from this experiment. 

maxγ&  = 100 /s. The samples containing small oil droplet diameters (8 – 15 μm), such as Mai Tai, Twin 

elephant, Suree and Wind mill products, gave relatively low effective viscosity (12 – 40 mPas). The 

samples containing large oil droplet diameters (20 – 70 μm), such as Bamboo garden, Royal Thai, 

Aroy-D and Savoy products, gave high effective viscosity (80 – 135 mPas). This indicates flocculation 

of oil droplets in the later group (Fig. 5.11). As stated by Chanamai (2000), the apparent viscosity of 

the non-flocculated emulsions was considerably lower than that of the flocculated emulsions. 

However, this is an assumption made without considering the existence of food thickeners in samples.  
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Table 5.12 Physicochemical properties of canned coconut milk from several manufacturers 

Brand % fat Manufacturer Expire date Ingredients Color 

    (as shown in product label) 

d4.3 

μm 
ηeff (100/s)

mPas L a b 
1. Mai Tai 20  Unknown 

But proved by 
Penny-Markt, 

Germany 

10.04.2010 • CMC 
• Carrageenan 
• citric acid 
 

11.16 ±0.23 26.7 - - - 

2. Twin 
elephant 

20  Thailand 31.12.2010 • Tween 60 
• Guar gum 
• Sodium metabisulphite 
 

8.00 ±0.05 11.7 - - - 
 

3. Suree 20  Thailand 24.08.2008 • Citric acid  
• Potassium metabisulphite 
 

12.50 ±0.07 26.4 - - - 

4. Wind mill - Thailand 31.12.2010 • Citric acid  
 

14.12 ±0.03 38.0 81.02 -0.49 1.51 

5. Bamboo 
garden 

- Germany 30.09.2009 • CMC 
• Carrageenan 
• Modified starch 
• Guar gum 
• Citric acid 
 

66.54 ±0.52 129.0 - - - 

6. Royal Thai 10  Thailand 31.03.2011 • Potassium metabisulphite 
 

22.70 ±0.42 81.8 82.80 -0.92 1.55 

7. Aroy D 17–19  Thailand 30.08.2010 • Potassium metabisulphite 
 

59.52 ±3.44 132.2 79.40 -0.7 1.68 

8. Aroy D 17–19  Thailand 02.07.2010 • Potassium metabisulphite 
 

64.21 ±0.64 - - - - 

9. Savoy ~ 20  Thailand 26.11.2008 • Potassium metabisulphite 
 

35.87 ±0.18 135.7 82.87 -0.66 3.11 

10. Savoy ~ 20  Thailand 12.03.2011 • Potassium metabisulphite 
 

31.66 ±10.47 103.9 82.49 -0.5 2.63 

(-) means no data available or that data cannot be determined 
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5.5.1 Color of canned coconut milk 

The color of canned coconut milk was also evaluated. The lightness of products is about 80. There is 

small degree of green (-a) and yellow (+b) color, reflecting the browning effect in the product. 

However, it cannot be detected by visual observation (Fig. 5.12).  

 

 

 

 

 

 

 

(a) Wind mill (b) Aroy D 
 
Fig. 5.12 Photographs of canned coconut milk representing two groups of products which contains (a) 

no clumps (non-flocculated sample) and (b) containing clumps (flocculated sample) 

5.5.2 Particle size distribution 

Particle size of oil droplets in canned coconut milk are displayed in the particle size distribution curve 

(Fig. 5.13). It can be clearly seen that the droplets can be divided into 2 groups. The first group, 

products 1 – 4, contained uniformly small oil droplets (1 – 20 μm) which might be the indicator of 

optimum product quality. The second group, product 5 – 8, contained larger oil droplets (> 20 μm). 

Interestingly, the later group also contained small amounts of the small oil droplets but appeared in a 

widely range over 100 μm. This indicated the high amount of large droplets present. Sample 2 

(Bamboo Garden) obviously showed this condition with its two peaks of distribution that may represent 

large clumps or flocculated oil droplets which would have occurred during storage. 
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Fig. 5.13 Particle size distribution of canned coconut milk plotted by diameter versus quantity (%) 
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5.5.3 Light microscopic images 

The flocculation of oil droplets in canned coconut milk can be detected in light microscopic images 

(Fig. 5.14). Large clump or bridging flocculation may take place. Large aggregates of fine droplets 

were present in samples Aroy D (a) and Savoy (b). In contrast, samples of Royal Thai (c) and Wind 

Mill (d) showed small clumps of oil globules. However, the polydispersal of small and large diameter 

droplets was detected. These illustrated emulsion instability via coalescence.  

 

 

 

 

 

 

 

(a) (b) (c) (d) 
 

Fig. 5.14 light microscopic images (40X magnification) of canned coconut milk from (a) Aroy D, (b) 

Savoy, (c) Royal Thai and (d) Wind Mill. The width of the bar corresponds to 50 μm. The samples 

were diluted with distilled water at 1:20 before measurement. 

5.5.4 Viscosity and rheological parameters 

As shown in Table 5.13, samples 1 – 4, which have small oil droplets, were lower in consistency factor 

K, effective viscosity ηeff and also hysteresis area ATH. In contrast, samples 5 – 9 gave relatively high 

K, ηeff and ATH. Obviously, samples 5 and 7, which have the largest oil droplets, showed highest ATH. 

In comparison, canned coconut milk showed higher viscosity than those of fresh (4 – 6 mPas at 25 –  

33 %) and rehydrated coconut milks (2 – 55 mPas at 10 – 50 %). This would be attributed to the 

addition of food stabilizers which are necessary for preventing phase separation during high 

temperature (usually at 121 °C for over 1 h) treatment and creaming during storage.  

Table 5.13 Rheological parameters and effective viscosity of canned coconut milk at 20 °C 

No. Sample Ostwald-de Waele  

  K (Pasn) n (-) r (-) ηeff (100/s) (mPas) ATH (Pa/s) 
1 Mai Tai 0.172 0.595 0.987 26.66 60.42 
2 Twin elephant 0.130 0.477 0.9264 11.66 54.31 
3 Suree 0.194 0.567 0.9700 26.41 73.49 
4 Wind mill 0.170 0.674 0.9978 37.97 74.62 
5 Bamboo garden 4.924 0.209 0.7263 129.00 418.94 
6 Royal Thai 0.638 0.554 0.997 81.81 93.61 
7 Aroy D 3.536 0.286 0.9823 132.16 1500.63 
8 Savoy (1) 2.089 0.406 0.9960 135.73 308.06 
9 Savoy (2) 0.277 0.614 0.999 103.90 112.01 

 
It is good to mention that these physicochemical properties of canned coconut milk depended on 

many factors including stabilizers, processing, material quality and storage time. All these factors 

affect directly to the measured parameters in this experiment.  
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6. FEASIBILITY OF COCONUT CHEESE - LIKE PRODUCTION 
 

The aim of this experiment was to investigate the feasibility of producing coconut cheese-like product 

made from rehydrated coconut milk enriched with non-fat skim milk powder. The coconut milk 

concentration, effect of rennet solution and temperature were evaluated. 

6.1 Renneting of coconut milk enriched with non-fat skim milk powder 

Renneting of coconut milk enriched with skim milk powder was determined by oscillation test using the 

Rheoswing® method (Fig 6.1). In this study, the effects of adding skim milk powder and temperature 

were analyzed and described in the following sections. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6.1 Renneting of coconut milk enriched with skim milk powder by Rheoswing®.  

0

50

100

150

200

250

300

mPa?s

η

0 20 40 60 80 100 120 140 160 180 200 240min
Time t

40:12:48*

25:15:60*

20:16:64*

10:18:72*

0:20:80* 

mPas 

Time in min 
mi

30:14:56*

0

10

20

30

40

50

60

70

80

90

100

110

120
mPa?s

η

0 20 40 60 80 100 120 140min
Time t

1 2 3 

Linear curve 
of 3rd state 

co
ag

ul
at

io
n 

tim
e 

 

Pr
oc

es
s 

vi
sc

os
ity

 in
 m

Pa
 s

 

Time in min 

Primary phase 
(enzymatic phase) 

Secondary phase 
(non-enzymatic phase) 

Casein micelle 
Para-κ-casein 
Glycomacropeptide 

tr
Newtonian 
behavior 

Ostwald-de 
Waele model 

Viscoelastic gel 

* refers to skim milk powder (SM): rehydrated coconut milk (CM): water (W))  



  - 91 - 

As shown in Fig. 6.1, the samples containing skim milk powder significantly increased their viscosities 

due to protein coagulation. In general, the coagulation was caused by the addition of rennet, resulting 

in the formation of gel, due to the casein particles aggregating into a network and enclosing the fat 

globules. The schematic of casein aggregation is discussed in Fig. 6.1. The typical sigmoid curve was 

detected which indicates the continuous process of changing fluid milk to flocculation and then to gel. 

Casein micelle building can be separated into two phases, primary and secondary phases and the 

viscosity change can be separated into three states. During primary phase or enzymatic phase (1), the 

constant viscosity with Newtonian behavior has been shown where casein micelles flocculate when 

the glycomacropeptide hairs have been removed or shortened because enzyme chymosin in rennet 

hydrolyzes their peptide bonds. During secondary phase (2) or coagulation phase, κ-casein splits and 

the hairs have been removed so that there is insufficient steric repulsion of micelles. The paracasein 

micelles (κ-casein completely split) which cannot be dissolved or dispersed in milk serum stick 

together to flocculate or coagulate. This leads to non-Newtonian behavior of coconut milk fluid. Our 

results showed clearly that the behavior is best described from Ostwald-de Waele model.  

Flocculation is partially due to hydrophobic chain attraction, however, this attraction is not strong 

enough to proceed flocculation. The addition of calcium is required to make calcium bridges or salt 

network between negative sites on the paracasein micelles, or between positive and negative sites, for 

aggregation to occur (3). The addition of calcium also caused the reduction of electrostatic repulsion 

by neutralizing negative charges on the micelles. Consequently, more bridges of calcium are bonded 

forming a three dimensional network which lead to gel formation. These gels are built of long 

macromolecules with some crosslinks and usually contain pores. Due to this flocculation of calcium-

bridges of casein micelles and the gel formation, viscosity increases continuously throughout the 

secondary phase. The viscoelastic gel behavior has been promoted with the constant rate of gelation. 

As shown in Figure 6.1, the micelles start to flocculate and increase in viscosity at a certain time. This 

time may be defined as coagulation time (from the time of adding the enzyme until the beginning of 

coagulation; tr). It can be determined by fitting a linear curve in the third state and extrapolated to the 

time axis (X-axis). The coagulation time is an important parameter in cheese making where rapid 

renneting time is usually required.  

The results of the study revealed that coconut milk alone can not produce cheese. This can be seen in 

the sample with the ratio of 0:20:80. Without casein obtained from skim milk powder, the protein in 

coconut milk itself did not coagulate using rennet. The coconut milk which consists of globulin and 

albumin proteins exhibits a low viscosity and do not change during rennet (Fig. 6.1). From this result, it 

can be seen that the addition of skim milk powder is obligatory for making coconut cheese. Therefore, 

coconut cheese was made by enriching with skim milk powder as a casein source where coconut milk 

gave a good coconut flavor in samples. 

6.2 Effect of different ratios 

In the present study, the effects of formulations and temperatures during rennet were investigated. 

The different ratios between skim milk powder (SM) and coconut cream powder (CM) were calculated 
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for 6 formulations of 40:12:48, 30:14:56, 25:15:60, 20:16:64, 10:18:72 and 0:20:80 (SM:CM:Water). All 

samples were prepared with the renneting period at least 2 hr at 35 °C. The process viscosity during 

renneting was collected and plotted against time.  

As described above, the coagulation of protein in samples was developed with three different states 

along the primary and secondary phases. All three states of viscosity development are discussed. 

6.2.1 The first phase of viscosity development (1. range) 
Fig. 6.2 showed the development of viscosity during the first state (I). This state begins after the 

addition of rennet solution. Chymosin from the rennet solution hydrolyzed casein micelles in milk 

solutions to build para-κ-casein and glycomacropeptide (GMP). Through this period, the viscosities 

remain constant. It can be implied that the coagulation of the paracasein micelles did not yet occur. 

Time scale for this process for coconut milk solution was about 30 min which is longer than normal 

milk which needed only 12 min (Senge, 2008). 

Considering the viscosity among all formulations, the effect of dry matter was accounted for. Samples 

showed high viscosity when the percentage of dry matter was high. It was also clear that coconut milk 

alone gave very low viscosity. The addition of skim milk powder increased the viscosity significantly.  
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Fig. 6.2 Development of Newton viscosity of coconut milk enriched with skim milk powder in the first 

phase (1. range) of renneting at 35 °C. 
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6.2.2 The second phase of viscosity development (2. range) 
Fig. 6.3 showed the development of viscosity during the secondary phase, particularly during the 

second state of viscosity development. All samples containing skim milk powder increased viscosities 

slightly on exponential curve. The curve is depicted from 30 to 90 min. At 40 min, the viscosity started 

to increase and the non-linear curve was shown. This represented the process of the flocculation 

phase. In this state, the proteins in sample start to coagulate. The binding of paracasein were bridged 

as a casein micelle chain until the critical chain length was reached. Therefore, the junctions between 

any two micelles brought about the net-like or three-dimensional structures. The semisolid gel was 

consequently formed which caused the marked increase in its viscosity. In contrast, the viscosity of the 

sample containing only coconut cream powder still remained constant.  
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Fig. 6.3 Development of apparent viscosity of coconut milk enriched with skim milk powder in the 

second phase (2. range) of renneting at 35 °C. 
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calcium bridging.  
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cannot be precipitated by rennet solution and coagulation cannot proceed. The viscosity did not 

increase. The development of viscosity was promoted solely by the coagulation of casein from skim 

milk powder solution and the coagulation rate was affected by the percentage of skim milk powder. 
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Fig. 6.4 Development of complex viscosity of coconut milk enriched with skim milk powder in the third 

phase (3. range) of renneting at 35 °C. 
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Comparison between samples of groups (1) and (2), at above 25 % skim milk, samples ultimately 

gave high viscosity however they needed much more time to start coagulating. In contrast, samples 

containing lower than 25 % skim milk started to coagulate more quickly. It can be concluded that the 

coagulation of casein in skim milk would start after the greatest number of casein micelles has been 

enzymatically hydrolyzed. This is recognized as the velocity of enzymatic reaction. In other words, the 

coagulation time depends on how many casein micelles have lost their glycomaropeptide hairs. The 

same result was found from the previous research of Senge (2008) where the coagulation of casein 

occurred when approximately 80 % of GMP had been split. However, all coconut cheeses studied 

needed about 10 times more coagulation time than in cow’s milk cheese (tr = 20 min). 

However, only the sample containing 40 % skim milk powder showed the characteristic difference 

where coagulation occurred very rapidly and parallel to the enzymatic process. It can be suggested 

that the overlapping of casein micelles had occurred. According to Walstra (1999), in high 

concentrations of casein micelles, hairs of two micelles will frequently touch one another resulting in 

overlapping. Crosslinking between reactive sites may occur. The tendency to form linkages 

presumably increases with increasing interpenetration depth of the hairy layers. Micelles may be 

linked together by simple salt bridging and calcium bridging. As a result, the coagulation of casein 

micelles may be caused by both of enzymatic and non-enzymatic reactions.  

From this result it may concluded that the limitation of skim milk concentration is at 25 %. However, at 

time 180 min (η180) the viscosity between 20 – 30 % skim milk has no significant difference. Therefore, 

the appropriate skim milk concentration is at 20 % where it gave faster coagulation with considerably 

high viscosity.  

The other physicochemical properties of coconut cheese enriched with skim milk powder were also 

observed (Table 6.1). The results showed that density and pH of samples before and after renneting 

slightly decreased. Samples containing more skim milk coagulated at lower pH values. The lower 

density accounted for the lower dry matter in samples.  

Table 6.1 Physicochemical properties of coconut cheese enriched with skim milk powder before and 

after rennet at different ratios 

Viscosity behavior (mPas) pH at 35 °C* 

 Newton Complex 

Density (ρ)** 

(kg/m3) 

tr
(min) SM:CM:W 

t0 t120 η0 η120 η180 ρ0 ρ120  

40:12:48 5.84 5.83 77.09 ±2.47a 175.06 ±3.65A 295.42 ±17.31a 1,135.1 1,120.1 nd 
30:14:56 5.88 5.86 30.48 ±2.44b 99.92 ±2.13B 203.09  ±10.53bc 1,140.6 1,130.6 60.00 ±0.00 
25:15:60 5.90 5.89 17.70 ±0.18c 81.86 ±5.96C 154.16 ±24.28cd 1,129.1 1,123.5 58.00 ±2.83 
20:16:64 5.97 5.97 11.27 ±0.68d 91.24 ±1.76D 138.14 ±5.42d 1,102.9 1,096.4 36.00 ±2.83 
10:18:72 6.08 6.08 4.76 ±0.20e 35.32 ±2.34E - 1,060.0 1,040.7 21.00 ±1.41 
0:20:80 6.30 6.28 2.52 ±0.11e 3.31 ±1.03F - 1,044.9 1,047.3 nd 

*,** standard deviation (SD) ≤ 0.02 
nd = cannot be estimated 
a…b, A…B no significant difference with the same letters within the same column (P > 0.05) 
 
Table 6.2 shows texture analysis by penetration method. The more penetration depth means the 

softer the samples. At high viscosity (30 – 40 %), samples gave higher penetration depths. The reason 
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is that the texture of these samples was highly viscous whereas the lower concentrations gave a good 

gel-like formation. The results also showed that the lowest concentration of dry matter for making curd 

is at 20:16:64. 

Table 6.2 Texture (penetrometer) analysis and appearance of coconut cheese enriched with skim milk 

powder after rennet at different ratios 

Penetration depth (mm) SM:CM:W 
h120 h180

 Appearance 

40:12:48 36.07 ± 0.45a 28.67 ± 0.51A Yellow, high viscous yoghurt-like 
30:14:56 30.75 ± 0.56c 25.51 ± 0.78C Yellow, cheese-like curd formed 
25:15:60 34.59 ± 0.66b 24.89 ± 0.37 D White-yellow, cheese-like curd formed 
20:16:64 35.21 ± 0.65a 27.27 ± 0.26B White-yellow, cheese-like curd formed 
10:18:72 Too soft to measure Too soft to measure White-yellow, low viscous yoghurt-like 
0:20:80 Too soft to measure Too soft to measure White, low viscous, no curd formed 

a…b, A…B no significant difference with the same letters within the same column (P > 0.05) 

6.3 Effect of coconut milk concentration 

From 6.1, the formulation of 20:16:64 (skim milk: coconut milk: water) was chosen on which to conduct 

further research. The skim milk concentration of 20 % gave rapid coagulation with quite high viscosity 

and a curd-form at the end of the process. In the present study, the effect of coconut milk 

concentration was investigated. The coconut cream powder concentration was varied from 10 to 30 %.  
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Fig. 6.5 Development of viscosity of coconut milk enriched with skim milk powder with different 

coconut cream concentrations during renneting at 35 °C (SM:CM:W). 

20:20:60 η 20:30:50 η

20:10:70 
20:16:64 

20:20:60 

20:30:50 

 

Time in min

20:0:80 

Primary phase 
(Enzymatic phase) 

Secondary phase 
(non- enzymatic phase) 

Pr
oc

es
s 

vi
sc

os
ity

 in
 m

Pa
s 

Phase (1) Phase (2) Phase (3)



  - 97 - 

The results showed that all samples were structured by κ-casein contained in skim milk powder (Fig. 

6.5). The structure arrangement or coagulation is independent of the coconut cream powder 

concentration. The effects of coconut cream powder occur only in the primary phase, influencing 

viscosity and coagulation time. The higher the coconut cream concentrations, the higher the viscosity 

and the slower onset of coagulation. However, after 80 min, all samples developed viscosity to the 

same level. It may be concluded that the existence of coconut milk retards the hydrolysis process 

(enzymatic phase) of the rennet solution but does not effect the coagulation process during secondary 

phase (non-enzymatic phase).  

The results were confirmed by the estimation of coagulation time (tr) (Table 6.3). The coagulation time 

increased when the sample contained coconut cream powder (except for sample of 20:30:50). As 

shown in the table, the viscosity at time 0 is higher when the concentration of coconut cream powder 

is higher. This may result in retardation of the reaction of rennet solution that causes the hydrolyzation 

of casein micelles during primary phase. However the viscosity of the secondary phase (at time 120 

sec) showed no significant difference between all samples (P > 0.05). Therefore, it can be concluded 

that coconut milk does not effect the coagulation of casein but gives the same quality of end product 

for cheese-like making.  

However, coconut milk does effect pH and density of the product. A high amount of coconut cream 

powder decreased the pH value of end product and increased density (Table 6.3). 

All the results also suggested that the physicochemical properties of coconut cheese depended only 

slightly on the concentration of coconut cream powder. The effect is minor compared to the effect of 

temperature which will be further discussed in the next section. 

Table 6.3 Physicochemical properties of coconut cheese enriched with skim milk powder before and 

after rennet at different coconut milk concentrations 

Viscosity behavior (mPas) pH at 35 °C* 

 Newton Complex 
Density (ρ)** 

(kg/m3) 
SM:CM:W 

t0 t120 η0 η120 ρ0 ρ120

tr
(min) 

20:0:80 6.10 6.07 2.89 ± 0.01a 94.83 ± 8.26ns 1,094.1 1,080.2 35.50 ± 0.71 
20:10:70 5.99 5.99 6.77 ± 0.45b 93.39 ± 0.54ns 1,070.1 1,057.7 38.00 ± 0.00 
20:16:64 5.97 5.97 11.27 ± 0.68c 91.24 ± 1.76ns 1,102.9 1,096.4 36.00 ± 2.83 
20:20:60 5.94 5.93 16.64 ± 0.65d 85.86 ± 4.44ns 1,116.2 1,107.5 42.50 ± 0.71 
20:30:50 5.87 5.87 44.22 ± 2.82e 95.98 ± 1.55ns 1,125.0 1,110.1 31.00 ± 1.41 

*,** standard deviation (SD) ≤ 0.02 
a…b, A…B no significant difference with the same letters within the same column (P > 0.05) 
 
Concerning the texture analysis (Table 6.4), the penetration depth showed significant differences in all 

samples. The depth was deeper when more coconut cream powder was added. This may be 

explained by the fact that coconut milk, which solute in milk serum, may have been more porous in 

samples. However, considered at time 180 min, samples containing coconut cream powder at 16 % 

and 20 % had no significant difference when compared to samples containing any amount of coconut 

cream powder (reference). Therefore, the sample of 20:20:60 was selected for further study because it 

gave a good flavor with the same characteristics to reference.  
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Table 6.4 Texture (penetrometer) analysis and appearance of coconut cheese enriched with skim milk 

powder after rennet at different coconut milk concentrations 

Penetration depth (mm) No. SM:CM:W 
h120 h180

Appearance 

1 20:0:80 29.33 ± 1.63a 27.56 ± 1.55b Yellow, cheese-like curd formed 
2 20:10:70 30.80 ± 0.78b 26.51 ± 0.45a Yellow, cheese-like curd formed 
3 20:16:64 35.21 ± 0.65c 27.27 ± 0.26ab White-yellow, cheese-like curd formed 
4 20:20:60 34.20 ± 1.97c 27.78 ± 1.31b White-yellow, cheese-like curd formed 
5 20:30:50 37.03 ± 0.89d 30.45 ± 0.81c White, high viscous curd formed 

a…b, A…B no significant difference with the same letters within the same column (P > 0.05) 

6.4 Effect of rennet temperature 

The effect of temperature on viscosity during renneting was investigated. All samples were produced 

with the formulation of 20:20:60 (SM:CM:W). Temperature was adjusted from 30 °C to 45 °C and 

controlled for both aging and renneting periods.  

The results showed that temperature has an impact mainly in the secondary phase of the coagulation 

process (Fig. 6.6). The higher the temperature applied the faster the coagulation time. It seems that at 

higher temperature the enzymatic efficiency increased and the colloidal stability of casein micelles 

presumably decreased.  
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Fig. 6.6 Development of viscosity of coconut milk enriched with skim milk powder with different 

temperature during renneting by Rheoswing®  

The result from Table 6.5 also confirmed the significant effect of temperature on viscosity and 

coagulation time (tr). This effect may be explained by the fact that at high temperatures, the activation 

free energy of flocculation was lower and the volume decreased resulting in the substantial increase of 
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the hydrophobic interaction in the protein system. As a consequence, the glycomacropeptide hairs can 

be easily removed with a weak steric repulsion. In contrast, the partial formation of a thicker hairy layer 

occurs and the stronger steric repulsion may result. Moreover, this layer may remain after the removal 

of κ-casein hairs on renneting (Walstra, 1999). In addition, at higher temperatures, pH and density of 

samples were lower after renneting (Table 6.5).  

Table 6.5 Physicochemical properties of coconut cheese (20:20:60; SM:CM:W) at different rennet 

temperatures  

Viscosity behavior (mPas) pH at 35 °C* 

 Newton Complex 
Density (ρ)** 

(kg/m3) 
Temperature 

(°C) 
t0 t120 η0 η120 ρ0 ρ120

tr
(min) 

30 5.94 5.91 20.01 ± 0.48a 40.87 ± 10.36A 1.1130 1.1061 62.50 ± 3.54 
35 5.94 5.93 16.64 ± 0.65b 85.86 ± 4.44B 1.1162 1.1075 42.50 ± 0.71 
40 5.89 5.90 15.46 ± 0.04b 140.62 ± 0.15C 1.1109 1.1025 32.50 ± 3.54 
45 5.85 5.88 13.21 ± 0.91c 186.21 ± 10.73D 1.1085 1.0987 27.00 ± 4.24 

*,** standard deviation (SD) ≤ 0.02 
a…b, A…B no significant difference with the same letters within the same column (P > 0.05) 
 
Considering texture analysis (Table 6.6), temperatures obviously decrease the penetration depth. 

When the temperature of renneting is increased harder textures was detected in samples.  

Table 6.6 Texture (Penetrometer) analysis and appearance of coconut cheese enriched with skim milk 

powder after rennet prepared at different rennet temperatures 

Penetration depth (mm) Temperature 
(°C) h120 h180

Appearance 

30 Too soft to measure 34.44 ± 0.43A White-yellow, cheese-like curd formed 
35 34.20 ± 1.97a 27.78 ± 1.31B White-yellow, cheese-like curd formed 
40 26.51 ± 0.45b 21.42 ± 0.50C White-yellow, cheese-like curd formed 
45 22.28 ± 0.42c 20.33 ± 0.20C White-yellow, cheese-like curd formed 

a…b, A…B no significant difference with the same letters within the same column (P > 0.05) 

The results suggested that appropriate procedures should take place between 35 °C and 40 °C. 

Increasing temperatures gave a good result of high viscosity and rapid coagulation, however, in the 

industrial process it may require high energy use.  

In summary, coconut cheese-like products can be produced by mixing skim milk powder to provide a 

source of casein with rehydrated coconut milk. The coconut milk alone can not produce the cheese 

curd but is still a good source of fat and flavor. The appropriate formula found in this experiment is at 

20:20:60 (SM:CM:Water) which gave a good cheese- and gel-like texture with enriching coconut 

flavor. The main factor controlling the curd formation producing a coconut cheese-like product is 

temperature whereas the effect of concentration is minor. The viscosity of this product that generated 

high but the presence of coconut milk retarded the coagulation time can be improved by applying high 

rennet temperatures above 35 °C. The necessary ripening process, however, and the taste of the 

product were not examined.  

 



  - 100 - 

7. MATERIAL SCIENCE PROPERTIES OF SELECTED 
POLYSACCHARIDES 

 
The aim of this study was to examine the selected hydrocolloids, e.g. xanthan (X), guar (G), locust 

bean gum (LBG) and carboxymethylcellulose (CMC) gum solutions, and the synergistic effects of gum 

mixtures, e.g. X/G blends, X/LBG blends and G/CMC blends. The effect of concentrations, high 

pressure and temperature treatments were also investigated. The appropriate gum mixture and ratio 

were selected for further study in stabilizing coconut oil-in-water emulsions. 

7.1 General characteristics of xanthan, galactomannans and CMC gum solutions 

Values of density and rheological molecular weights for the polysaccharides are given in Table 7.1. 

Average densities were calculated at least 4 times and used to calculate the average molecular 

weight. The rheological molecular weight of xanthan was smaller than that of galactomannan gum and 

CMC. This range is consistent with the manufacturer’s specifications stating that the CMC used in this 

experiment was of high molecular weight.  

Table 7.1 Density and rheological molecular weight of xanthan, guar and carboxymethylcellulose 

(CMC) solutions 

1 wt% Gum solutions Densitya 

kg/m3
MWrhe 

106 kg/kmol 
Equation 

Xanthan 1,001.0 58.72 
Guar 1,004.0 78.81 
CMC 1,001.3 171.81 HzG

T

1′
⋅⋅ℜ

=
ρ*

  (Eq. 4.3) 

a Standard deviations of all solutions are less than 0.0003 

7.2 Viscosity and flow behavior of xanthan, galactomannans and CMC solutions 

7.2.1 Effect of concentrations 

In general, gum solutions exhibited flow behavior according to the power law model. Accordingly, all 

gums studied showed non-Newtonian and shear thinning behavior (Fig. 7.1). The high degree of 

decrease in viscosity has been shown, however, the degree of decrease varies among gums. Fig. 7.1, 

illustrates that at low γ& , effective viscosities (ηeff) of all gum solutions were relatively different and at 

higher γ& max of 100 /s, ηeff was reduced to different extents. 
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Fig. 7.1 Viscosity behavior of various gum solutions at 20 °C, 0.1 ≤ γ&  ≤ 100 /s 

The viscosity and flow behavior of gum solutions were evaluated by the power law model. Rheological 

parameters and effective viscosity ( maxγ&  = 100 /s) were calculated (Table 7.2). The effect of 

concentrations on each gum has been observed. When the concentrations increased, the consistency 

factor (K), effective viscosity (ηeff (100/s)) and thixotropic area (ATH) also obviously increased. Only the 

flow index (n) was lower at higher concentrations, reflecting the better structure stability in solutions. 

Flow index n is the most important behavior in all these experiments because it indicates the structure 

stability of gum solutions. Low flow index reflects strong structure stability of solutions.  

Xanthan induced semi-solid behavior with yield stress at any concentrations. A micro-particle gel-like 

system was exhibited. It can be best described by the Herschel-Bulkley model. In relation to all the 

gums studied xanthan exhibited relatively a high consistency factor K with the lowest flow index n. 

This suggested the highest intramolecular interactions and structural stability of xanthan solutions. 

This is due to its rigid rod-like conformation in solution and its side chains. In distilled water, the 

backbone of xanthan is disordered or partly ordered (helical) in the form of a randomly broken helix 

that is highly extended due to the electrostatic repulsions from the charged groups on the side chains 

(Rochefort and Middleman, 1987). Hydrogen bonds are principally found. Moreover, xanthan is also 

able to particulate or form intermolecular associations in solutions that result in the formation of a 

complex network of weakly bound molecules (Phillips and Williams, 2000), and form time-independent 

interactions. The second influence observed from this experiment suggested that the macromolecule 

and hairy side chain of xanthan would result in entanglement interaction in solutions. This formation of 

a weak network results in yield-point values which induced the ability to stabilize emulsions and other 

dispersions. The effective viscosity ηeff (100 /s) , however, of xanthan was relatively low among all gum 

solutions. This may be due to its less molecular weight as compared to other gums. 

In galactomannans, yield points are not found but high viscosity is exhibited in solutions. Both guar 

and locust bean gum (LBG) solutions induced high viscous non-Newtonian fluid behavior without 
gelling properties. This can be best described by the Ostwald-de Waele model. In comparison, guar 

solutions showed high values of consistency factor K and much larger than LBG. It also has a lower 

flow index n than LBG reflecting higher stability. The reason for this may be the presence of more side 



  - 102 - 

chains in guar gum which conform to a disordered, more extended random coil after dissolution in 

water (Nussinovitch, 1997). 

Table 7.2 Complex rheological parameters of gum solutions at 20 °C obtained from 3 step 

measurements (3 ranges) 

Ostwald-de Waele  Herschel-Bulkley   
Sample/

c (%) K 
Pasn

n 
- 

r 
- 

ηeff 
(100/s) 
Pas 

 
τ0 
Pa 

K 
Pasn

n 
- 

r 
- 

ηeff 
(100/s) 
Pas 

 
 
 

ATH 
Pa/s 

Xanthan             
0.5 4.402 0.218 0.998 0.120 - 1.034 3.362 0.259 0.999 0.121 √ 100.9 
0.75 9.028 0.184 0.998 0.211 - 2.196 6.841 0.223 0.999 0.213 √ 172.6 
1 14.014 0.176 0.999 0.314 - 4.117 10.333 0.212 1.000 0.315 √ 233.8 

Guar             
0.5 1.292 0.510 0.980 0.135 √ -0.446 1.867 0.426 0.996 0.128 - 76.9 
0.75 7.199 0.325 0.990 0.322 √ -2.962 10.266 0.262 0.997 0.314 - 121.6 
1 17.442 0.258 0.980 0.572 √ -16.443 33.803 0.164 0.997 0.554 - 178.6 

LBG             
0.5 0.272 0.864 0.980 0.145 √ -0.685 0.609 0.682 0.998 0.134 - 59.7 
0.75 2.270 0.674 0.948 0.506 √ -0.818 3.603 0.559 0.988 0.464 - 71.4 
1 8.641 0.519 0.961 0.944 √ -4.000 13.285 0.422 0.988 0.889 - 125.7 

CMC 40.000            
0.5 0.872 0.639 0.987 0.165 √ -0.179 1.154 0.570 0.997 0.158 - 64.0 
0.75 3.216 0.497 0.997 0.317 √ -0.098 3.306 0.491 0.998 0.316 - 99.0 
1 8.346 0.428 0.998 0.599 √ -0.173 8.477 0.425 0.998 0.597 - 206.0 

*(√) valid; (-) non-valid parameters 

For valid parameters, their standard deviations are less than ± 0.96 (K), ± 0.009 (n), ± 0.02 (ηeff (100/s)) and ± 16.95 

(ATH) 

In general, guar conforms to the ratio of mannose to galactose at the approximately ranges of 2:1 

whereas locust bean gum (LBG) consists of 4:1. In aqueous solution, guar immobilizes water and 

forms the artificial network which causes the strong hydrogen bonding within. The effective viscosity 

ηeff of guar solution, however, is lower than that of LBG solutions.  

Sodium carboxymethylcellulose (CMC) also induced high viscous non-Newtonian fluid behavior with 

no yield stress. In this study, a high molecular weight type of CMC was used. So, a high viscous 

odorless transparent solution was obtained. Long CMC molecules gave an increase in viscosity owing 

to their chain entanglement. However, it can be seen that CMC gave a relatively high n value with low 

K, similar as LBG. 

In comparing gums, xanthan and guar gums showed higher consistency factor K and lower flow index 

n than others (Fig. 7.2). Flow index indicates the degree of structural properties and stability. 

Structural stability decreases when n value increases. According to this experiment, structural stability 

of polysaccharides has been ranked as follows, X > G > CMC > LBG. For all gums studied, xanthan 

was in a high class of its own because of its network building. The n value gives xanthan the highest 

preference. Fig. 7.2 also demonstrated that only xanthan gains a linear increase of K, ηeff and ATH 

while flow index n is always constant, reflecting the stability of structure of xanthan in all 

concentrations. Low flow index declared that even low concentrations of xanthan would give high 
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viscosity when a solution was at rest or left to stand. For shearing, xanthan immediately decreased its 

viscosity but then again rearranged its structure and regained its high viscosity. This presents an 

outstanding property for food processing.  
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Fig. 7.2 Rheological parameters of gum solutions as a function of gum concentrations for (a) 

consistency factor, (b) flow index, (c) effective viscosity and (d) thixotropic area at maxγ& =100 /s 

according to Ostwald-de Waele model 

7.2.2 Effect of shear rate 

To evaluate the effect of shear rate on rheological parameters of gum solutions, samples were 

separately measured at each maximum shear rate (1/s). The measured rheological parameters were 

used to calculate effective viscosity at different maximum shear rate provided. These results confirmed 

the non-Newtonian behavior of gum solutions. At higher shear rates, samples showed lower in 

effective viscosity, indicating shear thinning behavior. The consistency factor K showed the same 

trend. As expected, the flow index n slightly increased when shear rate increased reflecting the fact 

that the highest viscosity of gum solutions was obtained at low shear rate or at rest. As explained, 

samples showed high structure stability at low shear rates which is typical of non-Newtonian effect.  

Although xanthan induced semi-solid behavior with yield stress at any shear rate, the yield stress has 

been increased when shear rate increased. More particle gel-like systems were found as soon as 

there was an increase in yield stress. In the present results, guar solution was used as an exemplar of 

galactomannans solutions. At any shear rate applied, only high viscous non-Newtonian behavior has 

been promoted without gelling. Even the change in flow index was slight but the reduction of effective 

viscosity was extensive. The same result was also found in CMC solutions. These results showed 

strong evidence that these rheological measurements depended on the shear rate range used.  
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Table 7.3 Complex rheological parameters at different maxγ& of gum solutions at 20 °C using 5 steps of 

shear rate examinations (5 ranges) 

Ostwald-de Waele  Herschel-Bulkley  
maxγ&  

1/s 
K 
Pasn

n 
- 

r 
- 

ηeff 
Pas 

 
 

τ0 
Pa 

K 
Pasn

n 
- 

r 
- 

ηeff 
Pas 

 

0.5 %Xanthan           
25 4.82 0.187 0.9996 0.351 - 0.58 4.26 0.204 0.9996 0.352 √ 
50 4.66 0.201 0.9994 0.205 - 1.75 3.10 0.259 0.9998 0.206 √ 
75 4.60 0.212 0.9992 0.153 - 2.44 2.55 0.295 0.9999 0.154 √ 
100 4.44 0.221 0.9989 0.123 - 2.79 2.21 0.318 0.9999 0.124 √ 

Δ 100γ& / 25γ&  0.92 1.18 - 0.35  4.81 0.52 1.56 - 0.35  

1% Guar           
25 13.31 0.368 0.9730 1.740 √ -50.20 64.64 0.105 0.9997 1.616 - 
50 13.48 0.343 0.9587 1.032 √ -85.87 100.97 0.071 0.9998 0.945 - 
75 13.25 0.332 0.9492 0.741 √ -119.35 134.58 0.054 1.0000 0.673 - 
100 12.75 0.330 0.9466 0.584 √ -99.49 114.34 0.062 0.9999 0.529 - 

Δ 100γ& / 25γ&  0.96 0.90 - 0.34  1.98 1.77 0.59 - 0.33 
 

1% CMC           
25 7.97 0.512 0.9930 1.655 √ -4.15 12.53 0.387 0.9997 1.579 - 
50 6.40 0.511 0.9882 0.945 √ -4.28 11.24 0.375 0.9997 0.887 - 
75 6.61 0.500 0.9845 0.763 √ -5.28 12.64 0.355 0.9998 0.711 - 
100 6.09 0.500 0.9820 0.608 √ -5.28 12.19 0.352 0.9998 0.563 - 

Δ 100γ& / 25γ&  0.76 0.98 - 0.37  1.27 0.97 0.91 - 0.36 
 

*(√) valid; (-) non-valid parameters 

7.2.3 Effect of pH 

To further characterize the effect of pH on gum solutions, The pH of samples was adjusted using 

buffer solutions in the range normally present in coconut milk emulsions (pH 5 – 6.5). As shown in the 

previous results, xanthan and guar gum are most effective in stabilizing emulsions. They provided high 

viscosity and structural stability. Therefore, the effect of pH was carried out only on these two gum 

solutions.  

 

 

 

 

 

 

 

 

Fig. 7.3 Flow behavior of xanthan (a) and guar (b) solutions as a function of pH  
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Fig. 7.3 showed the effect of pH on flow properties of xanthan and guar gum. The pH of 0.5 % xanthan 

is 7.97. The adjustment of pH affected the flow properties of xanthan solutions only at pH values 

above 6.5 or below 5.0. In detail the viscosity of xanthan solutions was reduced when the pH of native 

xanthan solution was adjusted to 6.5 and then reduced again to below 5.0. The viscosity, however, did 

not change over a range of pH between 6.5 and 5.5. The pH of 1 % guar is 6.15 and the flow 

properties were unaffected over the pH range between 6.5 and 5.0.  

Table 7.4 presents the effect of pH on rheological properties, especially effective viscosity of gum 

solutions. Over the range of pH studied (pH 6.5 – 5.0), xanthan solutions still exhibited semi-solid 

properties with yield stress. However, yield stress was slightly reduced when pH was adjusted to 6.5 

and below 5.0. The consistency factor K and effective viscosity ηeff of xanthan solutions also 

decreased slightly as the pH decreased. The pH did not affect to flow index n. 

Between pH 6.5 and 5.0, the K, n and ηeff of guar gum solutions was nearly constant (Table 7.4). At 

pH 5.0 guar solutions showed slight changes in K, n and ηeff values. This result showed the tolerance 

of guar solutions to pH over the studied range. 

Table 7.4 Complex rheological parameters of gum solutions at 20 °C as a function of pH 

Ostwald-de Waele  Herschel-Bulkley  
pH K 

Pasn
n 
- 

r 
- 

ηeff 
(100/s) 
Pas 

 
 

τ0 
Pa 

K 
Pasn

n 
- 

r 
- 

ηeff 
(100/s) 
Pas 

 

0.5 %Xanthan           
7.97 

(original) 4.309 0.218 0.9979 0.118 - 1.028 3.276 0.261 0.9994 0.119 √ 

6.5 4.025 0.224 0.9985 0.113 - 0.853 3.166 0.262 0.9996 0.114 √ 
6.0 3.967 0.225 0.9986 0.112 - 0.798 3.163 0.261 0.9995 0.113 √ 
5.5 3.942 0.224 0.9983 0.111 - 0.859 3.077 0.263 0.9995 0.112 √ 
5.0 3.560 0.232 0.9984 0.103 - 0.722 2.830 0.268 0.9995 0.105 √ 

1% Guar           
6.5 18.040 0.253 0.9871 0.577 √ -17.620 35.671 0.157 0.9977 0.561 - 

6.15 
(original) 17.785 0.256 0.9866 0.578 √ -16.861 34.664 0.162 0.9974 0.561 - 

6.0 18.395 0.249 0.9852 0.578 √ -20.919 39.334 0.146 0.9975 0.560 - 
5.5 18.550 0.247 0.9856 0.579 √ -20.601 39.158 0.146 0.9975 0.562 - 
5.0 18.025 0.251 0.9867 0.573 √ -18.441 36.483 0.154 0.9977 0.556 - 

 
Assessment of the effect of temperature on gum solutions combined with the effect of concentration 

will be given in section 7.9. 

7.3 Viscoelasticity of xanthan, galactomannans and CMC solutions : Oscillation test 

7.3.1 Effect of concentrations 

Viscoelastic properties of gum solutions were described using storage modulus G′, loss modulus G″ 

and tan δ. The amplitude sweep was first carried out to determine in the linear viscoelastic range and 

the frequency sweep was done over the range of 0.01 to 100 Hz at a fixed deformation (γ = 0.001).   
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The results from the amplitude sweep suggested that at all concentrations xanthan structure is strong 

and cannot be easily destroyed by oscillation (Fig. 7.4 a) compared to other commercial gums whose 

structure is normally damaged easily at γ of 0.01. The semi-solid structure of xanthan was confirmed 

by frequency sweep measurements where G′ always much larger than G″, and by parallel rather than 

flat graphs throughout the frequency range (Fig. 7.4 b). This represented the strongly structured 

system with micro-particle gel-like properties of xanthan solutions. At higher concentrations, xanthan 

solutions showed stronger structures when G′ has been markedly increased.  
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Fig. 7.4 G′ and G″ variations as a function of strain (a) and frequency (b) of xanthan solutions 

Fig. 7.5 depicts the viscoelastic properties of galactomannan solutions. In the small deformation 

range, guar solutions showed G′ equal to G″ or slightly higher (Fig. 7.5 a) indicating fluid behavior 

predominantly in bulk solution. This corresponds to the results shown in Table 7.2. G′ was constant 

over the strain except at the lower level where it was equal to G″, reflecting their fairly strong structure. 

Over a wide range of frequency, however, guar presented the cross-over of the moduli (Fig. 7.5 b), 

illustrated that guar could particulate in water and exhibited the particle system microstructure. At 

lower concentrations cross-over moved from left to right or to the higher frequency range. The G′ and 

G″ increased as well when the concentrations increased. These results represented the fact that gums 

strengthen the structural system as concentration increased.  

Locust bean gum promoted fluid system at all concentrations studied (Fig. 7.5 c) where G″ was much 

larger than G′. Moreover, at lower concentrations LBG exhibited more liquid-like properties. As a 

function of frequency, LBG also presented the same cross-over of moduli (Fig. 7.5 d) as did guar 

solutions. But the cross-over appeared only at high frequencies where the liquid-like system (G″ > G′) 

dominated unlike guar solutions. 

In comparison, guar solutions demonstrated more a structured system where G′ from guar was 

greater than those of LBG solutions, compared at the same concentrations. This may indicate the 

stronger hydrophilic interaction found in guar solutions.  
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Fig. 7.5 G′ and G″ variations as a function of strain and frequency of guar (a,b) and LBG (c,d) 

solutions 

Similar to LBG solutions, CMC solutions promoted non-Newtonian fluid systems where G′ and G″ 

were approximately equal and at low levels over the range of deformation and frequency studied. This 

result is consistent with the results obtained from shear measurements that were shown in Table 7.2. 

Cross-over of moduli was also found at relatively high frequencies. At low concentration of 0.5 %, 

more liquid-like properties were revealed and cross-over of moduli was absent. 

(a) (b)

0.1

1

10

100

1,000

Pa

G'

G''

0.001 0.01 0.1 1
Strain γ

0.1

1

10

100

1,000

Pa

G'

G''

0.01 0.1 1 10 100Hz
Frequency f

1 % CMC

G'

G''

0.75 % CMC

G'

G''

0.5 % CMC

G'

G''

 

 

 

 

 

 

 

 

Fig. 7.6 G′ and G″ variations as a function of strain (a) and frequency (b) of CMC solutions 
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In comparison, xanthan and guar gum exhibited G′ levels that were much greater than that of LBG and 

CMC, while G″ was relatively the same. With reference to tan δ, it can be ranked as follows, X < G < 

CMC < LBG. Tan δ (where equal to G″/ G′) explains the solid-like (tan δ <1) or liquid-like (tan δ > 1) 

properties of suspension. These results revealed that xanthan exhibited semi-solid behavior that was 

independent of concentration while the other gum solutions exhibited fluid behavior. In this 

experiment, xanthan showed the strongest structural system with the lowest tan δ.  
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Fig. 7.7 G′, G″ and tan δ variations of gum solutions as a function of concentrations  

7.3.2 Effect of pH  

The influence of pH on G′ and G″ of xanthan solutions was only slight and tan δ was not affected, as 

shown in Fig. 7.8 a. Also, no changes in the viscoelastic properties of guar solutions were observed 

when pH was adjusted (Fig. 7.8 b). It can be concluded that this pH range, which is normally used in 

coconut milk products, does not affect to the micro-structure of xanthan and guar gum solutions.  

There is, however, evidence of small measurement artifact occurring at the high frequency range (ƒ = 

10 – 100 Hz). Nevertheless, this does not affect to the conclusion we derive from this experiment. 
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7.4 Interaction of mixed xanthan and guar gum solutions 

Owing to economic and sensory issues, xanthan was mixed with guar gum. Xanthan, the best 

organized and strongest structured system found in this experiment, is expensive and also contains 

undesirable taste and flavor, important concerns to the food industry. High viscosity guar gum, much 

cheaper and odorless, was mixed with xanthan. High viscosity and strong structure was expected 

through the synergistic effect of these two gums. 

7.4.1 Viscosity and flow behavior of xanthan/guar mixtures 

To evaluate the synergistic effect of gum mixtures, xanthan and guar blends were dispersed in 

solution of 0.5 and 1 wt%. As X/G mixtures, the percentage of xanthan was varied from 15 to 85 wt%. 

When xanthan was mixed with guar, the strong synergistic interaction was more than expected. The 

viscosity of the mixed gums was higher than either pure xanthan or pure guar solutions, as well as 

higher in K and lower in n value (Tab. 7.5). These results showed strong evidence of intermolecular 

interaction of intermolecular binding between xanthan and galactomannan chain for xanthan/guar 

mixtures. There is evidence that in distilled water, xanthan transited from an ordered helix structure to 

a partly disordered extended structure. This disordered structure of xanthan plays an important role in 

the interaction with unsubstituted galactomannans of guar (Khouryieh et al., 2007 a,b; 

Tipvarakarnkoon and Senge, 2008; Goycoolea et al., 1995). Xanthan, which is highly extended in 

solution, had entanglement with network interaction that would bind with guar. Hydrogen bonding with 

effective junction zones between the gums may be the responsible binding mechanism.  

Table 7.5 Complex rheological parameters of X/G mixtures at 20 °C 

Ostwald-de Waele  Herschel-Bulkley   
Sample 
(X:G) K 

Pasn
n 
- 

r 
- 

ηeff 
(100/s) 
Pas 

 
 

τ0 
Pa 

K 
Pasn

n 
- 

r 
- 

ηeff 
(100/s) 
Pas 

 
ATH 
Pa/s 

0.5 % X/G mixtures           
0:100  1.292 0.510 0.980 0.135 √ -0.446 1.867 0.426 0.996 0.128 - 76.9 
15:85 3.625 0.335 0.998 0.170 √ -0.330 3.964 0.319 0.999 0.168 - 220.2 
50:50 3.806 0.295 1.000 0.148 - 0.215 3.579 0.306 1.000 0.148 √ 136.2 
85:15 4.171 0.240 0.999 0.126 - 0.708 3.454 0.270 1.000 0.127 √ 100.1 
100:0 4.402 0.218 0.998 0.120 - 1.034 3.362 0.259 0.999 0.121 √ 100.9 

1 % X/G mixtures           
0:100  17.442 0.258 0.980 0.572 √ -16.443 33.803 0.164 0.997 0.554 - 178.6 
15:85 26.012 0.192 0.993 0.628 √ -39.373 65.206 0.096 0.999 0.615 - 713.4 
50:50 23.298 0.171 0.996 0.512 √ -24.977 48.175 0.098 1.000 0.504 - 235.1 
85:15 17.028 0.168 1.000 0.370 - 4.780 12.765 0.202 1.000 0.371 √ 238.8 
100:0 14.014 0.176 0.999 0.314 - 4.117 10.333 0.212 1.000 0.315 √ 233.8 
*(√) valid; (-) non-valid parameters 
For valid parameters, their standard deviations (5 replicates) are less than ± 0.96 (K), ± 0.009 (n),                          
± 0.02(ηeff (100/s)) and ± 25.03 (ATH) 

From our results (Table 7.5), we also founded that the viscosity and rheological properties of both 

gums at 0.5 and 1 wt% of gum mixtures depended strongly on the xanthan/guar ratio. At low amounts 

of xanthan, mixtures exhibited non-Newtonian fluid behavior with no yield stress according to the 

Ostwald-de Waele model. At the ratio of 15:85, the strongest interaction was found with the highest 

level of viscosity and a dramatic increase in consistency factor K. These results demonstrated that a 
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low amount of xanthan (at 15:85) would be most compatibility for its binding interaction with guar. This 

result is consistent with that reported in the earlier work of Pal (1996). 

At higher amounts of xanthan (> 50 wt%) the flow behavior changed showing lower K and viscosity but 

exhibiting yield stress representing the particle gel-like system which is clearly exhibited in xanthan. 

Non-Newtonian and semi-solid micro-particle gel-like properties according to the Herschel-Bulkley 

model is best describes for this system. Therefore, we hypothesized that at high amounts of xanthan 

in mixtures, only some parts of xanthan can be binding with guar and most parts are self organizing. 

This self-structured formation of xanthan might cause lower binding capacity with guar. This could 

explain the strongest synergistic effect of xanthan at low content, where xanthan is free to move and 

has a less self-organized structure which leads to the highest interaction with galactomannan chains in 

guar gum. This caused the free molecular volume of xanthan in the system. 

Notice that X/G mixtures gave markedly low flow index n representing the high degree of structural 

stability of the gum mixtures. All mixtures were found to have remarkably low levels of n value (0.2 – 

0.35) which showed suitability for stabilizing oil-in-water emulsions.  

To further characterize the degree of interaction, the deviations from the values calculated for mixtures 

assuming no interaction may be used as shown in Fig. 7.9. For samples containing low concentration 

(0.5 wt%), a smaller synergistic interaction was observed. A stronger synergistic interaction was found 

for the X/G mixtures at 1 wt%. It can be clearly seen that at low amounts of xanthan present in 

mixtures, especially at 15:85 and 25:75, the strongest interaction was noted as the degrees of 

deviations was highest. This is consistent to the results proposed by Schorsch et al. (1997) in which 

they found that the strong synergistic effect was a result of low amounts of xanthan in mixtures. 
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Fig. 7.9 Rheological parameters against xanthan fractions of X/G mixtures, (---) values calculated for 

mixtures assuming no interaction 
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In conclusion, the maximums of consistency factor K and effective viscosity ηeff were pronounced at 

the ratios of 15:85 and 25:75, whereas the maximum structure stability (lowest n value) was obtained 

when high amounts of xanthan were present in mixtures. Due to economic reasons, the combination 

of 15:85 is the best choice of gum selection. 

7.4.2 Viscoelastic properties of xanthan/guar mixtures 

The viscoelastic properties of gum mixtures were described using G′, G″ and |G*| (Eq. 3.19). As 

described earlier, xanthan showed the semi-solid structure where G′ is always higher than G″, 

whereas guar presented cross-over in the frequency range studied. Interestingly, xanthan/guar 

mixtures at both concentrations showed G′ and G″ variations similar to xanthan. This result showed 

that xanthan would dominant the structure rearrangement in mixed gum solutions. Within the 

frequency range studied, X/G mixtures presented the semi-solid micro-particle system but exhibited 

the non-gelling properties of mixed gum solutions where G′ is always larger than G″. This is strong 

evidenced that xanthan influenced the transition from a highly viscous fluid system (as guar) to a 

structured system with semi-solid micro-particle gel-like properties even in the mixtures containing a 

small amount of xanthan.  
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Fig. 7.10 Viscoelastic parameters for 0.5 wt% (a,b) and 1 wt% (c,d) X/G mixtures  
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The complex modulus also indicated that even when a small amount of xanthan was present in 

mixtures |G*| would increased. To summarize, the best organized system was induced by adding 

xanthan. A strong network with methane-like structure was formed. The mixtures promoted network 

structure according to the dominant of xanthan whereas viscosity level was exhibited according to 

guar gum. 

7.4.3 Thermodynamic incompatibility determination of xanthan/guar interaction 

As stated by some researchers (Kovacs, 1973; Schorsch et al., 1995), the interaction between 

xanthan and guar might correspond to their thermodynamic incompatibility resulting in an adverse 

effect on gum stabilization. To evaluate this effect, prepared gum mixtures were centrifuged at   

10,000 g for 2 hr in order to observe incompatibility. As observed, no separation of gum solutions has 

been found after centrifugation at all gum ratios. Both 0.5 and 1 wt% gum mixtures still remained 

homogeneous. This leads to the conclusion that thermodynamic incompatibility of gum mixtures in the 

studied range did not occur. This may be attributed to their viscous properties which prevented water-

exclusion and gum separation. However, this alone cannot prove the thermodynamic compatibility of 

these gum mixtures.  

7.5 Interaction of mixed xanthan and locust bean gum solutions 

7.5.1 Viscoelastic properties of xanthan/locust bean gum mixtures 

It is clear that xanthan and locust bean gums did not gel. They normally increase the viscosity of the 

solutions by immobilizing water with the entanglements of their long chain polysaccharide structure. 

Interestingly, the combinations of X/LBG promoted gelation properties. The gelling phenomenon 

between X/LBG mixtures was evident by the reduction of tan δ to less than 1 (Fig. 7.11). The results 

revealed that only X/LBG promoted gel properties even at the low fraction of xanthan. When the 

xanthan fraction in mixtures increased, the tan δ obviously decreased.  

The decreasing of tan δ was influenced by the substantially increased of storage modulus (G′). Notice 

that loss modulus (G″) is independent of the xanthan fraction. From Fig. 7.11, the results showed that 

xanthan enhanced the gel property with increasing storage (G′) modulus when the fractions of xanthan 

increased. The strongest synergism was observed with the xanthan fraction of 0.5 - 0.75 %. The 

intermolecular interaction between xanthan and LBG seems to exhibit stronger binding when the ratio 

is appropriate.  
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As shown in Fig. 7.12, the G′ increased with increasing xanthan but no further increase was observed 

when the xanthan fraction was over 50 %. This means that the G′ of gel was less when small amounts 

of xanthan were present. Therefore, high amount of xanthan would be an appropriate ratio to combine 

with LBG. The 3D network was efficiently promoted when the amount of xanthan in X/LBG solution 

was 50:50 or have high amount of xanthan. These results are consistent with previous studies 

(Schorch et al., 1997; Lundin and Hermansson, 1994) that showed strong interaction when high 

amounts of xanthan were present in mixtures.  

The binding mechanism for the gelation between xanthan and locust bean gum has been studied by 

many researchers (McCleary and Newkom, 1982; Cairns et al., 1986, Cheetham and Mashimba, 

1991, Goycoolea et al., 1995) and many models have been proposed, unlike the synergy between 

xanthan and guar gum. To summarize, mixed junction zones were formed by interaction between 

xanthan and LBG. The side chains of xanthan inserted into adjacent unsubstituted regions of 

galactomannans backbones. In this mechanism, hydrogen bonding played a major role in the 

interaction.  
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Fig. 7.12 Storage modulus (G′) variation for X/LBG mixtures 

7.5.2 The sol-gel transition of xanthan/locust bean gum mixtures 

Temperature sweep was used to investigate the sol-gel transition of X/LBG mixtures. Xanthan and 

LBG blends were dissolved in hot water (80 – 85 °C). As found in previous studies (Cairns et al. 1986; 

1987), high temperature is needed because the mixing of xanthan solutions with locust bean gum 

does not lead to gelation until they were heated above the helix-coil transition temperature of xanthan 

and then cooled. Therefore, in order to observe the gelation of the mixtures, the temperature was 

decreased from 80 °C to 20 °C.  

From Fig. 7.13, it can be observed that all fractions had the same gelation temperature of 45 - 47 °C. 

However, the gel strength, represented by tan δ, depended strongly on the xanthan fraction. It is clear 

that at low concentrations of xanthan in mixtures the system was less organized with higher values of 

tan δ. The maximum tan δ of gel were obtained from the samples containing xanthan of 0.5 - 0.75 %. 

At this high concentration, the entangled structure was responsible for the low G′ and semi-solid 

behavior at high temperature. When the mixtures were cooled enough (T < 45 °C), the inner energy 
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dramatically reduced which caused the reduction of Brownian motion between molecules. Thus, the 

entanglement with strong hydrogen bonding is formed, resulting in gelation. Again, this tells us that the 

intermolecular interaction between X/LBG in mixture depended strongly on the concentration of 

xanthan. Furthermore, mixtures of xanthan gum/LBG have been reported to form thermally reversible 

gels (Dea and Morrison, 1975).  
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Fig. 7.13 Temperature sweep curves of 1 wt% X/LBG mixtures at different ratios 

7.6 Interaction of mixed guar and carboxymethylcellulose solutions 

7.6.1 Viscosity and flow behavior of G/CMC mixtures 

Samples of G/CMC mixtures exhibited substantial increase in ηeff but no yield point. This suggested 

that only hydrophilic interaction had occurred without network conformation. High viscous non-

Newtonian fluid is a good description for this system according to the Ostwald-de Waele model as 

shown in Table 7.6. 

Table 7.6 Complex rheological parameters of G/CMC mixtures at 20 °C 

Ostwald-de Waele  Herschel-Bulkley   
Sample 
(G:C) K 

Pasn
n 
- 

r 
- 

ηeff 
(100/s) 
Pas 

 
 

τ0 
Pa 

K 
Pasn

n 
- 

r 
- 

ηeff 
(100/s) 
Pas 

 
ATH 
Pa/s 

1 % G/CMC mixtures           
0:100 8.346 0.428 0.998 0.599 √ -0.173 8.477 0.425 0.998 0.597 - 206.0 
15:85 10.295 0.384 0.998 0.604 √ -0.683 10.954 0.372 0.998 0.601 - 110.0 
25:75 14.698 0.345 0.997 0.721 √ -2.054 16.723 0.321 0.998 0.714 - 123.0 
50:50 21.461 0.287 0.995 0.805 √ -8.364 29.726 0.234 0.999 0.791 - 304.5 
75:25 23.761 0.253 0.993 0.763 √ -15.631 39.249 0.181 0.999 0.746 - 263.6 
85:15 33.111 0.219 0.988 0.907 √ -52.945 85.587 0.109 0.998 0.883 - 197.3 
100:0 17.442 0.258 0.980 0.572 √ -16.443 33.803 0.164 0.997 0.554 - 178.6 

*(√) valid; (-) non-valid parameters 

All mixtures promoted significant high consistency factor K, effective viscosity ηeff and low n value. 

Higher amounts of guar in mixtures unexpectedly increased viscosity. At a ratio of 85:15, samples 
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gave the highest K and ηeff with the lowest n values which means the strongest synergistic effect has 

been observed. It seems that guar would dominant the structural arrangement in this system, 

indicated by the tendency to high values of K and low values of n, similar to pure guar gum solutions. 

The results also suggested that hydrophilic interaction may occur where guar takes water from CMC 

which leads to the increase in viscosity. 

In comparison to X/G mixtures, G/CMC mixtures had higher viscosity but lower stability properties, 

indicated by higher values of n. The results suggested that the best organized system, according to its 

stability system, is found in xanthan/guar mixtures. The structural analysis of mixed guar with CMC 

gum was further studied by the use of viscoelastic measurements. 

7.6.2 Viscoelastic properties of G/CMC mixtures 

No gelling properties were found in G/CMC mixtures. Only the high viscous particle structure was 

presented as a cross-over of G′ and G″ curves. The results demonstrated that G/CMC mixtures 

exhibited the same behavior as guar with similar values of G′ and G″ (Fig. 7.14 a) reflecting the fact 

that guar would dominant the structure in this system. Moreover, the |G*| also gradually increased 

when the amount of guar in G/CMC mixtures increased (Fig. 7.14 b). The strongest synergism was 

obtained at the ratio of 75:25 where the G′ was highest and tan δ was lowest. As a result, it has been 

proven that guar gum plays a major role in guar/CMC mixed gum solutions. 
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7.7 Effect of temperature treatment on xanthan/guar mixtures 

7.7.1 Viscosity and flow behavior of xanthan/guar mixtures at high temperature 

The effect of temperature on rheological properties of gum mixtures was investigated by incrementally 

increasing temperature from 20 to 80 °C. Viscosity and rheological parameters at each temperature 

are shown in Table 7.7. In general, shear rate dependence was observed at all temperatures, 

Ostwald-de Waele and Herschel-Bulkley models best described these samples.  

All samples showed a drop in consistency factor K and effective viscosity ηeff when temperatures 

increased. In guar solutions, the K and ηeff has been steadily decreased. These produced a 

temperature thinning effect when solutions were heated. This is caused by the volume increase which 
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allows the molecules to freely move. However, lost viscosity is regained upon cooling (Meier et al., 

1993). Structural stability as well increased upon heating by increasing flow index n.   

For xanthan solutions, temperature has driven the transformation from semi-solid particle gel-like 

system to more fluid-like behavior. After 60 °C was reached, its solution undergoes from the Herschel-

Bulkley to the Ostwald-de Waele model. A drop in effective viscosity can still be seen upon heating. At 

low temperature ranges, the yield stress τ0 also showed a slight drop in contrast slight increase in K. 

Flow index n was reduced when heated until it reached 60 °C, indicating higher structural stability. 

From previous studies, it was suggested that at this temperature range, xanthan undergoes from 

ordered to disordered structure (Rochefort and Middleman, 1987; Morris 1995). The transition 

conformation invokes an intramolecular rearrangement of xanthan molecules from a helix to a random 

coil, which in turn causes a viscosity decrease (Rochefort and Middleman, 1987). There is a poorly 

shielded electrostatic repulsion that involves glucoronate and pyruvate in the side chains thus favoring 

the disordered conformation (Cheetham and Mashimba, 1991). This would account for both the 

decrease in viscosity and the increase in structural stability. However, it can be noted that after 60 °C 

the flow index was again increased with decreasing in K, indicating less compactness and a less 

stable structure level. From these results, it is pointed out that the transition temperature is 60 °C. 

Table 7.7 Effect of measuring temperature on complex rheological parameters of 1 %wt gum solutions 

1 % Guar  1 % Xanthan  1 % X/G at 15:85  

T  
°C K 

Pasn
n 
- 

ηeff 

(100/s) 

Pas 

 

 

τ0 

Pa 
K 

Pasn
n 
- 

ηeff 

(100/s) 

Pas 

 
K 

Pasn
n 
- 

ηeff 

(100/s) 

Pas 
 

20 17.44 0.29 0.572 OW 4.12 10.33 0.21 0.315 HB 26.01 0.19 0.628 OW 

30 14.59 0.28 0.539 OW 3.95 11.62 0.19 0.315 HB 20.46 0.22 0.560 OW 

40 12.49 0.31 0.517 OW 4.42 11.48 0.18 0.303 HB 15.95 0.26 0.521 OW 

50 10.42 0.34 0.492 OW 2.70 13.60 0.15 0.301 HB 10.90 0.30 0.430 OW 

60 9.13 0.36 0.478 OW - 15.80 0.14 0.299 OW 9.34 0.32 0.414 OW 

70 7.84 0.39 0.463 OW - 14.36 0.15 0.290 OW 9.45 0.34 0.443 OW 

80 5.79 0.43 0.415 OW - 12.00 0.18 0.278 OW 6.64 0.38 0.374 OW 

 

The effect of temperature on the gum mixtures, especially of 15:85, was also great. Significant drops 

in K and ηeff have been observed. At 50 °C, effective viscosity decreased by more than half. Heating 

gum mixtures also increased flow index n. 

These effects of temperature can be further supported by calculating the magnitude of differences 

from 20 to 80 °C. Table 7.8 shows the degree of decrease in K and ηeff for all gum mixtures. However, 

differences in magnitude are dependent on gum combinations. Obviously, the effect of heating is most 

significant in guar solutions, and least significant in xanthan solutions. When mixed, the effects 

depended on which gum has the highest ratio. The mixtures which contain high amounts of xanthan 

showed a relatively small degree of increase. The mixtures which contain high amounts of guar 

showed a great drop in viscosity.  

Notice the sample at 15:85 which previously produced the strongest binding interaction between 

xanthan and guar gum, now exhibits the largest magnitude of differences, differences that are much 
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larger than guar gum itself. This may contribute to the discussion about temperature influence on the 

binding sites between xanthan and guar gum. The binding interaction might have loosened causing 

the decrease in K and viscosity. But the most important finding was that although the impact of 

temperature on this sample was highest, at 80 °C it still gave the maximum viscosity among all 

mixtures.  

Table 7.8 The magnitude of differences of rheological parameters as a function of temperatures on     

1 wt% X/G mixtures  

Temperature (°C) Sample 
(X:G) 20 °C 80 °C ΔK(20 - 80°C)

Pasn
Δn(20 - 80°C)

- 
Δηeff (20 - 80°C) 

Pas 
0:100 (Guar) OW K= 17.4 

n= 0.26 
ηeff= 0.57 
 

OW K= 5.79 
n= 0.43 
ηeff= 0.42 

11.655 (-) 0.170 0.157 

15:85 OW K= 26.0 
n= 0.19 
ηeff= 0.63 
 

OW K= 6.64 
n= 0.38 
ηeff= 0.37 

19.369 (-) 0.183 0.254 

50:50 OW K= 23.3 
n= 0.17 
ηeff= 0.51 
 

OW K= 8.42 
n= 0.30 
ηeff= 0.33 

14.882 (-) 0.126 0.182 

85:15 HB τ0 = 4.78 
K= 12.77 
n= 0.20 
ηeff= 0.37 
 

OW K= 10.97 
n= 0.21 
ηeff= 0.29 

6.060 (-) 0.044 0.08 

100:0(Xanthan) HB τ0 = 4.12 
K= 10.33 
n= 0.21 
ηeff= 0.32 

OW K= 12.0 
n= 0.18 
ηeff= 0.28 

2.012 (-) 0.006 0.037 

K (Pasn) ;  n (-); ηeff  (Pas);  ΔK, Δn and Δηeff was calculated from Ostwald-de Waele only. 

The effective viscosity at maxγ& = 100 /s was further used to calculate the flow activation energy using 

the Frenkel-Eyring-equation (Table 7.9). When the model was fitted to the data, significant 

relationships with high correlation coefficients (r) were found at all mixtures. As expected, the 

activation energy of guar was much greater than of xanthan. As well, the activation energy of mixtures 

containing high amounts of guar gum also exhibited high value. The highest value was present in the 

sample at the ratio of 15:85, confirming the earlier results that the impact of temperature on viscosity 

of gum mixtures is highest at this combination.  

The activation energy for xanthan solution reported in this study differs from the values provided by 

Speers and Tung (1986). This discrepancy may be due to differences in xanthan gum type, dispersion 

preparation method, shear rate and rheological measurement. Also, the activation energy of mixed 

gum solutions has not been reported by other researchers up to this date. 
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Table 7.9 Frenkel-Eyring-equation and flow activation energy of 1 wt% X/G mixtures  
 

Sample 
(X:G) 

Frenkel-Eyring-equation r 
- 

EA
kJ/kmol 

0:100 ln η(T*) = 494.7/T* – 2.2423 0.9786 4113.17 
 η(T*) = 0.1062 ⋅ exp[494.7/T*]   
    

15:85 ln η(T*) = 840.1/T* – 3.3568 0.9502 6984.99 
 η(T*) = 0.0348 ⋅ exp[840.1/T*]   
    

50:50 ln η(T*) = 694.4/T* – 3.0425 0.9898 5773.32 
 η(T*) = 0.0477 ⋅ exp[694.37/T*]   
    

85:15 ln η(T*) = 353.3/T*– 2.2178 0.9651 2937.09 
 η(T*) = 0.1088 ⋅ exp[353.25/T*]   
    

0:100 ln η(T*) = 202.4/T* – 1.8333 0.9515 1682.68 
 η(T*) = 0.1599 ⋅ exp[202.38/T*]   

T* in K 

7.7.2 Combined effect between temperatures and concentrations  

The relationships of viscosity and flow parameters to temperature and xanthan fraction were combined 

in an equation using response surface methodology (RSM). Non-linear regression analysis was used. 

Validity of parameters was verified by stepwise methods. To develop the fitted response surface 

model equations, all insignificant terms (Sig. > 0.05) were eliminated and only the significant 

parameters were then presented in the predictive equations.  

Using multiple regressions, the full response surface models were developed according to all 

responses including effective viscosity (Y1), consistency factor (Y2) and flow index (Y3) as shown in 

Table 7.10. High multiple correlation coefficients (r) between 0.974 to 0.989 indicated the suitability of 

the second order polynomial equations to predict the response functions (Y1 to Y3) in terms of two 

independent variables (temperature X1 and xanthan fraction X2). This can be used effectively to 

predict the rheological behavior in the studied range. 

Table 7.10 Response surface models for combined effect of temperature (X1) and xanthan fraction 

(X2) on rheological parameters 

Response Quadratic polynomial model r 
   

Effective viscosity (Y1) Y1 = 67.721 – 3.421X1 – 3.320X2 + 0.02541X1X2 0.974 

Consistency factor (Y2) Y2 = 25.857 – 0.281X1 – 0.00083(X2)2 + 0.002X1X2 0.918 

Flow index (Y3) Y3 = 0.243 – 0.00125X2 + 0.000031(X1)2 + 0.000009(X2)2 – 0.000028X1X2 0.989 

 

As shown in Table 7.10, the effective viscosity was dependent only on linear variables (X1, X2) and 

interaction terms (X1X2) but independent from the quadratic variables (X1
2, X2

2). At variance from these, 

the response functions of consistency factor and flow index indices depended on all linear, quadratic 

and interaction variables.  

Table 7.11 shows the design experiment and estimated response functions. These predicted values 

calculated from actual values in the fitted regression models are also presented and compared to the 

data obtained from the experiment. The observed experimental responses were close to the predicted 
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results. Adequate precision was obtained by this method. There was, however, greater precision in 

predictions at low amounts of xanthan in mixtures and at high temperatures. 

Table 7.11 Experimental design and response functions of ηeff, K and n as functions of temperature 

and xanthan fraction with experimental data and their predicted value obtained from quadratic 

polynomial models 

Runs  Actual value  
Effective viscosity 
 (100 /s) mPas  

Consistency factor  
Pasn  

Flow index 
- 

  X1 X2  experimental predicted  experimental predicted  experimental predicted 

1  20 100  314 328.12  14.014 16.393  0.176 0.163 
2  30 100  314 319.32  15.244 15.806  0.157 0.150 
3  40 100  302 310.52  15.575 15.219  0.144 0.143 
4  50 100  300 301.72  16.134 14.632  0.135 0.142 
5  60 100  299 292.92  15.795 14.045  0.139 0.148 
6  70 100  290 284.12  14.361 13.458  0.152 0.160 
7  80 100  278 275.32  12.002 12.871  0.182 0.177 
8  20 85  370 370.30  17.028 18.027  0.168 0.165 
9  30 85  342 357.69  16.548 17.106  0.158 0.157 
10  40 85  332 345.08  16.669 16.186  0.149 0.154 
11  50 85  320 332.46  16.256 15.265  0.147 0.158 
12  60 85  316 319.85  14.902 14.345  0.163 0.167 
13  70 85  315 307.24  13.794 13.424  0.179 0.183 
14  80 85  291 294.63  10.968 12.504  0.212 0.205 
15  20 50  512 468.71  23.298 20.388  0.171 0.187 
16  30 50  461 447.21  19.155 18.689  0.191 0.188 
17  40 50  439 425.70  17.268 16.991  0.202 0.195 
18  50 50  417 404.20  15.171 15.292  0.219 0.209 
19  60 50  389 382.69  12.78 13.594  0.242 0.229 
20  70 50  369 361.19  10.919 11.895  0.264 0.254 
21  80 50  330 339.68  8.416 10.197  0.297 0.287 
22  20 15  628 567.12  26.012 20.717  0.192 0.230 
23  30 15  560 536.73  20.463 18.241  0.219 0.241 
24  40 15  521 506.33  15.952 15.764  0.258 0.259 
25  50 15  430 475.93  10.903 13.288  0.298 0.282 
26  60 15  414 445.53  9.339 10.811  0.323 0.312 
27  70 15  443 415.13  9.453 8.335  0.336 0.347 
28  80 15  374 384.73  6.643 5.858  0.375 0.389 
29  20 0  572 609.30  17.442 20.237  0.258 0.255 
30  30 0  539 575.09  14.589 17.427  0.284 0.271 
31  40 0  517 540.88  12.491 14.617  0.308 0.292 
32  50 0  492 506.67  10.416 11.807  0.337 0.320 
33  60 0  478 472.46  9.131 8.997  0.360 0.354 
34  70 0  463 438.25  7.838 6.187  0.386 0.394 
35  80 0  415 404.04  5.787 3.377  0.428 0.440 

* Temperature (X1) and xanthan fraction (X2) 

 

The regression coefficients for the second order response surface model are shown in Table 7.12. 

The analysis of variance was used to verify the significant of all variables using the enter method. All 

the insignificant terms were then excluded and further used to calculate the new model using stepwise 

methods, except for the flow index response. For flow index, the validity obtained from stepwise 

method showed less correlation coefficients than that obtained from the enter method. Therefore, all 

variables were used in predictive models with high correlation (r) of 0.989. All the coefficients and 

significant of each possible variable were developed and presented in Table 7.12. 
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Table 7.12 Regression coefficient and analysis of variance (ANOVA) for all and stepwise variables 

Effective viscosity Consistency factor Flow index 

All var. Stepwise var. All var. Stepwise var. All var. Stepwise var. Term 

Coeff. Sig. Coeff. Sig. Coeff. Sig. Coeff. Sig. Coeff. Sig. Coeff. Sig. 

β0 698.76 0.00 677.721 0.00 25.926 0.00 25.857 0.00 0.219 0.00 0.243 0.00 

X1 -4.762 0.00 -3.421 0.00 -0.304 0.004 -0.281 0.00 0.001 0.11 - Ns 

X2 -2.618 0.00 -3.320 0.00 0.026 0.529 - Ns -0.001 0.00 -0.00125 0.00 

X1
2 0.013 0.22 - Ns -0.00031 0.743 - Ns 0.0000211 0.00 0.000031 0.00 

X2
2 -0.007 0.09 - Ns -0.001 0.006 -0.00083 0.00 0.0000089 0.00 0.000009 0.00 

X1 X2 0.025 0.00 0.02541 0.00 0.002 0.00 0.002223 0.00 0.0000294 0.00 0.000028 0.00 

β0 (constant), X1 (temperature), X2 (xanthan fraction) 

Significant at P < 0.05, Ns means non-significant at P ≥ 0.05 

Fig. 7.15 a and b show the estimated response function for the combined effect. The three-

dimensional response surface plots were constructed by plotting the response on the Z-axis against 

both independent variables and also represent the two-dimensional contour plots generated by the 

models. Both surface and contour plots illustrated that the influence of both temperature (X1) and 

xanthan fraction (X2) on effective viscosity response (Y1) is in the linear fashion. The results suggested 

that the highest viscosity was obtained from the sample containing low xanthan fraction at low 

temperature.  

The response and contour plots were also applied to K and n values. Both plots showed in quadratic 

fashion. Similar to the tendency of viscosity, the effect on K is greatest at low temperature and/or at 

low amounts of xanthan in mixtures, however, in parabola manner. But in reverse trend, the lowest n 

value was present at high amounts of xanthan in mixtures. In contrast, the flow index increased when 

the temperature increased and the impact of temperature is greatest when low amounts of xanthan 

are present in mixtures.  

7.7.3 Viscoelastic properties of X/G mixtures at high temperature  

Fig. 7.16 shows the effect of temperature on the viscoelastic properties of gum solutions. All gum 

mixtures provided the same results showing that temperature decreased storage G′ and loss G″ 

moduli of samples. In xanthan solution, the tan δ (G″/G′) was increased by diminishing G′, 

representing the decrease of structured molecules in solutions.  

For both guar gum and gum mixtures, the appearance of a cross-over point has been revealed as the 

temperature increased. The cross-over point, therefore, occurred at successively higher frequencies. It 

stated that heating gum mixtures promoted more high fluid behavior. On the other hand, this may 

indicate a change in the level of intermolecular structure. There is a clear indication that there is less 

intermolecular structure at the higher temperature. 
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Fig. 7.15 Contour plots (a) and response surfaces (b) of X/G mixtures as functions of temperature and 

xanthan fraction (X) 
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Fig. 7.16 Storage (G′) and loss (G″) moduli of xanthan (a), guar (b) and X/G mixtures at 15:85 (c) at 

different measuring temperatures 

7.8 Effect of high pressure treatment on gum mixtures 

As summarized from previous sections, xanthan/guar mixtures gave more prominent gum 

characteristics than other gum mixtures. They exhibited high viscosity and structure stability with semi-

solid behavior. Thus, they were selected to further study their effect on coconut oil-in-water emulsion. 

To further characterize their properties, various X/G gum ratios (15:85 to 85:15) were investigated as 

the effect of high pressure as shown in the following sections. 

7.8.1 Viscosity and flow behavior of X/G mixtures upon pressurization 

The effects of high pressure-induced were determined by steady shear and by oscillation 

measurements on 0.5 wt% of X/G mixtures. In order to compare mixtures before and after 

pressurization, all samples were evaluated using only rheological parameters from the Ostwald-de 

Waele model. All samples showed high correlation factor (r > 0.957). 

High pressure has an obvious effect on the degradation in viscosity of gum solutions. All pressurized 

samples showed the reduction of consistency factor and effective viscosity and did not recover when 

left standing. After pressurization, the structure destruction was evidenced by the substantial decrease 

in ηeff and K with increasing n value (Fig. 7.17). The strong decrease in K was observed after the first 

cycle of homogenization, the n value increased only slightly, resulting in the decrease in viscosity. In 
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additional, increase in cycles of homogenization, samples showed more severe destruction. It was 

clear that guar solutions (0:100) showed the most severe destructive. After 5 cycles, guar solutions 

gave the lowest K, doubled their n value over other solutions and exhibited the lowest viscosity. 

Among all samples, guar showed the most degradation and was much greater than in xanthan 

solutions. 
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Fig. 7.17 Consistency factor K, flow index n and effective viscosity ηeff of 0.5 wt% xanthan/guar 

mixtures before and after high pressure treatment at 50 bar (a) and 200 bar (b) at various cycles (C) 

Xanthan showed better tolerance to high pressure than guar gum and showed the highest structural 

stability (lowest n value) after five cycles of two-stage homogenization (Fig. 7.15). Pressurized xanthan 
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exhibited higher K, ηeff and lower n value, apparently due to its semi-solid behavior with strong 

structure stability. Results showed that pressurized X/G mixtures at 15:85 gave the highest ηeff and K 

among all pressurized samples with relatively high structural stability. This indicated that X/G mixtures 

also have the property of tolerance to high pressure treatment. This may be attributable to the strong 

binding interaction of X/G with a structural arrangement dominated by xanthan gum. Moreover, high 

structural stability of mixtures still remained after five cycles of homogenization. 

In comparison, at 50 bar samples showed less destruction than those of 200 bar. After five cycles, 

samples (at 50 bar) still showed high values of K and structural stability. Moreover, decrease in 

viscosity showed some differences between 50 and 200 bar which is distinctive at some ratios. At 50 

bar, samples containing low amounts of xanthan (< 50 %) demonstrated high tolerance and a 

decrease in viscosity was not obvious even after five cycles. At 200 bar, samples showed a steady 

decrease in viscosity after each cycle. However, at high amounts of xanthan in mixtures (> 50 %), 

samples at both 50 and 200 bar showed the same trend of viscosity reduction. These results indicated 

that solutions containing low amounts of xanthan, especially at 15:85, have a high ability to tolerate 

pressure treatment. 

Considering the magnitude of differences between non-pressurized and pressurized samples, 

rheological parameters were calculated for the differences after first cycle (C0 to C1) and last cycle (C0 

to C5) as shown in Tab. 7.13. It was confirmed that samples at 15:85 promoted strong synergistic 

interaction and high tolerance to pressure treatment as shown by relatively low differences of ΔK, Δn 

and Δηeff. Notice that guar gum solutions after the first cycle at 200 bar showed severe destruction 

even though at 50 bar the reduction in viscosity was obviously low. The effect of pressure level (bar) 

showed greater effect than the number of cycles of homogenization.  

Table 7.13 Magnitude of differences of each rheological parameter and effective viscosity after first 

cycle (C1) and last cycle (C5) of homogenization 

Sample (X:G) 50 bar    200 bar   
 ΔK (Pasn) Δn (-) Δηeff (mPas)  ΔK (Pasn) Δn (-) Δηeff (mPas) 

0:100  C0-C1 0.33 0.06 2.0  1.10 0.36 28.0 
 C0-C5 1.04 0.31 23.0  1.28 0.80 80.0 
15:85 C0-C1 0.49 0.02 8.5  1.95 0.13 27.0 
 C0-C5 0.93 0.06 7.5  2.60 0.16 68.0 
50:50 C0-C1 1.73 0.05 44.5  2.61 0.12 66.0 
 C0-C5 2.06 0.08 47.8  3.08 0.18 83.0 
85:15 C0-C1 1.95 0.02 53.9  2.50 0.06 60.0 
 C0-C5 2.15 0.03 54.5  3.51 0.26 61.0 
100:0 C0-C1 1.21 (-0.04) 47.0  2.36 0.04 52.0 
 C0-C5 1.70 (-0.01) 49.4  3.44 0.20 54.0 
  (+) (-) (+)  (+) (-) (+) 

(+) means decreasing; (-) means increasing 

7.8.2 Combined effect of high pressure and concentration 

The combined effect of high pressure (bar) and xanthan fraction (%) was investigated using response 

surface methodology (RSM). Non-linear regression analysis was used. Validity of parameters was 

verified by enter- and stepwise methods, however, the enter method was selected owing to the much 

higher correlation coefficients (r) presented. For the multiple regressions, the full response surface 
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models were developed according to all responses, including effective viscosity (Y1), consistency 

factor (Y2) and flow index (Y3) as shown in Table 7.14. A good fit was obtained and there were no 

outliers observed for either regression. High multiple correlation coefficients (r) of 0.873 - 0.912 

indicated the suitability of the second order polynomial equations to predict the response functions (Y1 

to Y3) in terms of two independent variables (pressure X1 and xanthan fraction X2). Thus, the 

equations can be used to navigate the effect of pressure and xanthan fraction on the rheological 

behavior of X/G mixtures. All responses conformed to the fitted models of the quadratic manner. 

Table 7.14 Response surface model for combined effect of pressure (X1) and xanthan fraction (X2) on 

rheological parameters with high correlation factor (r) 

Response Quadratic polynomial model r 
   

Effective viscosity (Y1) Y1 = 159.986 – 0.725X1 + 0.05903X2 + 0.0019(X1)2 – 0.0061(X2)2 + 0.0008X1X2 0.873 

Consistency factor (Y2) Y2 = 2.164 – 0.0279X1 + 0.0482X2 + 0.00009(X1)2 – 0.0003(X2)2 – 0.00007X1X2 0.912 

Flow index (Y3) Y3 = 0.551 + 0.0027X1 – 0.011X2 – 0.000005(X1)2 + 0.00008(X2)2 – 0.00001X1X2 0.891 

* Pressure (X1) in bar and xanthan fraction (X2) 

The design experiment and response functions are shown in Table 7.15. The predicted value 

calculated from regression models are also presented and compared to the data obtained from the 

experiment. The predicted values agreed well with the experimental ones that are obtained from the 

model. The observed experimental responses were close to the predicted results. Adequate precision 

was obtained by this method.  

Table 7.15 Experimental design and response functions with experimental and predicted value 

obtained from quadratic polynomial models 

Runs Actual value  Effective viscosity (100/s) (mPas)  Consistency factor (Pasn)  Flow index (-) 

 X1 X2  experimental predicted  experimental predicted  experimental predicted 

1 0 100  120.00 105.19  4.402 4.130  0.218 0.227 
2 50 100  68.78 77.81  2.732 2.605  0.200 0.299 
3 100 100  66.00 60.15  1.704 1.554  0.294 0.344 
4 200 100  69.00 53.98  1.195 0.871  0.383 0.358 
5 0 85  126.00 121.15  4.171 4.198  0.24 0.177 
6 50 85  72.45 93.17  2.169 2.729  0.262 0.256 
7 100 85  67.00 74.91  1.532 1.732  0.320 0.309 
8 200 85  63.00 67.53  1.063 1.159  0.388 0.338 
9 0 50  148.00 147.76  3.806 3.860  0.295 0.195 
10 50 50  104.68 118.38  1.901 2.518  0.370 0.292 
11 100 50  93.00 98.71  1.527 1.650  0.393 0.362 
12 200 50  72.00 88.52  0.921 1.333  0.446 0.426 
13 0 15  170.00 159.51  3.625 2.822  0.335 0.403 
14 50 15  166.99 128.72  2.918 1.609  0.379 0.518 
15 100 15  132.00 107.64  1.525 0.869  0.468 0.606 
16 200 15  119.00 94.64  1.291 0.809  0.483 0.706 
17 0 0  135.00 159.99  1.292 2.164  0.51 0.551 
18 50 0  119.00 128.59  0.432 1.006  0.721 0.673 
19 100 0  101.00 106.92  0.076 0.321  1.000 0.769 
20 200 0  72.00 92.71  0.033 0.371  1.000 0.883 

* Pressure (X1) in bar and xanthan fraction (X2)  

 

 

 



  - 126 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pressure (bar)

X
 (%

)

0

20

40

60

80

100

0 50 100 150 200 Pressure
(bar) 

X (%) 

ηeff 
(mPas)

Pressure
(bar) X (%) 

K 
(Pasn) 

Pressure
(bar) 

X (%) 

n 
(-) 

Pressure (bar)

X 
(%

)

0

20

40

60

80

100

0 50 100 150 200

Pressure (bar)

X 
(%

)

0

20

40

60

80

100

0 50 100 150 200

(b)
(a)

Fig. 7.18 Contour plots (a) and response surfaces (b) of X/G mixtures as functions of pressure and 

xanthan fraction (X) 
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Fig. 7.18 illustrates the relationship between independent and dependent variables in a three-

dimensional representation of the response surfaces and two-dimensional contour plots generated by 

the models. Fig. 7.18 a and b show the estimated response function for the combined effect. It can be 

observed that the effective viscosity ηeff decreased when high pressure was applied or when samples 

contained high amounts of xanthan in mixture. The highest effective viscosity was obtained at low 

xanthan fraction and low pressure. From observation of the cross region, the effect of pressure at 100 

and 200 bar on viscosity showed little differences. 

The consistency factor K decreased when high pressure was applied. But in opposing tendency, 

xanthan affected the consistency factor in a parabolic manner. The highest K was obtained at high 

amounts of xanthan and low pressure. However, at 100 and 200 bar, samples showed the same 

relative magnitude of K. 

The structural stability decreased but n value increased when high pressure was applied. However, 

xanthan fraction showed a larger effect on n value than pressure. The lowest n value was obtained 

from the sample containing high amounts of xanthan in mixture.  

7.8.3 Viscoelastic properties of X/G mixtures upon pressurization 

The storage (G′) and loss (G″) moduli also substantially decreased when high pressure was applied 

(Fig. 7.19). This may explain the destruction in the molecular level of gum solutions from 

pressurization.  
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For xanthan solutions, G′ has been markedly reduced. The structure has been transformed from semi-

solid micro-particle gel-like to the cross-over of moduli after high pressure (at 200 bar) was applied. 

Upon pressurization, guar gum has been destructured. After 200 bar, guar gum showed the severe 

destruction of gum solutions, resulting from the strong reduction of G′. 

When high pressure was applied to mixed gum, the decreasing in G′ was detected. This may result 

from the fact that some sections of interaction binding sides between xanthan and guar may be 

destroyed causing the reduction of G′. However, the destruction is obviously diminished compared to 

pure gum solutions, and the semi-solid structure with particle gel-like properties still remains as non-

pressurized sample. 

7.9 Effect of high pressure treatment on Acacia (sen) SUPER GUMTM solutions 

Unlike other food gums discussed in this experiment, acacia (sen) SUPER GUMTM solutions show 

shear rate independence as Newtonian fluid. The ability of SUPER GUMTM solutions to stabilize oil-in-

water emulsions has been proposed not by increasing the continuous phase viscosity but by their 

distinct emulsifying property. As expected, this could have ability for applying in the production of fluid 

food systems and beverages. Tests to determine the effect of high pressure during emulsion 

homogenization process was then carried out.  

7.9.1 Viscosity and flow behavior of SUPER GUMTM upon pressurization 

The rheological properties of SUPER GUMTM solutions were investigated at a total concentration of    

8 wt%. Both types EM2 and EM10 are modified acacia gum. As stated from the manufacturer (Al-

assaf et al., 2007; Aoki et al., 2007 a,b; Cui et al., 2007), this series of SUPER GUMTM is a new form 

of acacia gum. It is designed to more than double the amount of arabinogalactan protein (AGP) 

emulsifying component originally available. This, therefore, provides materials with precisely structured 

molecular dimensions which are constant in properties, unlike naturally occurring gum. Also, the 

viscosity can be increased up to 20 times compared to the starting material. From our results, it can be 

seen that over a wide range of shear rate (from 100 to 500 /s) studied, these SUPER GUMTM solutions 

have Newtonian behavior, independent of the shear rate (Fig. 7.20).  
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Fig. 7.20 Flow curves of Acacia (sen) SUPER GUMTM solutions before pressurization 
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The dynamic viscosity (ηdyn) of EM2 and EM10 before and after homogenization is summarized in 

Table 7.16. The results showed that original EM10 gave higher viscosity (almost ~37 % higher) than 

EM2 at the same concentration. However, SUPER GUMTM solutions have very low viscosity compared 

to other food stabilizers. Although they exhibited relatively low viscosity, they promoted higher 

viscosity than natural acacia gum that is used in food industries.  

After homogenization, the viscosity of both samples was only just detectable. Therefore, it can be 

concluded that homogenization had no effect on the viscosity of SUPER GUMTM solutions. As 

Newtonian fluid, this SUPER GUMTM apparently exhibits no structured transformation. It may 

predominantly contain small molecules. The destruction from high pressure had no effect on its 

molecular level.  

Table 7.16 Complex rheological parameters of Acacia (sen) SUPER GUMTM before and after 

homogenization at 200 bar 

8 % EM 2  8 % EM 10  
Newton Ostwald-de Waele  Newton Ostwald-de Waele  

Cycle  

ηdyn
Pas 

 K 
Pasn

n 
- 

r 
- 

ηeff 
(100/s)
Pas 

 ηdyn 
Pas 

 K 
Pasn

n 
- 

r 
- 

ηeff 
(100/s)
Pas 

 

C0 0.0077 √ 0.008 1.000 1.000 0.0077 - 0.0123 √ 0.014 0.984 1.000 0.0125 - 

C1 0.0073 √ 0.007 1.005 1.000 0.0073 - 0.0116 √ 0.012 0.996 1.000 0.0116 - 

C2 0.0072 √ 0.007 1.004 1.000 0.0072 - 0.0112 √ 0.011 0.999 1.000 0.0112 - 

C3 0.0072 √ 0.007 1.005 1.000 0.0072 - 0.0111 √ 0.011 0.998 1.000 0.0111 - 

C5 0.0072 √ 0.007 1.003 1.000 0.0072 - 0.0109 √ 0.011 1.001 1.000 0.0109 - 

(-) non-valid equation, (√) valid equation  

7.8.2 Density and color  

The density of both sample solutions was nearly the same. The lightness difference was within the 

statistical limits but the +a value (red) was much higher for EM2 in comparison to EM10 which had a 

slightly higher +b (yellow) as shown in Table 7.17 and Fig. 7.21. 

As concluded, the solutions are Newtonian Liquids and are very stable during shearing compared to 

other thickeners that are mechanically degraded by homogenisation. They are, however, rather 

strongly colored whereas other solutions of commercial emulsifiers or stabilizers have no color in 

common.  

Table 7.17 Density and color of Acacia (sen) SUPER GUMTM before high pressure treatment 

Color measurement Sample Density 

kg/m3 L a b 

8% EM2 1.03047 57.85 ± 0.11 +1.10 ± 0.03 +17.95 ± 0.21 

8% EM10 1.03157 58.63 ± 0.46 -0.03 ± 0.01 +16.11 ± 0.07 
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Fig. 7.21 Acacia (sen) SUPER GUMTM solutions; EM2 (left) and EM10 (right) 

As summarized from these studies, xanthan provided the best organized system and exhibited a semi-

solid micro-particle gel-like system. Galactomannans and CMC gum provided substantially high 

viscosity levels but demonstrate non-Newtonian fluid properties with low structural stability. Thus, 

xanthan better tolerates high pressure and temperature treatment than guar gum.  

Among all gum mixtures, only xanthan/locust bean gum mixtures promoted gel. Guar/CMC mixtures 

exhibited high viscous non-Newtonian fluid properties. Xanthan/guar mixtures showed the distinctive 

properties of increased viscosity by synergistic effect and induced semi-solid behavior. 

The mixtures of xanthan and guar gum demonstrated the strongest binding interaction at a ratio of 

15:85. Highest viscosity levels developed by guar gum combined with the strong structural stability of 

the semi-solid particle gel-like properties induced by the dominant xanthan gum. Tolerance to high 

pressure and temperature was enhanced by the presence of xanthan gum. High viscosity and 

structural stability still remained after high pressure and temperature were applied.  

This combination of 15:85 of xanthan and guar gum blends is expected to be an appropriate stabilizer 

for coconut oil-in-water emulsion due to its high viscosity and great structural stability at low shear 

rate. To pursue this goal, this gum mixture was further studied in application to emulsions as 

described in the next section.  
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8. STABILIZATION OF COCONUT OIL-IN-WATER EMULSIONS 

 
The aim of this study was to stabilize 20 % coconut oil-in-water emulsion. Improvement of the 

processing, the mixing and homogenization methods for crude emulsions was also investigated. 

Appropriate emulsifiers and stabilizers were studied and used to develop product texture and its long-

term stability.  

8.1 Ability of Tween as an emulsifier to stabilize coconut o/w emulsion 

All systems studied were prepared at 20 wt% coconut oil. To promote emulsion formation and short-

term stabilization, 0.15 wt% of Tween 60 was used as an active emulsifier. Tween 60, or polysorbate 

60, a non-ionic surfactant, is a polyoxyethylene derivative of sorbitan monostearate. The percentage 

of Tween 60 used in this experiment was selected based on investigation from previous studies (Soler 

et al., 1991; Chonweerawong et al., 2004). As stated, the combination of 0.15 wt% of Tween 60 and 

Span 60 at HLB 10 was found to be adequate in forming a short-term stable coconut milk emulsion.  

8.1.1 Influence of rotor-stator homogenization 

In order to obtain the required HLB (hydrophilic-lipophilic balance) Span 60 (Sorbitan monostearate, 

HLB 4.7) was used in combination with Tween 60 (HLB 14.9). The emulsifiers were added before 

homogenization to a small batch of coconut o/w emulsion (100 g). Rotor-stator homogenization at 

17,000 for 3 min was carried out to produce fine emulsions. The effect of HLB values (4.7, 10, 12, 

14.9) was then investigated. 

8.1.1.1 Particle size distribution 
The droplet size of the emulsion was measured directly after homogenization. According to Stokes’ 

law, smaller sizes of droplets are generally associated with high emulsion stability. Fig. 8.1 depicts the 

particle size distribution of Tween-stabilized coconut o/w emulsions at different HLB numbers. 

Emulsion that was emulsified only by Span 60 was not stable and tended to coalescence. It produced 

two peaks of distribution, representing the poly-disperse oil droplet in emulsion. Re-coalescence would 

occur immediately after the homogenization and produced the larger droplets at the second peak.  

When emulsions were emulsified by adding Tween 60 alone or mixed with Span 60, the samples 

demonstrated only one peak. Small oil droplets were formed during emulsification. Apparently, Tween 

60 is the surface-active molecule, that is, it must have the capacity to lower the interfacial tension at 

the oil-water interface. While Tween 60 can produce fine oil droplets during emulsification, Span 60 

showed the limited emulsifying capability. 

Effective stabilization of fine oil droplets during emulsification requires adsorption of a water-soluble 

emulsifier at a sufficient surface concentration to generate substantial interfacial tension gradients 

during close approach of colliding droplets (Dickinson, 1994). Tween 60, which is water-favoring 

surfactant, promoted a better emulsified oil droplet formation than that of Span 60, which is oil-favoring 

surfactant.  
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Fig. 8.1 Particle size distribution of emulsions stabilized by Tween 60 and Span 60 plotted by diameter 

versus (a) quantity (%) and (b) cumulative undersize (%) 

Calculated using the particle analyzer software program, volume mean diameter (d4.3), median- and 

mode diameter as well as specific surface area of oil droplets for prepared coconut o/w emulsions are 

shown in Table 8.1. As clearly observed, Span 60 produced quite large droplet size. The smaller 

droplet sizes were obtained by using Tween 60 or by mixing Tween 60 with Span 60. At various HLB 

numbers the mean diameter of oil droplets exhibited small differences. Hence, since an ideal 

emulsifying agent is one capable of making small droplets, emulsion containing Tween 60 at HLB 14.9 

seems to be the best system of emulsion formation. Its emulsion retained smaller droplet diameter and 

larger surface area than other samples.  

As shown above, Span 60 exhibited two curves of oil distribution. The volume mean diameter d4.3 was 

then required to recalculate in order to validate the mean droplet diameter at each peak. This was 

achieved by using the manufacturer’s software program as multi-modal method. Separately, d4.3 for 

the first peak is 4.58 μm (diameter at range 0.1-10 μm) and is 30.43 μm (diameter at range 10 -1000 

μm) for the second peak. This confirmed the re-coalescence of fresh oil droplet formation during 

emulsification. This can be attributed to poor solubility and/or the insufficient amphiphilic character of  

Span 60 to produce rapid and substantial lowering of the interfacial tension during droplet break-up.  

Table 8.1 Droplet diameters and specific surface area (SSA) of Tween-stabilized coconut o/w 

emulsion homogenized by rotor-stator method 

Diameter, μm  
HLB 

d4.3 
μm d10

d50
(Median) d90

Mode 
μm 

SSA 
m2/g 

4.7 (Span 60) 16.43 2.70 8.44 36.06 3.64 9999.00 
10 11.75 5.07 11.01 19.32 13.25 6623.50 
12 10.93 4.97 10.26 17.74 12.35 6944.00 

14.9 (Tween 60) 10.67 4.60 9.88 17.76 12.35 7303.00 
 

8.1.1.2 Emulsion stability 
To observe the emulsion stability, samples were filled into a test tube and stored at room temperature 

(20 – 24 °C). The term “creaming index” was used in this experiment to describe the stability of an 

emulsion over an observed time span. The lower creaming index indicates higher emulsion stability.  
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Fig. 8.2 shows the creaming profiles of percentage of oil volume fraction (%) versus storage time 

(day). The result showed that discernible creaming took place within 24 hours. However, the separate 

layers were not clear. The upper part, known as the creaming layer, indicated the oil-rich phase 

whereas the lower part, known as the serum layer, indicated the water-rich phase. These two 

boundaries are formed rapidly but constantly during storage. 

In the relation to oil droplet distribution, the creaming index of emulsion containing Span 60 was 

highest. In contrast, other emulsions generated relatively the same lower creaming index. There was, 

nevertheless, the presence of rapid creaming instability during storage in these systems. This 

revealed the fact that using only emulsifiers cannot create a kinetic stable emulsion. To confer 

substantial long-term stability the addition of stabilizers is required. In addition, the insufficient 

homogenization made using the rotor-stator homogenizer might be another main factor promoting 

instability. Thus, emulsion formation using high-pressure homogenization must be applied, 

accompanied by the addition of stabilizers. Such investigation will be further discussed in the following 

section.  
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Fig. 8.2 Time dependence of creaming index of Tween-stabilized coconut o/w emulsion (rotor-stator 

homogenization) 

8.1.2 Influence of two-stage homogenization 

A scale-up 2-kg emulsion batch was prepared by two-stage homogenization at 200 bar. The cycles of 

homogenization from 0 to 5 cycles were carried out in order to achieve the finest oil droplet formation. 

According to 8.1.1, emulsion was sufficiently prepared solely using Tween 60 at HLB 14.9. 

8.1.2.1 Viscosity and flow properties  
Fig. 8.3 demonstrates flow curves of Tween-stabilized coconut o/w emulsions prepared by two-stage 

homogenized at different cycles (C). At zero cycle of homogenization (C0) the primary emulsifications 

were done by Ultra-Turrax rotor-stator system and the secondary emulsifications were mechanically 

done by two-stage homogenization. All cycles’ emulsions showed the independence of shear rate, 

depicting Newtonian fluid behavior. No differences between cycles have been observed. This might be 

strong evidence that the high pressure system did not affect the rheological properties of the 

emulsions containing emulsifier (Tween) solutions. 
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Fig. 8.3 Flow curves of Tween-stabilized coconut o/w emulsions by two-stage homogenization at 

different cycles (C) 

Considering the dynamic viscosity, the differences were dramatically small. Decreasing occurred after 

two-stage homogenization, but after C2 the viscosities again increased. C2 exhibited the lowest 

viscosity. The differences, nonetheless, are insignificant or can be neglected in the product profile 

view. The viscosities of these emulsions (~ 2 mPas), from the point of view of coconut emulsions/milk 

products, are somewhat too low. The addition of food thickeners to improve product viscosity is 

needed.  
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Fig. 8.4 Dynamic viscosity (mPas) of Tween-stabilized coconut o/w emulsions by two-stage 

homogenization at different cycles (C) 

8.1.2.2 Particle size distribution  
Table 8.2 and Fig. 8.5 illustrated the droplet size distribution of the prepared emulsions. The results 

demonstrated that two-stage homogenization is the much better method of oil droplet disruption. 

Tween-emulsions emulsified only by rotor-stator homogenizer (at C0) produced much coarser oil 

droplets than those in two-stage homogenization (at C1). This high pressure emulsification process is 

an example of efficient disruption of droplets which increases the specific surface area and allows the 

covering of sufficient Tween onto the fresh interface to prevent re-coalescence of newly formed 

droplets.  
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Table 8.2 Droplet diameters and specific surface area (SSA) of Tween-stabilized coconut o/w 

emulsions before and after two-stage homogenization 

Diameter, μm Cycle of 
homogenization 

d4.3 
μm d10 d50

(Median) 
d90

Mode 
μm 

SSA 
m2/g 

SD 
μm 

C0 6.79 3.61 6.14 10.94 5.88 10574.0 2.98 
C1 2.46 1.63 2.36 3.40 2.41 26486.5 0.73 
C2 2.72 1.77 2.59 3.84 2.60 24192.0 0.86 
C3 2.79 1.81 2.66 3.94 2.61 23545.0 0.88 
C5 2.83 1.83 2.69 4.02 2.62 23310.0 0.90 

0

5

10

15

20

25

30

0.1 1 10 100 1000

Tween C0 (I)
Tween C1
Tween C2
Tween C3
Tween C5 (V)

Diameter (μm)

 

q 
(%)

(a) (b)
0

20

40

60

80

100

0.1 1 10 100 1000

 
Tween C0 (I)
Tween C1 Tween C2

ze
 

II Tween C3
 Tween C5 (V)

Diameter (μm)

U
nd

er
siII 

(%
) III

III 
VI, V

 VI, V I 
I 

 

 

 

Fig. 8.5 Particle size distribution of Tween-stabilized emulsions using a two-stage homogenizer, 

plotted by diameter versus (a) quantity (%) and (b) cumulative undersize (%) 

Nevertheless, when cycles of homogenization (C1 to C5) were increased, larger oil droplet size was 

obtained. This means that though the energy input during emulsification has been increased, the 

prepared emulsions have bigger oil droplets rather than the expected smaller size oil droplets, noting 

re-coalescence. The re-coalescence of newly formed droplets may be due to the incomplete covering 

of their interface by emulsifier molecules. This might be an indication of insufficient emulsifiers of 0.15 

wt% Tween in emulsions. However, only small increases in oil droplet size (0.3 - 0.4 μm) occurred 

between each cycle.  

A better way to avoid this re-coalescence is by adding stabilizers rather than adding more emulsifiers. 

As stated by many researchers, the way to avoid re-coalescence immediately after droplet disruption 

is by stabilizing through hydrodynamic effect, for instance, by the retardation of the continuous phase 

through increasing its viscosity (Behrend et al., 2000; Tesch and Schubert, 2002). Therefore, in the 

development of the emulsification process, the reduction of re-coalescence is more important than the 

improvement of droplet disruption. Smaller emulsion droplet size can be produced not through a 

stronger droplet break-up, but rather with a better stabilization of the disrupted droplets (Jafari et al., 

2008). To summarize, small oil droplets of coconut o/w emulsion using 0.15 wt% Tween 60 can be 

produced by passing the emulsion through two cycles of the two-stage homogenizer. Additionally, 

stabilizers would be acquired.   
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8.1.2.3 Light microscopic image  
Fig. 8.6 show images of low-viscosity Tween-stabilized emulsions made directly after homogenization 

by rotor-stator at C0 (a) and by two-stage homogenization at C1 (b) and C2 (c). This is to confirm the 

efficient disruption of oil droplets by two-stage homogenization into finer droplet size. Although at C2 

the droplets were visually larger than that of C1, uniform droplet distribution can be observed. No 

flocculation with distinctly separated oil droplets surrounded by protective emulsifiers has been 

created.  

 

 

 

 

 

 

(a) C0 (b) C1 (c) C2 
 
Fig. 8.6 Light microscopy (40 X) of Tween-stabilized coconut o/w emulsions prepared by rotor-stator 

homogenizer (C0) and by a two-stage homogenizer (C1 and C2). The width of the bar corresponds to 

50 μm. 

8.1.2.4 Long-term emulsion stability  
Considering the creaming behavior of Tween-stabilized emulsions, the long-term emulsion instability 

cannot be built up. All Tween-emulsions showed the inevitable creaming instability phenomena to 

some extent during storage (Fig. 8.7). Obviously, the formation of emulsions with the droplet size d4.3 ≈ 

2 – 3 μm is not sufficient for coconut o/w emulsions stability. However, two-stage homogenization 

delayed the creaming instability of all emulsions more than those made using the rotor-stator 

homogenizer. After 7 days of storage, emulsions made by rotor-stator homogenizer (at C0) reached 

their highest creaming index, while the emulsions made by two-stage homogenizer (at C1 and C2) 

took approximately 3 weeks. Interestingly, the emulsions which exhibited small differences in droplet 

size at C1 and C2 (Δd4.3 ≈ 0.3 – 0.4 μm) showed no differences in creaming index throughout the 

observation time scale.  

Fig. 8.7 also shows time-dependent creaming profiles at different storage conditions, i.e., stored at   

30 °C and room temperature (20 – 24 °C). The faster creaming in Fig 8.7 a than in Fig. 8.7 b can be 

seen which could be explained in terms of much poorer droplet coalescence instability in the prepared 

emulsions induced by higher temperature (at 30 °C) of storage.  

After 2 weeks, samples stored at room temperature reached maximum creaming rate and remained 

constant at 30 % volume while the samples stored at 30 °C showed a steep increase in their creaming 

index as a staircase shape. The emulsion stored at room temperature was now rather showed the 

retardation by storage at low temperature.  
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Fig. 8.7 Time dependence of creaming index of Tween-stabilized coconut o/w emulsions (two-stage 

homogenization) stored at 30 °C (a) and room temperature (b) 

The set of photographs in Fig. 8.8 displays the extent of the creaming phenomena in emulsions stored 

for 0, 3, 5 and 14 days (from a to d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.8 Photographs of emulsions stabilized by Tween stored at day 0, 3, 5 and 14 (a to d), at 30 °C; 

C0, C1, C2 and at room temperature; C0, C1, C2 (from left to right). All emulsions were dyed with  

0.02 % oily red. 

In this case, the clear boundary of the creaming layer cannot be easily observed. Such emulsions 

revealed no clear serum layer so 0.02 wt% of oily red was added to all emulsions before 

homogenization in order to dye the oil droplets. The creaming layer consists of an unclear oil-rich 

phase and a water-rich phase which display as stained pink or light pink shades, respectively. The 
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consistent pink color at day 0 demonstrates the uniform oil droplet distribution throughout the whole 

tube (Fig. 8.8). The samples made by rotor-stator homogenizer (the first sample in each row) show 

more white layer (water-rich phase) at the bottom of the tube after 3 days of storage which became 

clearer by the end of day 14. In all emulsions prepared by two-stage homogenizer can be hardly seen 

the sharp boundary at the bottom of the sample. No clear zone has been detected. We also see no 

obvious signs of coalescence in terms of a thin separate layer on top of the cream. So, in addition to 

larger individual droplets, this emulsion visually exhibits some moderate stability. The addition, 

however, of food thickeners such as food hydrocolloids, is preferable for improving their stability.  

8.2 Ability of Acacia (sen) SUPER GUMTM to stabilize coconut o/w emulsion 

SUPER GUMTM used in this study is a new product modified from natural acacia (sen) gum based on 

the research studies of G.O. Phillips and coworkers (Al-assaf et al., 2007; Aoki et al., 2007 a,b; Cui et 

al., 2007). Normally, acacia gum, a well-known stabilizer, exhibits a low level of surface activity in 

comparison with other food emulsifiers. To compensate for this it is necessary to use rather high 

amounts in emulsion. The modified acacia (sen) gum, namely “SUPER GUMTM” which was designed 

to increase more than double the amount of arabinogalactan protein (AGP) of natural acacia gums 

causes more surface activity. The increase in the emulsifying component AGP permits the lowering of 

the gum-to-oil weight ratio used in food emulsion. Additionally, the viscosity is also subsequently 

increased 20 times over that obtained using the original material.  

The quantity of tested samples at 8 % was recommended by the manufacturer. EM10 has a higher 

molecular weight and AGP component, so it can be assumed to have a greater ability to stabilize 

tested emulsions. This was tested at 200 bar for 2 cycles by a two-stage homogenizer.  

From Table 8.3, the rheological behavior of emulsions stabilized by SUPER GUMTM after high 

pressure homogenization is best described by Newton’s equation. The highest dynamic viscosity was 

given by emulsions stabilized by 8% EM10 at first cycle, however, they still exhibited lower viscosities 

than commercial coconut milks in the marketplace. This outcome could result from the much smaller 

mean diameter of emulsion droplets (Table 8.6) because of their higher interaction. After more cycles 

of homogenization (C2) the viscosity slightly decreased, however, not significantly.  

As expected, EM10 showed more emulsifying ability than EM2 because smaller droplet diameter has 

been achieved. The term “C0” refers to the emulsion which was primarily emulsified using on the rotor-

stator homogenizer. The coarser oil droplets were broken up during two-stage homogenization (C1 

and C2). This also supported the evidence that SUPER GUMTM at this concentration efficiently covers 

the oil-water interface. When the oil droplets break up by the mechanical force of homogenization, the 

presence of SUPER GUMTM
 is sufficient to promote and stabilize toward the coalescence. The best 

results were found for EM10 and high pressure homogenizer treatment. Passing through two-stage 

homogenizer, the droplets were densely packed, smaller in mean diameter and distributed over a 

narrower size range. The finer droplet distribution of coconut o/w emulsion stabilized by EM10 over 

EM2 can be seen.  
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The results show that emulsions containing 8 wt% of EM2 and EM10, respectively, are completely 

stable for seven weeks both at room temperature (~ 24 °C) and at 30 °C. No separation phase 

occurred. 

Table 8.3 Dynamic viscosity, volume mead diameter, storage stability and color of SUPER GUMTM – 

stabilized coconut o/w emulsions 

ES, % 
7 weeks 

Color measurement Sample ηdyn
Pas 

d4.3 

μm 
30 °C RT L a b 

8% EM2 C0 0.0238 6.10      
 C1 0.0318 0.83      
 C2 0.0236 0.56 100 100 85.39 ± 0.55 -0.10 ± 0.06 4.00 ± 0.25 
        

8% EM10 C0 0.0407 5.85      
 C1 0.0554 0.78      
 C2 0.0465 0.53 100 100 85.52 ± 0.04 -0.04 ± 0.01 4.13 ± 0.01 
         

 

The color of the emulsions was determined in order to test the influence of the colored SUPER GUMTM 

solutions on the emulsions (Table 8.3). The lightness of both SUPER GUMTM emulsions is nearly the 

same but the red color (+a) is more intensive in the case of EM2. In comparison to Tween 60 

emulsions (L = 86.47, a = -0.62, b = +1.64), the SUPER GUMTM emulsions have comparable L and 

slightly higher b-values, the latter resulting from the color of the SUPER GUMTM solutions. They are, 

however, of higher lightness than commercial coconut milks (L = 81.72, a = -0.66, b = +2.10). 

Photographs of prepared emulsions stabilized by EM2 and EM10 are shown in Fig. 8.9. Oily red, 

added to samples to dye oil droplets in order to observe their distribution proved that it has no effect 

on emulsion stability. The results showed that the emulsion stabilized by EM10 without oily red give an 

impression of the white color of the samples. 

To summarize, the color of the SUPER GUMTM emulsions is comparable to Tween emulsions and 

even better than that of native coconut milk with respect to lightness L, but is a little more brown 

(higher b-value) than the reference emulsions. However, the difference in color compared to other 

coconut emulsion systems is not visible to the eye.  

Two-stage homogenization should be recommended because of the resulting droplet size, but it would 

be not necessary with respect to emulsion stability because all emulsions were completely stable (no 

visible creaming, no phase separation) during 7 weeks of storage.  

Consequently, the emulsification of 20 % coconut oil model emulsions with SUPER GUMTM was 

successful. All emulsions had very small droplets and were completely stable without the addition of 

any stabilizer. In the case of the tested 0.15 % Tween emulsions, the addition of a stabilizer was 

necessary to achieve the same stability. The tested SUPER GUMTM content of 8 % is, however, rather 

high and might increase the costs of commercial coconut milk and cream. Also, it was rather low in 

viscosity in comparison to commercial coconut milk.  
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Because of the low viscosity of the SUPER GUMTM emulsions, it is not appropriate to apply this gum in 

producing high fat commercial coconut cream but it might be an interesting alternative for the 

stabilization of low viscous and low fat coconut milk (< 10 % fat), drinks and beverages.  

 

 

 

 

 

 

 

(a) EM2 (b) EM10 
 
Fig. 8.9 Photographs of emulsions stabilized by EM2 (a) and EM10 (b) stored at 30 °C for C1 and C2, 

and at room temperature for C1 and C2 (from left to right) 

8.3 Influence of high pressure treatment on xanthan/guar mixtures-stabilized emulsion 

The addition of stabilizers is now recommended for the long-term stabilization of 20 % coconut o/w 

emulsion. In this following experiment, however, the viscosity of emulsions is rather high in the 

presence of selected hydrocolloids. The influence of cycles of homogenization was then again 

investigated. All emulsions were stabilized by 0.5 % xanthan/guar mixtures at a ratio of 15:85. 

8.3.1 Influence of cycles of homogenization 

The primary conversion from separate oil and water phases into a coarse emulsion with fairly large oil 

droplets was accomplished by the rotor-stator homogenizer and recognized as the zero cycle of 

homogenization (C0). The secondary homogenization was then carried out by a two-stage 

homogenizer at 200 bar repeatedly from 1 to 9 cycles.  

8.3.1.1 Viscosity and flow behavior  

The effective viscosity ηeff , consistency factor K and flow index n of X/G – stabilized emulsions were 

determined as shown in Table 8.4. For the samples before two-stage homogenization, K and ηeff were 

preferably high, recognizing the effect of adding gum mixtures. Very high viscosity of emulsions has 

been attributed to the formation of complex aggregates through hydrogen bonds and polymer 

entanglement.  

When the samples pass through repeated high pressure homogenization, K and ηeff are instantly 

decreased. The irreversible reduction of emulsions’ viscosities is presumably due to the destruction of 

gum mixtures by high pressure treatment as discussed earlier in chapter 7. Through the cycles of 

homogenization, the viscosity continually decreased. The flow index also increased indicating the 

lowering of the emulsion stability.  
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Although the reduction of viscosity was rather high, the final viscosity of prepared emulsions still 

remained higher than those of commercial coconut milk products (20 – 140 mPas) compared in the 

same measurement conditions. This supported the suggestion that 0.5 wt% of gum mixtures is 

sufficient to improve our product viscosity throughout the whole process. The product viscosity is 

assumed to be acceptable with moderately high viscosity. 

Table 8.4 Viscosity and rheological parameters of X/G-stabilized coconut o/w emulsions at 20 °C 

 Ostwald-de Waele Cycle of 
homogenization 

at 200 bar  K 
Pasn

n 
- 

r 
- 

ηeff (100/s)

Pas 
ATH 

Pa/s 
 C0  11.510 0.253 0.994 0.368 462.42 
 C1  2.665 0.466 1.000 0.227 359.69 
 C2  1.831 0.489 0.999 0.174 366.04 
 C3  1.487 0.501 0.998 0.149 318.69 
 C9  0.474 0.629 0.999 0.083 155.10 

* Standard deviations of ηeff are less than ± 0.016 

8.3.1.2 Particle size distribution  
The effect of cycles of homogenization on droplet size distribution of emulsions with X/G mixtures 

added prior to emulsification is shown in Fig. 8.10. From the results, a bimodal distribution was 

observed on the samples before two-stage homogenization. The recalculated average droplet sizes of 

the first and second peaks are 13.38 and 122.85 μm, respectively. This droplet size was found to be 

too high and must be modified by high mechanical pressure homogenization. As a result, the 

monomodal curves were obtained in all high pressure homogenized emulsions. 

Notice that an increase in fine oil droplets is given significantly from C1 to C3. After C5, however, the 

droplet size becomes slightly larger and increases throughout the following homogenization cycles, 

but not significantly. This may be attributed to the destructive reduction of the continuous phase 

viscosity causing the insufficient ability of the emulsion to prevent flocculation and coalescence.  
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Fig. 8.10 Particle size distribution of X/G-stabilized emulsions plotted by diameter versus (a) quantity 

(%) and (b) cumulative undersize (%) 
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Average droplet diameters and specific surface areas are given in Table 8.5. The finest droplet size 

was created at C2 and C3. They provided average volume droplet diameters d4.3 between 1.0 –     1.1 

μm. The presumably mono-dispersal with ~ 99 % of oil droplets in the size range from 1.0 – 1.3 μm 

from C2 and of 0.9 – 1.2 μm from C3, is obvious. Fine oil droplets with high viscosity of its continuous 

phase have been produced in these systems. On the other hand homogenization after C5 was not 

effective in making a stable emulsion owing to an increase in droplet size.  

Table 8.5 Droplet diameters and specific surface area (SSA) of X/G-stabilized emulsions at different 

homogenization cycles (C) 

Diameter, μm Cycle of 
homogenization 

at 200 bar 

d4.3 

μm d10 d50
(Median) 

d90

Mode 
μm 

SSA 
m2/g 

SD 
μm 

C0 40.07 6.31 14.92 121.95 12.96 4624.00 55.61 
C1 1.84 1.28 1.78 2.48 1.76 36737.00 0.49 
C2 1.10 0.95 1.10 1.26 1.11 55645.50 0.12 
C3 1.02 0.89 1.02 1.17 1.03 59365.25 0.11 
C5 1.04 0.90 1.04 1.17 1.04 58535.00 0.10 
C7 1.06 0.91 1.06 1.22 1.07 56996.50 0.11 
C9 1.10 0.95 1.09 1.26 1.09 55315.75 0.11 

 

8.3.1.3 Light microscopic image  
A series of images of freshly made emulsions were taken as shown in Fig. 8.11. This presented some 

much larger droplets of several micrometers in diameter for samples at C0. Therefore, the 

confirmation of smaller oil droplets produced after two-stage homogenization has been revealed. The 

significantly finer and well separated oil droplets at C2 proved to have a fairly good microstructural 

stability after two cycles of homogenization. Despite this, re-coalescence at C9 shows a relatively 

larger oil droplet, in agreement with the particle size measurement.  

 

 

 

 

 

 
(a) C0 (b) C1 (c) C2 (d) C9 

 
Fig. 8.11 Light microscopy (40 X) of X/G-stabilized emulsions homogenized at C0 (a), C1 (b), C2 (c) 

and C9 (d) at 200 bar. The width of the bar corresponds to 50 μm. 

8.3.1.4 Long-term emulsion stability  
Fig. 8.12 a and b show the time dependence of the creaming index over 3 weeks of storage at 30 °C 

and at the low temperatures of room temperature and in the refrigerator (5 °C), respectively. For 

storage at 30 °C, emulsions before two-stage homogenization and after 9 cycles started to cream 

within the first week. After 8 days, the emulsion made with 3 cycles stated to cream, followed first by 
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C1 and then by C2. Although emulsions made with 3 cycles (C3) produced smaller oil droplet size 

(Table 8.6), they showed faster creaming rates than those of C1 and C2. The reason for that might be 

the influence of viscosity. High viscous emulsions at C1 and C2 emerge as a main factor for 

preventing creaming instability and show an important role in retarding flocculation during storage as 

indicated by the results obtained by adding X/G mixtures. The occurrence of network formation and 

polymer entanglement slowing the rate of two or more oil droplets coming closer is documented.   

The finer oil droplets produced at C3 seem to have stability for a short period but cannot prolong the 

retardation against flocculation during long storage. This might recalled the evidence that high 

viscosity was a more important factor for long-term stability than finer oil droplet formation. Notice, 

however, there is no phase separation of emulsion of C3 over 3 weeks when stored at low 

temperatures.  

 

 

 

 

 

 

 

 

Fig. 8.12 Time dependence of creaming index of X/G-stabilized coconut o/w emulsions (two-stage 

homogenization at 200 bar) 

Summary results of the combined particle size and rheological measurements can be interpreted 

using the relationship of emulsion stability taking place over the studied period (Table 8.10). The 

overall results support the conclusion that the best system of coconut o/w emulsions can be made 

through two cycles of two-stage homogenization because this method provides fairly fine oil droplets 

and retains high viscosity.  

Table 8.6 Storage stability, effective viscosity and volume mean droplet size of X/G-stabilized coconut 

o/w emulsions 

Emulsion stability (%) Cycle of 
homogenization Storage condition 

ηeff (100/s)
mPas 

d4.3

μm 
at 200 bar 30 °C   RT    

 24 h 3 weeks  24 h 3 weeks   
0.5 % X/G-stabilized coconut o/w emulsion 
C0 100 40  100 46 368 40.07 
C1 100 80  100 85 227 1.84 
C2 100 88  100 100 174 1.10 
C3 100 75.5  100 100 149 1.02 
C9 100 74  100 95 83 1.10 
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As a result, emulsions made by two cycles of homogenization showed the best retardation of 

creaming instability. However, they still showed some extent of emulsion instability at high temperature 

during storage (30 °C). To improve the stability of this emulsion, increasing the viscosity might be a 

key role to play in this system. To avoid high shear that caused the reduction of viscosity, the various 

levels of homogenization pressure would be further investigated. 

8.3.2 Influence of pressure level 

In order to increase the viscosity of the continuous phase of emulsion high shear-induced must be 

avoided. One way to achieve this is to lower the pressure level of two-stage homogenization. There is, 

however, evidence that fine droplet disruption might not be achieved when homogenization is carried 

out at low pressures. The homogenization of coarse coconut o/w emulsion at different pressure level 

of 50, 100 and 200 bar was carried out.  

8.3.2.1 Viscosity and flow behavior  
Rheological measurements were performed to determine the effect of pressure treatment on viscosity 

and the rheological parameters of X/G-stabilized emulsions (Table 8.7). The tested emulsions 

contained 0.15 wt% of Tween 60 at HLB 14.9 and 0.5 wt% of xanthan/guar mixtures at a ratio of 

15:85. The emulsions were then homogenized for 2 two cycles (C) at different pressures.  

As shown in Table 8.7, the consistency factor K and effective viscosity ηeff were subsequently reduced 

with increasing pressure. At C2, the viscosity differences between each pressure are approximately  

70 mPas, calculated from 50, 100 bar and 200 bar as interval. Increasing pressure level also caused 

the flow index n to slightly increase, resulting in a decrease in emulsion structure stability.  

Table 8.7 Viscosity and rheological parameters of prepared emulsions at different pressure at 20 °C 

 Ostwald-de Waele Sample 
 

 K 
Pasn

n 
- 

r 
- 

ηeff (100/s)

Pas 
ATH 

Pa/s 
50 C1  7.373 0.325 0.996 0.329 379.97 
 C2  5.779 0.364 0.999 0.309 446.76 
100 C1  6.203 0.359 0.998 0.325 474.52 
 C2  3.170 0.436 1.000 0.236 382.40 
200 C1  2.665 0.466 1.000 0.227 359.69 
 C2  1.831 0.489 0.999 0.174 366.04 

 
8.3.2.2 Particle size distribution  
The particle size distribution of emulsions passed through different pressure levels (bars) is shown in 

Fig. 8.13 and Table 8.8. All emulsions induced a monomodal distribution of oil droplets, but in different 

diameter ranges. As shown, higher pressure levels promoted much smaller oil droplet size. The 

smallest oil droplet diameters and lowest size deviation (SD) being d4.3 of 1 – 2 μm were obtained from 

pressurized emulsions at 200 bar. Emulsions homogenized at 50 and 100 bar produced the quite 

large droplet sizes of 5 – 10 μm and 2 – 8 μm, respectively. Besides being large, a broad variation of 

droplet sizes with high SD also encountered. Especially at 50 bar, there is a distinct tail in the size 

distribution with a small proportion of oil droplets with diameters up to d90 ≈ 17 μm. The large 
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differences of droplet size distribution between 50, 100 and 200 bar has been clearly presented. Such 

difficulties in disruption of droplets at 50 and 100 bar are predominantly due to substantially high 

viscosity in cooperated with energy levels too low for homogenization. This indicates that sufficient 

energy input was not present for droplet disruption during emulsification.  

The particle size, however, of emulsions homogenized at 100 bar (C2) has almost the same value of 

emulsions obtained from 200 bar at C1 (Table 8.8). They also provided almost the same value of 

viscosity. These results might relate to the comparable results of emulsion stability of the tested 

system which will be further discussed with correlation to creaming phenomena.  

 

 

 

 

 

 

 

 

Fig. 8.13 Particle size distribution of X/G-stabilized emulsions at different pressure plotted by diameter 

versus (a) quantity (%) and (b) cumulative undersize (%) 

Table 8.8 Droplet diameters and specific surface area (SSA) of X/G-stabilized emulsions at different 

homogenization pressure and cycles 

Diameter, μm Sample d4.3 

μm d10 d50
(Median) 

d90

Mode 
μm 

SSA 
m2/g 

SD 
μm 

50 C1 10.23 2.83 7.43 17.45 9.30 9563.4 11.75 
 C2 5.60 2.56 4.44 9.02 4.75 11630.0 5.55 

100 C1 7.95 2.18 6.36 10.31 4.79 10537.5 5.04 
 C2 1.79 1.75 1.69 5.23 1.63 16566.8 0.64 

200 C1 1.84 1.28 1.78 2.48 1.76 36737.0 0.49 
 C2 1.10 0.95 1.10 1.26 1.11 55645.5 0.12 

 
8.3.2.3 Light microscopic image  
The typical micrographs for emulsions homogenized at 50, 100 and 200 bar for 2 cycles were taken 

and are displayed in Fig. 8.14. Small droplets dispersed among large droplets were present in 

emulsions made at 50 and 100 bar. At 50 bar, the flocs between droplets are formed. The beginning of 

coalescence is visible as smaller droplets which start to absorb on the surface of larger droplets. Too 

low energy input at 50 and 100 bar for droplet disruption is represented. The high viscosity of this 

emulsion, therefore, caused problems during the emulsification and in turn induced the bridging 

flocculation from the excess gum dispersion.  
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In contrast, the emulsion made at 200 bar contained fine and well separated oil distribution, 

demonstrating a good microstructure of gum dispersion. 

 

 

 

 

 

 

(a) 50 bar (b) 100 bar (c) 200 bar 
 
Fig. 8.14 Light microscopy (40 X) of X/G-stabilized emulsions homogenized for 2 cycles at 50 (a), 100 

(b) and 200 (c). The width of the bar corresponds to 50 μm. 

8.3.2.4 Emulsion stability  
The combined effect of oil droplet size formation and rheological properties has been shown and 

correlated to the subsequent results of emulsion stability. The consequent creaming index for 7 days 

storage was plotted in Fig. 8.15. The emulsions made at 50 bar start creaming within 24 hours when 

stored at 30 °C and within 48 hours when stored at room temperature. The instability of this system is 

corresponding to the results as discussed earlier. It produced droplets that were too large and 

containing high viscosity.  

On the other hand, emulsions made at 100 and 200 bar showed better emulsion stability. The 

emulsion made at 100 bar, however, started creaming after 5 days of storage at 30 °C. The best result 

was performed by the samples made at 200 bar. It showed the delay time against creaming, 

producing the finest oil droplet with moderate viscosity.  
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Fig. 8.15 Time dependence of creaming index of X/G-stabilized coconut o/w emulsions homogenized 
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From these results it can be concluded that homogenization at 200 bar for two cycles remains the 

appropriate process for making homogenized coconut o/w emulsions. The test results also indicated 

that reduction of pressure levels to gain high viscosity of emulsion would adversely effect to its 

stability. Pressure directly affects the breaking up process of droplet disruption and lowers the 

covering of the surface active areas of emulsifiers and stabilizers added to the system. Referring to 

the goal of reducing viscosity by high shear which must be avoided, premixing methods were 

investigated. In order to prevent the destruction of the hydrocolloid solution, high shear from rotor-

stator homogenization will be replace by the usage of propellers at the premixing step.  

8.4 Influence of premixing methods 

Assuming that the low shear process in the premixing step might be effective in improving the final 

product viscosity of tested emulsions without interfering with the oil droplet break-up process during 

emulsification all solutions were premixed by an Ultra-Turrax rotor-stator at 17,500 rpm for 3 min 

(method A; UT), or by glass propeller at 400 rpm for 1 min (method B; PR) to prepare crude emulsions 

before high pressure homogenized at 200 bar for 2 cycles.  

As shown in Table 8.9, all emulsions prepared by propeller method gave higher viscosity but 

contained larger oil droplet size, as expected. Good mean droplet sizes were obtained after the 

second cycle of homogenization was completed. At C2, the oil droplet size of emulsions was 

considered fine with high viscosity using the propeller method and the reduction of product viscosity 

was diminished. This enhanced a better emulsion stability which can prolong the creaming 

phenomena.  

Emulsions prepared by propeller method did not cream over the period of study (3 weeks) at both 

storage conditions (at  30 °C and room temperature) while emulsions prepared by the Ultra-Turrax 

started to cream within the second week of storage at 30 °C. These results lead to the conclusion that 

premixing by propeller method could be an appropriate procedure for our sample preparation.  

Table 8.9 Storage stability, effective viscosity and volume mean droplet size of X/G-stabilized coconut 

o/w emulsions prepared by Ultra-Turrax (UT) or propeller (PR) methods 

Emulsion stability (%)  Droplet size distribution Sample 
Storage condition  

  30 °C  RT  
  24 h 3 weeks 3 weeks  

d4.3

μm 
d50

μm 
SSA 
m2/g 

ηeff (100/s)
Pas 

0.5 % X/G-stabilized coconut o/w emulsion    
Method A (UT) C1 100 80 100  1.84 1.78 36737.0 0.227 
 C2 100 88 100  1.10 1.10 55645.6 0.174 
Method B (PR) C1 100 100 100  3.67 3.36 18532.8 0.262 
 C2 100 100 100  1.70 1.64 37830.8 0.210 
 

8.5 Effect of selected gum solutions to stabilize coconut o/w emulsion 

To confer substantial shelf life to studied emulsions, the presence of selected stabilizers were 

discussed. The selected gum solutions such as guar gum and xanthan gum, which are popular in 

modern food industries, were used in this experiment. New modifications of adding 0.5 wt% of mixed 

gum solutions containing xanthan and guar gum were studied with the purpose of saving costs and 
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simultaneously improving product quality. Mixing expensive xanthan gum with low cost guar gum to 

give greater emulsion stability has been discussed in this section.  

8.5.1 Viscosity and flow behavior 

The viscosity and rheological properties of xanthan/guar – stabilized emulsions at ratios of 15:85, 

50:50 and 85:15 were evaluated and compared to xanthan-containing emulsion (100:0) and guar-

containing emulsion (0:100) in Table 8.10 and Fig. 8.16. 

Table 8.10 shows the flow behavior and effective viscosity of prepared emulsions. In agreement with 

our earlier experiment, X/G mixtures exhibited a pronounced shear-thinning behavior and increased 

viscosities at low shear rates. The addition of selected gum solutions to coconut oil-in-water emulsions 

enhanced the viscosity and induced more non-Newtonian and shear thinning behavior. As found in 

Table 8.1, emulsions containing emulsifiers exhibited only fluid behavior. The addition of gum mixtures 

has altered the flow behavior of prepared emulsions. They undergo from high-viscous fluid behavior to 

semi-solid particle gel-like structure. They also exhibited yield stress τ0 for the tested emulsions. This 

was induced by the presence of xanthan in the mixtures.  

As expected, guar-containing emulsions induced only highly viscous fluid behavior without yield 

stress. Unexpectedly, xanthan-containing emulsions lost their strong semi-solid structure to become 

less viscous and less structured upon pressurization. At C2, samples showed only the fluid behavior 

according to the Ostwald-de Waele model.  

The mixed gum–containing emulsions gave high viscosity with structured emulsion according to the 

Herschel-Bulkley model, especially for the samples containing mixed gum at ratios of 15:85 and 50:50. 

The semi-solid particle gel-like structure had been built with increasing yield stress after two cycles of 

homogenization for the emulsions containing 15:85. The strongest structure with the best organized 

system has been found in this sample. Long-term emulsion stability via high viscosity and gel-like 

structure is expected.  

Table 8.10 Viscosity and rheological parameters of various X/G – stabilized emulsions at 20 °C 

Ostwald-de Waele  Herschel-Bulkley   

Sample K 
Pasn

n 
- 

r 
- 

ηeff 
(100/s) 
Pas 

 
τ0 
Pa 

K 
Pasn

n 
- 

r 
- 

ηeff 
(100/s) 
Pas 

 
 
 

ATH 
Pa/s 

0:100 C1 1.152 0.642 0.992 0.221 √ -1.923 2.314 0.498 0.999 0.210 - 53.44 
 C2 0.467 0.771 0.991 0.163 √ -0.767 0.860 0.637 0.999 0.154 - 56.65 

15:85 C1 3.430 0.441 1.000 0.262 - 0.151 3.247 0.453 0.999 0.263 √ 337.14 
 C2 2.451 0.467 1.000 0.210 - 0.334 2.062 0.506 1.000 0.215 √ 390.97 

50:50 C1 2.603 0.394 0.999 0.160 - 0.419 2.149 0.434 1.000 0.163 √ 123.12 
 C2 1.925 0.419 0.999 0.133 - 0.284 1.610 0.458 1.000 0.135 √ 132.71 

85:15 C1 2.962 0.307 0.999 0.121 - 0.505 2.581 0.327 1.000 0.122 √ 76.64 
 C2 2.000 0.381 0.997 0.114 √ -0.450 2.504 0.333 1.000 0.111 - 58.39 

100:0 C1 3.849 0.246 0.999 0.120 - 0.922 3.101 0.277 1.000 0.120 √ 84.68 
 C2 2.600 0.318 0.995 0.112 √ -1.008 3.673 0.256 0.999 0.109 - 69.45 

*(√) valid; (-) non-valid parameters 
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To give another point of view all rheological parameters were plotted against xanthan fractions (%) as 

shown in Fig. 8.16. Good results were obtained with the emulsions containing xanthan and its 

mixtures. Xanthan-containing emulsions exhibited high consistency factor K and the lowest flow index 

n. Xanthan exhibited relatively low effective viscosity at the maximum shear rate (100 /s), and its 

lowest flow index demonstrates the pronounced stability of its structure. It expressed high viscosity at 

rest (γ&  = 0 /s) and the ability to restore its strong structure properties after high shearing. In respect to 

guar-containing emulsions, even guar induced high effective viscosity, but, it gave much lower K and 

exhibited the lowest structural stability (highest flow index n). 

Good results have been observed from the emulsions containing gum mixtures. Emulsions produced 

high K and relatively low n value. High intramolecular interaction and good structure stability were 

observed. The gum emulsions also exhibited the preferred high effective viscosity that were much 

higher than xanthan-containing emulsions. The optimum qualities of high structure and high viscosity 

were exhibited by the sample containing X/G – stabilized emulsion at a ratio of 15:85. These results 

are consistence with the fact that it contained the best organized gum mixtures as explained in chapter 

7. Very high viscosity at low shear rates has been attributed to the formation of complex aggregates 

through hydrogen bonds and polymer entanglement. During the aqueous phase of emulsions the large 

entanglements of gum mixtures immobilize the water. The distinctly high thixotropic area also revealed 

for this combination of 15:85 shows that this emulsion exhibited extremely high viscosity at rest which 

would induce high emulsion stability during storage when samples were left to stand in a shelf.  
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Fig. 8.16 Consistency factor (a), flow index (b), effective viscosity (c) and thixotropic area (d) of X/G – 

stabilized emulsions at different cycles of homogenizations according to Ostwald-de Waele model 

8.5.2 Viscoelastic properties  

The dynamic viscoelastic properties of the emulsions were measured as a function of strain and 

frequency at 20 °C. Preliminary amplitude sweep tests (Fig. 8.17 a, b) were carried out on all 
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emulsions. The results revealed that guar-containing emulsions showed high sensitivity to oscillating 

strain (Fig. 8.17 a). When the emulsions contained xanthan or X/G mixtures, strong structure stability 

was promoted. The viscoelastic properties of X/G mixture-containing emulsions are somewhat in the 

sample manner as xanthan-containing emulsion.  

Frequency sweep tests were then evaluated in all emulsions. A target strain of 0.001 was used, which 

was within the linear viscoelastic region for all samples. This is to confirm the particle gel-like system 

of the prepared emulsions where G′ is always higher than G″.  
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Fig. 8.17 G′ and G″ variation as a function of strain (a, b) and frequency (c, d) of X/G – stabilized 

emulsions homogenized for 2 cycles 

The parameters determined in the oscillation test at a strain of 0.01 and at the frequency of 1 Hz were 

defined, respectively. The collected quantities were then used to calculate the loss factor (tan δ = 

G″/G′). All data was presented in Fig. 8.18. The results confirmed that the elastic properties of the 

emulsions increased more strongly when the xanthan fraction increased. Guar-containing emulsions 

showed the lowest G′ where the xanthan-containing emulsion showed the highest. The G′ steadily 

increased with the increase in xanthan. The presence of xanthan enhanced the elastic character of the 

emulsion.  

All emulsions containing xanthan or its mixtures are predominantly semi-solid gel-like structures where 

tan δ < 1. For guar-containing emulsion, samples showed fluid characteristic where tan δ > 1. 

Considering tan δ, interestingly, its values are relatively equal for all emulsions containing xanthan and 

its mixtures. The data confirmed that these emulsions gave the outcome of preferred semi-solid 

structure. This reflects the formation of the viscoelastic network structure in emulsions through the 
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addition of xanthan in xanthan/guar mixtures. As expected, this could be the reason for the high 

capacity of these additions for slowing down and inhibiting the phase separation in prepared 

emulsions.  
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Fig. 8.18 G′, G″ and tan δ variation as a function of xanthan fraction of X/G – stabilized emulsions at 

C2 – data obtained from amplitude sweep at γ = 0.01 (a) and frequency sweep at ƒ = 1 Hz (b) 

8.5.3 Particle size distribution  

Droplet size distributions of all tested emulsions were monomodal with more than 99 % of droplets in 

the size range from 1 to 7 μm after two cycles of homogenization (Fig. 8.19 and Table 8.11).  

From Fig. 8.19, the results suggest that the droplets size distribution of freshly prepared emulsions 

can be divided into two groups, the larger and smaller oil droplet groups. The larger oil droplets were 

produced by the presence of guar and mixed gum solution at a ratio of 15:85. The smaller oil droplets 

were produced by the presence of xanthan and mixed gum solution at ratios of 50:50 and 85:15. 

There are, however, only small differences of droplet size between these two groups. Also, these 

results correlated to emulsion viscosity. Samples exhibit high viscosity which in turn promoted larger 

oil droplet size.  
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Fig. 8.19 Particle size distribution of X/G – stabilized emulsions at 1st cycle (a) and 2nd cycle (b) plotted 

by diameter versus quantity (%) 
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It can be clearly seen that all emulsions containing gum solutions produced fine oil droplets. The finest 

oil droplet size was found in the emulsions containing mixed gum at 50:50 (1.17 μm) (Table 8.11). The 

specific surface area SSA varied according to the addition of different gum mixtures. Except for the 

effect of Tween 60 used to cover oil surfaces to prevent flocculation, added gum solutions created 

much more surface area of oil droplets than those of guar and xanthan. They entangled quickly into 

the oil-water interface which then produced separated fine oil droplets and prevented re-coalescence 

during emulsification. 

Furthermore, the gum mixtures-containing emulsions developed about 7 times more SSA than Tween-

stabilized emulsions (Table 8.1). This supports the assumption that the studied gum solutions might 

have an intermolecular interaction with Tween where they supported each other in creating a good 

microstructure of oil droplets in emulsions. This probably shows the thermodynamic compatibility 

between them. Hydrocolloids – surfactant interactions might occur which would have a good influence 

on oil droplet formation.  

Another possibility is that guar and xanthan gum themselves might have some surface activity, 

although it would be highly hydrophilic in nature. Indeed, it has been reported that guar gum can 

absorb at oil-water interfaces leading to a lowering of the interfacial tension (Garti, 1999; Garti and 

Reichman, 1994). Based on their evidence, it is conceivable that this polysaccharide may confer some 

emulsion stabilizing property in its own right as it binds to the interface through the slight 

hydrophobicity of the polymannose backbone. Gums do contain a residual strongly-bound 

protein/peptide fraction which is likely to be the origin of much of the apparent emulsifying functionality 

of galactomannan gum (Dickinson, 2003).  

Table 8.11 Droplet diameters and specific surface area (SSA) of X/G-stabilized emulsions 

Diameter, μm Sample d4.3 

μm d10 d50
(Median) 

d90

Mode 
μm 

SSA 
m2/g 

SD 
μm 

C1 3.99 2.33 3.56 6.11 3.22 17461.75 1.80 0:100 
C2 1.92 1.34 1.86 2.58 1.85 33374.25 0.51 
C1 3.67 2.24 3.36 5.47 3.19 18532.75 1.46 

15:85 C2 1.70 1.18 1.64 2.27 1.63 37830.75 0.44 
C1 2.35 1.54 2.23 3.29 2.20 27962.25 0.72 

50:50 C2 1.17 0.79 1.15 1.59 1.22 55085.50 0.31 
C1 1.66 1.12 1.60 2.27 1.58 39269.25 0.46 

85:15 C2 1.20 0.76 1.16 1.68 1.19 55442.25 0.37 
C1 1.72 1.20 1.67 2.31 1.63 37190.75 0.45 

100:0 C2 1.34 0.87 1.29 1.86 1.30 49172.17 0.40 
 

From the reported results, surface activity is much higher or highest when the emulsions contained 

mixed gum, especially when containing a high xanthan fraction. This is evidence that not only guar 

gum but anionic microbial polysaccharides like xanthan gum also increased the emulsifying 

functionality of mixed polysaccharides in emulsions. Xanthan was probably responsible for the high 

degree of surface activity that reduced the interfacial tension and produced much finer oil droplets.  In 

spite of this, the stabilization achieved by adding mixed gum solutions is mainly realized through 
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control of the rheology of the aqueous continuous phase located in the gaps between the individual 

dispersed droplets. The droplets are prevented from coming closer via viscosity development so 

flocculation and coalescence can be retarded.  

8.5.4 Long-term emulsion stability 

The long-term emulsion stability has been monitored over 3 months. The results are shown in Table 

8.12. The impressive results are obtained from the emulsions containing xanthan and its mixtures. 

They show no separation discernible to the eye during storage time. At both high temperature storage  

(30 °C) and at room temperature, they show preferred stable emulsions. In contrast, for guar-

containing emulsions, no separation was visible after homogenization, creaming started within a few 

days of storage at both temperatures. This indicated the temporary homogeneous system of guar gum 

and spontaneous creaming over time. 

In Table 8.12, other important parameters such as yield stress τ0, flow index n, effective viscosity ηeff 

and volume mean diameter d4.3 of freshly prepared emulsions are reported as well. This made clear to 

us the correlation between emulsion rheology and emulsion creaming stability. The required emulsion 

rheology must be created to obtain long-term stability of emulsions. 

As observed in guar-containing emulsions, relative high viscosity but no yield stress are produced. 

Fluid behavior was described with low structural stability (high n value) which provided only short-term 

stability for this emulsion (less than one week).  

Long-term stability in xanthan-containing emulsions was apparently due to their high structural stability 

(low n value) with relatively small oil droplets (Table 8.16). Xanthan produced high stability of emulsion 

but gave relatively low viscosity to the product. For some time it has recognized that this type of 

emulsion stability correlates more with the rheology of the whole emulsion than simply with the 

rheology of the equivalent aqueous solution of the polysaccharide (Moschakis et al. 2006). From our 

experiments, it can be seen that the presence of xanthan resulted in a significant high value of elastic 

component G′ with a microparticle gel-like system. This explains the reason that xanthan immobilizes 

the continuous phase with respect to the formation of a long-lasting gel-like network of polymer 

entanglement, resulting in long-term stability for months.   

Table 8.12 Storage stability, effective viscosity and volume mean droplet size of 0.5 wt% X/G-

stabilized coconut o/w emulsions 

Emulsion stability (%)  Rheological parameter* 
Storage condition  
30 °C   RT  

Sample 

24 h 3 weeks 3 months 3 months  

τ0
Pa 

n 
- 

ηeff 

(100/s)
Pas 

G′1Hz 
Pa 

d4.3
μm 

0.5 % X/G-stabilized coconut o/w emulsion  
0:100  100 44 < 40 < 41.5  - 0.771 0.163 3.05 1.92 
15:85  100 100 100 100  0.334 0.467 0.210 6.08 1.70 
50:50  100 100 100 100  0.284 0.419 0.133 8.34 1.17 
85:15  100 100 100 100  - 0.381 0.114 12.00 1.20 
100:0  100 100 100 100  - 0.318 0.112 14.28 1.34 
* According to Ostwald-de Waele, except τ0 (HB) 
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All X/G mixtures – containing emulsions produced preferred long-term stability with high viscous 

texture. The ratio of 15:85 gave especially high product viscosity with relatively small oil droplet size. 

The stability of emulsions can be mainly attributed to the existence of yield stress with high viscosity 

and structural stability (low n value). The stabilization is the result of the slow movement of droplets 

under gravity due to the high viscosity of the continuous phase. The well-dispersed droplets, therefore, 

can be separately immobilized in an entangled polysaccharide network, and the small buoyancy force 

acting on each droplet is insufficient to overcome the effective yield stress of the surrounding weak 

gel-like matrix.  

8.5.5 Quality changes during storage 
Further explanation for emulsion rheology and emulsion stability was then investigated throughout the 

storage period. All emulsions were kept in an incubator at 30 °C and in a dark room at room 

temperature (~ 20 – 24 °C). The effective viscosity was measured at storage days of 7 and 14, 

respectively. The results were plotted against xanthan fractions as shown in Fig. 8.20. It was clearly 

observed that guar-containing emulsions loss their viscosity during storage. The degradation of this 

emulsion caused the structure instability and the emulsions stability. This is manifest in rapid 

creaming. This may also correspond to the creaming instability of guar solution of its phase separation 

and rheology behavior which gave only fluid behavior with less elastic properties. Also, this effect 

becomes much greater at higher temperature of storage. Notice that the effective viscosity of sample 

at day 14 cannot be measured due to the phase separation which was irreversible in homogeneous of 

its emulsion.  
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Fig. 8.20 Effective viscosity for X/G – stabilized emulsions as a function of storage time (days) when 

stored at RT (a) and 30 °C (b). The measuring temperature was done at 20 and 30 °C, respectively. 

Except for the emulsion at the ratio of 15:85, emulsions containing xanthan and its mixtures showed 

increases of effective viscosity during storage. This was due to their semi-solid behavior with a high 

elastic component. The emulsion structure can be constructed when left to stand during storage. The 

strong semi-solid structure caused the building up of the elastic properties of the bulk phase. Another 

possible explanation relates to the flocculation of oil droplets induced by xanthan gum. As stated by 

the earlier work of Parker et al. (1995), the addition of xanthan in the range of 0.05 – 0.7 % induced oil 

droplets to flocculate and form a three-dimensional gel network which delayed droplet creaming. As a 

result, the flocculation of oil droplets might cause the packing of oil droplets that leads to a strong 

network which increases the oil-rich phase viscosity. Thus, the addition of xanthan and guar mixtures 
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stabilizes emulsions during storage either by increasing the viscosity and structure stability of the 

continuous phase or by promoting a 3D-network of aggregated droplets.  

Observing the particle size distribution of emulsions stored at different conditions for 14 days, the size 

distribution was plotted in Fig. 8.21. The results confirmed to us the occurrence of droplet flocculation. 

The polymodal curves were presented. The small individual oil droplets dispersed among the 

flocculated larger droplets can be detected. The greater effect was induced by high temperature where 

emulsions stored at 30 °C tended to flocculate more than those stored at room temperature. The 

lowest flocculated emulsion was obtained from the emulsion containing X/G mixtures at 15:85. 

The set of micrographs revealed that the emulsions containing guar gum or mixtures with a high 

amount of guar contained larger oil droplets when stored (Fig. 8.22). In agreement with earlier studies 

of Velez et al. (2003), the author states that the presence of guar gum was found to induce depletion 

flocculation of the emulsion droplets. Depletion flocculation is a phenomenon that arises from localized 

imbalances in the osmotic pressure in mixed emulsions/hydrocolloid systems. Because of large 

hydrodynamic radius, polysaccharides tend to be excluded from the gap between two approaching 

droplets causing the region between the droplets to become depleted of polysaccharides and rich in 

water phase compared to the bulk aqueous phase. As a result, there is an osmotic flow of water from 

the region between two droplets out into the bulk aqueous phase. The net result is a shrinking of the 

aqueous phase volume between the droplets and a net force pulling the droplets together (Euston et 

al., 2002). When the droplets are close enough, the inevitable droplet aggregation or partial 

coalescence would be increased.  

The application of mixed gum, however, can diminish or retard the effect of such flocculation. No large 

oil droplets can be observed in the micrographs. This effect combined with droplet size distribution 

results, causes emulsions containing xanthan or its mixtures to also exhibit some kind of flocculation 

or droplet aggregation. From these combined results, it might be induced that weak bridging 

flocculation is easily broken up by the preparation method prior to microscopic measurement.  This 

flocculation causes the good result of providing a three-dimensional network of droplet aggregation 

which increases bulk viscosity which in turn promotes emulsion stability as discussed earlier. 

Photographs of prepared emulsions are also given (Fig. 8.23). The stable, white and creamy coconut 

oil-in-water emulsions were obtained from the addition of xanthan and xanthan/guar mixtures at 15:85. 

Guar-containing emulsions showed phase separation with a clear zone with large clumps of oil 

droplets at the bottom of the test tube. Emulsions that contain only emulsifiers show the unclear serum 

phase but a clear zone usually appears in emulsions containing gum solutions that are found in many 

food emulsions when unstable. This clear zone of the diluted gum solutions consists mainly of water 

phase suggesting depletion flocculation. Large bulk oil droplets move toward creaming and pack 

densely on the top of the emulsions. These emulsions cannot be easily re-homogenized by shaking by 

hand. The undesirable product appearance of water phase separation with some of the milk clumps 

occurred, due to the packing of oil droplet flocculation. This happens often in commercial coconut milk 

products. From our experiment, this can be avoided by adding the mixed gum solutions instead of 

using guar gum alone.  
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Fig. 8.21 Particle size distribution of X/G-stabilized emulsions plotted by diameter versus (a) quantity 

(%) as a function of storage conditions 
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Fig. 8.22 Light microscopy (40 X) of X/G-stabilized emulsions homogenized for 2 cycles during 

storage. The width of the bar is corresponding to 50 μm. 

As summarized, guar gum can only temporarily stabilize coconut oil-in-water emulsions. Xanthan gum 

is more preferable for coconut o/w emulsion stability, however, it is expensive. As found in this 
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experiment, the mixture of xanthan/guar gum might be the good solution because they produced the 

stable coconut oil-in-water emulsions with high viscosity and the required texture. Of special 

importance, the cost was also reasonable. The best emulsion rheology and stability, with the lowest 

cost, was provided by the addition of gum mixture at 15:85. There is, however, the evidence that this 

emulsion experiences reduction of viscosity during storage. Investigation into improving the product 

viscosity without influence on the emulsification process must be carried out. This was done by 

partially adding gum after the homogenization step as discussed in the next section. 
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Fig. 8.23 Photographs of prepared emulsions stored for 24 h (a) and 3 weeks (b), with each pair set as 

C1 and C2 (from left to right) 

8.6 Emulsion stability improvement by partial-added gum solutions 

An emulsion was prepared at the same total concentration of 0.5 wt% which was found adequate to 

produce stable emulsions as shown in the previous section. In order to substantially increase product 

viscosity without influencing droplet formation, a portion of the previously determined amount of mixed 

gum solution at the ratio of 15:85 was added before homogenization and the remainder added after 

homogenization. The fine oil droplet formation was generated by a portion of the gum mixture before 

two-stage homogenization. The product viscosity was then improved by adding the balance of the 

gum mixture at 50 °C with slow speed blending. The gum ratios added before and after 

homogenization were adjusted to 90/10 and 75/25. This was then compared to the reference emulsion 

in which the total amount of gum was added before homogenization (100/0). 

8.6.1 Viscosity and flow behavior 

The viscosity and rheological behavior of prepared emulsions calculated by Ostwald-de Waele and 

Herschel-Bulkley models are given in Table 8.13. As discussed in the previous section, the favored 

non-Newtonian Herschel-Bulkley behavior with yield stress has been obtained from emulsions to 

which the total amount of gums was added before homogenization (100/0). When only a portion of  
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the 0.5 wt% of gum mixture were added before homogenization at a ratio of 90/10, the desired semi-

solid behavior still remained as described by the Herschel-Bulkley model. For emulsions prepared by 

adding a portion of the gum at 75/25, the homogenized emulsion at C1 still showed semi-solid 

behavior for Herschel-Bulkley structure. However, after passing through two cycles of homogenization 

(C2), these emulsions cannot retain their semi-solid structure when the lesser amount of gum mixture 

is added (75 parts of 0.5 wt%). The whole bulk of homogenized emulsions represented fluid behavior 

according to the Ostwald-de Waele model. Nevertheless, the semi-solid structure of stabilized 

emulsion SE was regained after adding the remaining portion of the mixed gum solution (25 parts of 

0.5 wt%). The final emulsion contained the favored particle gel-like behavior with high viscosity, 

represented by the Herschel-Bulkley model. 

In conclusion, all emulsions studied ultimately exhibited semi-solid behavior with particle gel-like 

structure as described by the Herschel-Bulkley model. The final product obtained the strong structure 

required for stabilizing our investigated emulsions. 

Table 8.13 Viscosity and rheological parameters of various X/G – stabilized emulsions at a ratio of 

15:85 at 20 °C  

Ostwald-de Waele  Herschel-Bulkley   

Sample K 
Pasn

n 
- 

r 
- 

ηeff 
(100/s) 
Pas 

 
τ0 
Pa 

K 
Pasn

n 
- 

r 
- 

ηeff 
(100/s) 
Pas 

 
 
 

ATH 
Pa/s 

100/0 C1 3.430 0.441 1.000 0.262 - 0.151 3.247 0.453 0.999 0.263 √ 337.14 

 SE 
(C2) 2.451 0.467 1.000 0.210 - 0.334 2.062 0.506 1.000 0.215 √ 390.97 

90/10 C1 2.040 0.492 1.000 0.196 - 0.171 1.831 0.517 1.000 0.199 √ 286.56 
 C2 1.092 0.532 0.999 0.125 - 0.152 0.904 0.576 1.000 0.129 √ 260.21 
 SE 2.642 0.454 0.999 0.214 - 0.438 2.144 0.501 1.000 0.219 √ 351.65 

75/25 C1 0.983 0.570 1.000 0.135 - 0.004 0.977 0.571 1.000 0.135 √ 198.57 
 C2 0.272 0.677 0.998 0.061 √ -0.029 0.324 0.631 0.999 0.059 - 139.81 
 SE 3.440 0.411 0.999 0.228 - 0.527 2.864 0.450 1.000 0.232 √ 352.16 

*(√) valid; (-) non-valid parameters 

C: cycle of homogenization; SE: stabilized emulsion (as added gum after homogenization) 

For comparison, Fig. 8.24 displays the rheological parameters according to Herschel-Bulkley 

calculation plotted against the ratio of gum portion added before and after homogenization. Emulsions 

were passed through two-stage homogenization for 2 cycles (C1 and C2). Stabilized emulsion SE 

refers to the emulsion that contains the gum mixture added both before and after homogenization. So, 

the stabilized emulsion at 100/0 is recognized as the same sample as at C2.  

For emulsion at 100/0, an increase in the number of homogenization cycles destroyed to some extent 

structure stability (increasing in flow index n) and viscosity, but produced more yield stress. For 

emulsions prepared by adding a portion of gum at a ratio 90/10, the stabilized emulsion showed higher 

consistency factor K, effective viscosity ηeff and much higher yield stress τ0 (Fig. 8.27) than the 

reference emulsion. A lowering in flow index n also explained the better structural stability of the 

system that was obtained by this method of preparation. The better result was realized by the partial 

addition of gum at 75/25 although the lower amount of gum added before homogenization caused the 

substantial reduction of K and ηeff. However, these were regained after the addition of the remaining 
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gum. Yield stress that was lost during two cycles of homogenization was also retrieved by adding the 

latter part of the gum mixture. The structure stability as well recovered, representing by the lowering of 

n value. Among all emulsions studied, this prepared emulsion (at 75/25) exhibited the best system 

with the highest structure stability, τ0, K and ηeff. The main purpose of improving the emulsion rheology 

and its viscosity was successfully accomplished by this method.  

 

0.0

0.2

0.4

0.6

0.8

1.0

100/0 90/10 75/25

cycle 1
cycle 2
SE

ratio

τ0
 (P

a)

0.0

0.2

0.4

0.6

0.8

1.0

100/0 90/10 75/25

cycle 1
cycle 2
SE

ratio

n (-)

0

100

200

300

100/0 90/10 75/25

cycle 1
cycle 2
SE

ratio

η
ef

f 
(m

P
as

)

0

1

2

3

4

5

100/0 90/10 75/25

cycle 1
cycle 2
SE

ratio

K
 (P

as
n )

(a) (b) 

(c) (d) 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.24 Yield stress (a), consistency factor (b), flow index (c) and effective viscosity (d) of various 

partially added gum–stabilized emulsions homogenized (C) and stabilized (SE) at different cycles 

plotted according to Herschel-Bulkley model 

Concerning the microstructure evolution of partially added gum solutions, the viscoelastic properties 

proceed through the applied strain in a manner similar to the reference emulsion (Fig. 8.25 a). They 

showed quite strong structure against the strain load and extended the linear region to 0.1. Obviously, 

partial added gum – stabilized emulsions contained a much higher degree of elastic component G′.  
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Fig. 8.25 G′ and G″ variations as a function of strain (a) and frequency (b) of partially added gum – 

stabilized emulsions homogenized for 2 cycles 
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Investigating using the frequency sweep method (Fig. 8.25 b) also suggested an increase in elastic 

properties G′, although it found a similar degree at low frequency. A sharper increase throughout the 

frequency range studied has been found in the emulsion prepared at ratio of 75/25. Its stronger 

particle gel-like system might be the reasonable explanation. As a result, it is recognized that all 

emulsions exhibited a strong semi-solid micro-particle gel-like system which is most favorable for 

emulsion stability.  

8.6.2 Particle size distribution 

Droplet size distribution of the partially added gum – stabilized emulsion was monomodal. Fig. 8.26 

shows the size distribution of the prepared emulsion at different cycles of homogenization and for the 

stabilized emulsion SE. Clearly, droplet size distribution was not modified by hydrocolloids added after 

homogenization. Identical distribution curves between emulsions at C2 and SE can be observed. This 

proved the assumption that the addition of gum solutions after homogenization only affected the 

emulsion rheology. Only the addition of gum solutions prior to homogenization affected the surface 

activity of oil droplet formation.  
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Fig. 8.26 Particle size distribution of partial added gum – stabilized emulsions at ratios of 100/0 (a), 

90/10 (b) and 75/25 (c) plotted by diameter versus quantity (%) 

Average droplet diameters of prepared emulsions ranged between 1 – 2 μm as reported in Table 8.14. 

The results told us that the partial addition of gum solutions after homogenization (90/10 and 75/25) 

produced finer oil droplets with less standard deviation. This suggested that more uniformity of oil 

droplets had been created.  

The finest oil droplet diameters were obtained from the emulsion at 75/25. This can be attributed to the 

lesser amount of gum present in the emulsion during emulsification. Because of its low but still 

sufficient for emulsion stabilization viscosity, there is more efficiency for making smaller oil droplets. 

The specific surface area SSA was also dramatically increased. Less standard deviation, indicating 

more uniformity of oil droplets, has been produced. These results lead to the conclusion that the 

addition of 75 parts of 0.5 wt% gum mixture prior to emulsification is adequate to form uniform, well-

separated freshly prepared oil droplets. Pronounced surface activity and their polymer entanglement 

of mixed gum still remains at a similar level to the reference emulsion and gave higher efficiency for 
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preparing fresh finer oil droplet formation. Evidently, the addition of gum solution prior to 

homogenization was suitable for the production of fine oil droplet size where the partial addition of 

gum solutions after homogenization improved the emulsion rheology and its viscosity against 

creaming instability. These results definitely confirmed the benefit of dividing the gum solution into two 

portions and adding one part before homogenization and the remaining portion after homogenization.   

Table 8.14 Droplet diameters and specific surface area (SSA) of partial added gum-stabilized 

emulsions 

Diameter, μm Sample d4.3 

μm d10 d50
(Median) 

d90

Mode 
μm 

SSA 
m2/g 

SD 
μm 

C1 3.67 2.24 3.36 5.47 3.19 18532.75 1.46 100/0 C2 1.70 1.18 1.64 2.27 1.63 37830.75 0.44 
C1 3.25 2.03 3.01 4.74 2.81 20698.00 1.20 
C2 1.50 1.06 1.46 2.00 1.50 42854.00 0.38 90/10 
SE 1.59 1.12 1.54 2.12 1.56 40413.75 0.40 
C1 4.03 2.17 3.40 6.44 3.18 18207.00 2.34 
C2 1.24 0.89 1.22 1.63 1.23 51273.50 0.29 75/25 
SE 1.24 0.87 1.22 1.64 1.23 51724.50 0.30 

 

8.6.3 Quality changes during storage 
The development of droplet size diameter of the prepared emulsion was monitored over the storage 

time scale. Fig. 8.27 depicts the droplet size distribution of partial added gum – stabilized emulsions 

stored at 30 °C and room temperature. The comparison between samples can be observed. The 

reference emulsion (100/0) tends to flocculated during storage. A bimodal distribution was detected. 

The distinct tail showed evidence of droplet aggregation due to the influence of high temperature. This 

heat-induced aggregation, however, did not affect the emulsions prepared by partially adding gum 

emulsions at 90/10 and 75/25. The monomodal curves presented by all prepared emulsions also did 

not change over the studied time scale. The oil droplet size distribution remained the same over 2 

weeks of storage time. No evidence of flocculation and coalescence occurred in these emulsions. This 

indicated a good microstructure of emulsion which can prevent flocculation and coalescence. A longer 

delay in the onset of creaming than other emulsions can be expected. This could be due to the local 

viscoelastic properties and strong structure of the non-destructive gum mixture that were partially 

added after homogenization. These results can be easily seen when compared to the reference 

emulsion.  

Fig. 8.28 depicts the light microscopic image of freshly prepared emulsions. Microscopic observations 

showed that all prepared emulsions (at 90/10 and 75/25) could be considered to have highly well-

separated oil droplet distribution. Fine oil droplets were represented in such systems.  
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Fig. 8.27 Particle size distribution of partially added gum –stabilized emulsions plotted by diameter 

versus (a) quantity (%) as a function of storage conditions 
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Fig. 8.28 Light microscopy (40 X) of partial added gum – stabilized emulsions at ratios of 100/0 (a), 

90/10 (b) and 75/25 (c). The width of the bar corresponds to 50 μm. 
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8.6.4 Long-term emulsion stability 
Emulsion stability during storage corresponding to emulsion rheology and mean droplet diameter of 

freshly prepared emulsions was demonstrated in Table 8.15. No phase separation of stabilized 

emulsions SE prepared at 90/10 and 75/25 were detected over 3 months, comparable to the reference 

emulsion (100/0). Only the emulsion at 75/25 at C2 was separated phase. The emulsion at a ratio of 

75/25 at C2 undergoes gravitational creaming within few weeks, thereby increasing in thickness so as 

to occupy about ¼ part of the emulsion height (ES = 80 %) within 3 weeks. Only 75 parts of 0.5 wt% of 

gum mixture were added to this emulsion which caused a serious problem to its emulsion rheology. 

Even if it produced fine oil droplets it contained very low viscosity, no yield stress properties and low 

structural stability (very high flow index n). Nonetheless, this effect could be neglect. With this 

emulsion it is important to note that it provided desirable fine oil droplets. The addition of 25 parts after 

homogenization somewhat solves the problem by substantially increasing the viscosity. As a 

consequence of the addition of this non-destructive additional part of gum mixture, the stabilized 

emulsion at 75/25 has excellent emulsion rheology including high yield stress, high viscosity, high 

elastic properties G′ and high structure stability (low flow index). This leads to a pronounced long-term 

stability that can last for several months.  

Table 8.15 Storage stability, rheological parameters and volume mean droplet size of 0.5 wt% partially 

added gum – stabilized coconut o/w emulsions at a ratio of 15:85 

Emulsion stability (%)  Rheological parameter a

Storage condition  
30 °C RT  

Sample 

24 h 3 weeks 3 months 3 months  

τ0
Pa 
 

n 
- 

ηeff (100/s)
Pas 

G′1Hz 
Pa 

d4.3

μm 

0.5 % X/G (15:85) – stabilized coconut o/w emulsion (before/after homogenization) 
100/0 SE 100 100 100 100  0.334 0.506 0.215 6.08 1.70 
90/10 C2 100 100 100 100  0.152 0.576 0.129 - 1.50 
 SE 100 100 100 100  0.438 0.501 0.219 7.16 1.59 
75/25 C2 100 82.5 < 82.5 < 80  - 0.677b 0.061b - 1.24 
 SE 100 100 100 100  0.527 0.450 0.232 8.70 1.24 
a According to Herschel-Bulkley model; b According to Ostwald-de Waele model 

The set of photographs was taken of the studied emulsions during storage at 24 hours and at 6 weeks 

as shown in Fig. 8.29. From left to right, emulsions were displayed in this order: first cycles of 

homogenization (C1), second cycles (C2) and stabilized emulsion (SE). All of the stabilized emulsions, 

which represented the final products, showed no phase separation. No sign of flocculation or oil 

clumps have been detected for these emulsions. This was to confirm the successful method of 

partially adding gum solution separately before and after homogenization. Visual assessment also 

confirmed that all emulsions studied have a white creamy texture with the relatively high viscosity of 

tested emulsions. 
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Fig. 8.29 Photographs of partial added gum – stabilized emulsions stored for 24 h (a) and 3 weeks (b), 

each group was set as C1, C2 and SE (from left to right) 

8.7 Recommended formulations and process for coconut oil-in-water emulsion 

Summarized from all experiments which were done in this study, recommendations for coconut o/w 

emulsion formulation and process technology are as follows. The product formulation for 20 % 

coconut oil-in-water emulsion which promoted high viscosity and was stable over 3 months is 

presented in Table 8.16. The addition of 0.15 wt% of Tween 60 solution and 0.5 wt% of xanthan/guar 

gum mixture is required. Tween 60 was used as an emulsifying agent which has functionalities of high 

interfacial tension. Xanthan/guar gum blend was prepared at a ratio of 15:85. The mixed gum solution 

was divided into two parts. The first 75 parts of the gum mixture were added prior to the 

homogenization step in order to increase the ability of oil droplet formation. This tends to prevent re-

coalescence during emulsification by entangling gum into the gaps between droplets, increasing the 

viscosity of the continuous phase due to their surface activity. The latter 25 parts of the gum mixture 

were added after homogenization in order to improve emulsion rheological properties and product 

viscosity which promoted long-term stability. This latter step enhanced the emulsion stability to prevent 

creaming instability toward flocculation or oil droplet aggregation. A stable coconut o/w emulsion is 

finally obtained.  

 

 

 

 

 



  - 166 - 

Table 8.16 Product formulation recommended from this study 

No. Ingredients Percentage (wt%) Functionality 
1 Tween 60 (HLB14.9) 0.15 emulsifier  
2 Xanthan/guar mixtures  

(at a ratio of 15:85) 
 - 75 parts before homogenization 
 - 25 parts after homogenization 

0.5 stabilizer 

3 Coconut oil  20 
4 Distilled water 79.35 Oil-in-water emulsion 

 

The best technology for stabilizing coconut o/w emulsions is described as follows and is also given as 

a process flow chart as shown in Fig. 8.30. Coconut oil was prepared by melting coconut fat at 60 °C 

for at least 1 hour. 0.15 wt% Tween 60 was dissolved in warmed water at 50 °C. The clear solution of 

Tween 60 has an HLB number of 14.9. Xanthan and guar powder were blended and dispersed in 

distilled water at room temperature and left to stand in a refrigerator overnight to obtain complete gum 

dispersion. The coarse emulsion, which consists of fluidized coconut oil, Tween 60 solution and one 

part of xanthan/guar mixture were then gently mixed by hand. In this step, distilled water was added to 

obtain the required concentration. After gently stirring by hand, a coarse emulsion was pre-mixed 

using a propeller at 400 rpm for 1 min. This crude emulsion was then passed two times through a two-

stage homogenizer at 200 bar. The whole process was thermally controlled at the temperature above 

35 °C to avoid the recrystallization of coconut oil during homogenization.  

A latter part of xanthan/guar mixture were heated up to 50 °C to decrease its bulk viscosity and then 

slowly added to the homogenized emulsion to obtain the final concentration of gum solution of         

0.5 wt%. A propeller was used to post-mix the prepared emulsion with continuous stirring at 200 rpm 

for 2 min. The final ratio of partial-added gum solution in emulsion was adjusted to 75/25 for gum 

solutions added before and after homogenization, respectively. A stabilized coconut o/w emulsion is 

then obtained.  

Coconut oil Water 

Emulsifier Stabilizer 

X/G mixture 

Coarse emulsion 

Gently stirring by hand

Crude emulsion 

Pre-mixing , 400 rpm for 1 min 

Homogenized emulsion 

Two-stage homogenization 
200 bar for 2 cycles 

Stabilized coconut o/w emulsion 

Post-mixing, 200 rpm for 2 min 

Adding 25 parts
 gum solution 

at 50 °C 

Tween 60 
Adding 75 parts
 gum solution 

 

 

 

 

 

 

 

 

 

 

Fig. 8.30 Coconut o/w emulsion process recommended from this study  
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Some physicochemical properties of coconut o/w emulsion prepared from this study are presented in 

Table 8.17. The emulsion color was tested and compared to other emulsions such as Tween- and 

Acacia SUPER GUMTM – stabilized emulsions (Table 8.3). The lightness of this prepared emulsion is 

rather high. It is higher than that of Acacia SUPER GUMTM – stabilized emulsion (L = ~ 85) and also of 

commercial coconut milk products (L = 81.72). It also showed less green (-a) and less yellow (+b) than 

commercial coconut milk products.   

The viscosity of the prepared emulsion is double than that of commercial coconut milk products (< 135 

mPas) under the same measurement conditions. This represents a creamy product which can be 

further recommended for coconut cream production.  

Fine oil droplet formation, which promoted a stable emulsion for over 3 months, is the prominent 

quality of this prepared emulsion.  

In conclusion, this recommended formulation and process can produce a desirable coconut o/w 

emulsion product which can be further recommended for improving commercial coconut milk and/or 

coconut cream production. 

Table 8.17 Physicochemical properties of coconut o/w emulsion obtained from this study 

Properties Value  
Color  - L = 86.38 

- a = - 0.55 
- b = 1.35 

 

Emulsion stability - stable for over 3 month  
Effective viscosity (100/s), mPas 232  
Freshly prepared mean diameter (d4.3 ), μm 1.24  
Texture - White and creamy  
Odor   - Mild coconut flavor  
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9. FURTHER STUDIES RECOMMENDATION 

 
Although complex studies involving applications of gum solutions and their mixtures along with 

development of a process to stabilize coconut oil-in-water emulsions have been repeatedly carried out 

the implementation of knowledge obtained from these experiments has not yet been applied to original 

coconut milk systems. Coconut milk which contains sugar and natural emulsifiers such as coconut 

proteins would require lesser amounts of gum mixtures for long-term stability. The appropriate gum 

mixture concentrations for stabilizing coconut milk emulsion should be further studied.  

Fresh coconut milk which easily spoils within a few hours needs high temperature processing. Such 

heat treatments directly affect the stability of the emulsions. Further attention needs to be paid to the 

samples manufactured from fresh coconut milk.  

Denaturation of coconut proteins and heat-induced emulsion instability might cause serious problems 

for stabilized coconut milk products. Further study of the effects of temperature, especially during 

sterilization, on the stabilization of coconut milk emulsions containing different gum mixtures is 

recommended.  

Other types of hydrocolloids such as microcrystalline cellulose (MCC), fenugreek gum and arabic gum 

can be further studied. They were found to be effective in stabilizing other kinds of oil-in-water 

emulsions (Huang et al., 2001) and might be efficient in stabilizing coconut oil-in-water emulsions. 

Their rheological properties and stabilization abilities should be evaluated and compared.  

For commercial purposes, both imitation coconut milk produced from the investigated coconut oil-in-

water emulsions and stabilized coconut milks made originally from fresh coconut milk might possibly 

be manufactured on an industrial scale. To scale up for mass production, investigation of the addition 

of X/G mixtures and process development for large-scale production must be further carried out.  

The addition of natural or synthetic coconut flavor, especially to the imitation coconut milk products, 

should be investigated to improve product acceptance. Sensory evaluation should be further analyzed. 

Consumer perception and product acceptance should also be evaluated.  
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10. CONCLUSION 

 
Complex material science properties of coconut fats and oils were studied in some selected food 

products. Three groups of product were specially examined. 

• Coconut fats and oils, coconut milk and its products 

• Coconut cheese-like products 

• Stabilized coconut oil-in-water emulsions 

In chapter 5, modeling results showed that all melted coconut fats were characterized by Newtonian 

flow behavior (35 –  90 °C). Physical properties of coconut fats depended strongly on temperature, not 

origin. At high temperatures (> 35 °C), the dynamic viscosity of coconut oils substantially decreased 

when heated. Results from oscillation tests provided the information that crystallization and melting 

temperatures of coconut fats ranged from 20 – 10 °C and 17 – 32 °C, respectively. Interestingly, the 

solid-liquid and liquid-solid phase changes of coconut fats are reversible. 

In this study, it was confirmed that oscillation tests can be used successfully to evaluate phase change 

behavior. The results demonstrated that melting and crystallization temperatures obtained from 

oscillatory tests are comparable to the values obtained from DSC measurements. These two methods 

provide useful information about phase change behavior and are able to complete the results in itself. 

However, rheological measurements gave more information for tan δ analysis of structure during 

phase changes which enabled simultaneous study of crystallization and melting. New technology for 

studying structural behavior of materials can be developed using knowledge gained from this 

research.  

Fresh coconut milk showed non-Newtonian behavior according to the Ostwald-de Wale model and 

exhibited reasonably low viscosity levels at original total solid contents. Rheodynamic behavior was 

dependent on total solid content. The effects of temperature were also substantial. Upon heating, the 

viscosity decreased. The critical temperatures were 60 °C, where protein coagulation occurred and 

subsequent denatured strongly at 90 °C.  

Rehydrated coconut milk (10 – 50 %) exhibited Newtonian behavior with low dynamic viscosity 

because of the lack of protein as a natural stabilizer. The main factor affecting viscosities was 

concentration, whereas temperature was minor influence.  

Various canned coconut milks found on the market were sampled and evaluated. All of them promoted 

non-Newtonian fluid and were best described by the Ostwald-de Waele model. This correlated well 

with their particle size, the larger droplet size corresponding to higher viscosity, reflecting flocculation. 

Creaming instability was observed in all samples.  

In chapter 6, successful trials of mixing rehydrated coconut milks with skim milk powder resulted in the 

production of a coconut cheese-like product. Unfortunately, coconut milk alone cannot form curd 

because of the lack of casein, so non-fat skim milk powder was added as an enriched source of 

casein. The best formulation obtained from this experiment is at 20:20:60 (SM:CM:Water) for the 
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percentages of skim milk, rehydrated coconut milk and water, respectively. Cheese-like texture with 

coconut flavor was produced.  

The main factor controlling curd formation is temperature. Process viscosity that was generated during 

rennet was rather high but the coagulation time of cheese curd was approximately 10 times longer 

than normal cow’s milk due to the presence of coconut milk. However, the faster coagulation time can 

be obtained by applying high rennet temperatures above 35 °C.  

Various hydrocolloids (0.5 – 1 %) were examined in chapter 7. Only xanthan exhibited semi-solid 

behavior with yield stress but G, LBG and CMC exhibited high viscous non-Newtonian fluid behavior. 

Among all, xanthan showed micro-particle gel-like system with the highest structural stability (lowest 

flow index n) at all concentrations. The strong network structure promoted xanthan a distinct property 

for high tolerance to oscillation and pH, although guar provided higher viscosity at the maximum shear 

rate studied. The particle system was produced in guar solution with the presence of cross over of 

storage G′ and loss G″ moduli. LBG and CMC exhibited only the liquid-like system, yet with high 

viscosity over shear rate studied. 

When mixed, the strong synergistic effect occurred in all mixtures of X/G, X/LBG and G/CMC. All gum 

mixtures gave much higher K, ηeff and structural stability (lower n value) than pure gum solutions at the 

same concentration. Only X/LBG mixtures promoted gelation. All fractions showed the same sol-gel 

transition temperature of 45 – 47 °C, and higher amount of xanthan in mixtures increased gel strength. 

Entanglement with strong hydrogen bonding attributed for the gel structure of these gum mixtures. 

G/CMC mixtures showed no gelling properties. Only high viscous fluid behavior, attributable to the 

hydrophilic interaction where guar takes water from CMC, was presented which leads to dramatically 

increased viscosity.  

The best organized structure has been obtained by mixing xanthan and guar gums. High viscosity and 

the highest structural stability (lowest n value) have been created. A low amount of xanthan (15:85) is 

the most compatible for binding interaction with guar. This combination generated the strongest 

binding interaction, evidenced by the highest K and ηeff. The semi-solid particle gel-like system 

induced by the dominance of xanthan in structure formation, and the high viscosity level developed by 

the presence of guar gum was obtained. Entangled xanthan interacts with unsubstituted 

galactomannan with effective junction zones, and strong hydrogen bonding takes place. However, 

when high amounts of xanthan are present, its self-organized structure causes a lower binding 

capacity with guar.  

Upon heating, the effect of temperature is highest in gum mixture at 15:85. This mixture, however, still 

showed the highest viscosity at 80 °C among all mixtures studied. At 50 °C, high structural stability still 

remained even when the effective viscosity decreased to approximately 2/3 of its original.  

Important technical information is obtained from the study relating to pressurization. High pressure 

treatment has an obvious effect causing the reduction of consistency factor and effective viscosity of 

all gum solutions. This effect occurs through the homogenization process, especially during emulsion 

formation. Among all samples, guar showed the most degradation while xanthan showed a better 
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tolerance to high pressure giving the highest structural stability (lowest n value) after five cycles of two-

stage homogenization. X/G mixtures also have the property of tolerance to high pressure treatment. 

This may be attributed to their strong binding Interaction of X/G with the structural arrangement 

dominated by xanthan gum.  

In chapter 8, some selected hydrocolloid solutions (0.5 wt%) were used to stabilize 20 % coconut oil-

in-water emulsions emulsified by 0.15 wt% Tween 60 (HLB 14.9). The most appropriate gum solution 

found in this experiment was the mixture of xanthan and guar gum at the ratio of 15:85, best both for 

economic reasons and for product qualities of high viscosity, great structural stability and good 

tolerance to high pressure and temperature treatment. With the development of small oil droplets, high 

viscosity with semi-solid structure and rather high τ0, long-term stability over 3 months was achieved.  

Guar alone cannot produce long-term stability. Emulsions containing guar exhibited a separation 

phase (creaming instability) within a week of storage. Stable emulsions were created by adding 

xanthan solution, but this is expensive. For this reason, the application of X/G mixtures was used to 

give lower cost with higher quality. At ratios of 50:50 and 85:15, the stability was also rather high as 

indicated by the presence of low flow index n, high G′ and a strong network gel-like structure. Notice, 

the combination of 15:85 exhibited the same stability and provided the highest viscosity among all 

samples.  

All results also suggested the correlation between emulsion rheology and stability. Factors affecting 

emulsion stability are not only the continuous phase viscosity but also complex rheological properties. 

Parameters controlling emulsion stability are summarized in this study as follows.  

• Theoretically, according to Stokes’ Law, small well separated oil droplets and dispersed in the high 

viscosity of the continuous phase are preferable in order to retain highly stable emulsions. 

• Low interfacial tension (high surface activity) must be created by adding the appropriate emulsifier 

type and concentration to sufficiently cover each individual oil droplet. From the results, 0.15 % 

Tween 60 was recommended for stabilizing coconut oil-in-water emulsions.  

• Emulsion rheology – high viscosity is not the only requirement for good stability, as evidenced by 

the application of guar gum in this study. Low flow index n, high yield stress τ0, high storage 

modulus G′ with a semi-solid network or gel-like structure is also needed for long-term emulsion 

stability. These rheological properties were found to be very important for generating stable 

emulsions which are mainly controlled by a stabilizer. The appropriate stabilizers found in this 

experiment are xanthan and mixtures between xanthan and guar gum, especially at 15:85.  

Additionally, the results also demonstrated how process influences emulsion stability of coconut oil-in-

water emulsions. The suggestions obtained from this experiment are summarized as follows. 

• Slow speed premixing is required for diminishing the degradation of hydrocolloid solutions. High 

speed blending during primary emulsification can cause undesirable low viscosity, subsequent 

degradation of G′ and structural instability of the stabilizers. Using the propeller method at 400 rpm 

for 1 min is sufficient for crude emulsion preparation.  
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• Process temperatures that must be especially controlled for coconut oil-in-water emulsion 

formation. In order to prevent the re-crystallization of coconut oil during emulsification, the 

temperature of mixed ingredients should be above 30 °C. 

• Appropriate homogenization pressure and cycles must be used because of their direct affect on 

gum solution structure. Pressure that is too low and too few cycles cannot produce fine oil 

droplets. Pressure that is too high and too many cycles of homogenization inevitably reduce gum 

solution viscosity, lower structural stability and degrade the elastic component G′ in the micro-

structure level. The appropriate homogenization, obtained in this experiment, was at 200 bar for 2 

cycles of homogenization.  

• Partial-added gum mixture is the new method found in this study to promote longer emulsion 

stability against gum destruction by high pressure homogenization. One part of the gum solution 

must be added after homogenization to regain emulsion viscosity and the required rheological 

properties. The best formulation obtained from the results is at 75/25, to be added before and after 

homogenization. Stable emulsions with long-term storage at both 30 °C and room temperature of 

preferred high product viscosity for coconut cream production was successfully created.  

New technology for coconut oil-in-water emulsion processing has been developed from these studies. 

These material science properties of coconut fats, milks and oils will provide useful information for 

modern processing, especially for Thai food industries.  
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12. APPENDIX 

APPENDIX A: Oscillation test 

 

 

 

 

 

 

 

 

 

 

 

Fig. A-1 Oscillation behavior for ideal elastic component (Mezger, 2006) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A-2 Oscillation behavior for ideal viscous component (Mezger, 2006) 
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Fig. A-3 Oscillation behavior for viscoelastic component (Mezger, 2006) 
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Fig. A-4 Amplitude sweep test (Mezger, 2006) 
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Fig. A-5 Frequency sweep test (Mezger, 2006) 
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APPENDIX B: Proximate analysis 

Appendix B – 1: Fat content analysis for milk product by Gerber method  

DIN 10310 

Ref: Bestimmung des Fettgehaltes con Milch nach dem Gerber-Verfahren (April, 1981) 
 
1. Area of application 
 
This procedure is of the analysis of fat content for milk with the range of fat in milk between 0 – 8 %. 
This method is suitable for the fresh or homogenized milk. This method is also suitable for fermented 
milk, which should have homogenized or well disperse of fat.  
 
2. Concept 
 
Gerber method use for determine the fat content or similar/comparable material in sample in %, which 
will compare to the standard. 
 
3. Short description 
 
The known amount of milk will be mixed with sulfuric acid in the closed container. The extract milk fat 
will be centrifuged in the detach Butyrometer, which was added the Amyalkohol to make the 
separation of fat easier. The fat content can be read from the scale shown in Butyrometer in % fat. 
 
4. Sample 
 
The sampling plan must be applied. 
 
5. Chemical agent 
 
5.1 Sulfuric acid (90%) 
Density at 20 °C equal to 1.818 ±0.003 g/ml, colorless or light color and free of the element which will 
have an effected on the measurement. 
 
5.2 Amylalkohol 
Density at 20 °C equal to 0.811 ±0.002 g/ml, boiling point of 98% alcohol between 128 – 132 °C when 
it was distillated at 1 bar. The amylalkohol must not have any ingredients which will have an effected 
on the measurement. Instead of amylalkohol, the other material, which is proved that it has the same 
ability as amylalkohol,  can be used. 
 
6. Equipment 
 
6.1 Pipette DIN 10 283 –P for milk, Pipette DIN 12 837 – A for milk or corresponding to the equipment 
suitably. 
 
6.2 Suitable butyrometer with suitable seal/plug 
DIN 12 836 – A 4, DIN 12 836 – A 6, DIN 12 836 – A 8, DIN 12 836 – A 5, DIN 12 836 – A 7 
 
6.3 Pipette 
DIN 12 837 – B or the suitable one for sulfuric acid usage. 
 
6.4 Pipette  
DIN 12 837 – C or the suitable one for amylalkohol usage. 
 
6.5 Centrifuge for milk fat determination with the suitable number of measurement probe. 
The centrifuge must be generated centrifuge speed up with 350 ±50 g3 for the full load of butyrometers 
to 1100 ±50 1/min within 2 min (with the specific rotation radius ex. 26 ±0.5 cm.).  
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6.6 Temperature control unit for butyrometer, ex. Water bath 
In the relation of the heated centrifuge can be used of the container containing the butyrometer in 
Water bath. The temperature must be conducted at 65 ± 2 °C.  
 
7. The preparation of the sample 
 
7.1 Milk which is contained in flask at 20 °C will be warmed and be stirred thoroughly. Milk sample 
should have homogenized fat globule and must be avoided to making the slum or butter. When the 
dispersion of the cream layer or the butter are not be made, heat the milk to 35 - 40 °C until the fat 
content of milk is well dispersed. The milk is cooled down and then pipette at 20°C. 
 
7.2 After the heating, milk should be standing for 3-4 min to eliminate the bubble. From this time on, 
the next step must be uninterrupted continuing. 
 
8. Performing the determination of whole milk, part of cream milk and fermented milk 
 
The determination can be separated to be 2 methods; 
 
8.1 Fill 10 ml sulfuric acid into butyrometer without the touching of the neck of butyrometer. 
 
8.2 The flask of sample should be carefully overturned for 3 or 4 times and then immediately pipette 
10.75 ml milk into butyrometer without contacting to the neck of butyrometer. In addition, the mixing 
between milk and sulfuric acid must not be mixed and the milk layer will form on the top of sulfuric 
acid.  
 
8.3 1 ml Amylalkohol is added into the butyrometer. 
 
8.4 Without mixing, the butyrometer is sealed with the cover. 
 
8.5 Shake and overturn the butyrometer for dissolving the protein until the fully dissolve. 
 
8.6 At last, centrifuge the butyrometer with heating. After reaching the centrifuge force of 350 ±50 g3 
with the condition of 6.5, at the required RPM, centrifuge for 4 min long. 
 
8.7 With controlling the temperature, the butyrometer must be kept for 5 min long before measurement 
at 65 ±2 °C, for example immerse the butyrometer with cover into water bath with the sufficient water. 
 
8.8 Given out the seal or the cover of butyrometer in case of fat is on the scale. The butyrometer must 
be placed vertically and can be read the meniscus with the eye level. With the cover, the separation 
between sulfuric acid and fat at the marked point can be provided, and the level of fat content at the 
minimum point of meniscus can be read.  
 
9. Evaluation 
 
The fat content of milk in % is equal to the amount of gram of fat in 100 gram of milk. The different 
between the reading value from the minimum point of the meniscus and the separated layer between 
sulfuric acid and fat is occurred. The evaluation should be duplicated and the error should not more 
than 0.1%. The obtain value can be called “fat content from Gerber method”. 
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Appendix B – 2: Analysis of protein content in milk with the reference method : Kjeldahl  

Halbmikroverfahren, IDF 20 B:1993 
 
This method can be used to determine the total protein content with the factor of each content, ex. 
whey protein content or casein. For milk, whey, milk beverage and curdled milk product, the factor 
6.38 is for percent protein on the total nitrogen basis and the factor 6.45 is for casein content. 
 
1. Principle 
 
A known weight sample is digested in H2SO4, using CuSO4⋅5H2O and K2SO4 as catalyst, to release 
nitrogen from protein and retain nitrogen as ammonium salt. NaOH is added to cool down to release 
NH3, which is distilled, and collected in the sufficient amount of H3BO3. The solution then is titrated 
with the solution of H2SO4. The total amount of nitrogen is equivalent to the released NH3.
 
2. Apparatus 
 

(a) Balance, Class A 
(b) Pipette, 1 A or 1 ml 
(c) Titration buret, 25/0.05 A without waiting period, shellback-half micro Kjeldahl- apparatus 

consisted of; 
(d) Distillation/Digestion apparatus with Aluminum heat block enough for 18 samples with 

digestion and distillation flask 
(e) Suitable apparatus for washing the flask neck 
(f) Buret, 4 or 5 cm3 funnel 
(g) Erlenmeyer flask, wide neck, 100 cm3 and cylinder, 1000, 100, and 10 cm3, Thermometer for 0 

to 400 °C with 1 degree scale 
(h) Thermometer for 0 to 100 °C with 1 degree scale 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. B-1 Distillation apparatus for nitrogen determination by Kjeldahl with connected to digestion 
apparatus 
(1: funnel tube for adding concentrated NaOH; 2: drip-catcher; 3: distillation vessel, pear shape; 4: 
condenser bulb; 5: normal joint; 6: ball and pocket joint; 7: steam coiler; 8: receiver)  
 
3. Reagents 

 
(a) Sulfuric acid; nitrogen free, 95-98% H2SO4, ρ20 (H2SO4) roughly = 1.84 g/cm3 
(b) Sodium hydroxide solution (NaOH); 33 wt% , nitrogen free 
(c) Potassium sulfate (K2SO4); for only trace of nitrogen 
(d) Thymolphytaline solution; 0.1 %, alcohol basis 
(e) Copper sulfate solution, nitrogen free, prepared by 5.0 g of CuSO4⋅5H2O dissolved into water 

which is added into 100 cm3 volumetric flask at 20 °C 
(f) Methyl red/bromocresol green indicator solution (Tashiro solution); dissolve 0.1 g methyl red 

and dilute to 50 cm3 in 95% ethanol (v/v). On the same way, dissolve 0.5 g bromocresol green 
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and dilute to 250 cm3 in 95% ethanol (v/v). Mix 1 part of methyl red solution with 5 parts of 
bromocresol green solution. Solution must be kept in bottle with stopper avoided of light. 

(g) Boric acid solution; dissolve 20.0 g of boric acid (H3BO3) and dilute to 1 l in warm distilled 
water. Cool down and adjusted into required scale by adding distilled water. Add 3 cm3 methyl 
red/bromocresol green indicator solution into boric acid solution and then keep in borosilicate 
glass with stopper avoided of light to prevent the absorption of ammonia vapor. 

(h) Standard titration solution; c1/2(H2SO4) = (0.05 ± 0.0005) mol/l 
(i) Ammonium sulfate [(NH4)2SO4] for checking distillation and titration. Minimum 99.9% of dried 

substance. Dry ammonium sulfate at least 2 hr (or 1 night for the best) at 120 ± 2°C and cool 
down to room temperature in desiccator before use. 

(j) Sucrose; nitrogen free or less than 0.02% 
(k) Tryptophan (C11H12N2O2) or lysine hydrochloride (C6H15CIN2O2); analytical grade, 99.9% 

minimum. Reagent, which can be decomposed, must not be dried before use (Difficulty of 
analysis involve the mineralize as tryptophan or lysine serve as checking method for the 
effectiveness of result). 

 
4. Sample preparation 
 
Control sample at 20 ± 2 °C for use 
 
5. Determination 
 
The determination must be duplicated. Maximum difference between duplicates is 0.04% protein. 
Reference value is to prove the duplicates. (Bei Überschreitung dieses Wertes ist die Prüfung zu 
wiederholen.) 
 
Add 1 – 2 boiling chips into Kjeldahl flask and add 0.5 to 1 g of potassium sulfate and 1.0 cm3 of 
copper sulfate solution. Weigh milk 1 ± 0.1 cm3. (Weights must be record to nearest 0.1 mg.) Add 5 
cm3 Sulfuric acid and rinse any milk, potassium sulfate, and copper sulfate on neck of flask down into 
bulb.  
 
Heat the digestion flask in Aluminium heating block into 360°C ± 10 K and also heat the several flasks 
at this temperature until the solution is clear or colorless. The product which produced foam during 
digestion should be started heating at low temperature between 100 and 200 °C. When foaming is all 
gone, the digestion at 360°C will be carried out. At the end of digestion, rinse again on neck of flask 
with sulfuric acid.  
 
After digest is cooled, add distilled water at the same amount to dilute the solution. Add 2 drop of 
thymolphthalein solution before distillation. Add 25 cm3 boric acid and Tashiro indicator in each 
Erlenmeyer flask and place flask under condenser tip (Külerrohr) so that tip is immersing in boric acid 
solution.  
 
Digest acid solution will change color to be blue after the addition of sodium hydroxide and distill for 3 
min under vapor. After 2 min the color of boric acid solution will change from red to be green. So, left 
to distill for 1 more min then titrate with 0.05 N sulfuric acid until the color change to be red again.  
 
Blind control can be prepared by mixing 1 ml distilled water with 0.1 g saccharine. By the titration, 
blind control should take only small volume of titrated solution (approx. 0.05 ml to 0.2 ml). The blind 
control must stable. When it turns to be red after titration, it refers to the error of measurement.  
 
6. Evaluation 
 
The amount of titrated solution was then used to calculate total protein content 

( )
s

ppp

W
Fba 4468550

Protein  
.⋅−

=    in %                

Where ap is the amount of titrated 0.05N H2SO4 (ml) from sample, bp is the amount of titrated 0.05N 
H2SO4 (ml) from blind control, Fp is the 0.05N H2SO4 factor ( = 1) and Ws is the weight of sample (g). 
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Fig. C-2 DSC thermal curve of a typical coconut oil from Dyszel and Baish (1992) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. C-1 DSC thermal curve of a typical coconut oil from Jayadas and Nair (2006) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX C-1: The large size DSC curves found in literature 
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APPENDIX C-2: The original DSC curves obtained in this experiment 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. C-3 DSC melting curve of coconut fat at scanning rate of 2 K/min (without calibration) 
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Fig. C-4 DSC melting curve of coconut fat at scanning rate of 5 K/min (with calibration) 
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