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ABSTRACT

An innovative technique of Supercritical Fluid Extraction (SFE) process

was adopted for the extraction of squalene from palm oil mesocarp. SFE is the

process of separating the extractant from components using supercritical fluids (SCF)

with CO2 as the extracting solvent. However, the use of SFE for industrial

application is still unpopular and the references of SFE are serious shortage in

present. In this study, there was a comparison experiment between SC-CO2

extraction and Soxhlet extraction in order to investigate the better method to extract

squalene. Meanwhile, for SC-CO2 extraction, the task was investigated the influence

of independent conditions of pressure, temperature and CO2 flow rate on the

extraction of squalene and these independent variables were selected as follows:

temperature (45-75 ℃), pressure (16-30 MPa) and CO2 flow rate (2-5 ml/min).

Afterwards, the chemical compositions of palm oil were analyzed by gas

chromatography-mass spectrometry (GC-MS). Furthermore, the conditions of

SC-CO2 extraction for squalene were optimized by response surface methodology

(RSM) following Box-Behnken Design (BBD) and the result was analyzed by

Design Expert software. In the end, the optimum conditions obtained from the

investigation were pressure (16 MPa), temperature (45.01 ℃) and CO2 flow rate (2

ml/min) and the yield of squalene was 0.506%. Besides, after compared the yield of

squalene, the method of SC-CO2 extraction was better than the conventional Soxhlet

extraction.
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ABSTRAK

Teknik inovasi Pengekstrakan Bendalir Lampau Tinggi (PBLG) telah

digunakan untuk menyari squalena daripada sabut minyak sawit. PBLG adalah

proses memisahkan bahan larut dari komponen menggunakan bendalir genting

lampau dengan karbon dioksida sebagai pelarut. Walau bagaimanapun, penggunaan

PBLG di industri masih tidak popular dan kekurangan rujukan PBLG pada masa kini.

Dalam kajian ini, perbandingan antara pengekstrakan PBLG dan pengekstrakan

Soxhlet akan dibandingkan untuk mencari kaedah terbaik di dalam menghasilkan

squalena. Sementara itu, bagi pengekstrakan PBLG pembolehubah pengaruh tekanan,

suhu dan kadar aliran karbon dioksida pada pengekstrakan squalene telah dikaji, dan

nilai yang dipilih adalah seperti berikut: suhu (45-75 ℃), tekanan (16-30 MPa) dan

kadar aliran karbon dioksida (2-5 ml / min). Selepas itu, komposisi kimia minyak

sawit telah dianalisis dengan menggunakan gas kromatografi-spektrometri jisim

(GK-SJ). Di samping itu, keadaan pengekstrakan SC-CO2 untuk squalena telah

dioptimumkan dengan kaedah Gerak Balas Permukaan (GBP) melalui rekabentuk

Box-Behnken (RBB) dan hasilnya dianalisis dengan perisian Design Expert.

Akhirnya, keadaan optimum diperolehi daripada pengajian ini adalah tekanan (16

MPa), suhu (45.01 ℃) dan kadar aliran karbon dioksida (2 ml/min) dan hasil

squalene adalah 0.506%. Selain itu, merujuk kepada hasil squalena, kaedah

pengekstrakan PBLG adalah lebih baik daripada pengekstrakan Soxhlet.



vii

TABLE OF CONTENT

CHAPTER TITLE P AGE

DECLARATION ii

DEDICATION iii

ACKNOWLEDGEMENTS iv

ABSTRACT v

ABSTRAK vi

TABLE OF CONTENT vii

LIST OF TABLES xi

LIST OF FIGURES xiii

LIST OF ABBREVIATIONS xvi

LIST OF SYMBOLS xviii

LIST OF APPENDICES xix

1 INTRODUCTION 1

1.1 Background of the Problem 4

1.2 Problem Statement 5

1.3 Research Objectives 5

1.4 Scopes of Work 6

1.5 Significant of Study 7

1.6 Outline of Thesis 7



viii

2 LITERATURE REVIEW 8

2.1 Palm Oil 8

2.1.1 Introduction of Palm Oil 8

2.1.2 Nutrition of Palm Oil 9

2.1.3 Introduction of Squalene in Palm Oil 10

2.1.4 Applications of Palm Oil 12

2.2 Solvent Extraction 14

2.2.1 Soxhlet Extraction 15

2.3 The Technology of Supercritical Fluid Extraction 17

2.4 Supercritical Fluid (SCF) 18

2.4.1 Properties of Supercritical Fluid (SCF) 19

2.4.2 Solvents of Supercritical Fluid Extraction 21

2.5 Principles of Supercritical Extraction Process 23

2.6 Properties of SC-CO2 Extraction 24

2.7 Application of Supercritical Carbon Dioxide

(SC-CO2) Extraction 25

2.8 Gas Chromatography-Mass Spectrometry (GC-MS) 27

2.8.1 Introduction of GC-MS 27

2.8.2 Overview of a Typical GC-MS System 30

2.9 Response Surface Methodology (RSM) 31

2.9.1 The Definition of RSM 31

2.9.2 Application of RSM Performed For

Optimization of Process 32

3 RESEARCH METHODOLOGY 34

3.1 Materials 34

3.1.1 Materials and Equipment 34

3.1.2 Sample Preparation 35

3.2 Methods of Extraction 36



ix

3.2.1 Soxhlet Extraction 36

3.2.1.1 Procedures of Soxhlet Extraction 36

3.2.1.2 Results and Calculation 40

3.2.2 Supercritical Carbon Dioxide (SC-CO2)

Extraction 40

3.2.2.1 SC-CO2 Continuous Extraction 42

3.3 Analysis of Gas Chromatography-Mass Spectrometry

(GC-MS) 43

3.3.1 Preparation of Palm Oil for GC-MS Analysis 43

3.3.2 Conditions of GC-MS Analysis 44

3.4 Experimental Design 44

3.4.1 Independent Variables Test for SC-CO2

Extraction 44

3.4.2 RSM Design for SC-CO2 Extraction 45

3.4.3 Qualitative Analysis of Chemical Compounds

in Extracted Oil 46

3.5 Model Fitting and Statistical Analysis 47

3.6 Operational Framework 49

4 RESULTS AND DISCUSSIONS 50

4.1 Introduction 50

4.2 Soxhlet Extraction 51

4.2.1 Palm Oil Yield 51

4.2.2 Percentage of Squalene 54

4.3 Supercritical Carbon Dioxide Extraction (SC-CO2) 58

4.4 Effect of Supercritical Conditions on the Extracted

Oil Yield 59

4.4.1 Effect of Extraction Temperature on the

Extracted Oil Yield 59



x

4.4.2 Effect of Extraction Pressure on the Extracted

Oil Yield 62

4.4.3 Effect of Extraction CO2 Flow Rate on the

Extracted Oil Yield 64

4.5 Effect of SC-CO2 Extraction Conditions on the

Squalene 67

4.6 Comparison of the SC-CO2 Extraction with Soxhlet

Extraction 69

4.6.1 Comparison of the SC-CO2 Extraction with

Soxhlet Extraction on the Yield of Extracted

Oil 69

4.6.2 Comparison of the SC-CO2 Extraction with

Soxhlet Extraction on the Yield of Squalene 71

4.7 Optimization of SC-CO2 Extraction Using Response

Surface Methodology 71

4.7.1 Analysis of Box-Behnken Design 72

4.7.2 Model Fitting for Extracted Oil and Squalene 74

4.7.3 Effect of the Process Parameters on the Yield

of Extracted Oil 74

4.7.4 Effect of the Process Parameters on the Yield

of Squalene 78
4.7.5 Analysis of Variance (ANOVA) 81
4.7.6 Observed and Predicted Graph 82

4.7.7 Optimization for the Best Conditions of

Squalene 84

5 CONCLUSION AND RECOMMENDATION 86

REFERENCES 89

Appendices A - I 94-101



xi

LIST OF TABLES

TABLE NO. TITLE PAGE

2.1 Comparison of properties among gas, liquid and supercritical fluid (Mc

Hugh and Krukonis, 1986) 19

2.2 Various solvent as SCFs with critical properties 22

2.3 Applications of SC-CO2 extraction 27

2.4 Applications of RSM performed for optimization of biochemical process 33

3.1(a) Independent variables and coded levels 45

3.1(b) Range of parameters chose in the extraction 45

3.2 Box-Behnken design for SFE 46

4.1 The result of Soxhlet extraction on the percentage of oil yield 52

4.2 Percentage of palm oil yield based on the RSM design during 15 minutes

fractions each 60

4.3 Percentage of palm oil yield at a constant pressure and CO2 flow rate with

its range of temperature during 15 minutes fractions each 61

4.4 Percentage of palm oil yield at a constant temperature and CO2 flow rate

with its range of pressure during 15 minutes fractions each 63

4.5 Percentage of palm oil yield at a constant pressure and temperature with

its range of CO2 flow rate during 15 minutes fractions each 65

4.6 Box-Behnken design with experimental and predicted values for yield of

extracted oil and squalene 73

4.7 Regression coefficient analysis of predicted quadratic model for the yield

of extracted oil 76

4.8 Regression coefficient analysis of predicted quadratic model for the yield

of squalene 80



xii

4.9 ANOVA for the response surface quadratic model for the yield of

squalene 82

4.10 The optimum conditions for extraction of squalene 85



xiii

LIST OF FIGURES

FIGURE NO. TITLE PAGE

1.1 Picture of palm fruits 2

1.2 The process flow diagram of palm oil mesocarp 3

2.1 Fatty acid content of palm oil (Cottrell, 1991) 10

2.2 Chemical structure of squalene 11

2.3 The chemical process of synthetised squalene 11

2.4 The apparatus of Soxhlet extractor 16

2.5 Pressure-Temperature phase diagram of carbon dioxide (Dean, 1993) 20

2.6 A schematic diagram of SFE using CO2 (Azizi et al., 2007) 23

2.7 Schematic diagram of a typical GC-MS system 30

3.1 The prepared sample of palm oil mesocarp for SFE 35

3.2 The apparatus of Soxhlet Extractor in the CLEAR laboratory 37

3.3 Raw palm oil with solvent 38

3.4 The diagram of rotatory evaporator 39

3.5 Flow diagram of SC-CO2 extraction system 41

3.6 The apparatus of SFE in the CLEAR laboratory 41

3.7 Diagram of continuous extraction process 42

3.8 Analytical bottle with the samples of palm oil 43

3.9 Flow chart of research activities 49

4.1 The graph of oil yield percentage at five types of solvents 52

4.2(a) GC-MS analysis of Soxhlet Extraction with solvent of Isopropanol 55

4.2(b) GC-MS analysis of Soxhlet Extraction with solvent of Methanol 55



xiv

4.2(c) GC-MS analysis of Soxhlet Extraction with solvent of Petroleum

Ether 56

4.2(d) GC-MS analysis of Soxhlet Extraction with solvent of Chloroform 56

4.3 The graph of squalene yield percentage at five types of solvents 57

4.4 Effect of extraction temperature on the extracted oil yield at constant

pressure of 23 MPa and constant CO2 flow rate of 5 ml/min 61

4.5 Effect of extraction pressure on the extracted oil yield at constant

temperature of 60℃ and constant CO2 flow rate of 5 ml/min 63

4.6 Effect of CO2 flow rate on the extracted oil yield at constant pressure

of 30 MPa and temperature of 60℃ 66

4.7 Effect of pressure at constant temperature on the extraction of

squalene yield 68

4.8 Effect of temperature at constant pressure on the extraction of

squalene yield 68

4.9 Comparison of extracted oil yield obtained from Soxhlet extraction

with different solvents and various conditions of SC-CO2 extraction 70

4.10 Comparison of squalene yield obtained from Soxhlet extraction

with different solvents and various conditions of SC-CO2 extraction 72

4.11 Response surface plot for the effect of pressure and temperature on

the extracted oil yield at the constant CO2 flow rate of 3.5 ml/min 75

4.12 Response surface plot for the effect of CO2 flow rate and pressure

on the extracted oil yield at the constant temperature of 60℃ 75

4.13 Response surface plot for the effect of CO2 flow rate and temperature

on the extracted oil yield at the constant pressure of 23 MPa 76

4.14 Response surface plot for the effect of pressure and temperature on

the squalene yield at the constant CO2 flow rate of 3.5 ml/min 79

4.15 Response surface plot for the effect of pressure and CO2 flow rate

on the squalene yield at the constant temperature of 60℃ 79

4.16 Response surface plot for the effect of temperature and CO2 flow

rate on the squalene yield at the constant pressure of 23 MPa 80



xv

4.17 Scatter graph of observed against predicted of the response for

extraction yield of palm oil 83

4.18 Scatter graph of observed against predicted of the response for

extraction yield of squalene 84



xvi

LIST OF ABBREVIATIONS

ANOVA - Analysis of Variance

BBD - Box Behnken Design

CH3OH - Methanol

CHCl3 - Chloroform

C3H8O - Isopropanol

CO2 - Carbon Dioxide

CPO - Crude Palm Oil

DNA - Deoxyribonucleic Acid

ECD - Electrical Conductivity Detector

FCA - Food Control Act

FPD - Fission-Product Detection

FT-MS - Fourier Transform Mass Spectrometer

GC - Gas Chromatography

GC-MS - Gas Chromatography-mass Spectrometry

GLC - Gas-Liquid Chromatography

GSL - Gas-Solid Chromatography

H2O - Water

ICP-MS - Inductively Coupled Plasma Mass Spectrometer

LC-MS - Liquid Chromatography-Mass Spectrometry

MAE - Microwave Assisted Extraction

MALDI-TOFMS - Matrix Assisted Laser Desorption Time of Flight

Mass Spectrometer

MS - Mass Spectrometry

http://en.wikipedia.org/wiki/Gas-liquid_chromatography


xvii

NADPH - Nicotinamide Adenine Dinucleotide Phosphate

NPD - Nitrogen Phosphorous Detector

Pc - Critical Pressure

PKO - Palm Kernel Oil

PMO - Palm Mesocarp Oil

P-T - Pressure-Temperature

RPM - Rotations per minute

RPO - Refined Palm Oil

RSM - Response Surface Methodology

SC-CO2 - Supercritical Carbon Dioxide

SCF - Supercritical Fluid

SFE - Supercritical Fluid Extraction

SI-MS - Secondary Ion Mass Spectrometer

SSDF-MS - Spark Source Double Focusing Mass Spectrometer

Tc - Critical Temperature

UE - Ultra-sonication Extraction

http://en.wikipedia.org/wiki/NADPH


xviii

LIST OF SYMBOLS

℃ - Celsius Degree

hr - Hour

g - Gram

％ - Percentage

μm - Micrometer

μl - Microliter

ml - Milliliter

mm - Millimeter

min - Minute

ml/min - Milliliter per minute

m1 - Mass of dry empty vessel

m2 - Mass of the vessel, including the product residue

E - Mass of sample

F - Percentage of palm oil

MPa - Mega Pascal

X1 - Pressure

X2 - Temperature

X3 - CO2 flow rate

Yi - Percentage of compound i

Ai - Area corresponding to compound i

∑AT - Sum of the areas



xix

LIST OF APPENDICES

APPENDIX TITTLE PAGE

A Retention time and percentage of squalene yield for different solvents 95

B Percentage of squalene yield at a constant temperature with its range

of pressure 95

C Percentage of squalene yield at a constant pressure with its range of

temperature 96

D The retention time and percentage of squalene on the extraction of palm

mesocarp at a various SC-CO2 conditions 97

E ANOVA for the response surface quadratic model for the yield of

extracted oil 98

F Scatter graphs of residuals versus predicted of the response for

extraction yield of palm oil 99

G Scatter graphs of residuals versus predicted of the response for

extraction yield of squalene 99

H1 Contour plot for the effect of pressure and temperature on the

extracted oil yield at the constant CO2 flow rate of 3.5 ml/min 100

H2 Contour plot for the effect of CO2 flow rate and pressure on the

extracted oil yield at the constant temperature of 60 ℃ 100

H3 Contour plot for the effect of CO2 flow rate and temperature on the

extracted oil yield at the constant pressure of 23 MPa 101

I1 Contour plot for the effect of pressure and temperature on the

squalene yield at the constant CO2 flow rate of 3.5 ml/min 101

I2 Contour plot for the effect of pressure and CO2 flow rate on the

squalene yield at the constant temperature of 60℃ 102



xx

I3 Contour plot for the effect of temperature and CO2 flow rate on the

squalene yield at the constant pressure of 23 MPa 102



CHAPTER 1

INTRODUCTION

Malaysia, located in the Southeast Asia, is a country that leads the

production of palm oil around the world and it has about 1.9 million hectares of

plantations. The main function of oil palm trees is obtaining the product of the palm

oil, which is made of palm fruits. Meanwhile, there are two oil-containing parts,

which are palm mesocarp and palm kernel in the bunch of palm fruit as showed in

Figure 1.1. Then, the process flows diagram of palm oil mesocarp is shown in Figure

1.2. However, the majority of palm oil is obtained from palm mesocarp, because the

production of palm mesocarp is quit more than the yield of palm kernel, which is one

of the reason that the price of palm kernel oil (PKO) much higher than the palm

mesocarp oil (PMO).

The extraction of natural products from solid matters with supercritical fluids

(SCF), mainly using CO2 as the solvent, has been investigated as an alternative to

conventional processes that use liquid organic solvents (Luiz, 1997). Because of the

properties of steady, non-toxic, non-hazardous, nonpolluting and non-flammable for

the extraction of natural products, carbon dioxide (CO2) has been the prevalent

supercritical fluid in the extraction industries. In addition, it is quite important that

the price of CO2 is cheaper than other solvents in the industries and it can be recycled

many times. Taking into account the requirements of economy and environment, it is
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(a)

(b)

Figure 1.1: (a) fruits of oil palm (b) palm mesocarp and palm kernel

desirable to explore alternative supercritical fluid extraction (SFE) solvents that

enable operation at less intense conditions (Catchpole and Proells, 2001; Wood and

Cooper, 2003), accordingly, allowing designers to exploit the typical SFE benefits at

more reasonable costs (Perrut, 2000). Because of these characteristics and properties,

the technology of SC-CO2 extraction has become a prevalent technique for the

recovery of pharmaceutical products and food additives from natural plants in the

extraction industries.
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The Bunch of Palm Fruits

Sterilization

Stripping

The Bunch of Empty Fruit Palm Fruitlets

Stripping

Nut Palm Oil Mesocarp

Figure 1.2: The process flow diagram of palm oil mesocarp

On the other hand, palm mesocarp is contained with the compound of

squalene, which is a very important component in the palm oil and has substantial

beneficial effects on the health of human, such as anti-cancer, anti-oxidation and

reducing the serum cholesterol levels.

Therefore, in this study, extraction of palm oil from palm mesocarp using

supercritical technology has been considered an advanced method to obtain squalene.

In addition, although the technology of Soxhlet extraction is a conventional method,

it has good extraction efficiency and the methodology of Soxhlet extraction only

needs a little specialized training to have a possibility to obtain high sample yield.

Therefore, currently, the method of Soxhlet extraction is still widely applied to many

extraction fields. On the other hand, SC-CO2 extraction as an emerging method, has

been initially shown its predominant advantages and widely applied to many
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extraction fields. However, the production of products cannot meet the market

requirement completely; therefore, the technology of SC-CO2 extraction has broad

prospects for development in the future.

1.1 Background of the Problem

As we all known that palm oil mesocarp contains affluent natural compounds,

such as carotene, squalene, vitamin E and so on. These components have many

unique and significant pharmacological effects, for example, β-carotene contains

antioxidant activity and inhibiting growth of colon cancer cells (Di Mascio et al.,

1991). β-carotene is an antioxidant with detoxification, which plays a significant role

in many areas, such as antioxidant, anti-cancer, prevention of cardiovascular disease

and cataracts; squalene has substantial beneficial effects on the health of human, such

as anti-cancer, anti-oxidation, improving people’s immune system response and

reducing the serum cholesterol levels; vitamin E (e.g., tocotrienols) as antioxidant,

anti-cancer and having hypercholesterolemic effects (Pearce et al., 1992; Salonen et

al., 1985; Tomeo et al., 1995). Currently, majority of research reports of squalene are

primary focused on the physiological activities and clinical applications. However,

for the other fields, especially in the technology research of extraction and separation

are quite rare and uncommon, which are the main reasons that scientists are

interested in these research topics. In Malaysia, nevertheless, the use of SFE for

industrial application is still unpopular even though several local researchers have

studied the feasibility of supercritical fluid extraction especially on the palm oil

industries (Azizi et al., 2007). Therefore, it has become quite imperative for the

applications of new technologies and new methods of extracting squalene.

http://en.wikipedia.org/wiki/Tocotrienol
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1.2 Problem Statement

In this study, the main purpose is to extract the maximal yield of squalene

from palm oil mesocarp using SC-CO2 extraction technology. On the issues of

problem statements, we should focus on several points. The first one is that carbon

dioxide is a good solvent to extract the required non-polar compounds from mixture

materials. In another word, there is more challenge to extract the other polar

compounds. Secondly, palm oil is solid status at the room temperature. It is very

easily to block the tube of equipment of SFE, which will obstruct the process of

extraction successfully. Thirdly, another one is that there are rare articles or journals

for the materials of palm oil mesocarp to extract the squalene. Therefore, it is

challenge to confirm the specific parameters for the experiments of extraction of

squalene from palm oil mesocarp.

1.3 Research Objectives

The aims of this study are:

1) To study the influence of pressure, temperature and CO2 flow rate on the oil

yield and squalene compound

2) To determine the optimum conditions of SC-CO2 and their interaction on the

best oil yield and squalene compound
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1.4 Scopes of Research

The extraction of palm oil yield and squalene in 60 minutes period from palm

oil mesocarp using SC-CO2. Therefore, in order to accomplish the purpose of the

project, the scopes of the work should be as follows:

1) Sample preparation for extraction process. For example, particle size and make it

slice formed.

2) Investigation of the effects on the independent conditions for the extraction of

palm oil yield in 60 minutes period such as temperature, pressure and CO2 flow

rate and these independent variables were selected as follows: temperature

(45-75℃), pressure (16-30 MPa) and CO2 flow rate (2-5 ml/min).

3) Experimental work to analyse and determine the chemical compositions of palm

oil and the percentage of squalene yield by the method of gas

chromatography-mass spectrometry (GC-MS).

4) Experimental work to analyse the optimum conditions of SC-CO2 extraction

with response surface methodology (RSM) following the Box-Behnken Design

(BBD) for the extraction of squalene yield and the data was analyzed by Design

Expert software.

5) Comparison of the percentage of squalene yield between the conventional

method of Soxhlet extraction and SC-CO2 extraction according to the data

obtained from experiments.
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1.5 Significant of Study

In recent years, SFE technology gradually became a widespread separation

technique in the extraction industries. It is increasingly favored by people because of

its unique physical and chemical properties and high efficiency of extraction.

Especially, the characteristics of extraction using supercritical CO2 with non-toxic,

inexpensive, harmless, no residue, nonpolluting, non-flammable and the extraction

condition of low extraction temperature, it is more suitable for the separation and

extraction in the food and medical industries. Therefore, in this study, the main

contribution is that it has filled the gaps of extraction of squalene from palm oil

mesocarp using SC-CO2 and determined the optimum conditions for the technology

of SFE to extract squalene from palm oil mesocarp. Furthermore, modern high-tech

separation technology of SFE used in the extraction of squalene from palm oil

mesocarp has provided a theoretical basis to explore further unknown fields.

1.6 Outline of Thesis

In this study, the thesis can be divided into five chapters. Chapter 1 is

introduction, which main describes the topic, research objectives and the scopes of

research. Then, chapter 2 is literature review, which used to provide the fundamental

knowledge to support the research. Chapter 3 is methodology, which is the most

significant part because the conditions of SC-CO2 extraction for squalene were

optimized by response surface methodology (RSM) following Box-Behnken Design

(BBD) in this chapter. According to the data of chapter3, the result was analyzed by

Design Expert software in chapter 4. In the end, chapter 5 is used to make a

conclusion, which is that determination of the optimum conditions for SC-CO2

extraction and the better method between soxhlet extraction and SC-CO2 extraction.



REFERENCES

Azizi, C.Y.M., Wahyu, B.S., and Zainudin, A.M. (2007). Advances in Separation

Processes, UTM, ISBN: 978-983-52-05958-8.

Beg, Q. K., Sahai, V., and Gupta, R. (2003). Statistical media optimization and

alkaline protease production from Bacillus mojavensis in a bioreactor.

Process Biochemistry, 39, 203–209.

Bezerra, M. A., Santelli, R. E., Oliveira, E. P, Villar, L.S, and Escaleira, L. A. (2008).

Response surface methodology (RSM) as a tool for optimization in analytical

chemistry. Talanta 76 965–977.

Bisunadan, M. (1993). Extraction of oil from oil palm fruits using supercritical

carbon dioxide. MS.c thesis, Universiti Sains Malaysia, Penang Malaysia.

Boyac, I. H., Williams, P. C., and Koksel, H. (2004). A rapid method for the

estimation of damaged starch in wheat flours. Journal of Cereal Science, 39,

139–145.

Brunner, G., Malchow, T., Sturken, K., and Gottschau, T. (1991). Separation of

tocopherol from deoderizer condensate by countercurrent extraction with

carbon dioxide, J. of Supercritical Fluids, 4: 72-78.

Bruns, R. E., Scarminio, I. S., and Neto. B. B. (2006). Statistical Design -

Chemometrics, Elsevier, Amsterdam.

Catchpole, O. J., and Proells, K. (2001). Solubility of Squalene, Oleic Acid, Soya Oil,

and Deep Sea Shark Liver Oil in Subcritical R134a from 303 to 353 K.

Industrial Engineering Chemistry Research, 40 (3), 965–972.



90

Celik, D., Bayraktar, E., and Mehmetoglu, U. (2004). Biotransformation of

2-phenylethanol to phenylacetaldehyde in a two-phase fed-batch system.

Biochemical Engineering Journal, 17, 5–13.

Choo, Y. M., Yap, S. C., Ooi, C. K., Ma, A. N., Goh, S. H., and Ong, A. S. H. (1996).

Recovered oil from palm-pressed fiber: A good source of natural carotenoids,

vitamin E and sterols. Journal of the American Oil Chemists Society, 73,

599–602.

Cornell, J. A. (1990). How to apply response surface methodology: (Vol 8) American

Society for Quality Control Statistics Division.

Cottrell, R.C. (1991). Introduction: nutritional aspects of palm oil. The American

journal of clinical nutrition 53 (4 Suppl): 989S–1009S.

Dean, J. R. (1993). Application of supercritical fluids in industrial analysis. Blackie

Academic & Professional Publisher, Glasgow.

Di Mascio, P., Murphy, M. E., and Sies, H. (1991). Antioxidant defense systems: The

role of carotenoids, tocopherols and thiols. American Journal of Clinical

Nutrition, 53, 194–200.
Favati, F., King, J.W., and Mazzanti, M. (1991). Supercritical carbon dioxide

extraction of evening primrose oil. JAOCS. 68 (6): 422-427.
Gelman, A. (2006). Analysis of variance (ANOVA). Department of statistic.

Hawthorne, S. B., Miller, D. J., Nivens, D.E., and White, D. C. (1992). Supercritical

fluid extraction of polar analytes using in situ chemical derivatization. Anal.

Chem. 64, 405–412.

Hawthorne, S. B., Grabanski, C. B., Martin, E., and Miller, D. J. (2000).

Comparisons of Soxhlet extraction, pressurized liquid extraction, supercritical

fluid extraction and subcritical water extraction for environmental solids:

recovery, selectivity and effects on sample matrix. Journal of

Chromatography A. Volume 892, 421–433.

He, H. P., Corke, H., and Cai, J. G. (2003). Supercritical Carbon Dioxide Extraction

of Oil and Squalene from Amaranthus Grain. J. Agric. Food Chem. 51, 7921−

7925.

http://en.wikipedia.org/wiki/The_American_journal_of_clinical_nutrition
http://www.sciencedirect.com/science/journal/00219673
http://www.sciencedirect.com/science/journal/00219673/892/1


91

Ismail, A., Linder, M., and Ghoul, M. (1999). Optimization of butylgalactoside

synthesis by b-galactosidase from Aspergillus oryzae. Enzyme and Microbial

Technology, 25, 208–213.

Janda, V., Bartle, K. D., and Clifford, A. A. (1993). Supercritical fluid extraction in

environmental analysis. Journal of Chromatogr. 642, 283–299.

Kim, H. J., Lee, S. B., Park, K.A., and Hong, I. K. (1999). Characterization of

extraction and separation of rice bran oil rich in EFA using SFE process.

Separation and Purification Technology, 15, 1-8.

King, J. W., Favati, F., and Taylor, S. L. (1996). Production of tocopherol

concentrates by supercritical fluid extraction and chromatography. J. of

Separation Science and Technology. 13 (31): 1840-1847.

Lee, M. T., Chen, W. C., and Chou, C. C. (1998). Maximization of cholesterol

oxidase production by Rhodococcusequi no.23 by using response surface

methodology. Biotechnology and Applied Biochemistry, 28, 229–233.

Leo, M. L. (2005). Chromatographic Determination of Carbamate Pesticides in

Environmental Samples. Chromatographic Science Series, 889–934.

Lim, T. K. (2012). Edible Medicinal and Non-Medicinal Plants. Volume 1, pp

335-392.

Lucas de, A., Martinez de la. O. E., Rincon, J., Blanco, M. A. and Gracia, I.(2002).

Supercritical fluid extraction of tocopherol concentrates from olive tree

leaves. J. Of Supercritical Fluids. 22: 221-228.

Luiz, F. F., and Meireles, M. A. (1997). Extraction of oil from pressed palm oil (Elaes

guineensis) fibers using supercritical CO2. Food Science and Technology.

Lynn, M., and Langdon, J. (2002). Three Voyages to the West Coast of Africa.

Camden Fifth Series, 19, pp 168-289.

Manohar, B., and Divakar, S. (2004). Applications of surface plots and statistical

designs to selected lipase catalysed esterification reactions. Process

Biochemistry, 39, 847–853.

McHugh, M. A., and Krukonis, V. J. (1986). Supercritical fluid extraction: principles

and practice. 2nd edition, Butterworth Publishers, Boston.

http://link.springer.com/search?facet-author=
http://link.springer.com/book/10.1007/978-90-481-8661-7


92

Mohd Azizi, C. Y. (2007). Extraction, identification and separation of vitamin E and

djenkolic acid from Pithecellobium jiringan (jack) Prain seeds using

supercritical carbon dioxide, PhD Thesis. Universiti Sains Malaysia.

Mohd Azizi, C. Y., Lee, C.Y., and Idham, Z. (2011). Effect of variables on the

production of red fleshed pitaya powder using response surface methodology

(RSM). Journal Teknologi, 56 (Sains & Kej.) :15-29.

Muthukumar, M., Mohan, D., and Rajendran, M. (2003). Optimization of mix

proportions of mineral aggregates using Box Behnken design of experiments.

Cem Concr Compos 25: 751-758.

Ozkal, S. G., Salgin, U., and Yener, M. E. (2005). Supercritical carbon dioxide

extraction of hazelnut oil. Journal of Food Engineering. 69: 217-223.

Panda, T., and Naidu, G. S. N. (1999). Performance of pectolytic enzymes during

hydrolysis of pectic substances under assay conditions: a statistical approach.

Enzyme and Microbial Technology, 25, 116–124.

Pearce, B. C., Parker, R. A., Deason, M. E., Qureshi, A. A., and Wright, J. J. K.

(1992). Hypercholesterolemic activity of synthetic and natural tocotrienols.

Journal of Medicinal Chemistry, 35, 3595–3606.

Perrut, M. (2000). Supercritical fluid applications: Industrial developments and

economic issues. Industrial Engineering Chemistry Research, 39, 4531–4535.

Rai, P., Majumbar, G. C., DasGupta, S., and De, S. (2004). Optimizing pectinase

usage in pretreatment of mosambi juice for clarification by response surface

methodology. Journal of Food Engineering, 64, 397–403.

Rezaei, K., and Temelli, F. (2000). Lipase-catalyzed hydrolysis of canola oil in

supercritical carbon dioxide. Journal of the American Oil Chemists Society.

Volume 77, Issue 8, pp 903-909.

Salonen, J. T., Salonen, R., and Penttila, I. (1985). Serum fatty acids, apolipoproteins,

selenium and vitamin anti-oxidants and the risk of death from coronary artery

disease. American Journal of Cardiology, 56, 226–231.

http://en.wikipedia.org/wiki/Tocotrienol
http://link.springer.com/journal/11746
http://link.springer.com/journal/11746/77/8/page/1


93

Senanayake, S. P. J. N., and Shahidi, F. (2002). Lipase-catalyzed incorporation of

docosahexaenoic acid (DHA) into borage oil: optimization using response

surface methodology. Food Chemistry, 77, 115–123.

Smith, T. J. (2000). Squalene: potential chemopreventive agent. Expert Opinion on

Investigational Drugs 9 (8): 1841–8.

Steel, R. G. D, and Torrie, J. H. (1960). Principles and Procedures of Statistics with

Special Reference to the Biological Sciences., McGraw Hill, pp. 187, 287.

Taylor, T. L. (1996). Supercritical fluids extraction: techniques in analytic chemistry.

A Wiley-Interscience Publication, NewYork.

Tomeo, A. C., Geller, M., Watkins, T. R., Gapor, A., and Bierenbaun, M. L. (1995).

Anti-oxidant effects of tocotrienols in patients with hyperlipidemia and

carotid stenosis. Lipids, 30, 1179–1183.

Tsujimoto, M. (1932). The Liver Oils of Elasmobranch Fish. Journal of Scientific

Chemistry Ind. (Trans.), 317-323.

Vedaraman, N., Brunner, G., Srinivasa Kannan, C., Muralidharan, C., Rao, P. G., and

Raghavan, K.V. (2004). Extraction of cholesterol from cattle brain using

supercritical carbon dioxide. J. of Supercritical Fluids. 32: 231-242.

Vohra, A., and Satyanarayana, T. (2002). Statistical optimization of the medium

components by response surface methodology to enhance phytase production

by Pichia anomala. Process Biochemistry, 37, 999–1004.

Wood, C. D., and Cooper, A. I. (2003). Synthesis of polystyrene by dispersion

polymerization in 1, 1, 1, 2- tetrafluoroethane (R134a) using inexpensive

hydrocarbon monomer stabilizers. Macromolecules, 36, 7534–7542.

Zuloaga, O., Etxebarria, N., Fernandez, L. A., and Madariaga, J. (1998). Comparison

of accelerated solvent extraction with microwave-assisted extraction and

Soxhlet for the extraction of chlorinated biphenyls in soil samples. TrAC

Trends in Analytical Chemistry.Volume 17, Issue 10, Pages 642–647.

http://en.wikipedia.org/wiki/McGraw_Hill
http://en.wikipedia.org/wiki/Tocotrienol
http://www.sciencedirect.com/science/journal/01659936
http://www.sciencedirect.com/science/journal/01659936/17/10



