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ABSTRACT

The refined, bleached and deodorized palm oil (RBDPO) was converted to
gasoline by passing its vapor through catalyst in a fixed bed reactor at atmospheric
pressure. The resulting gas and liquid products were analyzed with a gas
chromatograph. The catalysts were characterized with X-ray diffraction (XRD),
Pyridine absorption-infrared spectrophotometry (Py-IR) and nitrogen adsorption
(NA) methods. The selection of a promising zeolite for palm oil cracking using
H-ZSM-5 and H-Beta catalyst was performed with reaction temperature ranging
from 450°C to 525°C and a weight hourly space velocity (WHSV) of 2.5h™". The
H-ZSM-5 produced the best results with 96.12 wt% palm oil conversion and 29.92
wt% of gasoline selectivity at 525°C. The gasoline contained mostly naphthenes,
followed by isoparaffins, aromatics, and olefines. Pretreatment of H-ZSM-5 at
hydrogen (H;) flow rate of 1 L/h for 1 hour gave higher gasoline selectivity and
conversion of 34.96 wt% and 95.7 wt% at 500°C. Increasing the H, flow rate for
pretreatment catalyst decreased the conversion and gasoline selectivity. The gasoline
composition was enriched with naphthenes, aromatics and isoparaffins. Loading
copper (Cu) on H-ZSM-5 from 2 wt% to 8 wt% decreased the conversion and
gasoline selectivity. Consequently, highest conversion of 86.30 wt% and gasoline
selectivity and 19.53 wt% was obtained with 2 wt% of Cu-ZSM-5 catalyst. Copper
loading effected in the decreasing of crystallinity, surface area and Bronsted acidity
of HZSM-5. Gas as side products consisted mainly of C; and C4 compounds. The

coke was obtained about 1 wt%.
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ABSTRAK

Minyak kelapa sawit yang telah diproses (RBDPO) dapat ditukarkan kepada
gasolin dengan mengalirkan wapnya melalui mangkin zeolit dalam reaktor lapisan
terpadat pada tekanan atmosfera. Gas dan cecair yang terhasil dianalisis
menggunakan kromatografi gas dengan pengesan 7CD dan FID. Pencirian mangkin
dijalankan menggunakan kaedah pembelauan sinar-X (XRD), spektroskopi infra
merah-penjerapan piridina (Py-IR) dan penjerapan nitrogen (NA). Pemilihan zeolit
yang efektif bagi pemecahan minyak sawit menggunakan mangkin H-ZSM-5 dan
H-Beta pada suhu tindak dilakukan pada balas 450°C hingga 525°C dan kelajuan
berat per jam (WHSV) sebanyak 2.5 jam™. H-ZSM-5 menunjukkan hasil yang baik
dengan 96.12 % penukaran dan 29.92 % kepemilihan terhadap gasolin pada suhu
525°C. Komponen gasolin tertinggi adalah naftena, diikuti oleh isoparafin, aromatik
dan olefin. Rawatan mangkin H-ZMS-5 menggunakan hydrogen (H,) pada kadar
alir 1 L per jam selama 1 jam memberikan penukaran dan kepemilihan terhadap
gasolin yang lebih tinngi iaitu sebanyak 95.7 % dan 34.96 %. Peningkatan kadar alir
hidrogen (H;) bagi rawatan mangkin menurunkan penukaran dan kepemilihan
terhadap gasolin. Gasolin yang diperoleh kaya dengan naftena, aromatik dan
isoparafin. Peningkatan dalam peratus berat kuprum(Cu) dalam Cu-ZSM-5 dari 2%
kepada 8% menurunkan penukaran dan kepemilihan terhadap gasolin. Akibatnya,
penukaran dan kepemilihan terhadap gasolin tertinngi adalah pada 2% berat Cu yaitu
86.30% dan 19.53%. Adanya kuprum dalam H-ZSM-5 menurunkan kekristallan,
luas permukaan dan keasidan Bronsted daripada HZSM-5. Hasil sampingan adalah
gas yang kaya dengan komponen C; dan C4. Sedangkan perolehan arang sekitar 1%

berat.
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CHAPTER 1

INTRODUCTION

1.1 Background

The fossil fuel as a petroleum fuel is a limited energy resource. The
dependencies on petroleum as a main energy source cannot be denied. Presently, the
energy for transportation alone consumes about 38% of petroleum, followed by the
industrial sector, which consumes about 14% of petroleum. The other sectors that
consume a lot of energy are aviation, power generation, and marine (Absi et al.,
1997). Figure 1.1 indicates the distribution of crude petroleum oil consumed by

various sectors.
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Figure 1.1  Distribution of crude petroleum oil consumption by various sectors

(Absi et al., 1997)

The increasing demand for gasoline, kerosene and diesel will eventually raise
big problems because petroleum is not a renewable source. As petroleum reserves
deplete faster year by year, more rapidly than it is formed, thus a continuous supply
of petroleum is required in searching for new alternative sources. Natural gas looks
like the best alternative, but the problem of transportation and safe handling makes
it difficult to distribute the gas to rural areas. On the other hand, coal can be
converted to gasoline; however, that involves a high production cost and
unfortunately this product has poor quality. Moreover, the extraction of coal by
underground mining is relatively dangerous and an unhealthy occupation, while the
establishment of deep mines demands considerable capital expenditure (Haag et al.,

1980).

Malaysia is the 24™ and 13" largest crude oil and natural gas reserves
respectively in the world. Combined, Malaysia has total domestic reserves of
19.345 billion barrels of oil equivalent (boe): 75% gas and 25% oil. As at 1 January
2004, Malaysia’s crude oil reserve stood at 4.841 billion barrels and natural gas
reserve stood at 87 ton cubic feeds (14,504 million boe). Gas reserves remain three

times the size of oil reserves (Oil & Gas Malaysia Profile, 2004).



Bio-fuel appears as a promising alternative for energy source. This resource
is renewable and also environmental friendly due to none of sulfur and nitrogen
content. Furthermore it is easy to be handled and transported, as it appears in liquid
form. Vegetable oils contain triglycerides of long chain fatty acids and glycerols,
which are the best choice to obtain hydrocarbons fuel (Chen et al., 1986). Thus,
vegetable oils of different origins such as palm oil, canola oil, coconut oil, soybean
oil, rapeseed oil, jojoba oil and others offer the source of hydrocarbons, which can be
transformed into desired liquid fuel. Because of their high viscosity (at room
temperature they have 10-time diesel’s viscosity), direct utilization of these
triglycerides into the combustion engines would cause severe problems. Therefore,
the viscosity should be reduced either by converting the glycerides into different
compound which pose low viscosity, or by breaking it into smaller hydrocarbon

chain.

Palm oil is one of the vegetable oils that is abundantly grown in Malaysia. It
has the potential to be the raw material for bio-fuel production. Statistics by Foreign
Agricultural Service, Official USDA Estimates for December, 2004 (Figure 1.2) has
shown that for five consecutive years, Malaysia produced the largest volume of palm
oil. In year 2004, Malaysia produced about 14 million tons of palm oil, followed by

Indonesia, which was about 11.5 million tons of palm oil.
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Figure 1.2 World production of palm oil, 2000-2004 (Foreign Agricultural
Service, Official USDA Estimates for December 2004)

Most of the researches done on palm oil conversion to gasoline used refined,
bleached, deodorized (RBD) palm oil. This is due to the high viscosity of CPO,
which causes problems such as incomplete combustion, poor fuel atomization and
cooking of fuel injectors if used directly without treatment (Salam et al., 1996; Bari

et al., 2002).

The suitable method to crack the triglycerides from vegetable oil is essential
and the yield of the gasoline obtained should be also observed. The fluctuation of
palm oil price gives an advantage to this process; because it will be cheaper for the
future. However, more studies have to be done to make sure this process is

economically viable.

The ultimate challenge still lies in the development of catalyst and cracking
process. A stable, shape selective and high acidic catalyst is needed in order to
achieve high conversion and gasoline selectivity in this process. The difference
between cracking with and without hydrotreating for conversion of palm oil was

studied. The researches in this field agree that the process of converting palm oil to



gasoline depends on the acidity of catalyst, especially Bronsted acid sites (Corma
et al., 1991). On the other hand, products obtained by using hydrogen pretreatment
on catalyst of several organic processes were higher than without hydrogen
pretreatment (Shishido and Hattori, 1996; Ravasio et al., 2002; Wojcieszak et al.,
2004). Therefore, this research tries to find a suitable catalyst and determine the
effect of metal loading on catalyst for palm oil cracking to gasoline by comparing
between H-ZSM-5 and H-Beta, furthermore subsequently using impregnated copper

on better zeolite chosen.

1.2 Problem Statement

The oil crisis in the 70’s caused researchers to explore various possibility to
convert vegetable oil to liquid fuel (Haag ef al., 1980; Prasad and Bakhshi, 1985;
Craig and Coxworth, 1987; Sharma and Bakhshi, 1991; Adjaye and Bakhshi, 1995a;
Bhatia et al., 1998; Twaiq et al., 1999; Kasim and Amin, 2001; Ooi et al., 2002;
Twaiq et al., 2003; Twaiq et al., 2004). However the experimental process of

vegetable oil conversion can still be improved.

The research on vegetable oil catalytic cracking, especially palm oil, has a
bright prospect in the future in Malaysia. The decrease of palm oil price gives an

advantage to this process

The effect of hydrogen pretreatment on the catalytic activity of zirconium
oxide modified with sulfate ion and platinum (Pt/SO,*-ZrO,) for cumene cracking
was studied by Shishido and Hattori (1996). They found that pretreatment of the

catalyst with hydrogen gave high activity for cumene cracking.



Cu/Si0, activated with hydrogen for hydrogenation of rapeseed oil showed

good activity and excellent selectivity towards formation of high oleic derivatives
(Ravasio et al, 2002). Wojcieszak and co-workers (2004) carried out the
hydrogenation of benzene to cyclohexane using hydrogen pretreated Ni/MCM-41
and Ni/AIMCM-41. They found that Ni/MCM-41 showed high catalytic activity
compared to Ni/AIMCM-41.

Besides that, the important factors to develop are the improvement in
preparation of catalysts for palm oil cracking. Stability, shape selective, pore
structure and high acidity are needed in order to achieve high gasoline selectivity in
the product. Consequently, this research is carried out by flowing of hydrogen

through the catalyst and loading copper on zeolite as catalyst.

1.3  Obgctives of Study

The objectives of this research are as follows:

1. To select better catalyst, either H-ZSM-5 or H-Beta zeolite for palm
oil cracking to gasoline, in terms of conversion and gasoline
selectivity.

2. To study the effects of hydrogen pretreatment on zeolite for palm oil
cracking to gasoline.

3. To study the effect of copper loading in hydrogen pretreatment

copper-zeolite catalyst for palm oil cracking to gasoline.



1.4 Hypothesis

As mentioned earlier, hydrogen pretreatment on catalyst for cracking and
hydrogenation showed better result than its process alone, however recently study
about hydrogen pretreatment on catalyst for palm oil cracking has not founded yet.
Thus it has been hypothesized that hydrogen pretreatment on catalyst for palm oil
cracking is anticipated to gain higher selectivity of gasoline compared to catalytic

cracking alone.

The hydrogen pretreated catalysts that have been studied for cracking and
hydrogenation were transition metal such as platinum, copper and nickel
impregnated on a support. Addition of metal on the support improved the support’s
catalytic activity (Shishido and Hattori, 1996; Ravasio et al., 2002; Wojcieszak et al.,
2004). Although, the reducibility of platinum and nickel is higher than copper,
however in this study, copper is chosen as impregnated metal on zeolite. The
reasons are because its cost is cheaper than platinum and nickel; in addition it is

expected to improve cracking activity of palm oil.

1.5 Scopes of Study

The experiment was designed to study the hydrogen pretreatment effect on
catalysts for palm oil cracking to gasoline. This research focuses on several aspects
such as follows: the setting up of an experimental rig, the applied catalysts, the

products obtained and the effects of operation conditions.

Firstly, the experimental rig and micro distillation unit were set up before the

sub sequential study carried out. Secondly, the catalyst selection tests are conducted



in order to determine better catalyst, between H-ZSM-5 and H-Beta zeolite, for palm
oil cracking. Thirdly, the reaction parameters effects (reaction temperature and
hydrogen flow rate) for hydrogen pretreatment catalyst were investigated. Lastly, the
effect of copper loading on zeolite in hydrogen pretreated copper zeolite for palm oil
cracking was also investigated. X-ray diffraction (XRD), Pyridine adsorption for
infra red spectroscopy (PY-IR) and nitrogen adsorption (NA) analysis were carried

out to characterize the catalysts.

1.6  Layout of the Thesis

This thesis reports the research of the experimental rig design for hydrogen
pretreatment on catalyst (in situ) and catalytic palm oil cracking to gasoline. This
work was also to study the relation between catalyst properties and obtained products
from the experiments. Chapter 1 describes the introduction, the problem statement,

objectives, hypothesis and scopes of this research.

Chapter 2 reviews literatures those related to the vegetable oil cracking and
hydro pretreatment of catalyst on several organic reactions. The palm oil and
gasoline properties as well as the characteristics of ZSM-5, Beta and copper are also

reviewed.

Chapter 3 explains the methodologies of the experimental and
characterization of the catalysts. The experimental rig set up for hydrogen
pretreatment of catalyst and palm oil cracking are described. Furthermore, the
catalyst preparation and catalytic testing procedure, as well as the methods to analyze
liquid and gaseous products are included. Finally, the catalyst characterization

techniques are explained.



Chapter 4 discusses the comparison of results by using H-ZSM-5 and H-Beta
for palm oil cracking to produce gasoline. Chapter 5 discusses the effect of reaction
temperature, hydrogen flow rate on hydrogen pretreatment of zeolite for palm oil
cracking to produce gasoline using better catalyst. The effect of different weight
percentage of copper in hydrogen pretreated copper loaded zeolite for palm oil
cracking process were described detail. Finally the general conclusions and

recommendations for future studies were stated in chapter 6.
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6.2 Recommendations

Treated crude palm oil can be used as a feed instead of RBD palm oil.
Economically, the price of crude oil is cheaper than RBD palm oil. The residual oil after
frying can also be used as a raw material. This will give advantage to this process in
terms of economy besides preserving the environment. Effect of co-feeding steam in the
feed stream is also recommended for future. Steam is cheaper than nitrogen gas as a
carrier gas and it also can activate the catalyst. Gas, as the side product from palm oil
cracking has a high distribution of C;-C4 compounds. This product still has economical
value by converting them to gasoline or other chemical products. Accuracy of the result
can also be improved by using standard equipment. Optimization of temperature for the
second preheated palm oil and flow rate carrier gas of nitrogen for palm oil cracking to
gasoline over H-ZSM-5 and pretreated H-ZSM-5 is also suggested to be carried out.
Lastly using lower reducibility metal and oxidative metal as metal loading on H-ZSM-5
such as cobalt, chromium, manganese and iron for palm oil cracking are also

recommended.



REFERENCES

Absi, H.M., Stanislaus, A. and Qabazard, H. (1997). Trends in Catalysis Research to
Meet Future Refining Needs. Hydrocarbon Processing. 76(2): 45-50, 53-55.

Adamson, A. W. (1976). Physical Chemistry of Surface. 3" Edition. New York: John
Wiley & Sons. 564-570.

Adebajo, M. O., Long, M. A. and Frost, R. L. (2004). Spectroscopic and XRD
Characterization of Zeolite Catalysts Active for the Oxidative Methylation of
Benzene With Methane. Spectrochimica Acta Part A. 60: 791-799.

Adjaye, J. D. and Bakhshi, N.N. (1995a). Production of Hydrocarbons by Catalytic
Upgrading of a Fast Pyrolysis Bio-Oil. Part I: Conversion over Various Catalysts.
Fuel Processing Technology. 45: 161-183.

Adjaye, J. D. and Bakhshi, N.N. (1995b). Production of Hydrocarbons by Catalytic
Upgrading of a Fast Pyrolysis Bio-Oil. Part II: Comparative Catalyst
Performance and Reaction Pathways. Fuel Processing Technology. 45: 185-202.

Ahget, K. H. and Bodiuszynski, M. M. B. (1994). Composition and Analysis of
Heavy Petroleum Fraction. Chemical Industries Series. 54. New York. Marcel

Dekker.

Alencar, J. W., Alves, P.B. and Craveiro, A. A. (1983). Pyrolysis of Tropical
Vegetable Oils. J. Agric. Food Chem. 31: 1268-1270.



106

Al-Saleh, M. A., Hossain, M. M., Shalabi, M. A., Kimura, T. and Inui, T. (2003).
Hydrogen Spillover Effects on Pt-Rh Modified Co-clay Catalysts for Heavy Oil
Upgrading. Applied Catalysis A: General. 253: 453-459.

Alvarez, F., Giannetto, G., Guisnet, M. and Perot, G. (1987). Hydroisomerization
and Hydrocracking of n-Alkanes. 2. n-Heptane Transformation on a Pt-

Dealuminated-Comparison with a Pt-Y Zeolite. Applied Catalysis. 34: 353-365.

Amin, N. A. S., Tan, E. F, Law, S. W. and Wong, C. T. (2002). Catalytic
Conversion of n-Hexane Using Copper Loaded NaY and NaZSM-5 Catalysts.
Proceeding of the 2" World Engineering Congress. Sarawak, Malaysia. 237-243.

Ani, F. N. and Salam, B. (1995). Upgrading of Palm Oil by Catalytic Cracking.
Proceedings of the 6" ASEAN Conference on Energy Technology. Bangkok,
Thailand. 160-167.

Anjos, J.R.S.D., Gonzalez, W.D.A., Lam, Y. L. and Frety, R. (1983). Catalytic
Decomposition of Vegetable Oil. Applied Catalysis. 5: 299-308.

Arida, V. P, Usita, M. T., Angeles, M. L., Hernadez, C. L. and Manalo, L. A.
(1986). Production of Petroleum Fuel Substitutes by Catalytic Cracking of
Coconut Oil. Proceedings of Asean Conference on Energy from Biomass.

Penang. 1-13.

Baerlocher,C., Meier W.M., and Olson, D.H. (2001). Atlas of Zeolite Framework

Types. 5™ ed. Amsterdam: Elsevier Science.

Bari, S., Lim, T. H. and Yu, C. W. (2002). Effect of Preheating of Crude Palm Oil
(CPO) on Injection System, Performance and Emission of a Diesel Engine.

Renewable Energy. 27: 339-351.

Basila, M. R., Kantner, T. R., and Rhee, K. H. (1964). The Nature of the Acidic Sites

on a Silica-Alumina. Characterization by Infra Spectroscopic Studies of



107

Trimethylamine and Pyridine Chemisorption. The Journal of Physical Chemistry.
68(11): 3197-3207.

Basiron, Y. and Hitam, A. (1992). Cost Effectiveness of the CPO Fuel in the
Mercedes Elsbett Engine Car. PORIM Information Series. 4: 1-4.

Bendseradj, F., Sadi, F. and Chater, M. (2002). Hydrogen Spillover Studies on
Diluted Rh/AI203 Catalyst. Applied Catalysis A: General. 228: 135-144.

Bernas, A., Laukkanen, P., Kumar, N., Maki-Arvela, P., Vayrynen, J., Laine, E.,
Holmbom, B., Salmi, T. and Yu Murzin, D. (2002). A New Heterogeneously
Catalytic Pathway for Isomerization of Linoleic Acid over Ru/C and Ni/H-
MCM-41 Catalysts. Journal of Catalysis. 210: 354-366.

Bhatia, S., Kee, H. J., Lan, L. M. and Mohamed, A.R. (1998). Production of Bio-
Fuel by Catalytic Cracking of Palm Oil: Performance of Different Catalysts.
Proceedings of the Biofuel, PORIM International BioFuel and Lubricant
Conference. 107-112.

Carey, F.A. (1992). Organic Chemistry. 2™ Edition. New York: McGraw.Hill, Inc.
Chen, N. Y., Degnan Jr, T. F and Koenig, L. R. (1986). Liquid Fuels from
Carbohydrates. Chemtech. 506-511.

Chen, N. Y. (1989). Industrial Application of Shape Selective Catalysts. In: Chen,
N.Y., Garwood, W. E. and Dwyer, F. G. eds. Shape Selective Catalyst in
Industrial Application. New Y ork: Marcel Decker, Inc. 153-163.

Chong, C.L. (1993). Chemical and Physical Properties of Palm Oil and Palm Kernel
Oil. In: PORIM. ed. Selected Readings on Palm Oil and Its Uses. Kuala Lumpur:
PORIM. 12-32.

Corma, A., Fornes, V., Melo F. and Perez-Paeriente, J. (1988). Zeolite Beta:
Structure, Activity, and Selectivity for Catalytic Cracking. In: Fluid Catalytic



108

Cracking: Role in Modern Refining. Washington D. C.: American Chemical
Society. 49-63.

Corma, A., Fornes, V., Mocholi, F.A., Monton, J.B. and Rey, F. (1991). Influence of
Superacid Sites in Ultrastable Y Zeolites on Gas Oil Cracking. In: Occelli, M.L.
ed. Fluid Catalytic Cracking I1: Concepts in Catalyst Design. Washington, D.C:

American Chemical Society. 12-25.

Corma, A.,Davis, M., Fornes, V , Gonzalez-Alfaro, V., Lobo, R. and Orchiles, A V.
(1997).Cracking Behaviour of Zeolites with connected 12 and 10-Member Ring
Channels. Journal of Catalysis. 167: 438-446.

Crabbe, E., Nolasco-Hipolito, C., Kobayashi, G., Sonomoto, K. and Ishizaki, A.
(2001). Biodiesel Production from Crude Oil and Evaluation of Butanol

Extraction and Fuel Properties. Process Biochemistry. 37(1): 65-71.

Csicsery, S. M. (1995). The future of shape selective catalysis In: Beyer, H. K.,
Karge, H. G., Kiriesi, I. and Nagy, J. B. eds. Catalysis by Microporous Material.
94. 1-12.

Craig, W. and Coxworth, E. (1987). Conversion of Vegetable Oils to Conventional
Liquid Fuel Extenders. In: Staismy, Z. ed. 6" Canadian Bio Energy R & D
Seminar. New York: Elsevier Applied Science Publ. 407-411.

Cullity, B. D. (1978). Elements of X-Ray Diffraction. 2™ Edition. London: Addison-
Wesley Publishing Co.

Curtin, T., Grange, P. and Delmon, B. (1997). The Effect of Pretreatments on
Different Copper Exchanged ZSM-5 for the Decomposition of NO. Catalysis
Today. 36: 57-64.

Da Rocha Filho, G. N., Brodzki, D. and Djega-Mariadassou, G. (1993). Formation of
Alkanes, Alkylcycloalkanes and Alkylbenzene during the Catalytic
Hydrocracking of Vegetables Oils. Fuel. 72: 543-549.



109

Dedecek, J., Bortnovsky, O., Vondrova, A. and Wichterlova, B. (2001). Catalytic
Activity of Cu-Beta Zeolite in NO Decomposition: Effect of Copper and
Aluminium Distribution. Journal of Catalysis. 200: 160-170.

Degnan T. F., Chitnis G. K. and Schipper P. H. (2000). History of ZSM-5 Fluid
Catalytic Cracking Additive Development at Mobil. Microporous and
Mesoporous Materials. 35-36: 245-252.

Derouane, E. G. (1980). New Aspects of Molecular Shape-Selectivity : Catalysis by
Zeolite ZSM-5. Amsterdam: Elsevier.

Egia, B., Cambra, J.F., Arias, P.L., Guemez, M.B., Legarretta, J.A., Pawelec, B. and
Fierro, J.L.G. (1998). Surface Properties and Hydrocracking Activity of NiMo
Zeolite Catalysts. Applied Catalysis A: General. 169(1): 37-53.

Flanigen, E. M. (1991). Zeolite and Molecular Sieves and Historical Perspective. In:
Bekkum, H.V., Flanigen, E. M. and Jensen, J. C. Introduction to Zeolite Science

and Practice, Studies in Surface Science and Catalysis. 58. Amsterdam: Elsevier.

Fogler, H. S. (1999). Elements of Chemical Reaction Engineering. New Jersey:
Prentice Hall.

Foreign Agricultural Service. (2004). Palm Oil: Word Supply and Distribution.
Official USDA Estimates for December 2004.

Franke, M. E., Simon, U., Roessner, F. and Roland, U. (2000). Influence of Spilt-
over Hydrogen on The Electrical properties of H-ZSM-5. Applied Catalysis A:
General. 202: 179-182.

Gervasini, A. (1999). Characterization of the Textural Properties of Metal Loaded
ZSM-5 Zeolite. Applied Catalysis A: General. 180: 71-82.



110

Haag, W. O., Rodewald, P. G. and Weisz, P.B. (1980). Catalytic Production of
Aromatics and Olefins from Plant Materials. Proceedings of Symposium of

Alternate Feedstocks for Petrochemicals. San Francisco. 650-656.

Hattori, H. (1993). Molecular Hydrogen-originated solid acid catalysts in New
Aspects of Spillover Effect in Catalysis. Studies in surface Science and Catalysis.

77: 69-76.

Hu, Z., Wei, L., Dong, J., Wang, Y., Chen, S. and Peng, S. (1999). Modification of
the External ZSM-5 by a Metal Surfactant. Microporous and Mesoporous
Materials. 28: 49-55.

Hughes, T. R. and White, H. M. (1967). A Study of the Surface Structure of
Decationized Y Zeolite by Quantitave Infrared Spectroscopy. Journal of Physical
Chemistry. 71: 2192-2201.

Hotchtl, M., Jentys, A. and Vinek, H. (2000). Hydroisomerization of Heptane
Isomers over PA/SAPO Molecular Sieves: Influence of the Acid and Metal Site
Concentration and the Transport Properties on the Activity and Selectivity.

Journal of Catalysis. 180:419-432.

Idem, R. O., Katikaneni, S. P. R. and Bakhshi, N. N. (1997). Catalytic Conversion of
Canola Oil to Fuels and Chemicals: Roles of Catalysts Acidity, Basicity and

Shape Selective on Product Distribution. Fuel Processing Technology. 51: 101-
125.

Ikwuagwu, O.E., Ononogbu, I.C. and Njoku, O.U. (2000). Production of Biodiesel
Using Rubber Seed Oil. Industrial Crops and Products. 12: 57-62.

Jensen, J. C., Creyghton, E. J., Njo, S. L., Koningsveld, H. V., and Bekkum, H. V.
(1997). On the Remarkable Behaviour of Zeolite Beta in Acid Catalysis.
Catalysis Today. 38: 205-212.



111

Kasim, F. H. (2001). Catalytic Conversion of Palm Oil to Gasoline over HZSM-5
Modified with F lon Catalyst. Universiti Teknologi Malaysia: Master Thesis.

Kasim, F. H. and Amin, N. A. S. (2001). The Effect Different SiO,/Al,O3 Ratios of
HZSM-5 on the Conversion of Palm Oil to Liquid Fuels. 15™ Symposium of
Malaysia Chemical Engineers (SOMCHE 2001). A4-2: 78-83.

Katikaneni S. P. R., Adjaye, J. D. and Bakhshi, N. N. (1995). Catalytic Conversion
of Canola Oil to Fuels and ChemicalsOver Various Cracking Catalyst. The
Canadian Journal of Chemical Engineering. 73: 484 - 497.

Kinger, G., Majda, D. and Vinek, H. (2002). n-Heptane Hydroisomerization Over Pt-
Containing Mixtures of Zeolites with Inert Materials. Applied Catalysis A:
General. 225: 301-312.

Kotrel, S., Rosynek, M. P. and Lunsford, J.H. (1999). Intrinsic Catalytic Cracking
Activity of Hexane over HZSM-5, H Beta and HY Zeolites. J. Phys. Chem. B.
103: 818-824.

Kumar, N., Nieminen, V., Demirkan, K., Salmi, T., Murzin, D. Y. and Laine, E.
(2002). Effect of Synthesis Time and Mode of Stirring on Physico-Chemical and
Catalytic Properties of ZSM-5 Zeolite Catalyst. Applied Catalysis A: General.
235: 113-123.

Kusakari, T., Tomishige, K. and Fujimoto, K. (2002). Hydrogen Spillover Effect on
Cumene Cracking and n-Pentane Hydroisomerization over Pt/SiO, + H-Beta.

Applied Catalysis A: General. 224: 219-228.

Le Van Mao, R., Lee, T. S., Fairbairn, M., Muntasar, A., Xiao, S. and Denes, G.
(1999). ZSM-5 Zeolite with Enhanced Acidic Properties. Applied Catalysis A:
General. 185: 41-52.



112

Lei, G. D., Adelman, B.J., Sarkany, J. and Sachtler, W. M. H. (1995). Identification
of Copper(Il) and Copper(I) and Their Interconversion in Cu-ZSM-5 De-NOy
catalyst. Applied Catalysis B: Environmental. 5: 245-256.

Lide, D. R. (1992-1993). CRC Handbook of Chemistry and Physics. 73" Edition.
Boca Raton, Florida, USA: CRC Press Inc.

Liu Sang-Bin, Wu Jin-Fu, Ma Long-Ja, Tsai Tseng-Chang and Wang Ika. (1991). On
the Thermal Stability of Zeolite Beta. Journal of Catalysis. 132: 432-439.

Lovasic, P. G., Jambrec, N, Siftar, D. D. and Prostenik M. V. (1990). Determination
of Catalytic Reformed Gasoline Octane Number by High Resolution Gas
Chromatografi. Fuel. 69: 525-528.

Lugstein, A., Jentys, A. and Vinek, H. (1997). Hydroconversion of n-Heptane over
Co/Ni containing HZSM-5. Applied Cataysis A: General. 152(1): 93-105.

Lugstein, A., Jentys, A. and Vinek, H. (1999). Hydroisomerization and Cracking of
n-Octane and Cg Isomers on Ni-Containing Zeolites. Applied Catalysis A:
General. 176(1): 119-128.

Mahmud, H. N. M. E. (1998). Catalytic Cracking of Palm Oil to Liquid Fuels over
Various Y-Type Zeolites. Universiti Teknologi Malaysia: Master Thesis.

Martens, J.A., Parton, R., Uytterhoeven, L. and Jacobs, P.A. (1991). Selective
Conversion of Decane into Branched Isomer: A Comparison of Pt/ZSM-22,

Pt/ZSM-5 and Pt/USY Zeolite Catalysts. Applied Catalysis. 76(1): 95-116.

Masjuki, H., Zaki, A. M. and Sapuan, S. M. (1993). A Rapid Test to Measure
Performance, Emission and Wear of a Diesel Engine Fueled with Palm Oil

Diesel. Journal of the American Oil Chemist’s Society (JAOCS). 70: 1021-1025.



113

Meusinger, J. and Corma, A. (1995). Activation of Hydrogen on Zeolites : Kinetics
and Mechanism of n-Heptane Cracking on H-ZSM-5 Zeolites Under High
Hydrogen Pressure. Journal of Catalysis. 152: 189-197.

Nicholov, R., Stanhova, N., Khristova, M. and Mehandjieve, D. (2003). Copper
Oxide Supported Carbon Modified Alumina as Catalyst Reduction of NO with
CO. Journal of Colloid and Interface Science. 263: 121-128.

Nicolaides, C. P. (1999). A Novel Family of Solid Acid Catalysts: Substantially
Amorphous or Partially Crystalline Zeolitic Material. Applied Catalyst A:
General. 185: 211-217.

Nivarthy, G. S., Seshan, K. and Lercher, J. A. (1998). The Influence of Acidity on
Zeolite H-BEA Catalyzed Isobutene/N-Butene Alkylation. Microporous and
Mesoporous Materials. 22. 379-388.

Occelli, M.L. (1988). Recent Trends in Fluid Catalytic Cracking Technology. In:
Ocelli, M.L. ed. Fluid Catalytic Cracking: Role in Modern Refining.
Washington, D.C.: American Chemical Society. 1-16.

Oil & Gas Malaysian Profile. (2004). Gas, Refining & Petrochemical (Plant Design

& Construction) Market in Malaysia. <http://www.trade.uktradeinvest.gov.uk>

Ooi, Y. S., Twaiq, F. A. A., and Bathia, S. (2002). Synthesis and Characterization of
Composite Materials for Catalytic Cracking of Palm Oil. 2™ World Engineering
Congress. Sarawak, Malaysia. 224-229.

Praliaud, H. A., Mikhailenko, S., Chajar, Z. and Primet, M. (1998). Surface and Bulk
Properties of Cu-ZSM-5 and Cu/Al,O; Solids During Redox Treatments.
Correlation with the Selective reduction of Nitric Oxide by Hydrocarbons.

Applied Catalysis B: Environmental. 16: 359-374.

Perez-Ramirez, J., Groen, J. C., Briickner, A., Kumar, M. S., Bentrup, U., Debbagh,
M. N. and Villaescussa, L.A. (2005). Evolution of Isomorphously Substituted



114

Iron Zeolites During Activation: Comparison of Fe-Beta and Fe-ZSM-5. Journal

of Catalysis. 232: 318-334.

Prasad, Y. S. and Bakhshi, N.N. (1985). Effect of Pretreatment HZSM-5 Catalyst on
Its Performance in Canola Oil Upgrading. Applied Catalysis. 18: 71-85.

Prasad, Y. S., Bakhshi, N.N., Mathews, J. F. and Eager, R. L. (1986a.). Catalytic
Conversion of Canola Oil to Fuels and Chemical Feedstocks. Part I. Effect of
Process Condition on the Performance of HZSM-5 Catalyst. The Canadian
Journal of Chemical Engineering. 64: 278-284.

Prasad, Y. S., Bakshi, N. N., Mayhews, J. F., Eager, and R. L. (1986b). Catalytic
Conversion of Canola Oil to Fuels and Chemical Feedstocks Part II. Effect of
Co-feeding Steam on the Performance pf HZSM-5 Catalyst. The Canadian
Journal of Chemical Engineering. 64: 285-295.

Rao, G. R, Mishra, B. G. and Sahu, H. R. (2004). Synthesis of Cu, Cu and CuNi
alloy particles by solution combustion using carbohydrazide and N-

tertiarybutoxylpiperazune fuels. Materials Letters. 58: 3523-3527.

Ravasio, N., Zaccheria, F., Gargano, M., Recchia, S., Fusi, A., Poli, N. and Psaro, R.
(2002). Environmental Friendly Lubricants through Selective Hydrogenation of

Rapeseed Oil over Supported Copper Catalysts. Applied Catalysis A: General.
233: 1-6.

Roland, U. Braunschweig, T. and Roessner, F. (1997). On the Nature of Split-Over
Hydrogen. Journal of Molecular Catalysis A: Chemical. 127. 61-84.

Salam, B., Ani F. N. and Islam, M. N.(1996). Fixed Bed Catalytic Upgrading of
Crude Palm Oil by HZSM-5 Catalyst. The 12" Symposium of Malaysian Chem.
Engineer. July 9-10, 1996. Bangi, Selangor, Malaysia. Proceedings of Regional
Symposium on Chemical Engineering 1996. 350-357.



115

Salomon, T. W. G. (1992). Organic Chemistry. 2" Ed. New York: John Wiley &

Sons, Inc.

Satterfield, C. N. (1991). Heterogeneous Catalysis in Industrial Practice. New Y ork:
McGraw-Hill.

Sayle, D. C., Richard, C., Catlow, A., Perrin, M. A. and Nortier, P. (1998). A
Refined Model for The Active Site Within The NO Decomposition Catalyst, Cu-
ZSM-5. Microporous and Mesoporous Materials. 20: 259- 267.

Scherzer, J. (1990). Octane-Enhancing Zeolite FCC Catalysts. New York: Marcel
Dekker.

Seyedeyn-Azad, F. and Zhang D. (2001). Selective Catalytic Reduction of Nitric
Oxide over Cu and Co ion-exchanged ZSM-5: the Effect of Si0,/Al,03 Ratio and
Cation Loading. Catalysis today. 68: 161-171.

Sharif Hussein, S. Z. (1999). Synthesis, Characterization, and Catalytic Testing of
Modified HZSM-5 Catalyst for Single Step Conversion of Methane to Gasoline.
Universiti Teknologi Malaysia: Master Thesis.

Sharma, R. K. and Bakhshi, N. N. (1991). Catalytic Conversion of De-pitched Tall
Oil to Fuels and Chemicals Over HZSM-5, Single and Dual Reactor System.
Applied Catalysis. 76: 1-17.

Shishido, T. and Hattori, H. (1996). Hydrogen Effect on Cumene Cracking over
Zirconium Oxide Promoted by Sulfate Ion and Platinum. Journal of Catalysis.

161: 194-197.

Silva, J.M., Ribeiro, M.F., Ramoa Ribeiro, F., Benazzi, E. and Guisnet, M. (1995).
Transformation of an Ethylbenzene-o-Xylene Mixture on HMOR and Pt-HMOR
Catalysts. Comparison with ZSM-5 Catalysts. Applied Catalysis A: General. 125:
15-17.



116

Sinnott R. K. (1994). Kejuruteraan Kimia: Pengenalan Reka Bentuk Kejuruteraan

Kimia. Jilid 6. Kuala Lumpur: Dewan Bahasa dan Pustaka.

Smart, L. and Moore, E. (1992). Solid State Chemistry, an Introduction. London:

Chapman and Hall.

Songip, A. R. and Mahmud, H. N. M. E. (1996). Catalytic Conversion of Vegetable
Oil to Gasoline. Proceedings of 12" Symposium of Malaysian Chemical
Engineers. Bangi. 255-259.

Strayer, R. C., Zoerb, G. C., Craig, W., Blake, J. and Dyck, F. B. (1984). Canola Oil
as Fuel for Farm Diesel Engines. 5" Canadian Bio Energy R & D Seminar.
Ottawa: Elsevier Applied Science Publ. 512-515.

Tan, Y. L., Mohamed, A. R. and Bhatia S. (1997). Production of Fuels from
Catalytic Conversion of Palm Oil: Preliminary Studies. /3" Symposium of
Malaysian Chemical Engineers. October 13-15, 1997. Johor, Malaysia. 5-81.

Tan, Y.L., Mohamed, A. R. and Bhatia, S. (1999). Catalytic Conversion of Palm Oil
to Fuels and Chemicals. The Canadian Journal of Chemical Engineering. 77:
156-162.

Treacy, M.M.J. and Higgins, J.B. (2001). Collection of Simulated XRD Powder

Patterns for Zeolites. Amsterdam: Elsevier.

Triantafyllidis, K. S., Nalbandian, L., Trikalitis, P. N., Ladavos, A. K,
Mavromoustakos, T. and Nicolaides, C.P. (2004). Structural, Compositional and
Acidic Characteristics of Nanosized Amorphous or Partially Crystalline ZSM-5
Zeolite-based Materials. Microporous and Mesoporous Materials. 75: 89-100.

Twaiq, F.A. (2002). Synthesis, Characterization and Activity of Microporous and
Mesoporous Aluminosilicate Moleculer Sieve Materials for The Conversion of

Palm Oil to Liquid Fuels. Universiti Sain Malaysia. Doctor of Philosophy Thesis.



117

Twaiq, F. A., Zabidi, N. A. M. and Bathia, S. (1999). Catalytic Conversion of Palm
Oil to Hydrocarbons: Performance of Various Zeolite Catalysts. Ind. Eng. Chem.
Res. 38:3230-3237.

Twaiq, F. A., Zabidi, N. A. M., Mohamed A. R. and Bathia, S. (2003). Catalytic
Conversion of Palm Oil over Mesoporous Aluminosilicate MCM-41 for The

Production of Liquid Hydrocarbon Fuels. Fuel Processing Technology. 1660: 1-
16.

Twaiq, F. A., Zabidi, N. A. M., Mohamed A. R. and Bathia, S. (2004). Performance
of Composite Catalyst in Palm Oil Cracking for the Production of Liquid Fuels
and Chemicals. Fuel Processing Technology. 85: 1283-1300.

Van Hooff, J. H. C. and Roelofsen, J. W. (1990). Techniques of Zeolite
Characterization. In: Bekkum, H. V., Flanigen, E. M., Jansen, J. C. eds.
Introduction to Zeolite Science and Practice: Studies in Surface Science and

Catalysis (Volume 58). Amsterdam: Elsevier.

Wang, Z., Liu, Q., Yu, J.,, Wu, T. and Wang, G. (2003). Surface Structure and
Catalytic Behavior of Silica Supported Copper Catalysts Prepared by
Impregnation and Sol-Gel Methods. Applied Catalysis A: General. 239: 87-94.

Webb, P. A. and Orr, C. (1997). Analytical method in fine particle technology. USA:

Micromeretics Instrument Corp.

Weber, R. W. Fletcher, J. C. Q., Moller, K. P. and O’Conner, C. T., (1996). The
Characterization and Elimination of The External Acidity of ZSM-5.

Microporous Materials. 7: 15-25.

Wittcoft, H. A., Reuben, B. G. and Plotkin, J. S. (2004). Industrial Organic
Chemicals. 2™ Ed. New Yersey: John Wiley & Sons, Inc.

Wojcieszak, R., Monteverdi, S., Mercy, M., Nowak, 1. Ziolek, M. and Bettahar, M.
M. (2004). Nickel Containing MCM-41 and Al MCM-41 Mesoporous Sieves



118

Characteritics and Activity in The Hydrogenation of Benzene. Applied Catalysis
A: General. 268: 241-253.

Xu, L., McCabe, R.W. and Hammerle, R. H. (2002). NO Self —inhibition in
Selective Catalytic Reduction with Urea (Ammonia) over a Cu-zeolite Catalyst in

Diesel Exhaust. Applied Catalysis B: Environmental. 39: 51-63.

Yoo, K.and Smirniotis, P. G. (2002). The Influence of Si/Al Ratios of Synthesized
Beta Zeolites for The Alkylation of Isobutane with 2- butane. Applied Catalysis
A: General. 227: 171-179.

Zaher, F. A. and Taman, A. R. (1993). Thermally Decomposed Cottonseed Oil as a
Diesel Engine Fuel. Energy Sources. 15: 499-504.





