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ABSTRACT 

 

 

 The direct conversion of methane to liquid hydrocarbon has not yet been 

successfully economized in an inexpensive process. Acidic zeolites were shown to 

have reasonable activities for the formation of higher hydrocarbons from methane, 

however the selectivity was low. The presence of acid sites leads to the oxidation of 

the higher hydrocarbons formed. Boron incorporation on zeolite would reduce the 

acidity and thus improved the selectivity. The purpose of this study is to modify the 

ZSM-5 zeolite with boron and impregnate them with metal for methane conversion. 

The catalysts were characterized for their structure and acidity. The conversion of 

methane in the presence of oxygen using packed bed micro reactor has been 

investigated. Direct substitution of boron for aluminium in the HZSM-5 zeolite 

structure (BZSM-5), resulted in slightly lower methane conversion (23% compared to 

35%) due to its lower acidity, however it improved the higher hydrocarbon selectivity. 

The introduction of copper species in the catalyst (Cu1%BZSM-5) improved the 

methane conversion (51%) and the higher hydrocarbon selectivity (11.5%). The 

effects of operating conditions such as temperature, oxygen concentration, feed flow 

rate and amount of copper loading on the activity of the catalyst were studied. To 

examine the importance of further oxidation of intermediate product, the reaction 

between ethylene and oxygen was carried out using the similar operating conditions 

with that of methane. The result showed that Cu1%BZSM-5 was capable to convert 

ethylene to higher hydrocarbons even though it has low acidity. Ethylene conversion 

and higher hydrocarbon selectivity achieved were 86% and 87% respectively while 

carbon oxides selectivity was 13%. 
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ABSTRAK 

 

 

 

 

 

Proses penukaran metana secara terus kepada hidrokarbon cecair sehingga kini 

masih belum berjaya mencapai tahap yang ekonomi yang berpatutan. Zeolit yang 

berasid menunjukkan aktiviti yang munasabah untuk pembentukan hidrokarbon yang 

lebih panjang daripada metana, walaupun begitu tahap kememilihannya masih rendah. 

Kehadiran tapak berasid menyebabkan pengoksidaan hidrokarbon panjang yang 

terbentuk.  Penambahan boron ke dalam zeolit dijangkakan akan merendahkan 

keasidan dan seterusnya memperbaiki kememilihan. Tujuan kajian ini ialah untuk 

memodifikasikan zeolit ZSM-5 dengan boron dan mengisi tepukan dengan logam 

untuk tindak balas penukaran metana. Pencirian mangkin tersebut akan dilakukan 

berdasarkan struktur dan keasidan. Tindak balas penukaran metana dengan oksigen 

akan dilakukan menggunakan reaktor mikro lapisan terpadat. Penggantian terus 

aluminium dengan boron di dalam struktur HZSM-5 zeolit (BZSM-5), menyebabkan 

sedikit penurunan dalam penukaran metana (23% dibandingkan dengan 35%) 

disebabkan oleh penurunan keasidan, walau bagaimanapun terdapat peningkatan 

kememilihan hidrokarbon panjang.  Kehadiran spesis kuprum di dalam mangkin 

(Cu1%BZSM-5) telah meningkatkan penukaran metana (51%) dan  kememilihan 

hidrokarbon panjang (11.5%). Kajian kesan keadaan operasi yang berbeza seperti 

suhu tindakbalas, kepekatan oksigen, kadar alir masukan dan juga jumlah kuprum di 

dalam mangkin, ke atas aktiviti mangkin juga dijalankan. Untuk menilai kepentingan 

pengoksidaan hasil perantaraan, tindak balas etilena dengan oksigen dijalankan 

dengan keadaan operasi yang sama seperti tindak balas metana. Keputusan 

menunjukkan Cu1%BZSM-5 mampu untuk menukarkan etilina kepada hidrokarbon 

panjang walaupun mempunyai keasidan yang rendah. Penukaran etilina dan 

kememilihan hidrokarbon panjang yang diperolehi ialah 86% dan 87% masing-

masing sementara kememilihan karbon oksida ialah 13% sahaja.  
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CHAPTER 1 

 

 

 

INTRODUCTION 

 

 

 

Malaysia has large, uncommitted reserves of natural gas. Natural gas has currently 

been made ready for use either as ordinary gas in pipelines or as physically liquefied gas 

shipped on tankers. Liquefied gas is really the only alternative method viable when the 

reserves are located far from the major customers. A constraint however on the growth of 

liquefied gas has always been the slow build up of the liquefied gas and the construction 

of regasification capacity (Heng and Idrus, 2004). Traditionally, there are two competing 

demands for natural gas. Firstly, as a clean fuel in power generation, industrial kilns, 

furnaces and domestic heating and secondly, as feedstock for petrochemical industries. 

The utilization of natural gas is limited by difficulties in transportation. Transportation of 

gas over long distances is energy and capital intensive. Therefore, much of the remote 

gas, co-produced with oil, is either flared or reinjected into the reservoir. It would be 

desirable to convert methane on site to gasoline range hydrocarbons and then transport the 

high-value fuel to worldwide markets. 

 

The consumption of transportation fuels is increasing continuously, while the 

reserves of crude oil are declining. The extra supplement of fuels is needed due to the 

predicted shortfall in the world crude oil production (Abosedra et al., 2004). There are a 

lot of natural gas around the world and thus, it is an incentive for converting methane into 

transportation fuels or higher hydrocarbons. 

 

 During the last decade considerable effort has been devoted to catalytic 

conversion of methane to higher hydrocarbons. Methane activation is observed to be a 

quite slow process except at high temperature and the lack of reactivity is due to the 

stability of the bonds linking the carbons to hydrogen (Lunsford, 1990; Han et al., 1994). 
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 The conversion of natural gas to liquid hydrocarbon has not yet been successfully 

economized in an inexpensive process. In general, there are two types of routes for 

methane conversion to hydrocarbon: indirect and direct methods. The indirect route for 

methane conversion (e.g. Fischer-Tropsch, Mobil Process and Shell Middle Distillate 

Synthesis) requires, as the first step, the production of synthesis gas (CO and H2) from 

methane by costly and inefficient process of steam reforming. The direct route of methane 

conversions to higher hydrocarbons has attracted academic and industrial interests due to 

its potential to be effective for utilizing natural gas as industrial feedstock. However, the 

usefulness of this process has been limited so far as it has not been possible to achieve 

large scale conversion of methane directly to higher hydrocarbons.  

 

 

 

1.1 Problem statement 

 

 Recently, new processes for direct methane conversion to hydrocarbon are 

reported. One of the processes is called Partial Oxidation Process where methanol is 

produced (Krylov, 1993; Herman et al., 1997; Raja et al., 1997; Zhang et al., 2002; 

Michalkiewicz, 2004). In this process methane reacts with oxygen in the presence of 

catalyst to produce methanol according to the following reaction; 

 

 CH4   +  1/2 O2         CH3OH 

 

Depending on the catalyst, the process temperature ranges from 700 up to 900oC, 

and the pressure being close to atmospheric. In most cases, mixed oxide catalyst is used 

as a catalyst (Herman et al., 1997). Unfortunately, the yield of methanol is too low (below 

10%) and beyond industrial interest (Zhang et al., 2002; Michalkiewicz, 2004, 

Michalkiewicz, 2006). 

  

 Another method for direct conversion of methane to hydrocarbon is called 

Oxidative Coupling Process (Yoon et al., 1997; Shischak et al., 1997; Choudary et al., 

1998; Kus et al., 2003; Huggil et al., 2005). Oxidative coupling of methane to produce 

C2

+
 hydrocarbons achieved a large interest in the last few years. The immense research 
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effort has led to a significant increase in the activity and selectivity of the applied 

catalysts. However, further increase in C2

+ selectivity and yields by catalyst improvement 

or by reaction engineering means it is necessary to make the process commercially viable. 

So far, the maximum yield obtained is about 20%, which means that the process is 

economically unfeasible (Huggil et al., 2005) 

 

 Zeolite based catalysts are successfully employed in a variety of commercial 

processes in the petroleum and petrochemical industries (Szostak, 1989). Despite this 

fact, there are only a few investigations on the potentials and usefulness of modified 

zeolites as catalysts for the formation of higher hydrocarbons from methane. Stimulated 

through the observation of polycondensation of methane in liquid super acids by Olah et 

al. (1968), strong acidic zeolites have been tested for their ability to catalyze the 

formation of higher hydrocarbons (Shepelev et al., 1983; Anderson, 1985; Kowalak et al., 

1988; Weckhusyen et al., 1998; Xu and Lin, 1999;Yuan et al., 1999; Liu et al., 2004; 

Burns et al., 2006). Direct conversion of methane to mainly ethane and ethene has been 

observed over fluorinated H-mordenite zeolite at 525oC, but with very poor methane 

conversion far below 1% (Kowalak et al., 1988). These low conversions are quite 

expected due to an unfavorable thermodynamic equilibrium at temperatures below 

1000oC.  

 

 The thermodynamic limitations for methane conversion can be overcome by 

adding an oxidizing reagent in the feed. Shepelev et al. (1983) and Anderson et al. (1985) 

studied the conversion of methane in the presence of N2O and O2. Oxidation with nitrous 

oxide over HY and HZSM-5-type zeolites resulted in a higher yield of hydrocarbons as 

compared to that found with oxygen. With the latter oxidant, carbon oxides were 

produced almost exclusively. From an economic point of view, however, the use of N2O 

for methane conversion is too expensive. Hence, the more recent investigations using 

zeolites or zeolite-like materials as catalysts focus on the use of oxygen or air as oxidizing 

agents. From the experimental data (Shepelev et al.,1983; Anderson, 1985; Garnet,1988), 

it can be concluded that (i) strongly acidic zeolites in the presence of oxygen catalyze the 

complete oxidation of methane to COx and H2O and (ii) the catalyst for the desired 

formation of higher hydrocarbons from methane/oxygen mixtures can be prepared by the 

modification of non-acidic zeolites with certain oxides. 
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 Direct partial oxidation of methane with O2 to higher hydrocarbons and in 

particular C5+ liquid over transition metal containing ZSM-5 catalyst is reported (Han et 

al., 1994a; Nor Aishah and Anggorro, 2004). Han et al. (1994a) found that the successful 

methane conversion to hydrocarbons over metal-containing ZSM-5 catalyst is due to two 

effects: (i) ability of the metal to show some limited activity to generate olefins from 

methane, and (ii) sufficient low olefin oxidation activity to allow the olefin produced to 

remain in the system. In another study by Han et al. (1994b), it was found that Zn loaded 

on ZSM-5 beyond one wt% metal potentially reduced desired catalyst acidity needed for 

the conversion of methanol produced to C5+. Nor Aishah and Anggorro (2004) studied 

the direct conversion of methane to higher hydrocarbons using ZSM-5 modified with 

transition metal. They claimed that the successful production of higher hydrocarbons 

from methane depends on the amount of aluminium in the zeolite framework and the 

strength of the Brönsted acid sites.    The low hydrocarbon yields demonstrated that the 

modification was performed at the expense of the oxidation and acidic features of the 

ZSM-5. 

 

 Methane dehydroaromatization in the absence of gas-phase oxygen has received 

considerable recent attention as a promising route for direct conversion of methane into 

highly value-added chemicals (Weckhusyen et al., 1998; Liu and Xu, 1999; Wu et al., 

2005; Burns et al., 2006) Up to now, most research work is focused on Mo/HZSM-5 

catalysts, prepared by either the impregnation or the solid-state reaction method. It is 

generally accepted that both the activation of the methane C-H bond and the formation of 

the initial C-C bond occur on the reduced Mo carbide species, which is formed from the 

reduction of MoOx species by CH4 in the early stage of the reaction, whereas the 

oligomerization, cyclization, and aromatization of the C2 hydrocarbon species are 

catalyzed by the Brönsted acid sites of the HZSM-5 zeolite. 

 

The conversion of methane to benzene over transition metal ion ZSM-5 zeolite 

without an oxidant has been carried out by many researchers (Weckhusyen et al., 1998; 

Wang et al., 2004; Liu et al., 2004; Burns et al., 2006). Weckhusyen et al. (1998) claimed 

that a benzene selectivity of about 30% at a CH4 conversion of 3.2% was achieved. The 

effects of preparation and the metal loading were studied for the methane conversion. It is 

evident that the catalytic properties depend on the presence of Brönsted acid sites and the 

distribution of the transition metal ions in the zeolite material. For catalyst prepared by 
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solid-state ion-exchanged zeolites, the metal ions were predominantly located in the 

zeolite channels. In contrast, for the catalysts prepared by impregnation, the transition 

metal ions were at the outer surface of the zeolite. The solid-state ion-exchange zeolite 

has lower Brönsted acid sites and thus gives lower methane conversion. Furthermore, 

they revealed that higher aromatic compounds, such as naphthalene cannot be formed by 

this catalyst since the zeolite channels were partially blocked by metal ions.  

  

 The shape selectivity and acidity of zeolite ZSM-5 has generated great interest. 

Several attempts to modify the properties of zeolite ZSM-5 have been pursued by 

incorporating elements of different sizes and different chemical features (Howden, 1985; 

Chu et al., 1985b; Han et al., 1992; Derewinski et al., 1994; Lu et al., 2003; Nor Aishah 

and Anggorro, 2004). Ratnasamy et al. (1986) and Derewinski (1994) compared the 

acidity and catalytic activity of aluminosilicate and borosilicate ZSM-5 zeolites. They 

found that the acidity of borosilicate ZSM-5 was lower than aluminosilicate ZSM-5 

zeolite. In the study of methanol conversion to hydrocarbon, they reported that 

borosilicate zeolite produced more light olefins as compared to aluminosilicate due to the 

suppression of acid sites on the zeolite.  

 

 Ernst et al. (1989) used ZSM-5 zeolite catalyst for the methane conversion. The 

oxidation of methane with ZSM-5 produced carbon oxides due to strong zeolite acidity. 

The presence of transition metal on ZSM-5 zeolite generally increased the methane 

conversion (Han et al., 1994). The transition metal oxide located on the surface increase 

the concentration of surface oxygen and hence oxidative reaction is facilitated (Larkins et 

al., 1988). The low production of higher hydrocarbons, C5

+
, is expected due to higher 

acidity of ZSM-5 catalyst. Hinsen et al. (1984) reported that an acidic catalyst resulted in 

low selectivity to hydrocarbons and high selectivity to COx. By introducing boron into the 

zeolite ZSM-5, the acidity of zeolite is suppressed (Ratnasamy et al., 1986; Derewinski, 

1994; Lu et al., 2003). Furthermore, Sofranco et al. (1988) claimed that methane 

conversion to higher hydrocarbons is possible using boron-promoted reducible metal 

oxide catalyst. Methane conversion to C2

+
 is improved when reducible metal oxide in the 

presence of boron is used as compared to reducible metal oxide only. The conversion of 

methane is 38% with 66% selectivity to C2

+
 hydrocarbons product. In this case, boron acts 

as a promoter. Abrevaya et al. (1990) claimed that boron compound is an essential 

catalytic component for methane conversion to C2

+
 hydrocarbons.  The catalyst consisting 
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essentially of a solid oxides of boron, tin and zinc having a composition expressed in 

terms of mol ratios of elemental zinc, tin and boron components of: 1.0 Zn: 0.1-5.0 Sn: 

0.1-7.0 B. 

 

 It is expected that the conversion of methane to gasoline range hydrocarbon (C5
+) 

is possible. Methane oxidative coupling to produce light olefins over a metal component 

and further reaction of the olefins produced over a zeolite catalyst could provide an 

alternative route to synthetic gasoline production. Zeolite has been a particularly 

important catalyst in gasoline production because  

 

i)  Its pore structure provides shape selectivity 

ii) Its high acidity promotes oligomerisation, isomerisation, cracking and aromatisation 

reactions involved in the restructuring of the primary products 

iii) Its resistance to coking and 

iv)  Its stability under high temperature conditions. 

 

The methane oxidative coupling step is thought to be the first step in methane 

oxidation to produce olefin. Higher hydrocarbons (C5

+
) will be produced from reaction of 

olefin through oligomerization, dehydrocyclization and aromatization using zeolite base 

catalyst according to the reaction scheme below: 

 

 
CH4  +  O2(cat) ----->    C2H6     -----> C2H4-----> 

COx, H2 

Oligomerization,  
dehydrocyclization and   
aromatization yielding  
C5

+ hydrocarbons 
   

 

 

The combination of the oxidative catalysis of methane (i.e. transition metal) with 

acid catalyst (i.e. pentasil zeolite) in a single catalytic process over bifunctional oxidative-

acid catalyst would be possible to convert methane directly to liquid hydrocarbon. This 

could be done by modifying pentasil zeolite catalyst with a suitable element. One 

possibility of modifying zeolites is the replacement of some of the silicon and aluminum 

with boron and transition metal. Boron is of great importance as a substitutional element 

for aluminium (Keading et al., 1981; Holderich et al., 1984). It was conceived that 

replacing Al with boron (B) in ZSM-5 would enhance the catalytic activity. Also because 



   7

of its smaller atom, the incorporation of B in the lattice would reduce the unit cell volume 

into a more selective zeolite. The metal loaded on the catalyst will act as a bifunctional 

catalyst. The present study will examine the properties and activities of B-ZSM-5 

containing various amounts of boron for methane conversion. The effect of the first row 

transition metal loading on the property and activity of B-ZSM-5 is also investigated. The 

first row transition metals were selected in the study because they have shown to produce 

higher hydrocarbon yields from direct partial oxidation of methane over ZSM-5 loaded 

with the first row transition metal (Han et al., 1994; Anggoro 1999; Nor Aishah and 

Anggoro, 2003). Furthermore these metals are easily obtained as compared to other 

transition metals. 

 

 It is essential to have a thorough understanding of the relationship between the 

physico-chemical and its catalytic properties. The research questions and statements of 

the problem are shown in Figure 1.1. 

 

 

 

 

1.2  Research Objectives 

 

 The objectives of this work are 

 

1)  To synthesize the H-ZSM-5 and Boron-ZSM-5 zeolite by direct synthesis. 

2) To modify H-ZSM-5 with boron and the first row transition metal elements so that 

a bifunctional oxidative and acidic catalyst could be produced.  

3)   To investigate the physicochemical properties of the modified catalysts.  

4)  To test the activities of the modified catalyst for the methane conversion to higher 

hydrocarbon in a single catalytic process. 

5)  To study the effect of boron loading on catalyst properties and performance. 

6) To investigate the effects of temperature, reactant ratio and reactant flow rate on 

methane conversion and higher hydrocarbons selectivity. 

7) To investigate the stability of intermediate products of methane conversion and its 

reaction to higher hydrocarbons. 
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1. What is the structure of the catalyst produced?  

  
2. What are the physicochemical properties of the  catalysts ? 

  
3. How active are the catalysts for methane conversion? 

  
4. How are the structure, physicochemical and catalytic properties  
interrelated?  

 

  
 
  

Research Problem  

Are the ZSM-5 containing boron and selected first row 
transition metals potential catalysts for the conversion of 
methane to higher hydrocarbons ? 

Research Questions 

 

Figure 1.1: Schematic representation of the research questions and statement of  

the problem. 
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1.3  Scopes Of Work 

 

 The few economic evaluations available in the literature indicate that the 

feasibility of methane conversion to higher hydrocarbons largely depends on the catalyst 

performance; a methane conversion in the 38% range and hydrocarbons selectivity of 

85% can render this process economically competitive (Korf, 1990; Zaman, 1999). Only 

by furthering our knowledge of the reaction mechanism and the role of the catalyst will it 

be possible to achieve this difficult but hopefully not impossible goal. 

 

 The development of the heterogeneous catalyst may be regarded as an interactive 

optimization process, basically consisting of three steps, namely preparation, 

characterization and testing of the catalyst. Therefore, the scopes of work in this study 

were divided into three stages:  Preparation and modification of the catalysts; 

characterization of the catalysts for its physicochemical properties; and the reactivity of 

the catalysts for methane conversion to higher hydrocarbons. On the reactivity test, the 

effects of reaction temperature, feed flow rate and oxygen ratio were carried out.  

 

 

 

1.4  Outline of the Dissertation 

 

 This dissertation is a report on a series of studies, systematically conducted to 

achieve the above objectives. It is divided into seven chapters. Chapter 2 presents the 

literature review on the methane conversion to higher hydrocarbon and application of 

zeolite on this reaction. Chapter 3 addresses the effect of boron loading on ZSM-5 zeolite 

and its physicochemical properties. In this chapter, the preparation and characterization of 

the catalyst are discussed. The effects of transition metal loading on the catalyst are also 

discussed. Chapter 4 presents the results on the methane conversion on this modified 

catalyst. 

 

 The study on the effects of operating conditions such as temperature, oxygen 

concentration and feed flow rate on the activity of the catalyst are discussed in Chapter 5.  

Ethylene, which is the primary product of methane activation, undergoes subsequent 

oligomerization on zeolites to form higher hydrocarbons or further oxidation to form 
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carbon oxides. In order to examine the importance of further oxidation of intermediate 

product, the reaction of ethylene with oxygen was carried out. The results were discussed 

in Chapter 6. Chapter 7 concludes the findings of this study and recommends topics for 

future research. 

 

 



138

 

 

REFERENCES 

 

 

Abosedra, S., Baghestani, H., (2004) On the Predictive Accuracy of Crude Oil Future 

Prices. Energy Policy. 32: 1389-1393 

Abrevaya, H., Tomatsu, W., (1990). Process for Upgrading Methane to Higher 

Hydrocarbons. (U.S. Patent 4962261). 

Alvarez, F., Ribeiro, F.R., Perot, G., Thomazeau, C., Guisnet, M. (1996). 

Hydroisomerization and Hydrocracking of Alkanes:  Influence of the Balance 

Between Acid and Hydrogenating Functions on the Transformation of n-Decane on 

PtHY Catalysts, Journal of Catalysis. 162: 179-192 

Alyea, E.C., and Keane, M.A.,(1996). The Oxidative Dehydrogenation of Cyclohexane 

and Cyclohexene over Unsupported and Supported Molybdena Catalysts Prepared 

by Metal Oxide Vapor Deposition. Journal of Catalysis. 164: 28-35 

Anderson, J.R., (1989). Methane to Higher Hydrocarbons. Applied Catalysis, 47: 177-196 

Anderson, J.R., Tsai, P., (1985). Oxidation of Methane over H-ZSM-5 and Other 

Catalysts.  Applied Catalysis. 19: 141-152 

Anggoro, D.D, (2003) Modified Oxidative Coupling Process of Methane to Liquid Fuels 

Over Metal Loaded ZSM-5 Catalyst, Universiti Teknologi Malaysia: Ph.D Thesis. 

Anggoro, D.D., (1999) Single Step Conversion of Methane to Gasoline: Effects of Metal 

loaded HZSM-5 Zeolite Catalysts, Universiti Teknologi Malaysia: M.Sc. Thesis. 

Anunziata, O.A., Eimer G.A., pierella, L.B., (2000). Catalytic Conversion of Natural Gas 

with Added Ethane and LPG over Zn-ZSM-11. Applied Catalysis A: General. 

190:169-180 

Aoki, K. , Ohmae, M., Nanba, T., Takeishi, K., Azuma, N., Ueno,A., Ohfune, H., 

Hayashi, H.,  Udagawa, Y., (1998). Direct Conversion of Methane into Methanol 

over MoO3/SiO2 Catalyst in an Excess Amount of Water Vapor. Catalysis Today. 

45:29-39 

Armor, J.N., (1998) Metal-Exchanged Zeolites as Catalysts. Microporous and 

Mesoporous Materials. 22: 451-460 

Asami, K. Shikada, T., Fujimoto, K., Tominaga, H., (1987). Selective Oxidative Coupling 

of Methane over Supported Alkaline Earth Metal Halide Catalysts, Ind. Eng. Chem. 

Res., 26: 2348-2359. 



139

Baba, T., Abe, Y.(2003) Metal Cation-acidic Proton Bifunctional Catalyst for Methane 

Activation. Conversion of 13CH4 in the Presence of Ethylene over Metal Cations-

Loaded HZSM-5. Applied Catalysis A: General. 250: 265-270 

Baerns, M., (1986). Oxidative Catalytic of Methane Conversion. Catalysis Today. 1:357-

363 

Ballmoss, R.V, Higgins, J.B., (1990). Collection of Simulated X-Ray Powder Pattern of 

Zeolites. Butterwoth 

Banares M. A., Fierro J. L. G. and Moffat J. B., (1993). The Partial Oxidation of Methane 

on MoO3/SiO2 Catalysts: Influence of the Molybdenum Content and Type of 

Oxidant. Journal of Catalysis. 142:406-417  

Bandyopadhyay, R., Kubota, Y, Sugimoto, N., Fukushima, Y., Sugi, Y., (1999) Synthesis 

of Borosilicate Zeolite by the Dry Gel Conversion Method and Their 

Characterization. Applied Catalysis A: General. 32: 81-91 

Barrer, R.M., (1982), Hydrothermal Chemistry of Zeolite, Academic Press, London/ New 

York 

Bayense, C.R and van Hooff J. H. C. (1991) Aromatization of propane over gallium-

containing H-ZSM-5 zeolites : Influence of the preparation method on the product 

selectivity and the catalytic stability, Applied Catalysis A: General, 79: 127-140 

Beyer H.K., Borbely, G., (1986) In: Murakami, Y., Iijima, A., Ward J.W., (eds).   New 

Developments in Zeolite Science and Technology. Elsevier, Amsterdam. 867-876  

Bielanski, A., Haber, J., (1983) Oxygen in Catalysis, Chemical Industries. Marcel and 

Dekker, New York. 

Biscardi, J.A., and Iglesia, E., (1996) Structure and Function of Metal Cations in Light 

Alkene Reactions Catalyzed by Modified HZSM-5. Catalysis Today. 31: 207-231 

Borade, R.B., Halgeri A.B., Prasada Rao, T.S.R.,  (1986). In: Murakami, Y., Iijima, A., 

Ward J.W., (eds), New Developments in Zeolite Science and Technology. Elsevier, 

Amsterdam, 851-859 

Breck, D.W., Flanigen, E.M., (1968), Zeolite Molecular Sieves, Soc. Chem. Ind. London, 

47 

Brunauer, S., Emmett, P., Teller, E., (1938). J. Am. Chem. Soc. 60, 309 as reported in 

White, M.G.,(1990).  Heterogenous Catalysis, Prentice Hall, New Jersey, 66 

Burch, R., Squire, G.D., Tsang, S.C., (1989) Comparative study of Catalysts for the 

Oxidative Coupling of Methane, Applied Catalysis. 43:105-116 



140

Burns, S.,  Hargreaves, J.S.J., Pal, P., Parida, K.M., Parija, S. (2006) The effect of 

dopants on the activity of MoO3/ZSM-5 catalysts for the dehydroaromatisation of 

methane, Catalysis Today, 114:383-387  

Bytyn, W., Baerns, M., (1986). Supported PbO Catalysts for the Oxidative Coupling of 

Methane � The Effect of Surface Acidity of the Support on C2
+ Selectivity, Applied 

Catalysis. 28:199-207 

Campbell, I.M., (1983) Biomass, Catalysts and Liquid Fuels. Technomic Publisher, 

Lancaster, 116 

Campbell, K.D., Moraless, E., Lunsford, J.H., (1987), Gas-phase Coupling of Methyl 

Radicals During the Catalytic Partial Oxidation of Methane, J. Am. Chem. Soc., 

109:7900-7904 

Cant, N.W. Nelson, P.F., Lukey, C.A., (1988) Measurement of kinetic isotope effects and 

hydrogen/deuterium distributions over methane oxidative coupling catalysts. Journal 

of Catalysis. 120: 216-230 

Carvalho, M.C.N.A., Passos, F.B.,Schmal, M., (2000). The Behaviour of Cu-ZSM-5 in 

the Oxide and Reduced Form in the Presence of NO and Methanol, Applied 

Catalysis B: Environmental. 193:265-276. 

Chang C.D., (1983), Hydrocarbons From Methanol. Catal. Rev.-Sci. Eng. 25:1-118 

Chang, C.D., Silvestri, A.J., (1977), Methanol Conversion on ZSM-5. Journal of 

Catalysis. 47: 249-256 

Cheikhi N., Ziyad, M., Coudurier G.,  Vedrine J.C., (1994), Conversion of Methane to 

Higher Alkanes by Ruthenium Loaded Zr3(PO4)4, Applied Catalysis A: General. 

118, 187. 

Chen, L, Lin, L., Xu and Lin, Z., Li, X., Zhang, T., (1995) Dehydro-oligomerization of 

Methane to Ethylene and Aromatics Over Molydenum/HZSM-5 Catalyst. Journal of 

Catalysis. 157: 190-200. 

Chen, N.Y., Keading, W.W, Dwyer, F.G., (1979). Impregnation of ZSM-5 with 

Magnesium and its Activity Toward Toluene Dispropornation, J. Am. Chem. Soc., 

101: 6783-6787 

Chou, T.C., Albright, L.F., (1978) Partial Oxidation of Methane in Glass and Metal 

Tubular Reactor, Ind. Eng. Chem. Process Des. and Dev., 17:454-459 

Choudary V.R, Mantri, K., Sivadinarayana, C. (2000) Influence of Zeolite Factors 

Affecting Zeolite Acidity on Propane Aromatization Activity and Selectivity of 

Ga/HZSM-5. Microporous and Mesoporous Materials, 37:1-8 



141

Choudary V.R., Mulla S.A.R., Rane V.H., (1998). Surface Basicity and Acidity of 

Alkaline Earth-promoted La2O3 Catalyst and Their Performance in Oxidative 

Coupling of Methane, J. Of Chemical Technology and Biotechnology. 72:125-130 

Chu, C.T.W., Chang C.D., (1985a). TPD and IR Studies of Zeolite Acidity, J. Physical 

Chemistry. 89, 1569-1575 

Chu, C.T.W., Kuehl, G.H., Lago, R.M., Chang, C.D., (1985), Nature of Acid Sites in 

Borosilicates ZSM-5 Zeolites, Journal of Catalysis. 93: 451-458 

Colorio, G., Vedrine, J.C., Auroux, A., Bonnetot, B., (1996) Partial Oxidation of Ethane 

over Alumina-Boria Catalysts, Applied Catalysis A: General. 137: 55-68 

Connell, G., and Dumesic, J. A. (1987) The generation of Brönsted and Lewis acid sites 

on the surface of silica by addition of dopant cations, Journal of Catalysis. 105: 285-

298 

Corma, A., (2003) State of the art and future challenges of zeolites as catalysts, Journal of 

Catalysis. 216: 298-312 

Daza,L.,Pawelec,B.,Anderson, J.A.,.Fierro,J.L.G,(1992), Relationship Between Reduced 

Nickel and Activity for Benzene Hydrogenation on Ni-USY Zeolite Catalysts,  

Applied Catalysis A: General.  87:145-156  

Derewinski, M., Fajula, F.,(1994).Acidity and Catalytic Activity of B-Al Beta Zeolite,  

Applied Catalysis A: General. 108:53-61 

Derouane, E.G., (1980) New Aspects of Molecular Shape Selectivity: Catalysis by Zeolites 

ZSM-5. Elsevier, 7  

Ding, W., Meitzner, G.D., Iglesia, E., (2002) The Effects of Silanation of External Acid 

Sites on the Structure and Catalytic Behavior of Mo/H�ZSM5. Journal of Catalysis, 

206:14-22  

Dong, W.S.,Roh H.S., Jun, K.W., Park S.E., Oh, Y.S., (2002) Methane Reforming Over 

Ni/Ce-ZrO2 Catalysis: Effect of Nickel Content. Applied Catalysis A: General. 

226,63-71 

Dowden, D.A., Schnell, C.R., Walker, G.T. (1968) Proceedings of the Fourth 

International Congress on Catalysis. 201. 

Driscoll, D.J., Martir, W., Wang, J.X., Lunsford, J.H., (1985) Formation of Gas-phase 

Methyl Radicals Over MgO, J. Am. Chem. Soc., 107:58-64 

Dyer, A., (1988). An Introduction to Zeolite Molecular Sieves. John Wiley & sons. 

Ekstrom, A., Lapszewicsz, J., Campbell, I., (1989) Origin of the Low Limits in Higher 

Hydrocarbons Yields in the Oxidative Coupling Reaction of Methane, Applied 

Catalysis. 56: 29-36 



142

Ekstrom,A., (1992), The Oxidative Coupling of Methane Reaction Pathways and Their 

Process Implication. In: Wolf, E.E., (ed) Methane Conversion in Oxidative Process, 

Van Nostrand Reinhold Catalysis Series, New York, 99-137 

Ernst, S., Weitkamp, J., (1989). Oxidative Coupling of Methane Using Zeolite-Based 

Catalyst, In: Imarisio, G., Frias, M., Bemtgen, J.M. (eds.) Hydrocarbons Source of 

Energy, 461-469 

Ershov, B.M., Butsko, Z.L, (1981), Deposited Document, SPSTL 762-KHP-D81-P9 as 

quoted by Pitchai, R., Klier, K., (1986), Partial Oxidation of Methane, Cat. Rev.-Sci. 

Eng, 28(1):13-88 

Faraldos M, Banares M.A., Anderson J.A., Hu H., Wachs I.E., Fierro J.L.G., (1996). 

Comparison of Silica-Supported MoO3 and V2O5 Catalysts in the Selective Partial 

Oxidation of Methane. Journal of Catalysis. 160: 214-221  

Feng, Y., Niiranen, J., Gutman, D., (1991), Kinetics Studies of the Catalytic Oxidation of 

Methane: Methyl Radical Production on 1% Sr/La2O3, J. Phys.Chem., 95: 6558-

6565. 

Flanigen, E.M., (1980) Molecular sieve zeolite: The First Twenty-five Years, Pure and 

Appl. Chem., 52: 2191 

Flanigen, E.M., Khatami, H, Szymanski H.A., (1971), Characterization of Zeolite Using 

IR, Advances in Chem. Series, 101, 201 

Foster, N.R. (1985) Direct Catalytic Oxidation of Methane to Methanol: a Review, 

Applied Catalysis.19:1-25 

Fu, Z, Yin, D., Li, Q., Zhang Y., (1999), Synthesis, Characterization and Catalytic 

Properties of Ti and B Co-substituted Silicalite Zeolites, Micoporous and 

Mesoporous Materials, 29:351-359 

Gaffney, T.R., Pierantozzi, R., Seger, M.R,(1990). Isomorphous Substitution of Boron in 

Mordenite and Zeolite Y. In: Occelli, M.L., Robson H.E., (eds), Zeolite Synthesis, 

ACS, 374-392 

Garnet, J.L.,(1988).Catalytic Oxidation of Methane Over AlPO-5 and Metal Doped 

AlPO-5. In: Bibby, D.M., Chang, C.D., (eds), Methane Conversion. 389-393 

Geerts, J.W.M.H, Chen, Q., Van Kasteren, J.M.N. (1990), Themodynamics and Kinetics 

Modeling of Homogeneous Gas Phase Reaction of the Oxidative Coupling of 

Methane, Catalysis Today. 6: 519-529 

Gelsthorpe, M.R. and Theocharis, C.R.,  (1988). Modified Aluminophosphate Molecular 

Sieves: Preparation and Characterization, Catalysis Today. 2:613-621 



143

Gil,A,.Díaz, A.,Gandía, L. M, Montes, M., (1994), Influence of the Preparation Method 

and the Nature of the Support on the Stability of Nickel Catalysts, Applied Catalysis 

A: General. 109:167-179  

Girgis, M.J., Tsao, Y.P., (1996) Impact of Catalyst Metal-acid Balance in n-Hexadecane 

Hydroisomerization and Hydrocracking, Ind. Eng. Chem. Res. 35: 386-394 

Greenwood, N.N., and Earnshaw, A., (1997). Chemistry of the Elements, 2nd ed., 

Butterworth, UK. 

Guisnet, M., Gnep, N.S.,  Vasques, H., and Ribeiro, F.R.,  (1991). Zn-Doped HZSM-5 

Catalysts for Propane Aromatization. In: Jacobs, P.A., Jaeger, N.I., Kabelkova, L.,  

and Wichterlova, B., Zeolite Chemistry and Catalysis. Amsterdam: Elsevier 321-329 

Guisnet, M.  and Gnep, N. S. (1996) Aromatization of propane over GaHMFI catalysts. 

Reaction scheme, nature of the dehydrogenating species and mode of coke 

formation. Catalysis Today,31:275-292   

Halasz, J., Konya Z., Fudala A., Beres A., Kiricsi I., (1996) Indium and Gallium 

Containing ZSM-5 Zeolites: Acidity and Catalytic Activity in Propane 

Transformation, Catalysis Today, 31:293-301 

Hassan, A. and Sayari, A. (2006) Highly active, selective and stable Mo/Ru-HZSM-5 

catalysts for oxygen-free methane aromatization, Applied Catalysis A: General, 

297:159-164 

Han, S.,  Maternak,D.J., Palermo, Pearson, J.A., Walsh, D.E.,(1992), The Direct Partial 

Oxidation of Methane to Liquid Hydrocarbons Over HZSM-5 Zeolite Catalyst, 

Journal of Catalysis. 136:578-585 

Han, S., Maternak, D.J.,  Palermo, R.E., Pearson, J.A., Walsh, D.E., (1994a), Direct 

Partial Oxidation of Methane Over ZSM-5 Catalyst, Journal of catalysis. 148: 134-

137 

Han, S., Kaufman, E.A., Maternak,D.J., Palermo, Pearson, J.A., Walsh, D.E., 

(1994b).Direct Partial Oxidation of Methane Over ZSM-5 Catalyst: Zn-ZSM-5 

Catalyst Studies, Catalysis letters, 29: 27-32. 

Hargreaves , J.S.J., Hutchings, G.J., (1990). Control of Product Selectivity in the Partial 

Oxidation of Methane, Nature, 348:428-437. 

Heng H.C. and Suhaili Idrus, (2004) The Future of Gas to Liquid as a Gas Monetisation 

Option, J. of Natural Gas Chemistry, 13:63-70. 

Heitmann, G.P., Dahlhoff,  G ., Niederer, J. P. , Holderich, W. F., (2000)Active Sites of a 

[B]-ZSM-5 Zeolite Catalyst for the Beckmann Rearrangement of Cyclohexanone 

Oxime to Caprolactam, Journal of Catalysis, 194:122�129 



144

Herman, R.G., Sun, Q., Shi, C., Klier, K., Wang, C.B., Hu, H., Wachs, I.E., Bhasin, 

M.M., (1997) Development of Active Oxide Catalyst for Direct Oxidation of 

Methane. Catalysis Today. 37:1-14. 

Hevelling, J., Nicolaides, C.P., Scurrell, M.S. (1998) Catalysts and Conditions for the 

Highly Efficient, Selective and Stable Heterogeneous Oligomerisation of Ethylene. 

Applied Catalysis A: General. 173:1-9 

Hinsen, W., Byton, W., Baerns, M., (1984) Oxidative Dehydrogenation and Coupling of 

Methane, Proc. 8th. Intern. Cong. on Catalysis,  Verlag, Chemi, Berlin. 581-589. 

Hoang, D.L., Berndt, H., Miessner, H., Schreier, E., Völter, J., Lieske, H., (1994) Nickel 

Modified H-ZSM-5 Catalysts. Applied Catalysis A: General. 114:295-311  

Holderich, W., Eichborn, H, Lehnert R., Marosi, L., Mross, W., Reinke, R., Ruppel W., 

Schlimper H., (1984). Aluminosilicate and Borosilicate Zeolite and Their Use in the 

Conversion of Methanol to Olefins, Proc. 6th Int. Zeolite Conf., Olson, D.H., Bisio, 

A., (eds.), Butterworths, 545. 

Howden, M.G., (1985), Zeolites ZSM-5 Containing Boron Instead of Aluminium Atoms 

in the Framework,  Zeolites. 5:334-337 

Huang C.L., Yu, W.C., Lee, T.Y.,(1986). Kinetics of Nucleation and Crystallization of 

Silicate, Chem. Eng. Science, 41:625-632 

Hughes, T.R., White, H.M., (1967) A Study of the Surface Structure of Decationized Y 

Zeolite by Quantitative Infrared Spectroscopy. Journal Of Physical Chemistry. 71: 

2192-2201 

Huggil, J.A., Tillemans, F.W.A.,  Dijkstra, J.W., Spoelstra, S., (2005) Feasibility Study 

on the Co-generation of Ethylene and Electricity Through Oxidative Coupling of 

Methane, Applied Thermal Engineering, 25:1259-1271 

Hunter, N. R., Gesser, H.D., Morton, L.A., Yarlagadda, P.S., and Fung, D.P.C., (1990) 

Methanol Formation at High Pressure by the Catalyzed Oxidation of Natural Gas 

and by the Sensitized Oxidation of Methane, Applied Catalysis. 57: 45-53 

Hutching, G.J., Scurrel, M.S., Woodhouse, J.R., (1988) Direct Partial Oxidation of 

Methane: Effect of the Oxidant on the Reaction, Applied Catalysis. 38:157-167 

Inui, T., Matsuda, H., Takegami, Y., (1985). Relation Between Acidic Properties and 

Catalytic Performance for Gasoline Synthesis From Methanol over ZSM-5 Zeolite. 

Proc. 6th Int. zeolite Conf., Olson, D.H., Bisio, A., (eds.), Butterworths, 316. 

 Ismail Mohd Said, Abdul Rahman Mohamed, Bhatia, S.(2002) Activity and 

Characterization of Bimetallic ZSM-5  for Selective Catalytic Reduction of NOx. J. 

of Molecular Catalysis A: Chemical, 189:241-250 



145

Ito, T Wang J.X., Lin, C.H., Lunsford J.H., (1985) Oxidative Dimerization of Methane 

Over a Lithium-promoted Magnesium Oxide Catalyst, J. Am. Chem. Soc., 110: 

5062-5068 

Iwamatsu, E., Aika, K., (1989), Oxidative Coupling of Methane Over CaO Catalysts, 

Journal of Catalysis. 117:416-426 

Iwamoto, S., (1993), Studies on NO Decomposition Under Excess Oxygen Conditions on 

Metallosilicate Catalyst, Kyoto University, Japan. Ph.D Dissertation . 

Kaddouri, A., Anouchinsky, R., Mazzocchia, C., Madeira, L.M., Portela, M.F., (1998) 

Oxidative Dehydrogenation of Ethane on NiMoO4, Catalysis Today. 40:201-208 

Kanai, J and Kawata, N (1989) Aromatization of n-hexane over galloaluminosilicate and 

gallosilicate, Applied Catalysis, 55: 115-122  

Kanazirev, V.I. and Price, G.L (1995) Propane Conversion on Cu-MFI Zeolites   

Journal of Molecular Catalysis A: Chemical, 96: 145-154 

Kansteren, J.M.N.V., Geerts, J.W.M.H., Wiele, K.V.D, (1991). Methane Oxidative 

Coupling  Using Li/MgO Catalysts, In: Holmen et. al.,(eds). Natural Gas 

Conversion.139 

Katada, N., Igi, H., Kim, J.H., Niwa, M., (1997) Determination of the Acidic Properties 

of Zeolite by Theoretical Analysis of Temperature-Programmed Desorption of 

Ammonia Based on Adsorption Equilibrium, J.Phys. Chem. B., 101(31): 5969-5977 

Keading, W.W., Chu, C., Young , L.B., Weinstein, B., Butter, S.A., (1981). Selective 

Alkylation of Toluene With Methanol to Produce Para Xylene, Journal of Catalysis. 

67: 159-174  

Keller, G.E., Bhasin, M.M., (1982) Synthesis of Ethylene via Oxidative Coupling of 

Methane, Journal of Catalysis. 73:9-14 

Kessler, H., Chezeau, J.M., Guth, J.L., Strub, H., (1987) NMR and IR Study of B and Al  

Substitution in Zeolites of the MFI-Structure Type Obtained in Non-Alkaline 

Fluoride Medium. Zeolite. 7:360-366 

Kitigawa, H., Sendoda, Y., Ono, Y., (1986) Transformation of Propane into Aromatics 

Hydrocarbons over ZSM-5 Zeolites. Journal of Catalysis. 101: 12-18 

Klotz, M.R., (1981). Crystalline Borosilicate and Process of Preparation. (U.S. Patent  

4269813) 

Klug, H.P., Alexander L.E.,(1954). X-ray Diffraction Procedure for Polycrystalline and 

Amorphous Materials, John Wiley and Sons, 111 

http://lemon.bio.tottori-u.ac.jp/chem/niwa/katada/zmpc97/sld05.htm


146

Kondo, J.N, Yoda, E., Ishikawa, H., Wakabayashi, F., Domen, K., (2000) Acid Property 

of Silanol on Zeolites Assesed by Reaction Probe IR study, Journal of Catalysis. 

191: 275-281 

Korf, S.J., (1990), Ph.D Dissertation , U. of Twente, as quoted in Yoon, K.J., Seo, S.W.,  

(1996). Applied Catalysis B: Environmental. 7:237-250 

Kowalak, S., Moffat J.B,(1988), Partial Oxidation of Methane Catalyzed by H-Mordenite 

and Fluorinated Mordenite,. Applied Catalysis. 36: 139-145 

Krylov, O.V., (1993). Catalytic Reactions of Partial Methane Oxidation, Catalysis Today, 

18:209-302 

Kubacka, A., Wloch, E., Sulikowski, B., Valenzuela, R.X., Corberan, V.C., (2001) 

Oxidative Dehydrogenation of Propane on Zeolite Catalysts, Catalysis Today. 61: 

343-352 

Kus, S., Otremba, M., Taniewski, M. (2003) The Catalytic Performance in Oxidative 

Coupling of Methane and Surface Basicity of La2O3, Nd2O3, ZrO2 and Nb2O5, Fuel, 

82: 1331-1338. 

Kwak B. S. and Sachtler W. M. H. (1994) Effect of Ga/Proton Balance in Ga/HZSM-5 

Catalysts on C3 Conversion to Aromatics. Journal of Catalysis, 145:456-463 

Lane G.S., Wolf, E.E., (1988) Methane Utilization by Oxidative Coupling. A Study of 

Reactions in the Gas Phase During the Cofeeding of Methane and Oxygen, Journal 

of Catalysis. 113:144-152. 

Larkins, F.P., Nordin, M.R., (1988), Oxidative Dehydrogenation of Methane to Form 

Hydrocarbons, In: Bibby, D.M., Chang, C.D. (ed.) Methane Conversion, Elsevier, 

Amsterdam, 409-420 

Leofanti, G., (1997). Catalyst Characterization: Characteristics Techniques, Catalysis 

Today. 34:307-327 

Li, B.,Li, S.,  Li, N.,  Chen, H., Zhang, W., Bao, X., Lin, B., (2006) Structure and acidity 

of Mo/ZSM-5 synthesized by solid state reaction for methane dehydrogenation and 

aromatization, Microporous and Mesoporous Materials, 88: 244-253  

Li, D., Sato, T., Imamura, M., Shimada, H., Nishijima, A., (1998) The Effect of Boron on 

HYD, HC, and HDS Activities of Model Compounds over Ni-Mo/Al2O3 Catalysts, 

Applied Catalysis B: Environmental, 16: 255-260. 

Li, S., Zhang, C., Kan, Q., Wang, D., Wu, T., Lin, L., (1999) The Function of Cu(II) Ions 

in the Mo/CuH-ZSM-5 Catalyst for Methane Conversion Under Non-oxidative 

Conversion, Applied Catalysis A: General. 187:199-206 



147

Lin, C.H., Ito, T., Wang, J.X., Lunsford, J.H., (1988), Catalytic Properties of Lithium 

Carbonate Melts and Related Slurries for the Oxidative Dimerization of Methane, 

Journal of Catalysis.111:302-312  

Liu, B., Yang, Y. and Sayari A.H., (2001). Non-oxidative Dehydroaromatization of 

Methane Over Ga-promoted Mo/HZSM-5 Based Catalyst. Applied Catalysis A: 

General. 214: 95-102 

Liu, H., Ernst, H., Freude, D., Scheffler, F., Schwieger, W. (2002) In situ 11B MAS NMR 

study of the synthesis of a boron-containing MFI type zeolite, Microporous and 

Mesoporous Materials, 54:319-330.  

Liu, H., Li, Y., Shen, W., Bao, X., Xu and Lin, Y. (2004)Methane dehydroaromatization 

over Mo/HZSM-5 catalysts in the absence of oxygen: effects of silanation in HZSM-

5 Zeolite, Catalysis Today, 93:65-73 

Liu, W. and Xu, Y. (1999) Methane Dehydrogenation and Aromatization over 

Mo/HZSM-5: In Situ FT�IR Characterization of Its Acidity and the Interaction 

between Mo Species and HZSM-5. Journal of Catalysis, 185:386-392   

Lonyi, F., Valyon, J., (2001). On the Interpretation of the NH3-TPD Patterns of HZSM-5 

and H- Mordenite. Microporous and Mesoporous Materials, 47:293-301. 

Lu, R., Tangbo, H., Wang, Q., Xiang, S., (2003). Properties and Charaterization of 

Modified HZSM-5 Zeolites, J. of Natural Gas Chemistry, 12:56-62. 

Lucas, A.D., Valverde, J.L, Canizares, P., Rodriguez, L., (1998) Partial Oxidation of 

Methane to Formaldehyde Over W/HZSM-5 Catalysts, Applied Catalysis  A: 

General. 172:165-174 

Lucas, A.D., Valverde, J.L., Rodriguez, L., Garzia, M.T.,(2000) Partial Oxidation of 

Methane to Formaldehyde Over Mo/HZSM-5 Catalysts, Applied Catalysis  A: 

General. 203:81-90 

Lunsford J.H,. Martir, W, Driscoll, D.J., (1984). Evidence for the Formation of gas Phase 

Radicals at Surfaces, Preprints - Division of Petroleum Chemistry, American 

Chemical Society, 29(3): 920-926 

Lunsford, J.H., (1988), Catalytic Conversion of Methane to Methanol, Formaldehyde and 

Higher Hydrocarbons, J. Am. Chem. Soc., 33(3): 357-368  

Lunsford, J.H., (1990), The Catalytic Conversion of Methane to Higher Hydrocarbons. 

Catalysis Today. 6(3) :235-259 

Lunsford, J.H., (1992) Formation and Reactions of Methyl Radicals over Metal Oxides 

Catalyst. In: Wolf, E.E., (ed) Methane Conversion in Oxidative Process, Van 

Nostrand Reinhold Catalysis Series. New York, 3-29. 



148

Lunsford, J.H., Hinson, P.G., Rosynek, M.P., Shi, C., Xu and Lin, M., and Yang, X., 

(1994), The Effect of Chloride Ions on Li+-MgO Catalyst for the Oxidative Coupling 

of Methane, Journal of Catalysis. 147: 301-310. 

Lunsford, J.H., Rosynek M.P., Smith C.E.,  Xu and Lin M., Yu Z., (1995) Catalytic 

Conversion of Methane and Propylene to Butene, J. Phys. Chem., 99:12581-12588 

Lunsford, J.H., Rosynek, M.P., Wang, D.(1997) The Conversion of Methane to Benzene 

Over Mo/ZSM-5 in the Absence of an Oxidant. In: Pontes, M.D. et al., (eds). 

Natural Gas Conversion IV, Elsevier. 125-134 

Ma, D., Zhu, Q., Wu, Z., Zhou, Z., Shu, Y., Xin, Q., Xu, Y., Bao, X. (2005) The synergic 

effect between Mo species and acid sites in Mo/HMCM-22 catalysts for methane 

aromatization, Phys. Chem. Chem. Phys.,7:3102 - 3109 

Ma, D., Shu, Y., Bao, X., Xu and Lin, Y., (2000) Methane Dehydro-aromatization Under 

Non-oxidative Conditions over Mo/HZSM-5 Catalyst. J. Catalyst, 189: 314-325. 

Machoki, A., (1996), Methane Oxidative Coupling in an Undiluted Reaction Mixture in a 

Reactor-adsorber System with a Gas Recirculation, Applied Catalysis A: General. 

146:391-400 

Mahajan, S., Menzies, W.R., and Albright, L.F., (1977), Partial Oxidation of Light 

Hydrocarbons. Major Differences Noted in Various Tubular Reactors, Ind. Eng. 

Chem. Process Des. Dev.16(3): 271-278 

Mallens, E. P. J.,  Hoebink, J. H. B. J. and Marin, G. B.(1996) An Investigation of the 

Oxygen Pathways in the Oxidative Coupling of Methane over MgO-Based Catalysts, 

J. Of Catalyst, 160:222-234 

Marczewski, M., Marzewska, H., Mazowieka, K., (1995) Catalyst for Methane 

Tranformation Into Aromatics, React. Kinet. Catal. Lett., 54:81-86  

Martin, G. A. Bates, A. Ducarme, V., Mirodatos, C. (1989) Oxidative Conversion of 

Methane and C2 Hydrocarbons on Oxides: Homogeneous versus Heterogeneous 

Processes,  Applied Catalysis, 47:287-297  

Martin, G. A, and Mirodatos, C. (1995) Surface Chemistry in the Oxidative Coupling of 

Methane, Fuel Processing Tech., 42:179-215  

Mc Carty, J.G., Mc Ewen, A.B., Quinlan, M.A., (1990) Models of the Direct Catalytics 

Partial Oxidation of Light Alkanes. In: Centi, G. (ed.) New Developments in 

Selective Oxidation. Elsevier, Amsterdam, 405-412. 

Meriaudeu, P., Tiep, L.V., Ha, V.T.T., Naccache, C., Szabo, G., (1999) Aromatization of 

Methane Over Mo/HZSm-5 Catalyst: On the Possible Reaction Intermediates, 

Journal of Molecular Catalysis, 144: 469-471 



149

Meshram, N.R., Hedge, S.G., Kulkarni, S.B., (1986), Active Center over H-ZSM-5 

Zeolite for Paraffin Cracking. Zeolites,  6: 434-440 

Michalkiewicz, B. (2004) Partial Oxidation of Methane to Formaldehyde and Methanol 

using Molecular Oxygen Over Fe-ZSM-5, Applied Catalysis A: General, 277: 147-

153 

Michalkiewicz, B.  (2006) The kinetics of homogeneous catalytic methane oxidation 

Applied Catalysis A: General, 307: 270-274   

Min J.S., Mizuno N., (2001), The Effects of Additives on Catalytic Performance of 

Heteropoly Compounds for Selective Oxidation of Light Alkanes, Catalysis Today. 

71: 89-96 

Minchev, C., Zubkov, S.A., Valtchev, V., Minkov, V., Micheva, N., Kanazirev, V.(1994). 

Nature of the Active Sites and Catalytic Activity of SAPO-5 Synthesized in the 

Presence of Nickel Cations, Applied Catalysis A: General. 119:195-204  

Murata, K., Hayakawa, T., Hamakawa, S., Suzuki, K.(1998) Lithium-doped Sulfated-

Zirconia Catalysts for Oxidative Coupling of Methane to Give Ethylene and Ethane. 

Catalysis Today.45:41-45 

Nakagawa K., Ikenaga N., Teng Y., Kobayashi T., Suzuki T., (1999), Partial Oxidation of 

Methane to Synthesis Gas Over Iridium�nickel Bimetallic Catalysts. Applied 

Catalysis A: General.  180:183-189 

Narayanan, S., Sultana, A., Krisna, K., Meriaudeau, P., Naccache, C., (1995). Synthesis 

of ZSM-5 Type Zeolites With and Without Template and Evaluation of Physical 

Properties and Aniline Alkylation Activity. Catalysis letter. 34:129-138. 

Nayak, V.S., Moffat, J.B., (1990). Effect of Silicon to Aluminium Ratio and Template on 

the Cracking of C6-C8 Alkenes Over ZSM-5 Zeolite, Applied Catalysis. 60:87-99. 

Nelson, P.F., Cant, N.W., (1990), Oxidation of C2 Hydrocarbons Products During the 

Oxidative Coupling of Methane Over Li/MgO Catalyst, J. Phys. Chem., 94: 3756-

3760 

Nelson, P.F., Lukey, C.A., Cant, N.W.J., (1988) Isotopic Evidence for Direct Methyl 

Coupling and Ethane to Ethylene Conversion During Partial Oxidation of Methane 

Over Li/MgO, Journal of Physical Chemistry. 92: 6176-6179 

Ng F.T.T. and Creaser D.C. (1994) Ethylene Dimerization Over Modified Nickel 

Exchanged Y-zeolite, , Applied Catalysis A: General ,119: 327-339 

Nielsen, J.R., (1988), Syngas for C1-chemistry. In: Bibby, D.M., Chang, C.D., (eds) 

Methane Conversion. Elsevier, Amsterdam. 73-78 



150

Nishi, K., Komai, S., Inagaki, K., Satsuma, A., and Hattori, T., (2002). Structure and 

Catalytic Properties of Ga-MFI in Propane Aromatization. Applied Catalysis A: 

General. 223:187-193 

Nor Aishah Saidina Amin and Didi Dwi Anggoro. (2002) Dealuminated ZSM-5 Zeolite 

Catalyst for Ethylene Conversion to Liquid Fuels. J. of Natural Gas Chemistry, 

11:79-86. 

Nor Aishah Saidina Amin and Didi Dwi Anggoro. (2003) Characterization and Activity 

of Cr, Cu, Ga Modified ZSM-5 for Direct Conversion of Methane to Liquid 

Hydrocarbons. J. of Natural Gas Chemistry, 12:123-134. 

Nor Aishah Saidina Amin and Didi Dwi Anggoro, (2004) Optimization of Direct 

Conversion of Methane to Liquid Fuels Over Cu Loaded W/ZSM-5 Catalyst, 

Fuel, 83:487-494 

Nor Aishah Saidina Amin and Kusmiyati. (2004) Improved Performance of W/HZSM-5 

Catalysts for Dehydroaromatization of Methane, J. of Natural Gas Chemistry, 

13:148-159. 

Nowinska, K., Waclaw, A. Izbinska, A.(2003)Propane Oxydehydrogenation Over 

Transition Metal Modified Zeolite ZSM-5, Applied Catalysis A: General, 243:225�

236 

Nunes, M.H.O., Teixeira, V., Schmal, M., (2005) The Effect of Copper Loading on the 

Acidity of Cu/HZSM-5 Catalysts: IR of Ammonia and Methanol for Methylamines 

Synthesis, Applied Catalysis A: General, 294:148-155 

O�Connor, C.T., and Kojima, M.,  (1990) Alkene Oligomerization, Catalysis Today. 6: 

329-349  

O'Connor  A.M. and Ross, R.H., (1998), The Effect of O2 Addition on the Carbon 

Dioxide Reforming of Methane Over Pt/ZrO2 Catalysts, Catalysis Today. 46: 203-

210  

Olah, G.A. and Schlosberg, R.H., (1968), J. Am. Chem. Soc., 90:2726-2727 

Olsbye, U, Desgrandchamps, G., Jens, K.J., Kolboe, S., (1992), A Kinetic Study of the 

Oxidative Coupling of Methane Over BaCO3/La2On(CO3)3-n, Catalysis Today, 

13:209-219. 

Olson, D.H., Haag, W.O., Lago, R.M., (1980). Structure-selectivity Relationship in 

Xylene Isomerization, Journal of Catalysis, 61:390-398 

Otsuka, K., Ando, T., Suprapto, S., Wang, Y., Ebitani, K., Yamanaka, I., (1995) Ethane 

Oxidative Dehydrogenation over Boron Oxides Supported on Yttria Stabilized 

Zirconia . Catalysis Today. 24:315-320 



151

Otsuka, K., Jinno, K., Morikawa, A., (1986a), The Oxidative Coupling of Methane on 

Lanthanide Oxides, Journal of Catalysis. 100:353-360 

Otsuka, K., Liu, G., Hatano, M., Morikawa, A., (1986b), Synthesis of Ethylene by Partial 

Oxidation of Methane Over Transition Metal Oxides, Chem. Lett., 903-910 

Parkyns N.D., Warburton, C.I., Wilson, J.D., (1993), Natural Gas Conversion to Liquid 

Fuels and Chemicals: Where Does it Stand? Catalysis Today, 18:385-442 

Perego, G.,Bellussi, G,Millini R, Alberti, A., Zanardi, S.,(2002) B-containing Molecular 

Sieves Crystallized in the Presence of Ethylenediamine. Part I: Crystal Structure of 

As-synthesized B-FER, Microporous and Mesoporous Materials. 56:193�202 

Pierella, L.B., Wang, L.,  Anunzita, O.A., (1997), Methane Direct Conversion to 

Aromatics Hydrocarbons at Low Reaction Temperatures, React. Kinet. Catal. Lett., 

60:101-106 

Pitchai, R., Klier, K., (1986), Partial Oxidation of Methane, Cat. Rev.-Sci. Eng, 28(1):13-

88 

Plank, C.J., Rosinski, E.J., Schwartz, A.B., (1974) (U.K Patent 1402981) 

Pyatnitsky, Y.I., Ilchenko, N.I., Pavlenko, M.V., (1998), Kinetic Aspects of the Methane 

Oxidative Coupling at Elevated Pressure, Catalysis Today, 233-240  

Qiu X.Q., Zhu Q.M., (1996) Catalytic Contribution of Reactor Wall Material on 

Oxidative Coupling of Methane, J. Chem. Tech. Biotechnol. 65:380-387. 

Raja, R., Ratnasamy, N, (1997), Direct Conversion of Methane to Methanol, Applied 

Catalysis A: General. 158:7-15 

Ratnasamy, P., Hedge, S.G., Chandwadkar, A.J., (1986). The Acidity and Catalytic 

Activity of Alumino- and Borosilicate Pentasil Zeolites: A Comparison, Journal of 

Catalysis.102:467-470 

Ribeiro, F. R., Alvareza, C, Henriquesa,C., Lemosa, F., Lopesa, J. M. and Ribeiroa, M. 

F., (1995) Structure-activity Relationship in Zeolites, Journal of Molecular Catalysis 

A: Chemical, 96(3):245-270 

Roos, J.A., Korf, S.J., Bakker, A.G., Bruijn, N.A.D., Ommev, J.G, Ross, J.R.H., (1988), 

The Oxidative Coupling of Methane: Catalyst Requirements and Process Conditions. 

In: Bibby, D.M., Chang, C.D., (eds.) Methane Conversion, Elsevier, Amsterdam, 

427-432 

Roseler, J., Heitmann, G., Holderich, W.F. (1996), Vapour-phase Beckmann 

Rearrangement Using B-MFI Zeolites,. Appl. Catal. 114:319-333 

Saterfield C.N., (1991). Heterogenous Catalysis in Industrial Practice, 2nd Edition, Mc 

Graw Hill, 245 



152

Sayed, M., Vedrine, J.C.(1986) The Effect of Modification With Boron on the Catalytic 

Activity and Selectivity of HZSM-5, Journal of Catalysis, 101:43-55 

Sayed , M. (1996)Evidence by ac-conductivity for the Higher Mobility of Boron (over 

aluminium)-associated Brønsted Sites in Boron-modified HZSM-5   

Microporous Materials, 6: 181-188   

Scholle, K.F.M.G., Veeman, W.S., (1985). Characterization of Intermediate ZSM-5 

Structure During Crystallization.  Zeolites. 5:118-124 

Schulz, H., Beck, K. and Erich, E., (1988), Mechanism of the Fischer Tropsch Process. 

In: Bibby, D.M., Chang, C.D., (eds.). Methane Conversion Amsterdam: Elsevier 

Science Publishers, 457-471.  

Schwieger, W., Bergk, K.H., Freude, D., Hunger M., Pfeifer, H., (1989) Synthesis of 

Pentasil Zeolites With and Without Organic Templates. In: Occelli, M.L., Robson, 

H.E., (eds.) Zeolite Synthesis, ACS, 274-290  

Shepelev, S.S.,Ione, K.G., (1983), Synthesis of Hydrocarbons From C1 Compounds 

Using Zeolite Catalysts, React. Kinet.Catal. Lett., 23:319-322 

Shi, C., Rosynek, M.P.., Lunsford, J.H., (1994) Origin of Carbon Oxides During the 

Oxidative Coupling of Methane, J. Phys. Chem., 98:8371-8376 

Shischak, E.V., Kazi, M.S., Dzikh, I.P., Abadjev, S.S., Shevchuk, V.U., (1997) Oxidative 

Coupling of Methane on Alkali Metal Containing Catalyst, Reaction Kinetics and 

Catalysis Letter. 61:83-89 

Shu, Y., Ohnishi, R., Ichikawa, M., (2003) Improved methane dehydrocondensation 

reaction on HMCM-22 and HZSM-5 supported rhenium and molybdenum catalysts. 

Applied Catalysis A: General, 252:315-329 

Silva, A.I., Alvarez, F., Ribeiro, F.R., Guisnet, M., (2000). Synthesis of Cyclohexanone 

on Bifunctional Pd Faujasites: Influence of the Balance Between the Acidity and the 

Metallic Function, Catalysis Today. 60:311-318 

Sinev, Y.M., (1995), Kinetic Modeling of Heterogenous-homogenous Radical Process of 

the Partial Oxidation of Low Paraffins, Catalysis Today. 24:389-396 

Singh, A.P., Reddy, K.R., (1994), Synthesis, Characterization and Catalytic Activity of 

Gallosilicate Analogs of Zeolite ZSM-22, Zeolites, 14:291-297 

Smith, J.M., Van Ness, H.C., Abbott, M.M., (1996) Introduction To Chemical 

Engineering Thermodynamics, 5th ed., Mc Graw Hill, Singapore 

Sofranco, J.A., Leonard, J.J., Jones, C.A., (1987). Oxidative Coupling of Methane Over 

Sodium-promoted Mn/SiO2 and Mn/MgO, Journal of Catalysis. 103:302-310  



153

Sofranco, J.A., Robert, M, (1988), Boron-promoted Reducible Metal Oxides and Methods 

of Their Use, (U.S. Patent 4 777313). 

Sohn, J.R., Park, W.C., (2002) Characterization and Catalytic Activity for Ethylene 

Dimerization of Nickel Sulfate Supported on Zirconia, Applied Catalysis A: 

General. 230:11-18 

Sokolovskii, V.D., Mamedov, E.A., (1992), Oxidative Coupling of Hydrocarbons, 

Catalysis Today. 14:331-338. 

Solymosi, F, Erdohelyi , A., Szoke, A., (1995), Dehydrogenation of Methane on 

Supported Molydenum Oxides: Formation of Benzene From Methane, Catal. Lett., 

32:43-48 

Solymosi,F.,Cserenyi, J. Szoke,A., Bansagi, T., Oszak, A.,(1997) Aromatization of 

Methane over Supported and Unsupported Mo-Based Catalysts, Journal of 

Catalysis. 165:150�161  

Spencer , N.D., and Pereira, C.J.(1988), V2O5-SiO2-Catalyzed Methane Partial Oxidation 

with Molecular Oxygen, Journal of Catalysis. 116:399-405 

Stocker, M. (2005) Gas Phase Catalysis by Zeolite, Microporous and Mesoporous 

Materials, 82:257-292. 

Su, L., Xu and Lin, Y., Bao, X. (2002) Study on Bifunctionality of Mo/HZSM-5 Catalyst 

for Methane Dehydro-aromatization under Non-oxidative conditions. J. of Natural 

gas Chemistry, 11:18-27. 

Sundaramurthy, V., and Lingappan, N.(2000) Isomorphic substitution of boron in ZSM-5 

type zeolites using TBP as template. Journal of Molecular Catalysis A: Chemical, 

160: 367-375   

Szostak, R. (1989) Molecular Sieve: Prinsciple of Synthesis and Identification, Van 

Nostrand Reinhold  

Szostak, R., (1991). Modified Zeolite. In: Bekkum, H.V., Flanigen, E.M.,Jansen, J.C., 

Introduction to Zeolite Science and Practice,  Elsevier, 153-199. 

Tanabe, K., (1970) Solid Acids and Bases: Their Catalytic Properties, Kodansha and 

Academic Press, Tokyo, New York, London. 

Taramasso, M, Perego, G.,  B. Notari, , (1980). Synthesis and Characterization of BZSM-

5 Zeolite. In: Rees, L.V., (ed.) Proc. 5th Intern. Conf. Zeolites., Heyden & Son, 

London, 40-49 

Tye, C.T., Abdul Rahman Mohamed, Bhatia, S., (2002) Modeling of Catalytic Reactor 

for Oxidative Coupling of Methane Using La2O3/CaO Catalyst, Chemical 

Engineering Journal, 87:49-59. 



154

Thomas J.M., and Lambert, R.M., (1980). Characterization of Catalysts. John Wiley and 

Sons. 12. 

Torre-Abreu, C., Ribeiro, M.F., Henriques C., Delahay, G., (1997) Characterization of 

Cu-MFI Catalyst by TPD of NO; Effect of the Si/Al Ratio and Copper Loading. 

Applied Catalysis B: Environmental. 12:249-262. 

Tynjala, P.,  Pakkanen, T.T., (1996) Acidic Properties of ZSM-5 Zeolites Modified with 

Ba2+, Al3+ and La3+ Ion Exchanges, J. of Molecular Catalyst, 110: 153-159  

Vasina, T.V., Preobrazhenskii, Isaev, S.A., Chetina, O.V., Masloboishchikova, O.V., 

Bragin, O.V., (1994) Methane Aromatization on Modified Pentasil Catalysts in a 

Pulse System. Kinetics and Catalysis, 35(1):93-96 

Vedrine, J.C., (1991) Isomorphous Substitution in Zeolites Frameworks: Procedure and 

Characterization. In: Jacobs, P.A., Zeolite Chemistry and Catalysis. 25-33. 

Vermeiren W.J.M., Lenotte, I.D.M.L., Martens, J.A., Jacobs, P.A., (1989) Zeolite-based 

Catalyst in the Oxidative Coupling of Methane into Higher Hydrocarbons. In: 

Imarisio, G., Frias, M., Bemtgen, J.M. (eds.) Hydrocarbons Source of Energy, 451-

460 

Vu T., Ha, T., Tiep, L.V., Meriaudeau, P., Naccache, C. (2002) Aromatization of methane 

over zeolite supported molybdenum: active sites and reaction mechanism. Journal of 

Molecular Catalysis A: Chemical, 181:283-290  

Wada, S, Tagawa, T., Imai, H., (1989) Kinetic and Mechanism of Oxidative Coupling of 

Methane. Applied Catalysis, 47:277-284 

Wainwright, M.S., (1988), Catalytic Process for Methanol Synthesis - Established and 

Future. In: Bibby, D.M., Chang, C.D.,  (eds.). Methane Conversion, Elsevier, 

Amsterdam, 95-108 

Walsh, D.E., Han, S.,Palermo, R.E., (1991). Partial Oxidation of Methane to Liquid 

Hydrocarbons, J. Chem. Soc. Chem. Comm., 1259 

Wang, D., Lunsford, J.H., Rosynek, M.P.(1997) Characterization of a Mo/HZSM-5 

Catalyst for the Conversion of Methane to Benzene. J. Catal.,169:347-358 

Wang, D.Y., Kan, Q.B., Xu and Lin, N., Wu, P., Wu, T.H. (2004) Study on Methane 

Aromatization Over MoO3/HZSM-49 Catalyst. Catalysis Today, 93-95: 75-80 

Wang, D.Z., Lu, X.D., Dou, X.Y., Li, W.B., (1990). Effect of Acidity of HZSM-5 Type 

Zeolite on Conversion of Alkene and Alkanes to Gasoline and Aromatics, Applied 

Catalysis. 59: 75-88 

Wang, H., Li Z., Tian, S., (2003) Effect of Loading and Reaction Condition on Partial 

Oxidation of Methane to Syngas, J. of Natural Gas Chemistry, 12:205-209.  



155

Wang, J. Kang M., Zhang, Z., Wang, X., (2002) Propane Aromatization over Mo/HZM-5 

Catalysts, J. of Natural Gas Chemistry, 11:43-50.  

Wang, J.,Li, Q., Yao, J., (1999) The Effect of Metal-acid Balance in Pt-loading 

Dealuminated Y Zeolite Catalysts on the Hydrogenation of Benzene,  Applied 

Catalysis A: General,  184:181-188  

Wang, L. Tao, L., Xie, M., Xu and Lin, G., Huang, J., Xu and Lin, Y., (1993) 

Promotional Effect of Ru on the Dehydrogenation and Aromatization of Methane in 

the Absence of Oxygen over Mo/HZSM-5 Catalysts, Journal of Catalysis, 170:11-19  

Weckhusyen, B.M., Wang, D., Rosynek, M.P., Lunsford, J.H., (1998). Conversion of 

Methane to Benzene over Transition Metal Ion ZSM-5 Zeolites, Journal of 

Catalysis, 175:338-346 

Wilshier, K.G., (1988) Propene Oligomerization over ZSM-5. In: Bibby, D.M., Chang, 

C.D., (eds.). Methane Conversion. Elsevier, Amsterdam, 621-634 

Witt P.M., Schmidt L.D., (1996) Effect of Flow Rate on the Partial Oxidation of Methane 

and Ethane, Journal of Catalysis, 163:465-475 

Wong, S., Xu and Lin, Y., Liu, W., Wang, L., Guo, X., (1996) Methane Activation 

Without Using Oxidants over Supported Mo Catalysts, Applied Catalysis A: 

General. 136:7-14 

Wu, P., Kan, Q., Wang X., Wang, D., Xing, H., Yang, P., Wu, T.(2005) Acidity and 

Catalytic Properties for Methane Conversion of Mo/HZSM-5 Catalyst Modified by 

Reacting with Organomettallic Complex. Applied Catalysis A: General, 282:39-44 

Xu, Y. Shu, Y., Liu, S., Huang, J (1995) Interaction Between Ammonium 

Heptamolybdate and NH4ZSM-5 Zeolite: The Location of Mo Species and the 

Acidity of Mo/HZSM-5. Catalysis Letter, 35:233-243 

Xu, Y. and Lin, L., (1999) Recent Advances in Methane Dehydro-aromatization over 

Transition Metal Modified Zeolite Catalysts Under Non-oxidative Conditions. 

Applied Catalysis A: General. 188:53-67. 

Yang C., Xu and Lin, Q., Hu, C., (2000) Boronation and Galliation of Zeolite â in an 

Alkaline Medium, Materials Chemistry and Physics, 63:55-66. 

Yoon, K.J., Tung, H.L., (1997), Oxidative Coupling of Methane over Sodium-chloride-

promoted Zirconia, Applied Catalysis A: General. 159:59-74 

Yuan S, Li J., Hao, Z., Feng, Z, Xin, Q., Ying, P., Li, C., (1999) The Effect of Oxygen on 

the Aromatization of Methane over the Mo/HZSM-5 Catalyst. Catalysis Letter. 

63:73-77 



156

Zaman, J. (1999) Oxidative Processes in Natural Gas Conversion, Fuel Processing 

Technology, 58:61-81 

Zanthoff, H., Lehman, L., Follmer, G., Becker, S., Baerns, M., (1989), Oxidative 

Coupling of Methane to C2

+
 Hydrocarbon. In: Imarisio, G., Frias, M., Bemtgen, 

J.M.(eds.). Hydrocarbons Source of Energy. 471-483 

Zanthoff, H., Zhang, Z., Grzybek, T., Lehman, L., Baerns, M., (1992) Catalysis and 

Kinetics of the Oxidative Coupling of Methane. Catalysis Today. 13:469-476 

Zeng, Y.,  Akin, F. T. and Lin Y. S., (2001) Oxidative coupling of methane on fluorite-

structured samarium�yttrium�bismuth oxide, Applied Catalysis A: General, 213:33-

45  

Zhang, J. Long, M.A., Howe, R.F. (1998) Molybdenum ZSM-5 Zeolite Catalysts for the 

Conversion of Methane to Benzene, Catalysis Today. 44: 293-300 

Zhang, Q., He, D., Li, J., Xu and Lin, B., Liang, Y., Zhu, Q., (2002) Comparatively High 

Yield Methanol Production From Gas Phase Oxidation of Methane, Applied 

Catalysis A: General. 224:201-207 

Zhang, Q., He, D., Zhu, Q., (2003) Recent Progress in Direct Partial Oxidation of 

Methane to Methanol, J. of Natural Gas Chemistry, 12:81-89. 

Zhidomirov, G.M., Avdeev, V.I., Zhanpeisoc, N.U., Zakharov, I.I, Yudanov, I.V., (1995) 

Molecular Models of Active Sites of C1 and C2 Hydrocarbon Activation, Catalysis 

Today. 24: 383-390. 

 




