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Abstract 

This doctoral thesis consists of seven main chapters dealing the development of new catalyst design 

through controlling active sites ofH-ZSM-5 catalyst. 

Chapter 1 covers a brief review of the properties of zeolite materials and recent advances of the use of 

zeolite layers in reactions. The modification techniques for zeolite were introduced. The objective of this 

study is to create new catalysts showing high selectivity by controlling active sites in zeolite catalysts by 

following two methods: (1) Control location of active sites by covering the external surface of zeolite 

catalyst with an inactive zeolite layer and (2) control acid strength distribution in a zeolite catalyst by a 

treatment with phosphoric acid. The background and the outline of this study will be described in this 

chapter. 

Chapters 2 and 3 deal with the synthesis of H-ZSM-5 and siIicalite/H-ZSM-5 composite catalysts with 

different Si/AI ratios and crystal sizes for the selective formation of p-xylene. The effects of reaction 

conditions over the prepared catalysts were investigated through the alkylation of toluene with methanol. To 

explain the high selective formation of p-xylene over the developed catalysts, the interiayer structure 

between ZSM-5 and silicalite layer was studied by FE-SEM and TEM observations. 

A deposition of thick silicalite polycrystalline on the crystal surface was a problem. In Chapter 4, the 

morphology of the composite crystals was controlled to solve this problem. A synthesis method of a very thin 

layer without defect was developed. The zeolite composites with a new morphology were synthesized by 

controlling a nucleation density of silicalite. 

Chapter 5 focuses on the application of the composite catalysts for the production of p-xylene in the 

toluene disproportionation reaction. The effect of Sil AI and the influence of the reaction conditions 

(temperature, WIF, etc) were investigated and suggested for practical production ofp-xylene. 

In Chapter 6, the synthesis of highly-active ZSM-5 nanocrystals through a special synthesis method 

was proposed. The, structural and catalytic characterizations of the ZSM-5 nanocrystals were analyzed 

through the alkylation and isomerization reactions. In addition, the surface deactivation for the nanosized 

ZSM-5 by a silicalite layer was also studied. 

In Chapter 7, control of acid strength distribution in a zeolite catalyst is shown. The zeolite catalyst has 

been treated with phosphoric acid and used for· methanol-to-olefin (MTO) reactions. The effect of acid 

strength distribution to the selectivity to light olefin will be shown. 

The summarization and suggestion for future work were described in Chapter 8 of the dissertation. 



Contents 

Chapter 1 

General Introduction 

1.1 Reactions with Zeolite Layers 

1.1.1 Zeolite Membrane Reactors 

1.1.2 Particle Membrane Reactors 

1.2 New Catalyst Design to Improve Product Selectivity 

1.2.1 Problems in Zeolite Catalysts 

1.2.2 The Modification of Crystal Surface of Zeolites 

1.3 Control of Acidic Strength 

1.4 Outline of this Thesis 

References 

Chapter 2 

1 

1 

2 

3 

5 

5 

6 

8 

9 

10 

Core-Shell MFI Zeolite Composite: Selective Formation of para-Xylene over H-ZSM-5 

Coated with Polycrystalline Silicalite Crystals 

2.1 Introduction 

2.2 Experimental Section 

2.2.1 Synthesis ofH-ZSM-5 

2.2.2 Silicalite Coating 

2.2.3 Alkylation 

2.3 Results and Discussion 

2.3.1 Morphology of the Silicalite-lIH-ZSM-5 Composites 

2.3.2 Alkylation of Toluene 

2.4 Conclusions 

References 

1 

14 

15 

15 

15 

16 

17 

17 

19 

26 

27 



Chapter 3 

Catalytic Activities and Structures of Silicalite-llH-ZSM-5 Zeolite Composites 

3.1 Introduction 

3.2 Experimental 

3.2.1 Preparation of HZSM-5 

3.2.2 Preparation of Silicalite-1/HZSM-5 

3.2.3 Characterizations 

3.3 Results and Discussion 

3.3.1 Morphology ofH-ZSM-5 and Silicalite-1/H-ZSM-5 Composites 

3.3.2 Influence of Crystal Sizes on Catalytic Activities 

3.3.3 Crystalline Structure of Silicalite-lIH -ZSM -5 Composite 

3.4 Conclusions 

References 

Chapter 4 

30 

30 

30 

31 

31 

32 

32 

33 

35 

39 

40 

Morphology Control of SilicalitelHZSM-5 Composite Catalysts for the Formation of 

para-Xylene 

4.1 Introduction 42 

4.2 Experimental 42 

4.2.1 Catalyst Preparation and Characterization 42 

4.2.2 Catalytic test 44 

4.3 Results and Discussion 44 

4.3.1 Morphology of Silicalite/H-ZSM-5 Composite 44 

4.3.2 Catalytic Performances ofHZSM-5 and Silicalite/HZSM-5 Catalyst 48 

4.4 Conclusion 49 

References 50 

11 



Chapter 5 

Production of para-Xylene through Toluene Disproportionation over Silicalite-l/H-ZSM-5 

Composite Catalysts 

5.1 Introduction 

5.2 Experimental 

5.2.1 Catalyst Preparation 

5.2.2 Catalytic Characterization 

5.3 Results and Discussion 

5.3.1 Morphology and Characterizations 

5.3.2 Catalytic Activity 

5.4 Conclusions 

References 

Chapter 6 

52 

52 

52 

53 

53 

53 

53 

59 

60 

Synthesis of Nanoscale H-ZSM-5 Crystals by Incorporating Al Species Dissolved from 

FAU Zeolite and aAh03 

6.1 Introduction 

6. 2 Experimental Section 

6.2.1 Preparation of HZSM-5 

6.2.2 Preparation of Silicalite-l/HZSM-5 

6.2.3 Characterization 

6.3 Results and Discussion 

6.3.1 Morphology and Crystalline Characterizations 

6.3.2 Catalytic Characterization 

6.4 Conclusions 

References 

111 

62 

62 

62 

63 

63 

63 

63 

67 

68 

69 



Chapter 7 

Control of Acidic Strength of H-ZSM-S Catalyst for Light Olefin Production: High 

Propylene Selectivity in the Methanol-to-Olefin Reaction over H-ZSM-S Catalyst Treated 

with Phosphoric Acid 

7.1 Introduction 

7.2 Experimental 

7.2.1 Catalyst Preparation and Characterization 

7.2.2 Catalytic Test 

7.3 Results and Discussion 

7.3.1 Catalyst Characterizations 

7.3.2 MTO Reaction over H-ZSM-5 and P-HZSM-5 

7.4 Conclusions 

References 

Chapter 8 

Summary and Suggestions for Future Work 

8.1 Summarization 

8.1.1 The production of para-Xylene over Silicalite-lIH-ZSM-5 Catalyst 

8.1.2 Synthesis ofNanoscale H-ZSM-5 Crystals 

8.1.3 Light Olefin Production 

8.2 Suggestion for Future Work 

References 

List of Publications 

Acknowledgments 

IV 

72 

73 

73 

73 

74 

74 

76 

82 

83 

85 

85 

87 

87 

87 

89 

91 

93 



General Introduction 

Chemical industry is mainly composed of reaction and separation processes. Selectivity to 

desired products in the reaction processes is not always high. A product stream from the reactors is 

separated to purify the desired products. The unreacted components are recycled as a reactant to 

improve overall conversions. For example, production of p-xylene is an important process because 

p-xylene is one of the most valuable aromatic compounds for the production of polymers. But, the 

fraction of p-xylene in xylene isomers, so-called para-selectivity, is only 23% at the 

thermodynamic equilibrium, which is much smaller than the market demand. p-Xylene in a product 

stream is separated from other xylene isomers (a-xylene and m-xylene) by adsorption processes. In 

addition, the separated m-xylene and a-xylene' are then converted to p-xylene again by 

isomerization [1]. These separation and reaction processes are very large energy consuming. If the 

selectivity to p-xylene is improved up to 99.5%, the separation and isomerization processes are 

unnecessary anymore, reducing enormous energy consumption. 

Development of new catalysts which show high selectivity is a key technology for the future 

chemical and petrochemical industry in terms of energy conservation. The objective of this study is 

to create new catalysts showing high selectivity by controlling active sites in zeolite catalysts by 

following two methods: (1) Control location of active site by covering the external surface of 

zeolite catalyst with an inactive zeolite layer and (2) control acid strength distribution in a zeolite 

catalyst by a treatment with phosphoric acid. The background and the outline of this study will be 

described in this chapter. 

1.1 Reactions with Zeolite Layers 

The zeolite layers have been used in reactions to improve product selectivity. The zeolite layers 



have been combined with reactors and catalyst particles as shown in Fig. 1.1 (a) and (b) and will be 

described in the section 1.1.1 and 1.1.2, respectively. Then, the core/shell type zeolite composites 

which have been developed in this study (Fig. 1.1 (c» will be described in the next section 1.2. 

(a) Combined with reactors 
Conventional membrane reactors 

1 --it 0 .. ~ ~ -01----)-
cm~mm SIze Difficult to prepare large membranes 

(b) Combined with catalyst pellets or particles 
Porous catalyst pellets or particles 

-0::-. I mm ill size 1 
Large membrane area per unit reactor volume 

(b) Combined with crystals (core/shell zeolite composite) 

(this study) 
!lm m SIze 

Extremely large membrane area 

Very thin layer 

Crystal overgrowth 

Fig. 1.1 The use of zeolite layers in reactions 

1.1.1 Zeolite Membrane Reactors 

The zeolite layers have been first used as a permselective membrane combined with reactors. A 

typical membrane reactor is composed of a catalytic packed-bed reactor surrounded by a 

permselective zeolite membrane as shown in Fig. 1. 1 (a). The products can be diffused out of the 

catalytic packed-bed reactor through the zeolite membrane. Improvement of product selectivity by a 

selective permeation thorough the zeolite membranes was demonstrated in oxidative 

dehydrogenation [2], and esterification [3,4]. 

Another type of zeolite membrane reactors is a catalytic membrane. In this case, the zeolite 

membranes have a catalytic activity themselves [5-7]. Reactions take place during the permeation 

through the zeolite layer. The residence time of reactants in the zeolite layer depends on the 

diffusivity in zeolite. The control of product selectivity in methanol-to-olefin (MTO) reaction [7] 
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and preferential oxidation of CO [2] have been demonstrated so far. 

For the use of zeolite membranes in practical applications, the permeation flux through the 

zeolite membranes is too small due to their small pore size. A sufficiently large membrane area is 

required to attain compatible permeation fluxes and reaction rates. Although many interesting 

separation properties of the zeolite membranes synthesized in a laboratory-scale have been reported 

[8-20], it is still hard to prepare large-area membranes without any defects. Several different kinds 

of defects such as cracks, open grain boundaries and pinholes are believed to form during 

calcination at high temperature. 

1.1.2 Particle Membrane Reactors 

New type zeolite layers have been developed to solve the above problems. Nishiyama et al. 

have proposed catalyst particles covered with a permselective membrane [21] as shown in Fig. 1.1 

(b). The core catalysts are porous catalyst pellets or particles with a few mm in size. This type 

composite catalyst has a larger membrane area per unit reactor volume compared to the 

conventional membrane reactors. 

A 

B 

Inorganic membrane 

DA»PB 

A ~ R ( desirable) 

8 ~ S (undesirable) 

Catalyst particle 

A 

R 

DR» Ds 

/ R (desirable) 

A ~l! 
Fig 1.2 Principle of operation of a catalyst particle with a permselective membrane 

(a): Selective addition of reactants; (b): Selective removal of products. 

The basic concept of the composite catalysts is shown in Fig. 1.2: (1) selective addition of 

reactants to the reaction zone and (2) selective removal of products from the reaction zone. In the 

first case, if the diffusivity of one reactant (A) in the membrane is much large than that of the other 

components (B), the reactant (A) selectively diffuses into a catalyst particle through the membrane. 

Undesired reactions or the adsorption of poisons (B) on the catalyst can be prevented. In the second 
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case, the reaction has a limited yield or selectivity controlled by thermodynamics. The selective 

removal of desired product from the catalyst particle gives enhancement of selectivity when the 

diffusivity of one product (R) in the membrane is much greater than that of the other products (S). 

As an example of the selective removal of products, Foley at al. [22] anticipated a selective 

formation of dimethyl amine over a catalyst coated with a carbon molecular sieve layer. Nishiyama 

et al. [21] demonstrated the concept of the selective removal of products. In their study, a porous 

silica-alumina catalyst with a diameter of 1.5 rom was covered with an inactive silicalite layer with 

a thickness of 20-30 ~m. The composite catalyst was used for disproportionation and alkylation of 

toluene to produce p-xylene. The selectivity to p-xylene on the uncoated silica-alumina catalyst was 

only 22%, the value of thermodynamic equilibrium value. On the other hand, the selectivity to 

p-xylene over silicalite-coated catalyst (85%) was largely exceeded the equilibrium value. As 

shown in Fig. 1.3, a distribution of produced xylene isomers in macroporous silica-alumina is 

governed by the thermodynamic equilibrium because a diffusion of products in the macropores of 

silica/alumina is very fast (reaction control region). On the other hand, the overall reaction rates 

over the silicalite-coated catalyst were governed by diffusion of xylene isomers through the 

silicalite membrane. The high para-selectivity in the toluene disproportionation is caused by the 

selective removal of p-xylene from the silica-alumina particles through the silicalite layer leading to 

an apparent equilibrium shift between xylene isomers. 

However, the toluene conversion is low because the silicalite layer on the silica-alumina catalyst 

was very thick (more than 20 ~m). The increased resistance for diffusion of products resulted in a 

decrease of the toluene conversion. The permselective layer should be as thin as possible. A new 

structured catalyst is required for improving both selectivity and conversion. 

Macroporous silica-alumina 
catalyst 

Silicalite 
polycrystaliine layer 

Fig. 1.3 Selective removal of p-xylene from silica-alumina particles. 
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1.2 New Catalyst Design to Improve Product Selectivity 

In this study, a new technique of a zeolite coating on zeolite crystals has been developed as 

shown in Fig. l.1(c). The size of zeolite crystals is from a few!lm to 50 !lm, which is much smaller 

than the particles shown in Fig. 1.1 (b). The advantages of this method are that (1) a very thin zeolite 

layer can be synthesized and (2) the external (membrane) surface of the crystal is extremely large. 

The core catalyst used in this study is proton-type ZSM-5, which possesses stronger acid sites 

than silica-alumina. In this study, the H-ZSM-5 catalysts were used for the p-xylene production and 

methanol-to-olefin reactions. In the next sections, the selectivity and activity of the zeolite catalysts 

will be described with respect to the effect of diffusion limitation. 

1.2.1 Problems in Zeolite Catalysts 

Zeolites are known to be shape selective catalysts. For example, in the reaction to produce 

p-xylene, the diffusion of p-xylene in the zeolite pores is much faster than that of m-xylene and 

o-xylene [23] when an overall reaction rate is governed by diffusion. In the diffusion control region, 

p-xylene can selectively diffuse out of the zeolite crystals. Instead, the overall reaction rate is 

limited by a diffusion resistance of xylene isomers. 

The relation between para-selectivity and conversion of reactant is summarized in Fig. 1.4. From 

the above reason, p-xylene is selectively formed when the crystal size of zeolite is large because of 

the diffusion control. With decreasing the crystal size of zeolite, the diffusion resistance decreased, 

resulting in an increase of the conversion of reactant along the line (a) in Fig. 1.4. Instead of that, 

para-selectivity is decreased in the reaction control region. 

I Large crystal I 
Diffusion control 
Low conversion 
High selectivity 

Target in this study 

Trade-off 
relation 

Line (b) 
Bya contribution of reactions 
on the external surface 

Conversion 

I Small crystal I 

Reaction control 
High conversion 
Low selectivity 

Fig. 1.4 Trade-off relation between para-selectivity and conversion of reactants 
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However, the shape selectivity has not been maximized even in the diffusion control region 

because acid sites present both inside and outside the crystals. Even though p-xylene diffuses out of 

the crystals, isomerization from p-xylene to m- and o-xylenes takes place on the external surface 

[24]. Selective reactions based on the microporous structure of zeolites do not occur in 

isomerization on the external surface of zeolite crystals. Consequently, the actual para-selectivity 

(line (b)) is lower than the values without the effect of reactions on the external surface (line (a)). 

The contribution of the reactions on the external surface is large especially for the catalysts with a 

small crystal size. Therefore, the trade-off relationship between the para-selectivity and conversion 

can be expressed as the line (b) in Fig. 1.4. 

1.2.2 The Modification of Crystal Surface of Zeolites 

The objective of this study is to overcome this trade-off line (Fig. 1.4, the line (b)) by a 

modification of the external surfaces with an inactive silicalite layer. In this section, modification 

techniques reported so far will be introduced. After that, the methods in this thesis will be described. 

A post-synthesis modification by chemical vapor deposition (CVD) of silicon alkoxides, such as 

tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS), is one of the most effective methods to 

enhance the shape selectivity of HZSM-5 zeolites [25]. The silylation mechanism by means ofCVD 

has been well documented by Niwa et al. [26-28]. Because the minimum kinetic diameters of the 

silicon alkoxides are larger than the pore diameter of HZSM-5, only hydroxyl groups on the 

external surface and near the pore openings react with the silylating agents. The formed Si-O-Si or 

Si-O-Al bonds act as a passivation ofthese unselective acid sites. As a result, the pore openings are 

simultaneously narrowed or partially blocked. 

Alternatively, chemical liquid deposition (CLD) can be used to modify the external surface of 

zeolites [29-32]. The main advantage of the reaction in liquid phase (CLD) compared to the reaction 

in gas-phase (CVD) is that the liquid reaction can be more easily applied to a large-scale industrial 

preparation. However, coke deposition on the external surface of H-ZSM-5 during reactions was a 

problem due to a pore mouth narrowing [33,34]. The same problem was also present in the CVD 

method. 

Other than the above silica coating methods, the surface dealumination of zeolite catalytic 

particles is one of the effective ways to reduce the density and strength of the external acid sites. 

The poisoning adsorption of external acid sites have been studied over zeolites by pyridine [35], 
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4-methylquinoline [36] and 2,4-dimethylquinoline [37]. However, the catalytic activities were much 

decreased after the treatment due to the removal of number of strong acid sites [37,38]. 

In diffusion control region: p-xylene is selectively formed in pores 

But, p-xylene reacts on the external surface of zeolites 

~ -@(-)§; 
Isomerization 

• • • • 
-@- pore 

• • • • 

~ (1) Selective 
permeation of p-

xylene 
• • • • 
-@- pore 

• • • • 
. "~: ': 

Fig. 1.5 Problems in zeolite catalysts and a concept of the composite catalyst in this study 

Even by using the above methods such as CVD, CLD and dealumination, it is difficult to fully 

remove acid sites on the external surface. Recently, Miyamoto et al. [39] developed a new 

composite zeolite catalyst consisting of a zeolite crystal with an inactive silicalite layer. A schematic 

illustration for the silicalite coating on ZSM-5 catalyst is shown in Fig. 1.5. The acidity of zeolite is 

caused by the present of trivalent elements such as aluminum. Substitution with a trivalent element 

introduces a negative charge. The charge is to be balanced by cation exchanged with proton and/or 

. alkaline earth metal cations. The proton-type ZSM-5 has strong acid sites both in the crystal and on 

the external surface. Silicalite is the zeolite whose framework structure is the same as ZSM-5 with a 

code name of MFI [40]. But, silicalite does not contain Al in the framework and shows no acidity. 

Two possible effects of the silicalite layer in this study are as follows: firstly, the selective 

permeation of p-xylene through the inactive silicalite layer can be expected. Secondly, the inactive 

silicalite layer inhibits the isomerization from p-xylene to other xylene isomers on the external 

surface. In the diffusion control region, p-xylene is mainly formed inside crystals. In this case, the 

second effect is more important to improve para-selectivity. 

In my study, silicalite layers were grown on the surface of ZSM-5 catalysts by a crystal 

overgrowth under hydrothermal conditions. A crystal overgrowth technique seems to be more 
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feasible to cover the external surface of core catalysts compared to a coating on macroporous 

catalysts such as silica-alumina. Miyamoto et al. [39] showed a high para-xylene selectivity in 

alkylation of toluene by using the silicalite/H-ZSM-5 composite catalysts. However, a deposition of 

thick silicalite polycrystalline from the solution was not inevitable for a full coverage on the crystal 

surface, which causes a reduction of catalyst activity, mechanical strength, compactness of the 

silicalite layer. The morphology of the composite crystals should be controlled to solve these 

problems. Especially for a long-time use in practical applications, different-type zeolite composites 

would be required. The development of a synthesis method of a very thin layer without defect is a 

target in this study. In this study, the zeolite composites with a new morphology were developed by 

controlling a nucleation density of silicalite. 

In addition, it is very important to know how diffusion and reaction rates affect on the 

selectivity. The reactions using different crystal sizes at different reaction conditions were carried 

out to demonstrate the effect of shape-selectivity in a diffusion control region. 

1. 3 Control of Acidic Strength 

Acid strength and the amount of acid sites are one of the most important properties when 

zeolites are used as catalysts. A control of acid strength distribution would be a very useful 

technique to enhance the product selectivity. To describe the acidity of zeolite, J. Weitkamp [41] 

clearly distinguished between the nature of acid sites (Bronsted vs. Lewis acidity), the density of 

these sites, the strength distribution and the precise location of the acid sites to study the 

fundamentals of zeolite materials. Many catalyst preparation techniques for enhancing a yield and 

product selectivity have been intensively studied through a control of the strength of active sites. 

For light olefin production, several modification methods for ZSM-5 were suggested in order to 

improve the selectivity to light olefin in methanol-to-olefin (MTO) reactions, especially with 

respect to ion-exchange and impregnation methods: Cs+; Ba2+ [42]; B-ZSM-5 [43-46], Mo [47], Mg 

modification [48,49]. The researches revealed that higher olefin selectivities could be obtained with 

modified catalysts. 

In this thesis, a simple post-synthesis method for H-ZSM-5 was proposed for controlling acid 

strength distribution. A modification of H-ZSM-5 with phosphorous acid has been developed for 

improving the selectivity to propylene in the MTO reaction. 
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1.4 Outline of the Thesis 

Zeolites have shown many advantages in practical applications especially in the field of 

separation and catalysis. In fact, many reactions using zeolite catalysts in the industry are limited by 

kinetics and thermodynamics which are not favorable for the target products. The objective of this 

study is to develop new high-selective catalysts for future energy-saving processes in chemical and 

petrochemical industry. The proposed methods in this thesis are (1) control location of active site by 

covering the external surface of zeolite catalyst with an inactive zeolite layer (Chapter 2-6) and (2) 

control acid strength distribution in a zeolite catalyst by a treatment with phosphoric acid (Chapter 

7). 

Chapters 2 and 3 deal with the synthesis of H-ZSM-5 and silicalite/H-ZSM-5 composite 

catalysts with different Si/AI ratios and crystal sizes for the selective formation of p-xylene. The 

effects of reaction conditions over the catalysts were investigated through the alkylation of toluene 

with methanol. To explain the high selective formation of p-xylene over the developed catalysts, the 

interlayer structure between ZSM-5 and silicalite layer was studied by FE-SEM and TEM 

observations. 

A deposition of thick silicalite polycrystalline on the crystal surface was a problem in the 

previous study. In Chapter 4, the morphology of the composite crystals was controlled to solve this 

problem. A synthesis method of a very thin layer without defects was developed. The zeolite 

composites with a new morphology were synthesized by controlling a nucleation density of 

silicalite. 

Chapter 5 focuses on the application of the composite catalysts for the production of p-xylene 

in the toluene disproportionation reaction. The effect of Sil Al and the influence of the reaction 

conditions (temperature, WIF, etc) were investigated and suggested for practical production of 

p-xylene. 

In Chapter 6, the synthesis of highly-active ZSM-5 nanocrystals through a special synthesis 

method was proposed. The structural and catalytic characterizations of the ZSM-5 nanocrystals 

were analyzed through the alkylation and isomerization reactions. In addition, the surface 

deactivation for the nanosized ZSM-5 by a silicalite layer was also studied. 

In Chapter 7, control of acid strength distribution in a zeolite cataiyst is shown. The zeolite 

catalyst has been treated with phosphoric acid and used for methanol-to-olefin (MTO) reactions. 

The effect of acid strength distribution to the selectivity to light olefin will be shown. 
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Core-shell MFI Zeolite Composite: Selective Formation of para-Xylene over 

H-ZSM-5 Coated with Polycrystalline Silicalite Crystals 

H-ZSM-S catalysts with different Si to Al ratios of 30, SO and 70 were synthesized and coated with 

polycrystalline silicalite-l layers by a repeated hydrothermal synthesis. The formed silicalite-l layers 

were affected by the morphology of the substrate H-ZSM-S. The catalysts were used for the alkylation 

of toluene with methanol reaction. The silicalite-IIHZSM-S composites expressed very high 

para-selectivity up to 99.9 % under all reaction conditions. The silicalite coating on the H-ZSM-S 

catalysts not only improved para-selectivity but also prevented deactivation of the catalysts. The 

enhanced para-selectivity may originate from diffusion resistance through the inactive silicalite layer 

on the H-ZSM-S, resulting in an increased diffusion length. In addition to that, the high selectivity to 

p-xylene and high stability can be explained by the removal of acid sites on the external surface of 

H-ZSM-S. 



2. 1. Introduction 

The processes of the formation of dialkyl-benzene from monoalkyl-benzene such as 

disproportionation and alkylation are one of the most important processes in chemical industry. The 

selective formation of p-xylene is a challenging process because p-xylene is one of the most valuable 

aromatic compounds required for the raw material of terephthalate and polyester. The selective 

formation of p-xylene in the disproportionation of toluene as well as the alkylation of toluene with 

methanol and transalkylation of methylbenzenes has been studied over acidic zeolites such as ZSM-5 

[1-6], Mordenite [7], zeolite Beta [8,9], zeolite X [10], zeolite Y [11-13] and MCM-22 [14,15] and 

mesoporous aluminum silicate AI-MCM-41 [16]. ZSM-5, in particular, is very interesting because its 

pore size is suitable to separate p-xylene from a mixture of xylene isomers. Over the last few decades, 

there have been many reports concerning pore modification of ZSM-5 to enhance para-selectivity 

[1,2,12-26] and techniques impregnation of phosphorous, MgO or boron [1,2], deposition of inert silica 

on the pore mouth by chemical vapor deposition (CVD) [19,20,22,25] or chemical liquid deposition 

(CLD) [6,17,18,20] and so on. However, further improvement of para-selectivity with high toluene 

conversion is still a challenging target because a decrease in toluene conversion is inevitable after the 

pore modification. 

Recently, Nishiyama et al. have developed a porous catalyst covered with a permselective 

microporous membrane [27-29]. Silica-alumina catalyst particles coated with silicalite-l membranes 

[27] showed higher para-selectivity (about 90%) than the thermodynamic equilibrium value (23%), 

because of a selective removal of the produced p-xylene through the silicalite-l membrane. However, 

the reaction rate largely decreased due to the diffusion resistance of reactants and products through the 

thick silicalite-l layer. Consequently, in this study, a novel composite catalyst consisting of a zeolite 

crystal of H-ZSM-5 with an inactive thin silicalite-l layer has been developed in the hope of solving 

this problem. 

A number of cases of zeolite overgrowth on different framework structures had been reported so 

far, such as FAU on LTA [31], MCM-41 on FAU [32] and FAU on EMT zeolite [33]. On the other 

hand, silicalite-l has the same structure as the substrate H-ZSM-5, resulting in an oriented crystal over 

growth [30]. 
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However, as several researchers have reported, in the silicalite-l layer grown on the ZSM-5, the 

so-called zoned MFI [34-36], the structure and thickness of silicalite layer depend on the Sil Al ratio, 

crystal size and shape of the substrate H-ZSM-5. In this study, silicalite overgrowth on H-ZSM-5 with 

different Sil Al ratios was studied. In addition, the catalytic activity of H-ZSM-5 depends on the Sil Al 

ratio, which might affect the overall activity and deactivation behavior on silicalite-coated H-ZSM-5. 

The thickness, structure and quality of the silicalite layer as well as catalytic performance will be 

discussed here. 

2.2. Experimental Section 

2.2.1. Synthesis of H-ZSM-5 

ZSM-5 crystals with different Si to Al ratios were prepared by hydrothermal synthesis at 453 K for 

24 h. The synthesis solution consisted of tetraethyl orthosilicate (TEOS), aluminum nitrate 

(AI(N03)J-9H20), sodium hydroxide (NaOH), tetrapropylammonium bromide (TPABr). The molar 

composition was 1.5-3.5 Si02: 0.025 Ah03: 0.5 TPABr: 0.25 Na20: 120 H20. The synthesis solution 

was mixed for 30 min at 303 K. This solution was poured into a Teflon lined stainless steel vessel to 

carry out the hydrothermal treatment. The resulting ZSM-5 powders were calcined at 773 K for 5 h. A 

proton-exchange process was carried out by using an ammonium chloride (NH4CI, 1 N) aqueous 

solution after the hydrothermal synthesis. The ZSM-5 crystals were mixed with the N~CI aqueous 

solution for 12 h at room temperature. The crystals were then calcined again at 773 K. The H-ZSM-5 

samples synthesized using precursor solutions with the molar Si/AI ratios of 30, 50 and 70. Hereafter, 

the samples would be named as order ofH-ZSM-5(30), H-ZSM-5(50) and H-ZSM-5(70), respectively. 

2.2.2 Silicalite Coating 

The process of silicalite coating on H-ZSM-5 crystals was as follows. A starting sol for synthesis 

of silicalite-l coatings consisted of TEOS as silica source, tetrapropylammonium hydroxide (TPAOH) 

as structure-directing agent (SDA), ethanol (EtOH) and deionized water. The H-ZSM-5 crystals were 

immersed in the precursor solution with a molar ratio of 2.0 Si02: 0.5 TPAOH: 8 EtOH: 120 H20. The 

crystallization was carried out at 453 K for 24 h in a stainless steel vessel by hydrothermal synthesis 

with agitating condition. The coating process was repeated twice. The products were rinsed repeatedly 
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with deionized water and dried at 363 K overnight and then calcined in air at 773 K for 6 h with a 

heating rate of 1 Klmin. The products were characterized by scanning electron microscopy (SEM, 

Hitachi S-2250) and X-ray diffraction (XRD) recorded on Rigaku MiniFlex using Cu-Ku radiation. 

2.2.3 Alkylation 

Catalytic activity of silicalite/H-ZSM-5 was investigated on alkylation of toluene with methanol. 

The reaction was performed using a fixed bed reactor. The products were directly characterized by a 
r 

Shimadzu GC-14B FID gas chromatograph with a Bentone34+DNP 5% column (Shimadzu GLC Ltd.). 

The scheme of the experiment was described in Fig. 2.1. 

4 ways valve 

Vent 

Ribbon Heater 

4 ways alve 

6 ways valve 

Toluene 

Fig. 2.1 Schematic diagram of the experimental apparatus for catalytic tests. 
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2.3 Results and Discussion 

2.3.1 Morphology of the Silicalite-lIH-ZSM-5 Composites 

Fig. 2.2 shows XRD patterns of the uncoated and coated samples. After the coating, the XRD 

patterns did not include reflection peaks for amorphous silica and impurities other than an MFI 

structure, suggesting that the products are silicalite/ZSM-5 composites. The SEM images of 

synthesized H-ZSM-5 and silicalite/H-ZSM-5 with different Si to Al ratios were shown in Fig. 2.3. 

H-ZSM-5(70) crystals were hexagonal cylinder in shape and with the crystal size was approximately 12 

/-lm. After the first silicalite coating, small silicalite-l crystals were formed on the H-ZSM-5 crystal. A 

silicalte-l layer was grown along the external surface of the H-ZSM-5 crystal. Miyamoto et al. [28] 

have reported that the silicalite-l crystals were oriented in the same direction as the substrate ZSM-5 

crystals and the silicalite-l crystals grew on the ZSM-5 crystal surfaces perpendicular to the a and b 

axes. The silicalite/H-ZSM-5 was as a single crystal-like structure [28]. For observation, in this work, 

the formed silicalite-l layer consisted of oriented polycrystals. Finally, large amount of silicalite-l 

crystals (less than 2 /-lm) were formed on the first silicalite-l layer. 

o 10 20 

After the 2 nd hyd rotherma I 
treatment 

After the 1st hydrothermal 
treatment 

~ 

30 40 
2 Theta [degree] 

Fig. 2.2 XRD patterns of uncoated and coated H-ZSM-5(70) crystals. 

The different morphology of the silicalite layer must be due to the different Si to Al ratios of the 

substrate H-ZSM-5. The presence of Al in the H-ZSM-5 must have affected the formation of the 
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polycrystaliine layer. H-ZSM-5(50) and H-ZSM-5(30) crystals were close to spherical in shape and the 

crystal size was approxi mately 7 /-UTI and 10 Ilm, respectively. The morphology of these two 

si li calite/H-ZSM-5 crystals was very simi lar regardless of the Si to AI rat io of the substrate H-ZSM-5. 

The morphologies of the sili calite layers on 1-I-ZSM-5(30) and 1-I-ZSM-5(50) were also very similar. 

This result indicates that the morphology of formed sili calite- I layer is affected by the shape of the 

substrate 1-I-ZSM-5 crystals. 

(a) SijAI= 70 
a-1) uncoated 

(b) SijAI= 50 
b-1) uncoated _ ........ 

(c) SijAI= 30 
c-1) uncoated 

Fig. 2.3 SEM images of H-ZSM-5 and silicalite/H-ZSM-5 crystals. 

The si licalite layer on H-ZSM-5(50) seems to consist of a closely-packed layer of I /-UTI sili cali te 

crystals with hexagonal cylindrical shape. In addition to that, the silicalite layers grew in the same 

direct ion of H-ZSM-5 crystals as in the case of the si lica li te/H-ZSM-5(70) after the first hydrothermal 

synthesis. The deposited polycrystals after the second synthesis are random ly oriented and are not 

densely packed. However, the silicalite layer in the vicinity of the external surface of H-ZSM-5 seems 

18 



to be oriented and compact. A study on the epitaxial growth of silicalite layer at the silicalite/ZSM-5 

interface using TEM measurements will be reported in the next chapter. 

2.3.2 Alkylation of Toluene 

Alkylation of toluene with methanol was carried out over uncoated H-ZSM-5 and 

silicalite/H-ZSM-5 catalysts. The molar fraction of produced p-xylene in all the produced xylene 

isomers is defined as the para-selectivity. Table 2.1 lists the toluene conversion, the aromatic product 

distribution and the fraction of xylene isomers before and after silicalite coating ofH-ZSM-5(70). 

Table 2.1 Alkylation of toluene with methanol over H-ZSM-5(70) and silicalite/H-ZSM-5(70). 

Silicalite/H-ZSM-5(70) H-ZSM-5(70) 

Conversion of toluene [%] 49.9 53.7 

Product composition [%] 

Benzene 

p-Xylene 

m-Xylene 

a-Xylene 

Ethyl toluenes 

Trimethyl benzenes 

Fraction of xylenes [%] 

p-Xylene 

m-Xylene 

a-Xylene 

D.L. 

46.1 

D.L. 

D.L. 

3.7 

0.1 

99.9 

<0.05 

<0.05 

0.2 

23.9 

16.3 

7.5 

0.6 

4.1 

50.1 

34.2 

15.7 

Reaction temperature: 673 K; Time on stream (TOS) = 60 min; W/F= 0.20 [kg-catalyst h mor l
]; D.L.: below 

detection limit. 

The toluene conversion and para-selectivity over H-ZSM-5 and silicalite/H-ZSM-5 with different 

Si to Al ratios were shown in Table 2.2. The para-selectivity increased significantly after silicalite 

coating in all the samples. The toluene conversion over silicalite/H-ZSM-5 was high even after the 

silicalite coating. The fraction oftrimethyl benzene decreased from 4.1 to 0.1 % after silicalite coating. 

On the other hand, the yield of ethyl toluenes increased after silicalite-l coating. The silicalite coating 

19 



did not only decrease the production of 0-, m-ethyl toluenes and trimethyl benzenes, but also increased 

the fraction of p-ethyl toluene [28]. Since the molecular sizes of 0- and m-ethyl toluenes are larger than 

the pore size of silicalite-l, the produced ethyl toluenes over silicalite/H-ZSM-5 must be p-ethyl 

toluene. 

Table 2.2 Alkylation of toluene with methanol over H-ZSM-5 and silicalite/H-ZSM-5. 

Silicalite/H-ZSM-5(30) Silicalite/H-ZSM-5(50) SilicalitelH-ZSM-5(70) 

toluene para- toluene para- toluene para-

converSIOn selectivity conversion selectivity conversion selectivity 

[%] [%] [%] [%] [%] [%] 

Uncoated H-ZSM-5* 63 40 65 38 65 49 

SilicalitelH-ZSM-5** 42 >99.9 52 >99.9 55 >99.9 

Reaction temperature: 673 K, TOS = 60 min, * W/F= 0.09 [kg-catalyst h mor l
], ** W/F= 0.15 [kg-catalyst h 

mor l
] 

Mirth et al. [4,5] studied toluene alkylation and isomerization on a H-ZSM-5 catalyst. They 

suggested that the high para-selectivity is obtained above 573 K because the rate of reaction is 

governed by a diffusion limitation at high temperature. Above 573 K, the rate of isomerization is higher 

than that of methylation, resulting in the accumulation of m-xylene and o-xylene in the pores. The 

ratios of diffusivities of three xylene isomers were determined to be p: m: 0 = 1000: 1: 10 [4]. At the 

reaction conditions, the para-selectivity is higher than that of the thermodynamic equilibrium value 

(23%) even for the uncoated catalyst. Thus, the rate of reaction must be controlled by a diffusion 

limitation for both the uncoated and coated catalysts. The effectiveness of the catalyst is low even for 

the uncoated catalyst. Even though p-xylene selectively forms in H-ZSM-5 in the diffusion control 

region, the isomerization on acid sites on the external surface reduces the para-selectivity for the 

uncoated catalyst. But, the silicalite layer could remove the acid sites on the external surface of 

H-ZSM-5 and inhibit isomerization of p-xylene. The enhancement of para-selectivity by a pore mouth 

modification using CVD [19,20,22,25] and CLD [6,17,18,26] methods has been reported by several 

research groups. But all the acid sites on the external surface have been difficult to remove by surface 
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modifications such as silylation. The silicalite coating is an excellent technique to cover the ZSM-5 

crystals with an inactive layer. Further, in this method, the size of pore opening does not reduce after 

coating. This is the reason why the toluene conversion over silicalite/H-ZSM-5 was also high even after 

the silicalite coating. 

The toluene conversion over silicalite/H-ZSM-5(30) was much lower than those over the other 

two silicalite/H-ZSM-5 catalysts. The silicalite-I layer on H-ZSM-5(30) must be thicker than that of 

the other two H-ZSM-5 crystals, since toluene conversion and selectivity could significantly be 

affected by the quality and thickness of the silicalite-I layer [27]. 

Changes of toluene conversion and para-selectivity over the uncoated H-ZSM-5(70) catalysts and 

silicalitelH-ZSM-5(70) with reaction time are shown in Fig. 2.4. Reaction temperature was 673 K and 

the space time (WIF) was 0.12 kg-catalyst h mOri. 

100 100 

80 80 ......., 
......., ~ 0 

~ 0 ....... 60 c 
0 
.~ 

....... 

60 ~ .s; 

hl 
~ 40 c 
8 

40 ~ 
~ a 

20 20 

0 0 

0 100 200 300 400 

Time on stream [min] 

Fig. 2.4 Alkylation of toluene with methanol over the uncoated H-ZSM-5(70) and 

silicalite/H-ZSM-5(70) catalysts at 673 K. WIF= 0.12 kg-catalyst h mori, methanol/toluene= 1.0. Open 

symbol; toluene conversion, filled symbol; para-selectivity. H-ZSM-5(70); Circle, 

silicalite/H-ZSM-5(70); square. 
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Fig. 2.5 Activity of the alkylation of toluene with methanol over silicalite/H-ZSM-5(70) with different 

methanol/toluene feed ratios at 673 K. WIF= 0.12 kg-catalyst h mOrl. Open symbol; toluene 

conversion, filled symbol; para-selectivity. Methanol/toluene = 0.5; circle, 1.0; triangle, 2.0; square. 

Toluene conversIOn and para-selectivity at the early period over the uncoated H-ZSM-5(70) 

catalyst were more than 40% and 65%, respectively. The toluene conversion rapidly decreased to less 

than 20 % after 240 min but the para-selectivity increased slightly with reaction time and reached 

about 70 % after 300 min. Compared to the uncoated H-ZSM-5, silicalite/H-ZSM-5(70) showed 

excellent para-selectivity (>99.9 %). The toluene conversion was more than 40 % which was larger 

than that of the uncoated H-ZSM-5(70) because the toluene conversion was constant during the 

reaction. This result indicates that the silicalite coating inhibited a coke formation caused by the 

reaction. The coke formation has been one of the biggest issues in the solid acid catalysts. The silicalite 

coating could not only enhance para-selectivity but also prevent deactivation of the catalysts. This 

result indicates that the coke formation occurs near the external surface of the H-ZSM-5 crystals. 

Because of diffusion resistance, the reaction mainly takes place near the surface of H-ZSM-5. Thus, 

coke formation largely affected on the reaction rate for the uncoated catalyst. The high stability of the 

coated catalyst under reaction can be explained by the removal of acid sites on the external surface of 

H-ZSM-5. 
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The activity of the alkylation of toluene with methanol over silicalite/H-ZSM-5(70) at different 

methanol to toluene ratios was shown in Fig. 2.5. The silicalite/H-ZSM-5 catalysts retained excellent 

para-selectivity, higher than 99.9 %, for 300 min under all reaction conditions. At the methanol/toluene 

molar ratio of 0.5, the maximum toluene conversion was theoretically 50 %. Since the toluene 

conversion was approximately 40 %,80 % of methanol could be used for alkylation of toluene. In other 

words, the relative toluene conversion is 80 %. At the methanol/toluene molar ratio of 1.0, the toluene 

conversion was approximately 55 %. This result shows that methanol could be consumed for alkylation 

more efficiently at the lower molar ratio of met han oIl toluene. 

The toluene conversion and para-selectivity over the silicalite/H-ZSM-5(70) and uncoated 

H-ZSM-5(70) catalyst at different reaction temperatures were shown in Fig. 2.6 (a,b) respectively. 
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Fig. 2.6 Activity of the alkylation of toluene with methanol over (a) silicalite/H-ZSM-5(70) and (b) 

uncoated H-ZSM-5(70) at different reaction temperature. WIF= 0.15 [kg-catalyst h mor l
] 

methanol/toluene= 1.0. Open symbol; toluene conversion, filled symbol; para-selectivity. 623 K; circle, 

673 K; triangle, 773 K; square. 

The para-selectivity was higher than 99.9% at all the temperatures and stable during the reaction 

for 300 min. The toluene conversion at 673 K was higher than that at 623 K, but the toluene conversion 

at 773 K was lower than that at 673 K. Both the diffusion rate and reaction rate of toluene are expected 

to increase as the reaction temperature increases. Hence, deactivation of catalysts might occur at the 
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earl ier stage of the reaction at 773 K. The toluene conversion over the uncoated H-ZSM-5 significantl y 

decreased at high temperatures, indicating that the deactivation of the uncoated H-ZSM-5 rapidly 

occurred at high temperatures. The deactivation rate was still low over the si li ca lite-coated catalyst at 

high temperatures. 

Fig. 2.7 SEM image of crushed silicalite/H-ZSM-5 crystals(70). 

Fig. 2.7 shows an SEM image of the crushed si li cali te/ZSM-5. The si licalite coating layer must 

have been broken completely by grind ing. The activity and selecti vity on the alky lation ofto luenc over 

the crushed silicalite/ZSM-5 were summarized in Table 2.3. The para-selectivity over the crushed 

silicalite/ZSM-5 was decreased to the same level of the uncoated ZSM-5. Thi s result strongly suggests 

that a compact silicalite layer play an important role in enhancing the para-selectivity. 

In Fig. 2.8, the toluene conversion and para-selectivity over the sil ical ite/H-ZSM-5 catalyst in this 

study were compared to those over various reported H-ZSM-5 catalysts modified by sil ylation and 

impregnation. Normally, the para-selecti v ity has a trade-off relationship with the convers ion. However, 

the silicalite/H-ZSM-5 catalyst shows high para-select iv ity even when the toluene convers ion is high, 

indicating that the si li calite coating on the external surface of ZSM-5 crystals is one of the most 

effective techniques to inh ib it the isomeri zation from p -xy lene to the other xylene isomers near the 

external surface ofZSM-5. 
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Fig. 2.8 The alkylation of toluene with methanol over various modified H-ZSM-5 catalysts and 

silicalite/H-ZSM-5(70). 

Table 2.3 Alkylation of toluene with methanol over crushed silicalite/H-ZSM-5(70). 

Conversion of toluene [%] 

Fraction ofxylenes [%] 

p-Xylene 

m-Xylene 

a-Xylene 

Crushed 

silicalite/H-ZSM-5(70) 

64.3 

48.0 

39.9 

12.0 

Reaction temperature: 673 K, TOS = 60 min, WIF= 0.20 [kg-catalyst h mor l
] 

The enhanced para-selectivity may originate from diffusion resistance through the inactive 

silicalite layer on the H-ZSM-5 resulting in an increased diffusion length. This mechanism is similar to 

those reported for the surface-modified zeolites by silylation. [6,17,19] The excellent para-selectivity 

higher than the reported values suggests that silicalite coating under hydrothermal conditions is an 

effective way to remove acid sites from the external surface of zeolite. 
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2. 4 Conclusions 

H-ZSM-5 crystals with different Si/AI molar ratios were coated with silicalite-l layers by 

hydrothermal synthesis. The silicalite layers formed consisted of oriented polycrystallites of a few )lm 

thicknesses which grew on the surface of the substrate H-ZSM-5 in the early stage of synthesis. The 

presence of Al in the H-ZSM-5 must have affected the formation of the polycrystalline layer. 

When applied in the alkylation of toluene with methanol, the silicalite/H-ZSM-5 catalysts showed 

excellent para-selectivity, >99.9 %, under all the reaction conditions. The toluene conversion over the 

silicalite/H-ZSM-5 catalyst was almost constant, indicating that the silicalite coating inhibited coke 

formation on the external surface of H-ZSM-5. The high selectivity to p-xylene and high stability can 

be explained by the removal of acid sites on the external surface of H-ZSM-5. 
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Catalytic Activities and Structures of Silicalite-11H-ZSM-5 Zeolite Composites 

Polycrystalline silicalite layers were formed on H-ZSM-5 with different crystal sizes of 5 - 30 

/lm. The silicalite-llH-ZSM-5 composite with a crystal size of 5 /lm showed high catalytic activity 

and excellent of para-xylene selectivity. But, para-selectivity slightly decreased with increasing the 

crystal size, indicating that the surface of the large H-ZSM-5 crystals was not fully covered by the 

silicalite-llayer. The toluene conversion over the catalyst with a small crystal size (5 /lm) was very 

stable with reaction time, while the catalysts with large crystal sizes were rapidly deactivated. The 

crystalline structure of the interface between silicalite-l and H-ZSM-5 crystals was studied by 

FE-SEM and TEM observations. The silicalite-l crystals were epitaxially grown on the surface of 

the H:-ZSM-5 crystals and their pores must be directly connected to the pores ofH-ZSM-5. 



3.1 Introduction 

Medium pore size MFI zeolites have found to be suitable for the production of para-dialkyl 

aromatics because their pore size is similar to the molecular dimensions of these aromatics. To 

enhance para-selectivity, a number of modification techniques have been reported [1-6]. Although 

these modification techniques could increase para-selectivity, the conversion was decreased 

significantly because a diffusion resistance of products increased by narrowing of the pore-opening 

size. 

On the other hand, both high para-xylene selectivity and high toluene conversion were 

provided over silicalite/ZSM-5 composite catalysts as shown in Chapter 2. The silicalite-1 coating 

significantly increased the para-selectivity to nearly 100%. In this chapter, the crystalline structure 

of the interface between silicalite-1 and H-ZSM-5 was observed carefully. The reasons for the high 

para-selectivity and high toluene conversion will be discussed from the viewpoint of the structure 

of the composite. High catalytic activity and selectivity of silicalite-lIH-ZSM-5 composites might 

be caused by the direct connection between H-ZSM-5 and silicalite-1 and an oriented crystal growth 

of the silicalite-1 crystals along the surface ofthe H-ZSM-5 crystals [7]. 

According to the reports on silicalite-1 layers grown on ZSM-5 [8-10], the structure and 

thickness of the silicalite layer depend on the Sil Al ratio, crystal size and shape of the substrate 

H-ZSM-5. In this chapter, silicalite layers were formed on H-ZSM-5 catalysts with different crystal 

sizes. In addition, the influence of the crystal size on the catalytic activity and deactivation behavior 

for the alkylation of toluene was investigated. 

3.2 Experimental 

3.2.1 Preparation of HZSM-5 

ZSM-5 zeolites were synthesized under hydrothermal conditions with a SiiAI ratio of 70. The 

reactant materials used for the synthesis were tetraethylorthosilicate (TEOS; (C2HsO)4Si; Wako 

Pure Chemical Industries Co., Ltd.) and colloidal silica (CS; Nissan Chemical Co., Ltd.) as silica 

sources, aluminum nitrate (AI(N03k9H20; Wako Pure Chemical Industries Co., Ltd.) as an 

alumina source, tetraprophylammonium bromide (TPABr; Wako Pure Chemical Industries Co., 

Ltd.), deionized water (H20), and sodium hydroxide (NaOH). The molar composition was 2.5 Si02 

(TEOS): 1.0 Si02 (CS): 0.025 Ah03: 0.5 TPABr: 0.25 Na20: 120 H20. 

The synthesis solution was mixed for 30 min at 303 K. The crystallization was carried out in 

closed Teflon-lined stainless steel vessels under autogenous pressure at 453 K for 24 h. To stir the 
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solution during the hydrothermal synthesis, the vessel was rotated in an oven. The crystalline size of 

ZSM-S zeolites was controlled by changing a rotating speed and a volume of the closed vessel. The 

products were then calcined at 873K for S h to remove TPA cations remaining in their structures. A 

proton-exchange process was carried out by using an ammonium chloride (NH4CI, 1 N) aqueous 

solution. The ZSM-S crystals were mixed with the NH4CI aqueous solution for 12 h at ambient 

temperature. The crystals were then calcined again at 873 K. 

3.2.2 Preparation of Silicalite-lIHZSM-5 

H-ZSM-S with different crystal sizes was used as a core zeolite for the silicalite coatings. The 

precursor solution consisted ofTEOS, tetraprophylammonium hydroxide (TPAOH), ethanol (EtOH) 

and deionized water with the molar ratios of O.STPAOH: 120H20: 8EtOH: 2Si02. The H-ZSM-S 

crystals were immersed in the precursor solution at the mass ratio of 0.06. The crystallization was 

carried out at 4S3 K for 24 h in a stainless steel vessel by hydrothermal synthesis with agitation 

condition. The coating was repeated twice. The products were rinsed repeatedly by deionized water 

and dried at 363K overnight, then calcined in air at 873K for S h with a heating rate of 1K min-I. 

The products were gathered by using filtration. Here, the mass changes after coating were measured 

after both the first and second coating. 

3.2.3. Characterizations 

The products were characterized by X-ray diffraction (XRD) recorded on a Rigaku Miniflex 

using Cu-Ku radiation and scanning electron microscope (SEM) on a Hitachi S-22S0N. The 

crystalline structure of the silicalite-11H-ZSM-S composite was observed by the field emission 

scanning electron microscopy (FE-SEM) on a Hitachi S-SOOOL microscope at an acceleration 

voltage of21 kV and the transmission electron microscope (TEM) on FE! Tecnai 20 at 120 kVand 

200 kV. 

Alkylation of toluene with methanol over the ZSM-S and silicalite/ZSM-S catalysts with 

different crystal sizes was performed using a fixed bed reactor at 673K. The space time WIF is 0.14 

[kg-catalyst h mor l
] and the molar ratio of methanol/toluene was 1.0. The products of alkylation 

were analyzed by a gas chromatograph GC-2014 (Shimadzu Co.) equipped with a flame ionization 

detector (FID) using a Xylene Master column PRC 7791 (SO m, 0.32 mm). 
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3.3. Results and Discussion 

3.3.1 Morphology ofH-ZSM-5 and Silicalitc-I/H-ZSM-5 Composites 

Fig. 3.1 shows the SEM images of H-ZSM-5 crystals with different crystal sizes. The samples 

are labeled as S I-S4. The crystal sizes of the S I-S4 HZSM-5 crystals are 5, 10, 20 and 30 ~m, 

respectively. The XRD analysis of the uncoated and coated samples did not include reflection peaks 

for amorphous silica and impurities other than an MFI structure (data not shown). The crystal sizes 

changed at different rotating speeds of the vessels. The stirring conditions seem to influence a 

nucleation rate ofH-ZSM-5. 

Fig. 3.1 SEM images of H-ZSM-5 with different crystal sizes. 

The SEM images of the S I-S4 HZSM-5 after the silicalite coating are shown in Fig. 3.2. An 

overgrowth ofa silicalite-I layer on the H-ZSM-5 crystals (Sl) was observed clearly. The coatings 

were composed of silicalite- l polycrystals with a size of 1 ~m. The crystal size did not increase so 

much even after the second coating. The thickness of the si licalite-I layer must be less than a few 

~m. 
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Fig. 3.2 SEM images ofsilicalite-lIH-ZSM-5 zeolite composites. 

The mass gain was slightly increased with decreasing crystal size because of an increase in an 

external surface area of H-ZSM-5 . The mass gain after the silicalite-l coating was too large for all 

the samples, considering that the silicalite-l layer formed on the H-ZSM-5 surface was very thin. 

This result indicated that a large amount of silicalite-l crystals was formed through a homogeneous 

nucleation in the solution. These crystals do not contribute to the external surface modification of 

the H-ZSM-5 crystals. Revised synthesis conditions to inhibit homogeneous nucleation will be 

reported in the next chapter. 
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Fig. 3.3 Mass gain after silicalite-I coating after. x: the 1 st synthesis; 0: the 2nd synthesis. 

33 



3.3.2 Influence of Crystal Sizes on Catalytic Activities 

Alkylation of toluene with methanol was carried out over the uncoated H-ZSM-5 and 

silicalite/H-ZSM-5 catalysts. The molar fraction of produced p-xylene in all the produced xylene 

isomers is defined as the para-selectivity. The toluene conversion and para-selectivities were 

plotted as a function of the crystal size in Fig. 3.4. The toluene conversion on the uncoated 

H-ZSM-5 decreased with increasing crystal size. Instead, high para-selectivity was obtained over 

the large H-ZSM-5 crystals. The trade-off relation between toluene conversion and para-selectivity 

indicates that the reaction is governed by the diffusion limitation. On the other hand, small crystals 

have a large external surface. Isomerization of p-xylene to the other xylene isomers takes place on 

the external surface, which reduces para-selectivity. 

(a) Toluene conversion (b) Para-selectivity 
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Fig. 3.4 Toluene conversion and p-xylene selectivity in toluene alkylation as a function of crystal 

size of the zeolite catalysts. T = 673K, WIF = 0.14 [kg-cat h mor l
], [MeOH]1 [toluene] = 1.0. TOS 

= 60 min. 

The toluene conversion over the silicalite-1/H-ZSM-5 composites was less than that over the 

uncoated ones, which would be caused by an increase in diffusion length for the reaction products 

through the inactive silicalite membrane. Instead, the para-selectively largely increased after the 

silicalite-l coating for all the samples. The silicalite/H-ZSM-5 composite of the smallest crystal size 

(5 J.l.m) showed extremely highp-xylene selectivity (nearly 100%). The high para-selectivity can be 

explained by the removal of acid sites on the external surface of H-ZSM-5. But, para-selectivity 

slightly decreased with increasing crystal size, indicating that the large crystals could not be fully 
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covered with a silicalite layer. The silicalite coating not only enhanced para-selectivity, but also 

prevented catalyst deactivation. This result indicates that coke formation occurred near the external 

surface of H-ZSM-5 crystals. Because of diffusion resistance, the reaction occurred mainly near the 

surface of H-ZSM-5. Thus, coke formation significantly affected on the reaction rate for uncoated 

catalyst that was also discussed in Chapter 2. 
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Fig. 3.5 Time course of the toluene conversion over uncoated H-ZSM-5 and silicalite/H-ZSM-5 

composites. T = 673K. WIF = 0.14 [kg-cat h mor l
], [MeOH]/[toluene] = 1.0. 0: 5 !-lm; L1: 10 !-lm; 

D: 20 !-lm; x: 30 !-lm. 

Time course of the toluene conversion on the silicalite-1/H-ZSM-5 composites with different 

crystal sizes is shown in Fig. 3.5. 

The toluene conversion on the silicalite/H-ZSM-5 composite with a crystal size of 5 !-lm was 

high and almost constant with the reaction time. The toluene conversion decreased with increasing 

crystal size due to an increase in the length of intracrystalline diffusion pathway as described above. 

Furthermore, the catalysts with large crystal sizes of 20 !-lm and 30 !-lm were rapidly deactivated. 

Coking on the acid sites which remain on the external surface of the large H-ZSM-5 crystals must 

contribute to the deactivation. This result indicates that it is hard to fully cover large H-ZSM-5 

crystals with silicalite layers. In conclusion, small H-ZSM-5 crystals coated by a thin silicalite layer 

with a high surface coverage are required to attain both high activity and high selectivity. The 

silicalite coating must have inhibited coke formation near the surface ofH-ZSM-5. 
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3.3.3 Crystalline Structure of Silicalite-l/H-ZSM-5 Composite 

The crystalline structure of silicalite-I IH-ZSM-5 composites was observed by FE-SEM and 

TEM measurements. For the TEM measurements, very small H-ZSM-5 crystals were synthesized. 

The small H-ZSM-5 crystals were coated by silicalite. The preparation procedure for small ZSM-5 

and coating process were described in Chapter 6. The FE-SEM images of the silicalite-IIZSM-5 

composite were shown in Fig. 3.6. 

Fig. 3.6 FE-SEM images ofa silicalite-I/H-ZSM-5 composite. Acceleration voltage of21 kYo 

A Ilumber of small silicalite-I crystals were formed on the H-ZSM-5 crystal. The H-ZSM-5 and 

silicalite-I crystals were estimated approximately 300 nm and 10-150 nm in size, respectively. The 

ZSM-5 crystal was a disk in shape. All silicalite-l crystals were longer in the [DOl] direction 

compared to in the [100] and [0 I 0] directions. 

[010] >Fast 
Silicalite-l 

----1----7 [001] 

HZSM-5 crystal 

Fig. 3.7 Schematic diagram of silicalite-I growth on the (0 I 0) surface of the H-ZSM-5 crystal. 

The crystalline growth rate of silicalite-\ to the direction of c axis must be larger than the other 

directions. A preferential nucleation of silicalite-I on the (l00) and (0 I 0) surfaces of the ZSM-5 

crystal was observed. Especially, the crystal nucleus fomled on the (010) surface protruded to the 

direction of c axis from the edge of ZSM-5 as displayed in Fig. 3.7. The silicalite-I crystals were 

grown on the (0 10) surface of ZSM-5 in the direction of a and c axes. 

Fig. 3.8a shows a low magnification image of the silicalite-IIH-ZSM-5 composite. Fig. 3.9b 

was a high-resolution electron microscopy (HREM) image of the composite observed at the 
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location pointed in Fig. 3.7. The incident beam direction was [010]. The [101] lattice fringes of the 

silicalite-llayers fonned at different positions on the ZSM-5 surface were parallel. 

Fig. 3.8 TEM images of a silicalite-IIH-ZSM-5 composite at 200 kY. The incident beam direction is 

[010]. 

Then, the TEM images in Fig. 3.9 show a crystalline structure of the interface between the 

H-ZSM-5 substrate and silicalite-l crystals. These silicalite-l crystals were grown on the surface of 

ZSM-5 perpendicular to the a axis, estimated by the morphology of the ZSM-5 crystal. The 

silicalite-I crystals must have grown fast to the direction of c axis because the aspect ratio of the 

crystals was high in this direction. The HREM image in Fig. 3.9b provides the lattice fringe of the 

ZSM-5 crystal and the silicalite-I crystals in the [101] direction. No discontinuity of the lattice 

fringe was observed between the ZSM-5 and silicalite-I crystals. Silicalite-I crystals have the same 

MFI crystalline structure as ZSM-5 crystals although the lattice constants between these crystals are 

slightly different (less than 1 %). The interface between the ZSM-5 and the silicalite-I was 

continuous without any misfits. In other words, the silicalite-I crystals can be grown epitaxially on 

the ZSM-5 crystal in the early stage of the silicalite-l growth, and the interface between silicalite-I 

and ZSM-5 is coherent. Therefore, the silicalite-I channels must be connected continuously to the 

ZSM-5 pores. Similar epitaxial intergrowth of silicalite on ZSM-5 was reported by Hedlund's group 

[10]. 
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Fig. 3.9 TEM image of the composite crystal (a) and the HREM image at the interface between 

silicalite-l and H-ZSM-5 (b) at 120 kYo 

_500nm 

Fig. 3.10 TEM image of silicalite-IIH-ZSM-5 large crystal with a low magnification (a) and the 

electron dilTraction pattern of the composite taken along [10 I] (b) at 200 kY. 

Next, a silicalte-IIZSM-5 composite with a crystal size of ca. 3 ~m was used for the TEM 

observation. Fig. 3.10 shows the TEM image and electron diffraction pattern of the si licalite/ZSM-5 

composite. The incident beam direction was [101]. The crystal boundaries between ZSM-5 and 

silicalite-I can not be observed clearly in Fig. 3.1 Oa. 

The diffraction pattern (Fig. 3.1 Ob) was indexed to be a single phase. These results indicate that 

the silicalite-I monolayer could cover a whole ZSM-5 crystal with the same orientation as the core 

crystal. Therefore, the pores in the silicalite-I monolayer might be connected to the ZSM-5 pores at 

the early stage of synthesis. 

The silicalite-l layer could extend the dilTusion path length for xylenes. Therefore, the 

excellent para-selectivity was achieved by an increase in diffusion resistance lor 0- and m-xylene 
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because their molecular sizes are larger than the pore size of silicalite-l. On the other hand, the 

diffusivity of p-xylene did not decrease so much because of smaller molecular size of p-xylene. 

These effects might have contributed to the high toluene conversion on the alkylation of toluene. 

Further, acid sites on the external surface of H-ZSM-5 can be removed by the full coverage of the 

H-ZSM-5 surface with epitaxially grown silicalite-l layers. This coating layer must effectively 

inhibit coking near the surface of the H-ZSM-5 catalysts. 

3. 4 Conclusions 

Polycrystalline silicalite layers were formed on H-ZSM-5 with different crystal sizes of 5 - 30 

Ilm. The silicalite/HZSM-5 composite with a crystal size of 5 Ilm showed high para-xylene 

selectivity (nearly 100%). The toluene conversion over the silicalitelHZSM-5 composite (5 Ilm) was 

high and stable with reaction time. The silicalite coating must have inhibited coke formation near 

the surface ofH-ZSM-5. 

Para-selectivity slightly decreased with increasing crystal size and the catalyst with a large 

crystal size rapidly deactivated, indicating that the large crystals could not be fully covered with a 

silicalite layer. The acid site on the external surface for the large crystal must contribute to the 

deactivation. Small H-ZSM-5 silicalite core-shell composites are expected for industrial 

applications. 

High catalytic activity and selectivity of silicalite-lIH-ZSM-5 composites must be caused by 

the direct pore-to-pore connection between H-ZSM-5 and silicalite-l. An oriented crystal growth of 

the silicalite-l crystals along the surface of the H-ZSM-5 crystals was found at the early stage of the 

hydrothermal synthesis. 
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Morphology Control of Silicalite/HZSM-5 Composite Catalysts 

for the Formation of para-Xylene 

Single- and poly-crystalline silicalite/HZSM-5 core-shell composite catalysts were synthesized 

by optimizing the silicalite coating conditions. At low molar ratios of Si02 (fumed silica) and 

tetraprophylammonium hydroxide (TPAOH) in the coating solutions, a crystal growth of silicalite 

layer on the HZSM-5 surface was dominant instead of a homogeneous nucleation in the solution. 

The mass gain after the coating was also inhibited at low molar ratios of silica source and TPAOH. 

High para-selectivities of silicalite/HZSM-5 composites in the toluene alkylation with methanol 

were obtained over the single crystal-like silicalite/H-ZSM-5 composite catalyst prepared by one 

coating process. 



4.1 Introduction 

In previous chapters, novel silicalite-lIHZSM-S composite catalysts have been developed. The 

composites showed excellent para-selectivities and high conversions in the alkylation reaction of 

toluene with methanol compared to those of other proposed catalysts [1-9]. The effects of Si/AI 

ratios and crystal sizes as well as reaction conditions on the catalytic activity of catalysts were 

investigated in previous chapters. The high toluene conversions over the composite catalysts could 

be explained by the interlayer between silicalite and HZSM-S, those were directly connected 

together. However, the top layer was composed of deposited polycrystals, which were randomly 

oriented and were not densely packed. Thus, repeated coating processes were required for obtaining 

highly selective catalysts. These polycrystalline layers seem to have a low mechanical strength and 

will become a problem in severe conditions such as in fluidized bed reactors. Another problem is a 

homogeneous nucleation of silicalite crystals in the solution. Namely, the silicalite crystals formed 

not only on the ZSM-S surface but also in the solution. It is not easy to separate the silicalite 

crystals formed in the solution from the silicalite/ZSM-S composites. Thus, the mass gain of the 

products after the coating was very large in the previous reports. Considering the thin silicalite layer 

on the surface of HZSM-S crystals, the mass gain was mainly due to the homogeneous nucleatiOli of 

silicalite in the liquid phase. The presence of silicalite crystals without catalytic activity would 

reduce the efficiency of catalysts. Furthermore, the repeated silicalite coating synthesis seems to be 

complicated from the viewpoint of large scale application. 

In this chapter, morphology of the silicalite/HZSM-S composite crystals was studied by 

changing the molar ratios of silica source and structure directing agent (SDA) in the coating 

solutions. The alkylation of toluene with methanol was performed using the composite catalysts 

with different morphologies. 

4.2 Experimental 

4.2.1. Catalyst Preparation and Characterization 

HZSM-S crystals were used as a core for the silicalite coatings. The preparation of HZSM-S 

was described in Chapter 2. HZSM-S catalyst with a Sil Al ratio of 100 was prepared by 

hydrothermal synthesis at 4S3 K for 24 h. The synthesis solution consisted of tetraethoxysilane 

(TEOS), aluminum nitrate [AI(N03)J-9HzO], sodium hydroxide (NaOH), and tetrapropylammonium 

bromide (TPABr). The molar ratio was: 2.0 SiOz: 0.01 Ab03: O.S TPABr: O.2S NazO: 120 HzO. 
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The precursor solution for the silicalite coatings consisted of fumed silica (Aerosil 200; Wako 

Pure Chemical Industries Co., Ltd.) and TEOS as silica sources, tetraprophylammonium hydroxide 

(TPAOH; Wako Pure Chemical Industries Co., Ltd.), TPABr, deionized water (H20), and ethanol 

(EtOH). The molar ratios of the coating solutions were shown on the Table. 1. Here, approximately 

0.3 g of HZSM-5 crystals was immersed in 15 g of the precursor solution. The crystallization was 

carried out in a closed Teflon-lined stainless steel vessel under autogenous pressure at 453 K for 24 

h. To stir the solution during the hydrothermal synthesis, the vessel was rotated in an oven. The 

products were then calcined at 873K for 5 h to remove TPA cations remaining in their structures. 

The final products were characterized by X-ray diffraction (XRD) recorded on a Rigaku Miniflex 

using Cu-Ku radiation and scanning electron microscope (SEM) on a Hitachi S-2250N. 

Table 4.1 Molar ratios of the coating solutions and the mass gain of the products 

Silica Sample Molar ratios PH Coating Mass 

source x Si02: y TPAOH: z TPABr: 8 EtOH: 120 H2O time gain [%] 

Aerosil Al x = 2.0, Y = 0.12, z = 0 10.4 1 +167 

A2 x = 2.0,y = 0.12, z = 0.12 1 +194 

A3 x = 2.0, y = 0.06, z = 0.06 11.39 1 +88 

A4 x = 2.0, y = 0.03, z = 0.09 10.04 1 +56 

A5 x = 1.0,y = 0.12, z = 0 1 +127 

A6 x = 0.5,y = 0.12, z = 0 11.12 1 +40 

A7-1 x = 0.5, y = 0.06, z = 0 11.05 1 +51 

A7-2 x = 0.5, y = 0.06, z = 0 2 

A8 x = 0.5, y = 0.03, z = 0 10.56 1 +36 

TEOS T1 x = 2.0,y = 0.5, z = 0 11.5 1 +180 

T2 x = 1.5, y = 0.5, z = 0 12.05 1 +151 

T3 x= 1.0,y=0.12,z=0 10.7 1 +120 

T4 x = 1.0, y = 0.06, z = 0 1 +71 

T5 x = 0.5, y = 0.12, z = 0 10.82 1 +65 

T6 x = 0.5, y = 0.06, z = 0 9.98 1 +44 

T7 x = 0.5, y = 0.03, z = 0 9.65 1 +35 
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4.2.2 Catalytic Test 

Alkylation of toluene with methanol over the HZSM-5 and silicalite/H-ZSM-5 catalysts was 

performed using a fixed bed reactor at 673K. The space time WIF is fixed at 0.11 [kg-catalyst h 

mor1
] with the molar ratio of methanol/toluene was 1.0. The products of alkylation were analyzed 

by a gas chromatograph GC-2014 (Shimadzu Co.) equipped with a flame ionization detector (FID) 

using a Xylene Master column PRC 7791 (50 m, 0.32 mm). 

4.3 Results and Discussion 

4.3.1. Morphology of Silicalite/H-ZSM-S Composite 

Table 4.1 lists the effects of molar ratios of the coating solutions on the mass gain of the 

products after coating. XRD patterns of all the coated samples (data not shown) did not contain 

reflection peaks for amorphous silica and impurities other than an MFI structure, indicating that the 

mass gain is due to the formation of silicalite crystals. 

Here, two different silica sources (fumed silica and TEOS) were used for the silicalite coating. 

The samples are labeled as A1-A8 (fumed silica) and T1-T7 (TEOS). The mass gain (%) of the 

products was calculated as the mass increase after the coating divided by the mass of HZSM-5 core 

zeolites. The mass gain was too large at high molar ratio of TPAOH/silica sources (A1&A2; 

T1&T2) due to the formation of silicalite crystals through a homogeneous nucleation in the coating 

solution. 

Figures 4.1 and 4.2 show the SEM images of uncoated and coated catalysts. A number of 

undesired silicalite crystals were formed in the liquid phase and randomly deposited on the 

silicalite/H-ZSM-5 composites at high silica and TPAOH concentrations. The morphology of the Al 

sample was considerably different from that of uncoated HZSM-5. The silicalite-coated HZSM-5 

crystals were intergrown each other substantially, which might cause grain boundaries between 

crystals. 
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Fig. 4.1 Selected SEM images of HZSM-5 and silicalitelHZSM-5 composites prepared using tUrned 

silica. 
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Fig. 4.2 Selected SEM images of silicalitelI-IZSM-5 composites coated using TEOS. 

From the SEM observation, the products were classified into polyc\ystals (P) and single 

crystals (s) by their morphology. The composites with a large amount of undesired and randomly 

deposited silical ite crystals were composed of polycrystals (P). On the other hand, composite 

crystals with a thin silicalite layer grown on the HZSM-5 surface look like single crystals (s). Figure 

4.3 shows the effect of Si02 and TPAOH molar ratios in the coating solutions on the morphology of 

the composite crystals. Single crystals-like silicalite/HZSM-5 composites were obtained at low 

molal' ratios of Si02 (fumed silica) and TPAOH. At high molar ratios of silica source and TPAOH, a 

homogeneous nucleation in the solution was apparently dominant instead of a crystal growth of 

silicalite layer on the HZSM-5 surface. The mass gain was also very large at high molar ratios of 

Si02 and TPAOH. 

On the other hand, single crystal-like composites could not be obtained by using TEOS as a 

silica source, which can be explained by high nucleation rate caused by high solubility of TEOS. A 
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decrease of the molar ratio of silica sources and TPA ions would prevent the intergrowth and the 

formation of undesired silicalite crystals resulting in a decrease of a mass gain after the coating. The 

presence of TPA ions accelerates the nucleation and crystal growth of silicalite in the liquid phase. 

To completely prevent the formation of undesired silicalite crystals, TPA ions-free coating 

conditions should be suggested for future study. 
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Fig. 4.3 Effect of molar ratios of the coating solutions on the morphology ofthe products. The 
symbols (s and p) represent single crystals (s) and polycrystals (P), respectively. The molar ratios of 

the solutions are x Si02: y TPAOH: z TPABr: 8 EtOH: 120 H20. 
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4.3.2. Catalytic Performances of HZSM-5 and Silicalite/HZSM-5 Catalysts. 

Alkylation of toluene with methanol was carried out over the uncoated HZSM-5 and 

silicalite/HZSM-5 catalysts. The molar fraction of produced para-xylene in all the produced xylene 

isomers is defined as the para-selectivity. The reaction results were shown in Table 4.2. Regardless 

of the difference in the synthesis conditions, the coated catalysts provided higher para-selectivities 

compared to that of uncoated one. 

For the catalysts prepared using TEOS as a silica source, the order of para-selectivity was T5 > 

TI > T4, T6 > T7. The para-selectivity was significantly affected by the TEOS/TPAOH molar 

ratios. The medium TPAOH and TEOS concentration (T5) resulted in higher selectivity than that of 

the other samples. The formation of randomly deposited silicalite crystals on the surface of 

HZSM-5 crystals was clearly observed on T4 and T6. The result indicates that the formation of 

silicalite layer and alkalinity of coating solution, as mentioned above, affected on the 

para-selectivity of those silicalitelH -ZSM -5 catalysts. 

The toluene conversions for the composite catalysts were increased at higher molar ratios of 

silica sources. High silica concentration resulted in a formation of a densely-packed silicalite layer 

on the HZSM-5 zeolite. But, toluene conversion decreased due to the diffusion limitation. In 

addition, decrease in toluene conversion was also caused by the presence of undesired silicalite 

crystals that were hard to be separated from the silicalitelHZSM-5 composites. 

Table 4.2 Alkylation results of uncoated HZSM-5 and silicalite/H-ZSM-5 catalysts (TOS = 60 min). 

Uncoated Al A6 A7-1 A7-2 A8 T1 T4 T5 T6 T7 
Toluene 46.7 35.3 36.5 39.4 33.3 38.6 34.5 38.0 43.9 46.6 41.7 
conversion [%] 
Selectivity of 
xylenes [%] 
p-xylene 75.6 97.5 98.3 98.7 99.1 99.6 97.3 94.3 98.7 94.2 85.6 
m-xylene 15.1 1.5 1.1 0.7 0.4 <0.1 1.86 4.01 0.7 3.4 12.29 
o-x~lene 9.3 1.0 0.6 0.6 0.5 0.3 0.86 1.72 0.6 2.6 5.12 
Product 
com2osition [%] 
benzene 
ethylbenzene 0.18 0.16 0.22 0.17 0.13 0.15 0.12 0.36 0.21 0.12 0.16 
p-xylene 31.74 30.17 29.66 34.26 28.99 31.38 25.04 29.94 37.33 40.18 28.87 
m-xylene 6.33 0.47 0.32 0.27 0.11 0.48 1.27 0.94 1.45 4.29 
o-xylene 3.93 0.31 0.19 0.20 0.14 0.08 0.22 0.55 0.67 1.00 1.79 
p-ethyltoluene 4.05 3.31 5.28 3.29 2.95 5.73 3.96 4.41 2.41 2.11 3.01 
m-ethyltoluene 1.61 0.09 0.10 0.06 0.04 0.03 0.22 0.28 1.34 1.29 0.37 
o-ethyltoluene 0.01 0.02 0.02 2.92 0.67 0.18 0.27 1.99 
trimeth~lbenzene 5.31 0.78 0.72 1.10 0.91 1.02 0.20 0.24 0.71 0.27 
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For the catalysts prepared using fumed silica, the order of selectivity of was A8 > A7-I > A6 > 

AI, in which the para-selectivity of A8 reached to 99.6% after one coating. The A8 sample is 

classified into the single crystals. These results indicate that single crystal-like catalysts prepared at 

lower concentration of Si02 (fumed silica) and TPAOH in the solutions show higher 

para-selectivity. As mentioned above, high concentrations of silica source and TPAOH accelerate a 

nucleation and crystal growth and then, polycrystalline silicalite layers are formed. 

The effect of the coating time was also investigated. The reaction results for A7-I and A7-2 

were shown in Table 4.2. With repeated coatings, the para-selectivity was enhanced and reached to 

99.1% (A7-2). Similarly to the chapters 2&3, repeated coating processes need to obtain 

para-selectivity higher than 99% for the polycrystal-type composite catalysts. In the present study, 

however, we could control the morphology of the silicalite/HZSM-5 composite and prepare highly 

para-selective composite catalyst by only one coating process. 

Another reason for the low para-selectivities of silicalite/HZSM-5 composites prepared at high 

TPAOH concentrations might be high alkalinity of the solutions. In high alkaline coating solutions, 

aluminum species of the core HZSM-5 would be dissolved into the coating solution. Then, these 

aluminum ions would be incorporated into the external surface of the composite catalysts. 

The single-crystal catalysts show higher para-selectivity over the polycrystals catalysts. The 

single-crystal like zeolite composites are thought to have high mechanical strength compared to the 

polycrystals. In addition, a homogeneous nucleation was inhibited in the synthesis conditions for 

single crystals. The high selectivity was achieved by only one coating. The improved coating 

method in this study gives a strong advantage from the viewpoint of industrial application. 

4.4 Conclusion 

The para-selectivity of the composite catalysts was significantly affected by the synthesis 

conditions. The catalysts prepared at lower concentration of Si02 (fumed silica) and TPA ions in the 

coating solutions showed higher para-selectivity. Excellent para-selectivity of 99.6% could be 

obtained over the single crystal-like composite crystals prepared by only one coating process. 

Revised synthesis conditions inhibited a homogeneous nucleation of silicalite in the solution. The 

mass gain of the single crystals was much reduced, and very thin silicalite layer was formed on the 

HZSM-5 surface. 
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Production of para-Xylene through Toluene Disproportionation over 

Silicalite-1IHZSM-5 Composite Catalysts 

The toluene disproportionation over silicalite-lIH -ZSM -5 composite catalysts with different 

Sil Al ratios was performed under different reaction conditions. The catalytic activities and the 

selective formation of p-xylene could be controlled by reaction conditions. The yield of para-xylene 

was enhanced at high temperatures (873 K) and at high WIF conditions. The obtained 

para-selectivity (85%) and yield of para-xylene (9%) were much higher than the reported values in 

the toluene disproportionation. But, the para-selectivity decreased from 98% to 85% when 

temperature rose from 663 to 873K over the composite catalyst. This result can be explained by an 

increase of diffusivity of xylene isomers especially m-xylene and o-xylene at high temperature. The 

findings in this study would make suggestions for the practical applications. 



5.1 Introduction 

In previous chapters, a silicalite-lIH -ZSM -S composite catalyst was developed for the 

alkylation of toluene with methanol to produce para-xylene. The para-selectivities (the molar 

fraction of produced para-xylene in all the produced xylene isomers) were excellent (>99.8%). 

However, the selectivity to para-xylene in the total products was not so high as expected because 

by-products were formed by series of side reactions of methanol to olefins (MTO) [1,12]. The MTO 

reactions occur over H-ZSM-S catalysts even at low temperature [3]. Deposition of coke in zeolite 

pores may be another problem. This is caused by the formation of aromatic compounds through the 

MTO reactions. 

To solve this problem, toluene disproportionation over ZSM-S zeolite catalysts is one of 

candidates for reducing the formation of by-products. However, the catalytic activity of the 

H-ZSM-S catalyst in the disproportionation of toluene is very low compared to the toluene 

alkylation with methanol. Therefore, catalytic performance on severe reaction conditions such as 

high temperature and large WIF should be examined. Diffusivity of xylene isomers must be affected 

by temperature. 

In this chapter, silicalite-1/H-ZSM-S composites with various Si/AI ratios were synthesized and 

used for the toluene disproportionation. The effect of reaction conditions on the selectivity to 

para-xylene and yield was studied. 

5.2 Experimental 

5.2.1 Catalyst Preparation 

HZSM-S crystals with various Si/AI ratios of SO, 70 and 100 were synthesized under 

hydrothermal synthesis at 4S3 K for 24 h. The synthesis solutions were consisted of tetraethyl 

orthsilicate (TEOS), aluminum nitrate (AI(N03)3·9H20), sodium hydroxide (NaOH) , 

tetrapropylammonium bromide (TPABr). The molar composition was 1.S-S.0 Si02: 0.02S Ab03: 

O.S TPABr: 0.2S Na20: 120 H20. The crystallization under hydrothermal conditions was described 

in the Chapter 2. Hereafter, the H-ZSM-S samples synthesized using precursor solutions with Si/AI 

ratios of SO, 70, and 100 are designed as H-ZSM-S(SO), H-ZSM-S(70) and H-ZSM-S(100), 

respectively. 

HZSM-S particles were immersed in the precursor solution of the same initial coating solution 

consisted of fumed silica (Aerosil 200), tetraprophylammonium hydroxide (TPAOH), deionized 

water, and ethanol (EtOH). The molar ratio of the coating solution was O.S Si02: 0.03 TPAOH: 120 
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H20. All of chemicals were purchased from Wako Pure Chemical Industries Co., Ltd. The coating 

process and product characterizations were shown and discussed in Chapter 4. 

5.2.2 Catalytic Characterization 

The disproportionation of toluene over the HZSM-5 and silicalite-1IH-ZSM-5 catalysts was 

performed using a fixed bed reactor at different temperatures of 673, 773 and 873K and different 

space time W/F (mass. of the catalyst [kg] divided by the feed rate of toluene [mol/hD. In addition, 

the toluene alkylation with methanol and the MTH reactions over the catalysts were also studied for 

comparison. The products of reactions were analyzed by a gas chromatograph GC-2014 (Shimadzu 

Co.) equipped with a flame ionization detector (FID) using a Xylene Master column PRC 7791 (50 

m,0.32mm). 

5.3 Results and Discussion 

5.3.1 Morphology and Characterizations 

XRD patterns of the products (data not shown) did not contain reflection peaks for amorphous 

silica and impurities other than MFI structure. The crystal size of catalytic particles is about 10 J..lm. 

The morphologies of uncoated HZSM-5 and coated silicalite-1IHZSM-5 were similar. The SEM 

images of the zeolite composites were shown in the Chapter 4. Single-crystal like zeolite 

composites were obtained after the silicalite coating. 

5.3.2 Catalytic Activity 

Table 5.1 shows the reaction data of H-ZSM-5(70) and silicalite-1IH-ZSM-5(70) catalysts at 

673 K. The molar fraction of produced p-xylene in all of the xylene isomers is defined as the 

''para-selectivity''. The yield of p-xylene was calculated based on the reactant (toluene) in the feed, 

which is called ''para-yield'' in this chapter. The para-selectivity was reached nearly 98% at 673 K 

in the toluene disproportionation after coating by silicalite layer on H-ZSM-5, which would be 

caused by the inhibition of isomerization of xylenes on the external surface of HZSM-5 by an 

inactive silicalite layer. The decrease of toluene conversion after silicalite coating can be explained 

by an increase of diffusion resistance for the reactants and products [4]. When the feed of reactant 

was only methanol without toluene, both H-ZSM-5(70) and silicalite-IIH-ZSM-5(70) showed 100% 

methanol conversion to hydrocarbons, suggesting that H-ZSM-5 is highly active for the reaction of 

methanol itself. Consequently, the toluene conversion can not reach 100% when the molar ratio of 
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toluene/MeOH in the feed is 1. The catalytic activity of HZSM-S in this reaction condition is in the 

order MTH > toluene alkylation with methanol> toluene disproportionation. 

Table S.l. Reaction data over H-ZSM-S(70) and silicalite-1/H-ZSM-S(70). 

Feed of reactant W/F(a) Conv. para- para- Fraction Fraction of 
(%) Selectivity Yield ofCI-CS(e) aromatics(e) 

(%) (%) (%) (%) 

Methanol 0.065 100 24.95 0.098(e) 89.7 10.39 

H-ZSM-5(70) Toluene with methanol(b) 0.11 41.9 42.03 7.86(d) 55.9 44.1 

Toluene disproportination 0.11 3 49.6 0.63 D.L. 100 

Methanol 0.065 100 97 O.77(e) 95.31 4.69 

Silicalite-ll Toluene with methanol(b) 0.l1 22.7 99.3 8.91(d) 73.5 26.5 

H-ZSM-5(70) Toluene disproportination 0.l1 0.88 98.35 0.44(d) D.L. 100 

At 673 K; TOS = 30 min; (a): [kg-catalyst h mor l
]; (b): toluene/methanol=1I1; (e) yield calculated based on methanol in 

the feed; (d) yield calculated based on toluene in the feed; (e): excluded unreacted toluene. D.L.: below detection limit; 

For the alkylation of toluene with methanol, a large fraction of CI-CS hydrocarbons as 

by-products was produced due to MTH reaction, which reduced para-yield in the final product and 

complicated separation processes in the practical production. In addition, the presence of water as a 

product of MTH reaction may cause side-effects on the devices used in the production lines. 

The product distribution of toluene disproportionation over the composite catalyst produced a 

small amount of by-products. The para-selectivity and para-yield was 98.4% and SO%, respectively. 

However, very low toluene conversion was obtained. Similar correlations between high 

para-selectivity at low toluene conversion for H-ZSM-S catalysts was reported so far [S-7]. 

To increase the toluene conversion, reaction tests were performed at higher temperature and 

higher W/F conditions. Table S.2 shows results of disproportionation of toluene over H-ZSM-S(70) 

and silicalite-1/H-ZSM-S(70) at 873 K and W/F of 0.44 [kg h mor1
]. The toluene conversions were 

much improved over both the coated and uncoated catalysts. The para-selectivity was increased and 

reached 84.6% after coating by a silicalite layer. The obtained para-selectivity (8S%) and yield of 

para-xylene (9%) were much higher than the reported values in the toluene disproportionation. But, 

it was hard to improve the selectivity further at these reaction conditions, which would be caused by 

an increase of diffusivity of other xylene isomers (0- and m-xylenes) through the ZSM-S zeolite 

channels at high temperature. 
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Table 5.2 The disproportionation of toluene over H-ZSM-5(70) and silicalite-lIH-ZSM-5(70). 

Silicalite-l/H-ZSM-5(70) H-ZSM-5(70) 
Conversion of toluene [%] 25.86 33.42 
Product composition [%] 

Benzene 
p-Xylene (para-yield) 
m-Xylene 
a-Xylene 
Ethyl toluenes 
Trimethyl benzenes 

Selectivity ofxylenes [%] 
p-Xylene 
m-Xylene 
a-Xylene 

Fraction ofCI-Cs (%) 
Fraction of aromatics (%) 

15.02 17.37 
8.80 6.32 
1.29 2.77 
0.35 0.79 
0.19 0.74 
0.24 5.44 

84.64 63.99 
11.71 28.05 
3.65 7.96 
D.L. D.L. 
100 100 

Reaction temperature: 873 K, TOS = 90 min, W/F= 0.44 [kg-catalyst h mor l
]. 
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Time courses of toluene conversion, para-selectivity and para-yield over the uncoated and 

coated catalysts with Si/AI ratios of 50, 70 and 100 were shown in Figs. 5.1-5.3. Generally, 

H-ZSM-5 and silicalite-1/H-ZSM-5 catalysts in the toluene disproportionation showed better 

catalytic stability than that in alkylation of toluene with methanol, which would be due to the 

absence of olefins produced from methanol as a coke precursor [5,6]. The higher toluene conversion 

and lower para-selectivity were shown over the samples with low Sil Al ratios. The decrease of 

conversions after the coating over all samples is due to the extension of diffusion length by 

silicalite-1 crystals [3]. The catalytic stability of the coated catalysts was obviously enhanced at 

high Si/AI ratios, which would be explained by the coking restriction on the surface ofH-ZSM-5 by 

silicalite layer. The para-selectivities of all composite catalysts were about 90% regardless of Sil Al 

ratios. The para-yield was increased over the coated samples with Si/ Al ratios of 50 and 70 after 

coating. However, para-yield decreased over the sample with a Sil Al ratio of 100 because of a 

lower toluene conversion. 
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Fig. 5.4 Toluene disproportionation over silicalite-1/H-ZSM-5(70) catalyst at different 
temperatures; filled symbol: at 673 K; open symbol: at 773 K; WIF=0.44 [kg-cat h mOrl]; circle: 

Toluene conversion; square: para-Selectivity; triangle: para-Yield. 

Fig. 5.4 shows the toluene conversion, para-selectivity and para-yield over 

silicalite-lIH-ZSM-5(70) at 673 K and 773 K. The lower reaction temperature provided a higher 

para-selectivity and a lower para-yield, which would be caused by decreases of reaction rate and 
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product diffusivity at low temperature. The toluene conversion was significantly increased up to 

15% at 773 K. 
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Fig. 5.5 Toluene disproportionation over silicalite-lIH-ZSM-5 with different Sil Al ratios of 50; 70; 
100 carried out with the feed of hydrogen of 15 ml/min at 873 K; WIF=0.44 [kg-cat h mOrl]; 

Toluene conversion: 0: 50; 0: 70;~: 100;para-Selectivity: .:50; e:70; A: 100; para-Yield: +: 50; 
x: 70; 0:100). 

In the designs for the industrial units of disproportionation and alkylation, (for example 

ExxolMobil Chemical's technologies-PxMax), the feed of reactants is combined with hydrogen-rich 

recycle gas at a fixed ratio. Hydrogen is preheated and passed through the catalyst bed reactor to 

enhance the proficiency of catalysts [4]. 

The change in para-selectivity with a combined hydrogen flow was observed. The selectivity 

was increased up to 97% in the toluene disproportionation. However, there is a general trend of 

decreasing toluene conversion by feeding hydrogen regardless of the Sil Al ratio. The decreasing 

activity of the silicalite-lIH -ZSM -5 catalysts has been reported so far [7,8], and it could be caused 

by a lower residence time of toluene in the reactor. The highest para-selectivity was about 97% 

over silicalite-1/H-ZSM-5(100) in the presence of Hydrogen. The silicalite-lIH-ZSM-5(50) was 

more active for the toluene disproportionation than silicalite-1/H-ZSM-5(100) possibly because 

amount of acid sites is larger for the H-ZSM5 with a low Sil Al ratio. 

It was found that the toluene conversions were very stable irrespective of Sil Al ratios. This 
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result indicates that hydrogen contributed to the removal of coke components by hydrogen cracking 

reaction. Fig. 5.6 shows the images of silicalite-llH-ZSM-5(70) before and after the reactions. The 

color of the used catalyst was still in white after 5h of reaction with the presence of hydrogen in the 

feed of toluene (Fig. 5.6b). The darker color must be caused by the coke deposition on the surface 

of the composite particles (Fig. 5.6c). 

Fig. 5.6 A picture ofsilicaiite-IIH-ZSM-5(70) catalysts used for disproportionation reaction at 873 

K, W/F~ 0.44 [kg-catalyst h mOrl) ; (a): before reaction test; (b): TOS ~ 5h with hydrogen in the 

feed; (c) TOS ~ 5h without hydrogen in the feed. 

5.4 Conclusions 

Toluene disproportination over core-shell silicalite zeolite composite catalysts is one of 

candidates for the selective formation of para-xylene. High fraction of p-xylene in the final product 

with a small amount of by-products was observed while the selectivity to para-xylene was still kept 

at high level. 

In addition, the catalyst lifetime would be improved through the disproportionation of toluene 

over the composite catalyst. The yield of para-xylene was enhanced at high temperatures (873 K) 

and at high W/F conditions. The obtained para-selectivity (85%) and yield of para-xylene (9%) 

were much higher than the reported values in the toluene disproportionation. But, the 

para-selectivity decreased from 98% to 85% when temperature rose from 663 to 873K over the 

composite catalyst. This result can be explained by an increase of diffusi vity of xylene isomers 

especially m- xylene and o-xylene at high temperature. 

The selectivities and yields of para-xylene over the sample with a high Si/Al ratio of 100 were 

contrast in the presence of hydrogen. The findings in this study would be expected to make 

suggestions for large scale operations for para-xylene production in practical application. 
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Synthesis of Nanoscale H-ZSM-5 Crystals by Incorporating Al Species Dissolved 

from FAU Zeolite and aAh03 

This chapter describes a novel synthesis method of HZSM-5 nanocrystals by using low silica 

zeolite and alumina as aluminum sources. The Al species dissolved from the low silica zeolite 

(FAU) and alumina (aAh03) were incorporated into the MFI structure during a formation of zeolite 

crystals. The synthesized ZSM-5 nanocrystals by using FAU zeolite were 500 nm in size and 

showed very high catalytic activity in alkylation of toluene and isomerization of m-xylene. The 

surface morphology and crystalline structure of nanosized HZSM-5 were characterized by XRD, 

ED X, FE-SEM and TEM analyses. 



6.1 Introduction 

Typically, zeolites are industrially manufactured with micron-sized crystals or aggregates of 

nanocrystals that have been widely used in applications such as catalysis, ion exchange, and 

separation [1,2]. Recently the synthesis and application of nanosized zeolites have been gaining 

interests [3-8]. 

The crystal size of zeolites has a great effect on catalytic activity and selectivity. In Chapter 3, 

H-ZSM-S with a small crystal size (S !lm) showed a high activity in alkylation of toluene. By 

decreasing a diffusion resistance and increasing an external surface area, the overall reaction rate 

was increased. Nanosized crystals of zeolites are expected to show a very high activity. However, it 

has been hard to synthesize ZSM-S nanocrystals (less than 1 !lm) by the conventional hydrothermal 

synthesis. 

In this study, the preparation ofnanosized HZSM-S crystals by using a very unique synthesis 

method has been concentrated. Spherical FAD-type zeolite pellets or alumina particles (aAlz03) 

with a diameter of about 2 mm were used as aluminum sources. The nanosized ZSM-S crystals 

were coated with a silicalite-1 layer. The catalytic activities in the alkylation of toluene and 

isomerization of m-xylene over the nanosized zeolites were compared with those over conventional 

ZSM-S catalysts. 

6.2 Experimental Section 

6.2.1 Preparation of HZSM-5 

The precursor sol without Al species was consisted of tetrapropylammonium hydroxide 

(TPAOH), tetraethyl orthosilicate (TEOS), ethanol (all reagents were purchased from Wako Pure 

Chemical Industries, Ltd.) and deionized water with molar ratios of O.S TPAOH: 0.2 TEOS: 8 

EtOH: 120 H20. The synthesis solution was mixed for 30 min at 303 K. After mixing, about IS 

grams of the precursor sol were poured into a Teflon-lined autoclave together with different amount 

0[0.3S gram of FAD spheres with a diameter of 1.4-2.36 mm (ZEOLDM F9, Tosoh). Hydrothermal 

synthesis was carried out at 4S3 K for 24 h in forced convection Oven with rotation rate of 2 rpm. 

The products were rinsed and gathered by centrifugation washed by water and dried. Spherical FAD 

particles were removed after coating. The products were then calcined at 873 K for S h to receive 

H-ZSM-S. 

As another study, aAlz03 spheres with a diameter of 1-2 mm (KHO-12, Sumika alchem Co. 

Ltd.) were used instead of the FAD-type zeolite. For a reference study, HZSM-S was prepared by a 
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conventional hydrothermal synthesis using a precursor solution containing aluminum source of 

Al(N03)3. The crystallization was similar to the case of using FAD type as described above. 

The samples synthesized using the 0.35 g of spherical FAD and Ah03 particles are designated 

as ZSM-5(F), ZSM-5(A), and the sample using Al(N03)3 is named as ZSM-5(N), respectively. 

6.2.2 Preparation of Silicalite-1IHZSM-5 

Nanosized ZSM-5(F) crystals were immersed in the silicalite-1 coating solution. The 

crystallization was carried out under hydrothermal conditions at 453 K for 24 h in a stainless steel 

vessel with agitation condition. The precursor solution consisted of TEOS, tetraprophylammonium 

hydroxide (TPAOH), ethanol (EtOH) and deionized water with the molar ratios of 0.5TPAOH: 

120H20: 8EtOH: 2Si02. The coating was repeated twice. The products were rinsed repeatedly by 

deionized water and dried at 363K overnight, then calcined in air at 873K for 5 h with a heating rate 

of 1K min-I. The product then was gathered by centrifugation and rinsed repeatedly by deionized 

water. After dried at 363K overnight, the products were calcined in air at 873K for 5 h. 

6.2.3 Characterization 

The products were characterized by X-ray diffraction (XRD) recorded on a Rigaku Miniflex 

using Cu-Ka radiation. The composition of samples was characterized by EDX (Energy Dispersive 

X-ray spectrometry) (Hitachi S2250) analysis. The surface and morphology of samples were 

observed by the field emission scanning electron microscopy (FE-SEM) on a Hitachi S-5000L 

microscope at an acceleration voltage of21 kV, and the transmission electron microscope (TEM) on 

FEl Tecnai 20 at 120 kV and 200 kV. The catalytic performances in the alkylation of toluene with 

methanol and the isomerization of m-xylene were performed over the prepared catalysts. The 

reactions were performed using a fixed bed reactor at 673K. The alkylation was carried out at the 

space time, WIF, of 0.11 [kg-catalyst h mor l
] and the molar ratio ofmethanolltoluene was 1.0. The 

isomerization was performed at WIF of 0.37 [kg-catalyst h mor l
]. The products of alkylation were 

analyzed by a gas chromatograph GC-2014 (Shimadzu Co.) equipped with a flame ionization 

detector (FID) using a Xylene Master column PRC 7791 (50 m, 0.32 mm). The reaction data were 

collected after 60 min of the operation time. 

6.3 Results and Discussion 

6.3.1 Morphology and Crystalline Characterizations 
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Fig. 6.1 shows the XRD pattems of catalytic samples The XRD patt erns for all the indicated 

samples. HZSM-5 products showed that the formed crystals had an MFl structure. 

: :::J 
'0 0<1 so 
2 Theta [ degree] 2 Theta [degree] 

ZSM-5 (N) 

o 10 20 30 40 

2 Theta [degree] 

Fig. 6.1 XRD pattems of samples synthesized from different aluminum sources 

Fig. 6.2 FE-SEM images of (a): silicalite-I ; (b): ZSM-5(F); (c): ZSM-5(A); (d): ZSM-5 (N); (e): 

Silicalite-l /ZSM -5(F). 

64 



The crystal morphologies of synthesized samples were shown in Fig. 6.2. The sample 

synthesized without FAU or aAb03 is silicalite-1. For observation, the crystal sizes of samples 

prepared from FAU or aAb03 are not so much different. The addition of different aluminum 

sources in this method did not affect on the crystal size. Crystal size was very uniform with a size of 

about 500 nm, while crystal size of ZSM~5(N) was about 1.2 ~m. These results suggest that the 

crystal growth rate accelerated in the presence of AI(N03)3 in the precursor solution. 

After the coating, an overgrowth of a silicalite layer on ZSM-5(F) was clearly observed (Fig. 

4(e). The crystal size of silicalite-lIZSM-5(F) composite catalyst was much increased to nearly 1.0 

~m. 

The surface of ZSM-5(F), ZSM-5(A), ZSM-5(N) and silicalite-1 were observed by the FE-SEM 

at high magnification. The FE-SEM images in Fig. 6.3 show that the surface of the ZSM-5(F) and 

ZSM-5(A) crystals was not flat, while the silicalite-1 crystal andZSM-5(N) have a smooth surface. 

The dissolved Al species might be fragments of the FAU framework in a subnanometer scale for 

ZSM-5(F) and fragment of alumina for ZSM-5(A). These fragments must have partially inhibited a 

crystallization of ZSM-5 and created a large number of defects formed on the external surface, 

which resulted in a rough surface of ZSM-5 (F) and ZSM-5(A) crystals. The crystalline structure of 

nanoscale ZSM-5 (F) and ZSM-5(A) were observed by TEM (Fig. 6.4). No discontinuity of the 

lattice figure was observed, indicated that all dissolved Al species from aluminum sources were 

incorporated to ZSM-5 structure. From the EDX analysis, the Si/AI ratios of the ZSM-5 were 171, 

101, and 262 for ZSM-5(F), ZSM-5(A) and ZSM-5 (N), respectively. The Si/AI ratio of ZSM-5(A) 

is lower than that of ZSM-5(F); the fact implies that the Al species derived from the Ab03 particles 

was much readily introduced into the MFI framework compared to that from the FAU crystals. 
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Fig. 6.3 Crystal surface of (a): ZSM-5(F); (b): ZSM-5(A); (c): ZSM-5(N); (d): Silicalite-I 

Fig. 6.4 TEM images of (a): ZSM-5(F); (b): ZSM-5(A) 
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6.3.2 Catalytic Characterization 

The catalytic activities of alkylation of toluene over ZSM-5(F), ZSM-5(A) and ZSM-5(N) were 

summarized in Table 6.1. The conversion of toluene on ZSM-5(F) was 81 %, much higher than that 

of the other catalysts even though the particle size is not so different. The high catalytic activity of 

ZSM-5(F) catalyst implies that the acid sites derived from the fragment of the FAU framework 

function as highly active sites compared to that of other catalysts. 

The para-selectivities over both ZSM-5(F) and ZSM-5(A) samples were similar to that in the 

thermodynamic equilibrium (p-: m-: 0-= 23: 53: 24), suggesting that the reaction on the external 

surface of ZSM-5 crystals might be dominant due to their large external surface area. Moreover, the 

short diffusion path length of nanocrystals resulted in the low selectivity of p-xylene. The lower 

toluene conversion and higher para-selectivity over ZSM-5(N) would be explained by the bigger 

crystal size and higher Sil Al ratio. 

The yields of bulky products such as ethyltoluenes and trimethylbenzenes were significantly 

larger than that over ZSM-5(A) and ZSM-5(N). The fraction of these bulky materials over 

ZSM-5(F) was more than 50 % in the total products, which explains for the presence of a large 

number of external strong acid sites of ZSM-5(F). 

Table 6.1 Toluene alkylation with methanol (TOS = 60 min) 

ZSM-5(F) ZSM-5(A) ZSM-5(N) Silicalite/HZSM-5(F) 
Crystal size [)..tm] 0.4 0.5 1.2 1.0 
Si/AI (EDX) 171 101 262 
Conversion of toluene [%] 81 51 54 61.3 
Product yield [%] 

benzene D.L. D.L. D.L. D.L 
ethylbenzene 0.4 D.L. 0.2 2.39 
xylenes 35.5 34.9 42.0 30.4 
ethyItoluenes 39.0 16.0 8.7 23.8 
trimeth~lbenzenes 6.5 D.L. 3.2 D.L 

Fraction ofxylenes [%] 
p-xylene 23.8 23.1 76.8 54.2 
m-xylene 49.1 53.0 13.7 32.0 
a-xylene 27.1 23.9 9.6 13.9 

D.L: Below detection limit 

The para-selectivity of ZSM-5(F) was much increased after the coating with silicalite-1 (about 

58%) However, the para-selectivity was much lower than that shown in previous chapters. This 

might be caused by an incorporation of aluminum species from the core ZSM-5(F) nanocrystals. 
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Aluminum in the nanocrystals is easily dissolved to the solution during the coating process, which 

causes the reconstruction of external acid sites on the silicalite-lIZSM-5(F) composite. The 

inhibition of acid-site reconstruction over silicalite-lIZSM-5(F) should be studied in the future. 

The results of isomerization of m-xylene were listed in Table 6.2. Generally, m-xylene hardly 

permeates through the micropores of ZSM-5 because of its bigger size. Thus, the reaction takes 

place mainly on the external surface of the ZSM-5 crystals. Similarly to the results of the alkylation, 

the conversion of m-xylene over the ZSM-5(F) catalyst was 46%, much higher than that over the 

other ZSM-5 catalysts. 

Table 6.2 m-Xylene isomerization reaction result (TOS = 60 min) 

Conversion ofm-xylene [%] 
Product yield [%] 

benzene 
toluene 
ethylbenzene 
0, p-xylenes 
ethyItoluenes 
trimethylbenzenes 

D.L: below detection limit. 

6. 4 Conclusions 

ZSM-5 (F) 
46 

D.L. 
5.5 
D.L. 
34.0 
D.L. 
5.8 

ZSM-5 (A) 
25 

D.L. 
1.5 
D.L. 
21.7 
D.L. 
1.9 

ZSM~5 (N) 
14 

D.L. 
5.6 
D.L. 
7.7 
D.L. 
0.2 

A very unique synthesis method has been found to form ZSM-5 nanocrystals by incorporating 

Al species dissolved from an FAD type zeolite. The novel catalyst prepared by this method showed 

an excellent catalytic activity. 

However, it is hard to deactivate the external surface activity of nanoscale ZSM-5 catalytic 

particles by the silicalite-l coating possibly because aluminum released from ZSM-5 is incorporated 

to the external surface during the coating process. 
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Control of Acidic Strength ofH-ZSM-5 Catalyst for Light Olefin Production: 

High Propylene Selectivity in the Methanol-to-Olefin Reaction over H-ZSM-5 

Catalyst Treated with Phosphoric Acid 

H-ZSM-5 zeolite was treated with phosphorous acid by impregnating H-ZSM-5 with 

phosphoric acid aqueous solutions with various concentrations. Phosphorous acid-modified 

H-ZSM-5 (P-HZSM-5) was used as a catalyst for a methanol-to-olefin reaction. The P-HZSM-5 

catalyst showed very high propylene selectivity up to 57 % with a methanol conversion of 100%. 

Furthermore, catalyst stability was significantly improved for the P-HZSM-5 catalysts. Ammonia 

TPD spectra shows that strong acid sites of H-ZSM-5 disappeared after the phosphoric acid 

treatment. Consequently, the formation of aromatics and coke was inhibited, resulting in increases 

of light-olefin selectivity and catalyst stability. 



7.1 Introduction 

The demand of light olefins has been rising year by year because they are important starting 

materials for many chemical processes, especially propylene. Light olefins are very versatile 

building block and are the feedstock for a wide range of important monomers, polymers, 

intermediates and chemicals. Normally, the primary production of light olefins is through either 

steam cracking or recovery from refinery processes. Nowadays, the raw material of methanol can be 

easily obtained from a huge natural gas resource, so the methanol-to-olefin (MTO) reaction has 

been gaining interest recently. 

Many researchers have concentrated on converting methanol to hydrocarbons such as methanol 

to gasoline (MTG), methanol to hydrocarbons (MTH) and MTO using zeolite catalysts such as 

ZSM-5 [1-7], zeolite Beta [8,9], and SAPO-34 [10-16]. A large number of proposed reaction 

mechanisms are available to explain the conversion of methanol to hydrocarbons. The most 

discussed mechanisms were the consecutive reaction mechanism [17] and "hydrocarbon pool 

mechanism" [18]. l3C MAS NMR spectroscopy turned out to be a powerful tool with respect to the 

identification of the intermediates formed, and a number of investigations have been conducted 

mainly for ZSM-5 and SAPO-34 catalysts [19-23]. Recently, Haw et al. [24] have concluded that 

methanol and DME react on cyclic organic species contained in the cages or channels of the 

inorganic host. 

Silicoaluminophosphate SAPO-34 (pore size ca. 0.43 nm) has been considered as an excellent 

catalyst for the selective production of light olefins (ethene and propylene) in MTO reaction. 

However, this catalyst was rapidly deactivated by the coke accumulation in the internal narrow 

channels of SAPO-34 crystals [25,26]. On the other hand, ZSM-5 catalyst with the medium pore 

size (ca. 0.55 nm) is one of the candidates to enhance the catalytic lifetime in the MTO reaction. 

However, the strong acid sites of the catalyst result in a large fraction of by-products through 

oligomerization reactions [27], especially aromatic compounds. To enhance the catalytic 

performances of ZSM-5 catalyst with respect to the selectivity to light olefins, several techniques 

have been suggested [28-31]. Recently, Xue et al. [32] and Jiang et al. [33] have proposed 

phosphorous-modified HZSM-5 catalysts for cracking butene and C4 -alkanes to produce light 

olefins. 

In this study, phosphoric acid-treated H-ZSM-5 catalysts have been first used for the MTO 

reaction. The objective of this study is to control acid strength distribution of H-ZSM-5 to improve 

product selectivity. The stability of H-ZSM-5 catalyst for the production of propylene in the MTO 
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reactions was studied. The effect of the treatment with phosphoric acid on the light-olefin selectivity 

and catalyst stability was discussed. 

7.2 Experimental 

7.2.1 Catalyst Preparation and Characterization 

H-ZSM-S (Tosoh Corporation Co., Ltd., crystal SIze = ca. 3 /lm, Si02/Ah03 = 310 (EDX 

analysis)) was used as a catalyst. H-ZSM-S was impregnated with phosphoric acid (H3P04) aqueous 

solutions with various concentrations. The solvents were completely evaporated by heating. Thus, 

all H3P04 molecules in the solutions were loaded on H-ZSM-S. The mass ratios of phosphorous (P) 

in the solutions to H-ZSM-S were 0.01, 0.02, 0.03, 0.04S and O.OSS. Hereafter, the H-ZSM-S 

samples modified with H3P04 (P-HZSM-S) were designated as: 1P-Z, 2P-Z, 3P-Z, 4.SP-Z and 

S.SP-Z, respectively. The P-HZSM-S catalysts were dried again at 383 K for Shand then calcined 

in air at 873 K for S h with a heating rate of 1 K min-I. After calcination, the samples of 1P-Z, 2P-Z, 

3P-Z, 4.SP-Z and S.SP-Z were washed with deionized water to remove excess H3P04 on the 

catalysts. Here, the P-HZSM-S samples were immerged in deionized water for 3 h at room 

temperature with stirring, then dried at 383 K and calcined again at 873 K for S h. After the washing, 

the samples were renamed as: W1P-Z, W2P-Z, W3P-Z, W4.SP-Z and WS.SP-Z. 

The products were characterized by X-ray diffraction (XRD) recorded on a Rigaku Miniflex 

using Cu-Ka radiation. The chemical compositions of the samples were analyzed by Energy 

Dispersive X-ray Spectrometer (EDX). 

The acidic strength of the samples was analyzed by temperature-programmed desorption of 

ammonia (NH3-TPD) using Autosorb-1-Chemi (Quantachrome Instruments) in the temperature 

range from 373 to 973 K. Here, 0.2 g sample was pretreated in helium at 773 K for 1 h, cooled to 

373 K for 1 h. After NH3 was adsorbed on the samples for 2 h, temperature-programmed desorption 

was started at a rate of 10 Klmin from 373 to 973 K. The signal was acquired by Quantachrome 

TPRWin v2.0. 

7.2.2 Catalytic Test 

MTO reactions over HZSM-S and phosphorous modified catalysts were performed using a 

fixed bed reactor made of quartz glass (i.d. 4 mm) with a continuous flow system under atmospheric 

pressure. The temperature and space-time, W/F (mass of the catalyst [kg] divided by the feed rate of 

methanol [mol/h]) were systematically changed for comparison. The reaction products were 
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analyzed by a GC-14B (Shimadzu Co.) gas chromatograph equipped with a flame ionization 

detector (FID) using an SM-6 column (6 m, 3 mm) and a gas chromatograph GC-2014 (Shimadzu 

Co.) equipped with a flame ionization detector (FID) using a Xylene Master column PRC 7791 (SO 

m,0.32mm). 

7.3 Results and Discussion 

7.3.1 Catalyst Characterizations 

Fig. 7.1 shows the XRD patterns of the H-ZSM-S and P-HZSM-S catalysts. The MFI structure 

of H-ZSM-S was retained after the treatment with H3P04. The XRD patterns of P-HZSM-S did not 

contain a broad peak for an amorphous phase. However, the peak intensity of the XRD patterns 

decreased after the H3P04 treatment. This might be caused by partial blockage of HZSM-S pores by 

excess H3P04 molecules because the XRD peak intensity of P-HZSM-S decreased with increasing 

contents of H3P04 and recovered after removal of the excess H3P04 by washing. 
,---------------------

W3P-Z 

10 20 30 40 

2B[degree] 

Fig. 7.1 XRD pattern ofH-ZSM-S and P-HZSM-S. 
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The molar ratios of P/Si and Si/AI in H-ZSM-S and P-HZSM-S were measured by EDX 

analysis and are shown in Fig. 7.2. The molar ratio ofP/Si was largely decreased after washing. The 

H3P04 molecules deposited on the external surface and on the entrances of the pores of H-ZSM-S 

would be easily removed. The P/Si molar ratio was directly proportional to the H3P04 

concentrations in the aqueous solutions. The remaining phosphorous after the washing must be 

strongly incorporated and interacted with the pore surface ofH-ZSM-S zeolite. 

The Sil Al ratios were increased after washing. The Sil Al molar ratios increased with increasing 

the concentration of H3P04 in the solution, which might be caused by a partial dealumination over 

H-ZSM-S by the H3P04 treatment. For the S.SP-Z samples, more than half of Al was dissolved from 

the framework of H-ZSM-S. The models for H3P04 deposited on the external surface and inside the 

pore before and after calcination were indicated by Kalbasi et al. [34]. The interaction of 

phosphorous with the Bronsted acid sites of H-ZSM-S prepared by impregnation with H3P04 and 

calcinations were proposed by some researchers [3S-37]. Recently, Xue et al. [32] showed the 

schematic mechanism for the phosphorous interaction with H-ZSM-S. They stated that two zeolitic 

hydroxyls condensed with one phosphate molecule after calcination in air leading the decrease in 

the number of OH groups on P modification. This result has been convincingly supported by D2/0H 

measurements. 
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Fig. 7.3 shows NH3-TPD profiles ofH-ZSM-5 and P-HZSM-5. There are two desorption peaks 

for H-ZSM-5, one distributed in the range of373-473 K and the other distributed from 523 to 723 K, 

corresponding to the weak acid sites and strong acid sites, respectively. The peak intensity for the 

strong acid sites decreased with increasing H3P04 content while the desorption peak for weak acid 

sites was not changed so much. After washing by deionized water, the peak for strong acid sites 

slightly reappeared. 

W3P-Z 

s.sP-Z 

3P-Z 

H-ZSM-S 

o 300 400 soo 600 700 800 900 1000 

Temperature [K] 

Fig. 7.3 NH3-TPD profiles ofthe H-ZSM-5 and P-HZSM-5 catalysts. 

7.3.2. MTO Reaction over H-ZSM-5 and P-HZSM-5 

The conversion of methanol (MeOH) and selectivity over various catalysts were listed in Table 

7.1. Here, the product selectivities were calculated based on the total amount of the products, 

including aromatic compounds. With increasing H3P04 content, the selectivities to ethene and 

aromatics were decreased and the propylene selectivity was increased instead. The highest 

propylene selectivity obtained in this study was about 57% which are very high compared to the 

reported values. 
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Bj0rgen et al. [38] have reported that ethene was formed predominantly via aromatics such as 

xylenes and/or trimethylbenzenes. The hydrogen transfer reactions take place on strong acid sites. 

Apparently, the formation of aromatics and ethene was inhibited by the decrease of the amount of 

the strong acid sites after the H3P04 treatment. 

Table 7.1. Methanol conversion and product selectivity over HZSM-5 and P-HZSM-5 catalysts. 

Catalyst Conversion Selectivity (%) 

(%) 
CI C2 C3 C3 C4 C4 C5~ DME Aromatics 

H-ZSM-5 100 1.45 22.5 3.12 39.04 3.71 13.41 5.77 0 11.0 

IP-Z 100 1.69 19.91 2.42 44.07 3.30 16.43 7.88 0 4.31 

2P-Z 100 1.86 17.35 1.28 48.35 2.10 17.99 8.15 0 2.94 

3P-Z 100 1.90 8.89 0.73 54.88 1.58 17.10 13.88 0 1.26 

4.5P-Z 86.78 4.82 6.76 0.42 52.63 0.69 18.3 14.7 0.62 1.05 

5.5P-Z 71.07 1.27 2.27 0.42 0.54 0.42 0.32 0.25 94.51 0 

W1P-Z 100 2.06 21.98 3.78 37.25 5.23 14.69 7.59 0 7.41 

W2P-Z 100 2.56 22.57 3.31 40.74 4.28 15.13 6.99 0 4.41 

W3P-Z 100 1.47 19.86 2.37 45.73 2.82 16.66 8.09 0 2.99 

W4.5P-Z 100 1.22 9.59 0.58 56.96 0.95 18.84 10.72 0 1.14 

W5.5P-Z 97.4 2.59 11.37 0.43 52.91 0.93 16.16 14.42 0 1.09 

WIF=0.065 [kg.h.mol-I
]; at 723K; TOS = 30 min 

The selectivity to propylene reached 54.88 % over 3P-Z catalyst. But, by increasing H3P04 

content further, the methanol conversion over 5.5P-Z decreased to 71.07 % and light olefin 

selectivity was about 3 %. Instead, dimethyl ether (DME) was a main product. After the removal of 

excess H3P04 by washing, the selectivity to ethene and aromatics as well as propylene was 

increased again due to a partial recovery of strong acid sites. However, the acidic strength of the 

strong acid sites of washed catalysts was still lower than that of the untreated H-ZSM-5 due to the 

removal of partial dealumination. 

Fig.s 7.4-7.9 show changes in MeOH conversion and selectivities with reaction time. Here, the 

selectivities to hydrocarbons were calculated from the product amounts excluding aromatic 

compounds. The selectivity to propylene over the 3P-Z catalyst was slightly decreased after several 

hours with the presence of DME. The selectivity to DME was slightly increased after 200 min of 

operation time, indicating that the catalytic deactivation by coke formation occurred over the 

77 



~ 
~ 
"5 
"~ 
Q) 

13 
(f) 

"0 

~ 
§ 

"iii 

~ 
8 

catalyst with high phosphorous contents. After the deactivation, DME was mainly produced. DME 

is formed by methanol dehydration which is the first step of MTO reactions. The strong acid sites 

must be covered with excess H3P04 molecules which inhibit a reaction of DME into other 

hydrocarbons. The MeOH conversion and propylene selectivity over the P-HZSM-S catalysts was 

much improved after washing. The catalyst performance ofW4.SP-Z and WS.SP-Z was very stable 

with very high propylene selectivities because acid strength of the strong acid sites of H-ZSM-S 

after dealumination is lower than that of untreated H-ZSM-S. 
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The catalytic deactivation was obviously observed over the 4.5P-Z and 5.5P-Z catalysts (Fig. 

7.8 and 7.9). The main product was DME which is formed by methanol dehydration as the first step 

of MTO reaction. The acid sites must be covered with excess H3P04 molecules, which inhibits a 

reaction of DME into other hydrocarbons. The MeOH conversion and propylene selectivity of the 

P-HZSM-5 catalysts was much improved after washing. The catalyst performance of W4.5P-Z was 

very stable with very high propylene selectivity. 

(a) 

(b) 

(c) 

(d) 1I:::::::::::::::I ___ IIlIIlUlllIIIIUlllIIIIUlllIII~~~ 
~I 

o 20 40 60 80 100 

Fig. 7.10 Product selectivities over 3P-Z catalyst at 723K, WIF: (a) 0.02; (b) 0.03; (c) 0.07; (d) 0.20 

[kg h mor l
]. TOS ~ 30 min. 

The effect of space velocity (WIF) on the product selectivities was shown in Fig. 7.10. The 

reactions were performed over the 3P-Z catalyst at 723K. The data were collected after reaction for 

30 min. Here, the selectivities to hydrocarbon were calculated based on the amount of products 

excluding aromatic compounds. The conversion of MeOH was 100% for each space time. However, 

a small fraction of DME was found at a low space time of 0.024 kg h mor l
, indicating that the 

contact time was not enough to convert all DME to olefins. The highest selectivities to propylene 

were obtained at the space time from 0.033 to 0.065 kg h mOrl. 

The influence of reaction temperature on MeOH conversion and selectivity was shown in Fig. 

7.11. The reactions were carried out at the space time of 0.065 kg h mor l over the 3P-HZ catalyst. 

The MeOH conversion was nearly 80% at 573K, while the main product was DME with minority of 

other hydrocarbons. On the other hand, MTO reaction over untreated HZSM-5 showed nearly 100% 

of MeOH conversion with a small amount of DME at 573K. These results indicate that the strength 

of acidity was weakened by the H3P04 treatment, suggesting that higher temperature is required for 

MTO reactions over the P-HZSM-5 catalysts. The highest selectivity to propylene was obtained at 

723K although the selectivity to aromatics was not significantly increased at different temperature. 

81 



120 ~----~--~-----------------------------. 
H-ZSM-5 : 3P-HZ 

100 

~ 80 

.E' 

.~ 60 
"0 
<l) 

~ 40 

20 

o 

- -- - - - - - - - - - -...:.. - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - -.- - - -- - - - - - --

573 573 673 723 
Temperature [K] 

.. Cl D C2= D C3 ~C3= III C4 [[]I] C4 = 

~ C5~ • DME l1lII Conversion m1l Aromatics 

Fig. 7.11 Effect of temperature on the methanol conversion and product selectivities over H-ZSM-5 

and 3P-Z catalysts in MTO reaction at W/F of 0.065 [kg h mor l
]. TOS = 30 min. 

7.4 Conclusions 

H-ZSM-5 catalyst was treated with H3P04 solutions with vanous concentrations. The 

selectivities to olefin over P-ZSM-5 in the MTO reactions were significantly improved by the 

H3P04 treatments. With increasing the phosphorous content in P-HZSM-5, the selectivity to ethene 

and aromatics noticeably decreased due to weakening acid strength of the strong acid sites of 

H-ZSM-5 by dealumination. The highest selectivity to propylene over modified P-HZSM-5 reached 

up to 57% with a small amount of by-products of aromatics. The removal of excess H3P04 after 

washing resulted in a partial recovery of strong acid sites. The catalyst performance of washed 

P-HZSM-5 was very stable with very high propylene selectivities. 

The significant increase in propylene selectivity over P-HZSM-5 catalysts would make 

suggestions for practical application in the present petroleum chemistry. 
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Summary and Suggestions for Future Work 

8.1 Summarization 

8.1.1 The Production ofp-Xylene over Silicalite-1/H-ZSM-5 Catalyst 

In this study, new types ofsilicalite-lIH-ZSM-S composite catalysts were developed based on 

controlling external acid sites and the crystalline morphology by. changing the synthesis 

compositions. The synthesized catalysts were then used for the production of p-xylene through the 

alkylation, disproportionation and isomerization reactions at different reaction conditions. The 

results were summarized from Chapters 2-S: 

In Chapter 2, H-ZSM-S crystals with different Si/AI molar ratios of 30, SO and 70 were 

synthesized then coated with silicalite-1 layers by hydrothermal synthesis. The coatings were 

repeated twice. The silicalite layers formed consisted of oriented polycrystallites of a few f!m 

thicknesses which grew on the surface of the substrate H-ZSM-S in the early stage of synthesis. 

The presence of Al in the core H-ZSM-S affected the formation of the polycrystalline layer. The 

silicalite/H-ZSM-S catalysts showed excellent para-selectivity, >99.9 % under all the reaction 

conditions in the alkylation of toluene with methanol. The toluene conversion over the 

silicalite/H-ZSM-S catalyst was almost constant, indicating that the silicalite coating inhibited 

coke formation on the external surface of H-ZSM-S. The high selectivity to p-xylene and high 

stability can be explained by the removal of acid sites on the external surface of H -ZSM -S. 

In chapter 3, H-ZSM-S catalysts with different crystal sizes with the same Sil Al ratio of 70 

were synthesized under hydrothermal conditions. The crystal sizes were controlled by changing 

the synthesis conditions. Polycrystalline silicalite layers were formed on H-ZSM-S with different 

crystal sizes of S-30 f!m by repeated coating times. The catalysts were then used for the 

alkylation of toluene with methanol to produce p-xylene. The interlayer between silicalite-1 layer 

and the core HZSM-S was observed at different synthesis time by FE-SEM and TEM observations. 

The silicalite-lIH-ZSM-S composite with a crystal size of S f!m showed highp-xylene selectivity 

(nearly 100%), and the toluene conversion over the silicalite-lIH-ZSM-S composite (S f!m) was 



high and stable with reaction time. Para-selectivity slightly decreased with increasing crystal size 

and the catalyst with a large crystal size rapidly deactivated, indicating that the large crystals 

could not be fully covered with a silicalite layer. The acid site on the external surface for the large 

crystal must contribute to the deactivation. High catalytic activity and selectivity of 

silicalite-lIH-ZSM-5 composites must be caused by the direct pore-to-pore connection between 

H-ZSM-5 and silicalite-l. An oriented crystal growth of the silicalite-l crystals along the surface 

of the H-ZSM-5 crystals was found at the early stage ofthe hydrothermal synthesis. 

In Chapter 4, the morphology control of the silicalite/HZSM-5 composite catalysts was 

studied. Considering that the deposited polycrystals after the second synthesis were randomly 

oriented and were not densely packed in the previous work. Thus, repeated coating processes 

were required for obtaining highly selective catalysts. The morphology of the silicalite/HZSM-5 

composite crystals was studied by changing the molar ratios of silica source and structure 

directing agent (SDA) in the coating solutions. The alkylation of toluene with methanol was 

performed using the composite catalysts with different morphologies. 

The results showed that the para-selectivity of the composite catalysts was significantly 

affected by the synthesis conditions. The catalysts prepared at lower concentration of silica source 

and SDA in the coating solutions showed higher para-selectivity. Excellent para-selectivity of 

99.6% with nearly 40% of toluene conversion could be obtained over the single crystal-like 

composite crystals prepared by only one coating process. Revised synthesis conditions also 

inhibited a homogeneous nucleation of silicalite in the solution. The mass gain of the single 

crystals was much reduced, and very thin silicalite layer was formed on the HZSM-5 surface. 

In Chapter 5, toluene disproportionation over core-shell silicalite zeolite composite catalysts 

is one of candidates for the selective production of p-xylene. High fraction of p-xylene in the final 

product with a small amount of by-products was observed while the selectivity to para-xylene 

was still kept at high level. 

In addition, the catalyst lifetime would be improved through the disproportionation of toluene 

over the composite catalyst compared to that in the alkylation reaction due to the absence of 

olefins produced from methanol as a coke precursor. The yield of p-xylene was enhanced at high 

temperatures (873 K) and at high W/F conditions. The obtained para-selectivity (85%) and yield 

of para-xylene (9%) were much higher than the reported values in the toluene disproportionation. 

But, the para-selectivity decreased from 98% to 85% when temperature rose from 663 to 873K 

86 



over the composite catalyst. This result can be explained by an increase of diffusivity of xylene 

isomers especially m-xylene and a-xylene at high temperature. To enhance further 

para-selectivity and catalyst lifetime in the toluene disproportionation, hydrogen should be 

introduced to the feed, but the toluene conversion decreased due to the lower residence time of 

toluene in the reactor. 

8.1.2 Synthesis of Nanoscale H-ZSM-5 Crystals 

In Chapter 6, a unique synthesis method to synthesis uniform HZSM-5 nanocrystals 

«500nm) by incorporating Al species dissolved from FAD type zeolite and aAb03 was found. 

The catalyst expressed very high catalytic activity in the alkylation of toluene with methanol and 

m-xylene isomerization. The external surface deactivation of nano particles by silicalite-l was 

also studied in the alkylation reaction. The reaction data suggested that it is hard to deactivate 

completely the external acid sites of H-ZSM-5 nanocrystals by silicalite-l. Highly-active 

H-ZSM-5 nanocrystals are expected to apply and modify for the practical application. 

8.1.3 Light Olefin Production 

In Chapter 7, the control of acid-strength distribution for H-ZSM-5 catalyst with various 

phosphorous acid contents was studied for the selective production of light olefin in MTO 

reaction. The modified P-HZSM-5 catalyst showed very high propylene selectivity up to 57 % 

with a methanol conversion of 100%. The inhibition of ethene and by-products such as aromatic 

compounds was caused by weakening acidic strength with phosphorous incorporation. In addition, 

the reaction variables for the MTO reaction were optimized. The removal of excess H3P04 after 

washing resulted in a partial recovery of strong acid sites, which demonstrates the interactions 

between phosphorous acid and HZSM-5 zeolite. 

8.2 Suggestions for Future Work 

The silicalite-l coating on ZSM-5 crystals is one of the good candidates for the production of 

para-xylene with high selectivity and conversion. However, the reaction data were just obtained 

after a few hours in the laboratory scale. Thus, a long-term stability tests for the catalysts should 
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also be required. From the view point practical application, it is necessary to enhance the toluene 

conversion at low temperature over the composite catalyst, especially in the toluene 

disproportionation. In order to increase the catalytic activity of the composite catalyst, the 

diffusivity of reactants and reaction products should be increased through the zeolite pore 

channels, so the micro/mesoporous silicalite-1/H-ZSM-5 composite catalyst is one of candidates 

to solve those problems [1]. 

Silicalite-1 coating on bi-functional catalysts would provide a unique catalytic property such 

as loading on ZSM-5 with some different kinds of rare metal [2,3]. From this way, the production 

of p-xylene, light olefins and other valuable aromatics would be obtained from the conversion of 

cheaper materials such as paraffins olefins and alcohols, for examples. 

The combination of different structure of zeolites with silicalite-1, such as silicalite-1/MOR, 

silicalite-lIp-zeolite, silicalite-lIMCM-22 for the production of p-xylene would also be suggested 

[4-7]. 
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