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11]. Cumene synthesized from benzene and propylene is an important intermediate of 

phenol and acetone production [12-16]. Cyclohexane produced from hydrogenation of 

benzene is also an important intermediate of nylon 6 and nylon 66 [17-19]. 

Demand of the benzene derivatives is very large all over the world. It leads the 

demand of benzene in 43.7 million metric tons in 2013, an increase of 2.8% from 2012 

[20]. The overall world consumption of PET amounted to about 26 million tons in 2000s 

[21,22], and 100 million tons in 2016 [23]. Demand for polystyrene was estimated for 

around 14.9 million tons in 2010, and its market would grow at rate of 5.6% from 2010 

to 2020 [24 ]. Polymethyl-methacrylate (PMMA) produced from methacrylate which 

often had phenol as functional group was exclusively produced in industry via radical 

polymerization with annual world production greater than 2 million tons [25]. Adipic acid 

which is a feedstock was produced 2.6 million tons per year in 2010 and expected to reach 

3.3 million tons per year in 2016 [26]. Nylon 6 has been produced over 4 million tons 

annually [27]. Thus, the demand of benzene derivatives is growing. 

Various hydrocarbons have been gained from petroleum with distillation for a 

long time. However, petroleum is mined very locally at parts of the word, leading that the 

supply is affected by political conditions. Natural gas has large reserves even within 

conventional gas sources, and it is recently mined as shale gas in economic scale. In 
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addition, many unmined resources are still kept as described below. Therefore, 

development of processes which can convert natural gas into benzene derivatives has 

been demanded strongly. 

 

1-2 Zeolites 

 Hydrocarbons are converted from resources into value-added compounds in the 

petroleum refinery and chemical processes, and in most processes, catalyst are utilized to 

achieve efficient producibility and selectivity. Reactions related to the benzene 

derivatives such as ethylation and methylation of benzene, isomerization of 

cyclohexanone oxime, disproportionation and methylation of toluene, and aromatization 

of methanol are catalyzed by zeolites. The development of highly efficient zeolite 

catalysts has supported the modern chemical industries. 

 Zeolites are microporous crystalline aluminosilicates which are mainly 

composed with SiO2. The composition and structure are varied, and it allows zeolites to 

be utilized as ion exchange reagents, absorbents, catalyst supports, and catalysts, which 

are necessary for our modern society.  

The first zeolite was found as mineral in Northern Sweden by Axel Cronsted 

who was Swedish mineralogist in 1756, and it was named stillbite afterward [28]. He 
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counterbalance the negative charge, zeolites have protons (H+) and/or metal cations (Mn+) 

near the Al sites, and these cations can be exchanged. The part around of aluminum atoms 

in zeolites are named as “ion exchange sites” (Figure 1-3). Here, Si4+ sites which are 

possibly exchanged with other atoms like Al3+ are called “T sites”. IUPAC defines that 

the zeolite is a tect-silicate with micropores due to the framework topology containing 

only Si, Al and O in the framework, but Zn2+, B3+, Ga3+, Ge3+, Sn4+. Ti4+, and P5+ were 

reported to be inserted in T sites, and the yielded materials, defined as members of 

zeotypes, are called metallosilicate molecular sieves [35 -41 ]. Among the zeotypes, 

aluminosilicate zeolites are preferentially utilized in industrybecause of thermal and 

chemical stability. 

 History of utilizing zeolite as a catalyst was started in 1960s [42]. Prior to zeolite, 

amorphous silica-alumina had been used as a solid acid catalyst in industry. Introduction 

of zeolite  catalysts was revolution in heterogeneous catalyst processes such as cracking 

and hydrocracking to produce gasoline, diesel, and fuel. Catalytic activity of a proton type 

zeolite which had Brønsted acid sites was superior to amorphous silica-alumina. Then, 

the field related with zeolites has grown quickly. Not only Brønsted acidic but also Lewis 

acidic zeolites originated by metal species supported on them were developed and applied 
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or into methanol by reaction (3).  

 

 CO + 2H2  CH3OH      (3) 

 

Ways of efficient use of methanol have already been established into synthesis small 

olefins and gasoline (mixture of hydrocarbons enriched with benzene derivatives), and 

the two processes are called methanol to olefins [MTO, reaction (4)] and methanol to 

gasoline [MTG, reaction (5)], respectively, by using zeolites or zeo-type materials as 

catalysts.  

 

 CH3OH  Olefins + H2O     (4) 

 CH3OH  Gasolines + H2O    (5) 

 

It is difficult to describe these reactions by simple reaction formulas, because the 

processes are complex with some elementary reactions, and many products are formed. 

Although these processes were attempted in industry, reaction (1) + (2) and (1) + (3) 

consume much energy due to multistep reactions and endothermal reactions. Therefore, 

for the next generation, it is necessary to develop other processes.  
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 Alternative process to synthesize methanol has been studied actively in a 

laboratory scale. It is the direct partial oxidation of methane to methanol [reaction (6)]. 

 

 CH4 + 1/2O2  CH3OH + H2O    (6) 

 

This reaction has been considered as a “dream reaction”, and therefore attracted many 

researchers' interest. It has been found that some metals supported on zeolites were active 

for the reaction [57]. However, in this reaction, still now, the complete oxidation of 

methane [reaction (7)] as a side reaction has been unavoidable. 

 

 CH4 + 2O2  CO2 + 2H2O    (7) 

 

As a different option, methane dehydroaromatization over Mo supported on MFI-type 

zeolite has been proposed [reaction (8)] [58]. 

 

 6CH4  C6H6 + 9H2     (8) 

 

In this reaction, it is unavoidable to escape from the complete dehydrogenation of 

methane producing carbonaceous species which covers active sites of the catalyst, 
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resulting in quite serious deactivation and short catalyst life. Although it is reported that 

addition of methanol in the system improved the problem, selectivity of reaction (8) has 

been still low [59].  

 On the other hand, ethane is also included in the natural gas and converted into 

chemical products. In industry, first of all, ethane is dehydrated into ethylene [reaction 

(9)].  

 

 C2H6  C2H4 + H2     (9) 

 

Ethylene is a kind of olefin, which is easily added to other chemical compounds or 

polymerized into polymers. The conversion of ethane is ease compared to the reactions 

related to methane from a view of the energy cost and reactivity, so that industrial 

achievement has been large in Europe [60]. However, multistep reactions are necessary 

to obtain the final products. It is desirable to develop processes which directly convert 

ethane into valuable chemicals. 

 

1-4 Ammonia IRMS-TPD 

 In this section, a technique for the analysis of chemical nature of zeolite-based 
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catalysts in this thesis is explained. 

 Measurements of the acidic property are important for designing a fine catalyst. 

Traditionally, strength of liquid acid was measured with pKa as an index. The pKa is 

defined as equilibrium constant calculated from concentration of proton (H+) in 

equilibrium state in a solution, and its measurement is relatively simple and easy. On the 

contrary, evaluating acidity of solid was difficult in contrast to that of liquid. 

 To realize it, infrared (IR) and mass spectroscopy (MS) have been utilized with 

probe gas molecules such as ammonia and pyridine which are adsorbed on an acid site of 

solid acid. Generally, IR spectra from vibration of adsorbed molecules gives us the 

information about the type of acid, Brønsted or Lewis, based on difference of 

wavenumber in the spectra. For example, it has widely been known that deformation band 

of ammonium cation produced by adsorption of ammonia on a Brøsnsted acid site of a 

proton-type zeolite is observed around 1450 cm-1, and asymmetry-bending vibration of 

ammonia on Lewis acid site is observed around 1320 cm-1 [61]. On the other hand, the 

MS tells us amount and strength of the acid. After adsorption of base gas molecule on a 

solid acid, the sample is heated with constant ramp, and the desorbed molecules are 

quantified with MS. The amount of desorbed molecules can be regarded as the amount of 
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pretreatment, (ii) reference spectra, (iii) ammonia adsorption, and (iv) desorption spectra. 

In the step (i), the sample disc is pretreated in oxygen or nitrogen flow at 823 K. In the 

step (ii), IR spectra are measured during heating the sample in an inert gas atmosphere 

(He or Ar). After the adsorption of ammonia in the step (iii), the sample is heated again 

and IR spectra are measured in the step (iv). At the same time, the desorbed ammonia is 

quantified with MS.  

 The analysis of the results in an IRMS-TPD experiment to calculate the acidity 

of the sample is introduced in detail in ref. [62]. The first step of the analysis is based on 

equilibrium between ammonia molecules in the gas phase and on the zeolite (10) and the 

material balance of ammonia (11):  

 

 Kp= 
1

 
Pg

P
= 

1
 

RT

Pº
 Cg    (10) 

 FCg = A0W
d

dt
    (11) 

 

where Kp, , Pg, P0, R, T, Cg, F, and W are equilibrium constant, coverage by ammonia, 

partial pressure of ammonia in the gas phase, atmospheric pressure, gas constant, 

temperature, concentration of ammonia in the gas phase, flow speed of the gas, and 

sample weight, respectively. Then, Cg is finally derived (12) via some calculations [63]: 
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 Cg = 
A0W

F
 

d

d T
 =  

1

Pº

RT
exp

H

RT
exp (

S

R
) (12) 

 

where Tm, m, , H, and S denote temperature and coverage by ammonia at the peak 

maximum, ramp rate, change of enthalpy upon desorption of ammonia, and change of 

entropy upon desorption of ammonia, respectively.  

 The IRMS-TPD technique has been applied for evaluating acidities of various 

solid acids, such as zeolites, amorphous silica-alumina, silico-alumino phosphate, and 

metal oxides [64-86]. 

 

 

1-5 Batch and flow reactor 

 Because the reactivity of methane is quite low, pioneering works on the methane 

utilization usually start from the detection of trace of desired reaction. As stated later, we 

studied the reaction of methane and benzene into toluene, and there have been a few 

papers reported trace of toluene was detected on the surface of catalytic materials. 

However, between the industrial application and such a finding, there is a big gap in the 

reaction rate. Throughout the present study, the catalytic reaction were carried out with a 
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1-6 Outline of this study 

Based on these backgrounds, the author studied hydrocarbon conversion 

reactions promoted be zeolite-based catalyst to indicate a new guideline of designing 

catalysts which are applied for next generation. To realize it, clarifying catalysis on 

zeolites which is still secret is needed. In addition, developing a new catalyst promoting 

challenging reactions is important. Therefore, the author kinetically analyzed conversion 

reactions of aromatic hydrocarbons on zeolite-based catalyst. The author also developed 

and improved a new catalyst promoting challenging reactions related to natural gas. The 

purposes of this thesis were mainly composed of 3

related with aromatic converting reactions, (ii) developing and improving a catalyst 

promoting direct methylation of benzene with methane, and (iii) searching a catalyst 

promoting benzene ethylation with ethane. The knowledges in this thesis cultivated 

cutting-edge fields about analysis and design of zeolite-based catalysts for production of 

benzene derivatives. 

In the Chapter 2, kinetic analysis of reactions related benzene derivatives over 

solid acid catalysts was described. Benzene derivatives were necessary in modern society 

and produced via many reactions catalyzed by acid solid catalysts, especially zeolites. 

Although it has been considered that the acidity determining the catalytic activity, some 
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zeolites were not applied on this rule. We performed toluene disproportionation and 

cumene cracking over various acid solid catalysts in various temperature. The catalytic 

activity was normalized by number of acid sites measured with ammonia infrared mass 

spectrometer / temperature programmed desorption (NH3-IRMS-TPD). Results of the 

reactions were kinetically analyzed with Eyring equation to calculate the activation 

enthalpy ( H*°) and entropy ( S*°). Compensation effect between H*°and entropy 

S*° was observed in both the reaction and compared with results light alkane cracking 

previously reported by our group. The slopes were in order of [cumene cracking] > 

[toluene disproportionation] > [C3-8 alkane cracking]. We applied theory of host-guest 

chemistry to our heterogeneous catalytic system and considered that the difference of 

slopes was depended on the bulkiness of reactant molecule as cumene > toluene > small 

alkane. On the other hand, the intercept of H*° in the effect may be index of difficulty 

for activating a reactant regardless of the degree of freedom. 

In the Chapter 3, direct methylation of benzene with methane over Co/MFI 

catalyst was described. Development of process which can utilize methane as chemical 

resource is strongly demanded. Various elements supported on zeolites was performed for 

direct methylation of benzene with methane at 773 K and 101 kPa of total pressure after 

nitrogen flow at 823 K for 1 h, and cobalt supported on MFI-type zeolite (Co/MFI) 
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catalyst was found to be distinctly active for the reaction. The catalytic activity was 

roughly proportionate with concentration of aluminum [Al] of MFI. On the other hand, 

the activity was negligible at Co/Al = 0 and introducing Co created the activity and 

showed the maximum at Co/Al = 0.6, and further loading reduced the activity at Co/Al > 

0.9. 13C isotope experiments demonstrated that the methyl group and benzene ring of 

toluene in the reaction products were origin from methane and benzene, respectively. 

Quantitating the reaction products with mass spectrometer clarified that stoichiometry of 

the target reaction was correct and dehydrogenation of methane was promoted as a side 

reaction. Co/MFI was characterized with advanced spectroscopic technique such as NH3-

IRMS-TPD and X-ray absorption spectroscopy to identify the active species. It was 

clarified that Lewis acidic cobalt (+II) cation mono-atomically dispersed on ion exchange 

site of MFI zeolite was the active species for the reaction. 

In the Chapter 4, reactivity of methane and benzene over metal/MFI zeolite 

analyzed with temperature-programmed reaction technique was described. Co/MFI 

showed high catalytic activity for benzene methylation with methane, however, 

dehydrogenation of methane proceeded as a side reaction and absolute reaction rate was 

low. Understanding reactivity of methane and benzene over various metal supported on 

MFI zeolite is important to design new catalyst having higher performance. Methane and 
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benzene were flowed over various elements supported on MFI in 373-843 K after 

pretreatment in oxygen flow at 823 K for 1 h, and ion currents originated from the reaction 

products were recorded with mass spectrometer. Based on change of the ion currents, 

oxidation state of the metal species was speculated to be oxidized or reduced during the 

reaction, and it was clarified by X-ray absorption near edge structure (XANES) spectra 

about Co/MFI and Pd/MFI. Oxidation state of cobalt (+II) on ion exchange site was stable 

even reductive methane + benzene flow at 843 K, whereas some metals represented with 

noble metal such as Rh, Pd and Pt were reduced into metal(0) species. Toluene and 

dihydrogen formation rate and methylation selectivity were calculated from the ion 

currents. Ni, Co, and Nobel metals such as Rh, Pd and Pt showed high toluene formation 

rate in the metal/MFI catalysts. However, Ni and noble metals were also highly active for 

the dehydrogenation, resulting in low methylation selectivity. Reason why these noble 

metals were inactive in chapter 3 was pretreatment with nitrogen. Metal (0) species 

promoted methane dehydrogenation and was deactivated very quickly, resulting in being 

inactive. On the other hand, cobalt (+II) was stable as oxidized state during the reaction, 

and therefore it showed stable catalytic activity. 

 In the Chapter 5, enhancement of reaction selectivity in benzene emethylation of 

benzene with methane over Co/MFI catalyst was described. It was mentioned that 
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Co/MFI promoted methane dehydrogenation as a side reaction, as well as direct 

methylation of benzene with methane, and that dispersed Co species on ion exchanged 

site of MFI was active species. There is some possibility that distributions of ion exchange 

sites are change in MFI zeolites with different Al content [Al]. Therefore, the methane + 

benzene TPReactions using various Co/MFI catalysts with different composition in [Co] 

and [Al] were performed to speculate Co species on MFI. From the experiments, it was 

clarified that Co species on external surface of MFI was reduced into metal Co0 species 

and promotes the side reaction, leading rapid deactivation. On the other hand, Co/MFI 

with SiO2/Al2O3 = 48 and Co/Al = 0.6 catalyst showed high selectivity for the methylation. 

In comparison of Co/MFI with low and high [Al] catalysts in continuous flow reaction at 

813 K, the low [Al] one showed long catalytic life. 

 In the Chapter 6, synthesis of benzene derivatives from reaction of ethane and 

benzene over Pb/MFI catalyst was described. Ethane is a component of natural gas as 

well as methane, and should be converted into chemical compounds in one system 

reaction to avoid big energy loss. By screening meta/MFI catalyst in ethane + benzene 

reactions, it was found that Zn, Mo, Pt, and Pb/MFI showed high catalytic activity for 

production of ethylene and its derivatives at 773 K. Among them, Zn, Mo, and Pt/MFI 

also showed high activity for side reactions such as ethane dehydrogenation and benzene 
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hydrogenolysis, leading production of carbonaceous which causes catalyst deactivation. 

On the other hand, Pb/MFI showed high selectivity for production of target products, 

although formation rate of ethylene was high and similar to the other three catalysts. This 

difference may be caused by Brønsted acidity. From reactions of ethane + benzene over 

various Pb/MFI catalyst with different [Al] and [Pb] prepared by impregnation and ion 

exchange method, it was speculated that Pb2+ species on ion exchange site of MFI was 

active species. In addition to that, it was clarified that Pb/MFI with low [Al] showed high 

selectivity for production of target reactions. Based on results of ethane + benzene 

reaction with different amount of Pb/MFI, reaction pathways were speculated. On Pb/MFI, 

ethylbenzene was produced from both direct ethylation of benzene with ethane and 

ethylene additive reaction into benzene following ethane dehydrogenation of ethane to 

ethylene.  

In the Chapter 7, this study was totally summarized. It totally summaries this 

study with main results and knowledges. 
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Chapter 2 Kinetic Analysis of Reactions Related Benzene 

Derivatives over Solid Acid Catalysts 

2-1 Introduction 

Aluminosilicates including zeolites and amorphous silica-aluminas are 

important solid acid catalysts [1,2]. Alkane cracking is one of the representative use of 

the aluminosilicate solid acid catalysts [3 -5 ], whereas various reactions like toluene 

disproportionation are operated for conversion of mono-cyclic aromatic hydrocarbons [6-

8]. Kinetic analysis is a classic method for investigation of these catalysis, but recent 

advances in analysis of physicochemical properties of solids may give new insights 

through the kinetic analysis. We have developed a method of ammonia IRMS-TPD 

(infrared mass spectroscopy temperature-programmed desorption) to quantify the number 

and strength of Brønsted and Lewis acid sites [9], giving the reaction rate normalized by 

the number of Brønsted acid site. For small alkane cracking in the mono-molecular 

mechanism region, we have found a linear relationship between the activation enthalpies 

(hereafter H*° [J mol-1]) and the enthalpies of ammonia desorption from Brønsted acid 

sites ( HNH3 [J mol-1]) on various aluminosilicates [10 ]. In addition, the activation 

entropy based on the number of Brønsted acid site ( S*° [J K-1 mol-1]) showed a linear 

and compensatory relationship against H*° in which the larger the enthalpy, the larger 
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the entropy [11]. 

The compensation effect gives information about the structure of intermediate 

on the rate determining step. The effect indicates that an active site with lower activation 

enthalpy holds the intermediate more tightly, losing the freedom of movement of the 

intermediate and resulting in the low entropy. Thermodynamic analyses in the host-guest 

complexes with various molecular structures clarified that the slope of the plots of S 

against H (entropy and enthalpy changes, respectively, of the association of host and 

guest molecules) shows the extent of complexity of host-guest complex, whereas the 

intercept on the vertical axis ( S at H = 0) shows difference in the freedom between the 

reactant in solution and the hosted complex [12]. The compensatory relationship between 

S*° and H*° or pre-exponential factor and activation energy [13] was found in various 

adsorption [14], non-catalytic and catalytic reactions [15-20]. In the early studies, various 

speculations and proposals were presented for the origin [17]. However, advances in the 

host-guest chemistry based on experiments with the molecular structures systematically 

varied has clearly evidenced that the compensation effect was due to the tendency in 

which the tightly bounded complex lost the freedom of movement as above [12]. 

Subsequently to the small alkane cracking [11], in the present study, we measured the 

kinetic parameters in two reactions of monocyclic aromatic hydrocarbons, i.e., cracking 
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(dealkylation) of cumene (2-phenylpropane) and disproportionation of toluene. The 

former has been a typical test reaction of solid Brønsted acid catalyst [21,22], whereas 

the latter has been applied to the production of para-xylene [23,24]. The relationships 

between S*° and H*° are related with nature of these important reactions.  

 

 

2-2 Experimental 

Table 2-1 shows the employed catalysts with their acidic properties. Samples of 

ZSM-5 zeolite (zeolites with MFI framework structure) were prepared by ion exchange 

of Na-MFI samples commercially available. A sample of Y zeolite (zeolite with FAU 

structure) was also prepared by ion exchange from Na-Y, and N-USY (ultrastable Y) was 

prepared by steaming of the above Y zeolite sample followed by NH4NO3 treatment [25]. 

In addition, some samples of mordenite (zeolite with MOR structure), zeolite  (zeolite 

with *BEA structure) and amorphous silicaalumina were employed as received. The 

IRMS-TPD method was applied to measure the desorption profile of ammonia from each 

of Brønsted and Lewis acid sites as already described [9]. The enthalpy of ammonia 

desorption, HNH3 was calculated by a curve-fitting method [26 ] using a theoretical 

equation [27]. Toluene disproportionation and cumene cracking were carried out, and the 
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activation entropy S*° and enthalpy H*° were calculated using Eyring equation [28].  

  

Table 2-1   Employed aluminosilicate catalysts and their acidic properties. 

Catalyst Origin Structure Si/Al Number of acid sites / 

mol kg-1 

Averaged enthalpy of 

ammonia desorption 

from Brønsted acid 

site / kJ mol-1 

Brønsted Lewis 

MFI (12)a 

Na-MFI from Tosoh Corp. 

was ion-exchanged into 

NH4-form. 

MFI 12 1.15 0.00 139 

MFI (15)a 

Na-MFI from Mizusawa 

Chemical Industries Co. 

Ltd. was ion-exchanged 

into NH4-form. 

MFI 15 0.82 0.01 138 

FAUa 

Na-Y from Tosoh Corp. 

was ion-exchanged into 

NH4-form. 

FAU 2.4 0.51 0.00 161 

N-USYa 

The above Y was steamed 

at 823 K and treated with 

0.5 mol dm-3 NH4NO3 aq. 

[25] 

FAU 2.3 0.52 0.13 134 

MORb JRC-Z-HM20c MOR 10 0.94 0.00 161 

*BEA (13)b JRC-Z-HB25 (1)c *BEA 13 0.46 0.06 138 

*BEA (75)b JRC-Z-HB150 (1)c *BEA 75 0.13 0.00 145 

SAH-1b JRC-SAH-1c amorphous 2.1 0.32 0.17 113 

SAL-2b JRC-SAL-2c amorphous 5.3 0.20 0.23 116 

N631Lb 

Supplied from JGC 

Catalysts and Chemicals 

Ltd. 

amorphous 5.7 0.26 0.02 111 

a: Stored as the NH4-form, and converted into the H-form in the pre-treatment of ammonia 

IRMS-TPD measurements and catalytic tests. 

b: Supplied as H-form and used as supplied. 

c: Reference catalysts distributed by Catalysis Society of Japan. 
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2-3 Analysis  

2-3-1 Details in catalytic reactions and kinetic analysis 

 Toluene disproportionation and cumene cracking were conducted with fixed 

bed flow reactors. The amount of catalyst was adjusted to keep the conversion of 

reactant less than 10%. After pre-treatment in a flow of 0.049 mol h-1 of H2 at 823 K 

under atmospheric pressure for 1 h, the reactions were carried out in a flowing gaseous 

mixture of 0.049 mol h-1 of H2 and 0.015 mol h-1 of toluene or 0.011 mol h-1 of cumene 

at 473-823 K with keeping the total pressure at 1 MPa by using a back pressure valve 

connected to the outlet of reactor. The eluted materials were analyzed by a GC (gas 

chromatograph) with FID (flame ionization detector). Deactivation was observed in 

most cases, and therefore, we used a fresh sample of catalyst for every test. The first 

order kinetics were assumed to obtain the rate constant as follows. 

 

 

°
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°
−
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d

d

      (1) 

 

where P, P°, W, F and k' were the partial pressure of reactant (Pa), the standard pressure 

(105 Pa), the amount of catalyst (kg), the flow rate of reactant (mol s-1) and the rate 
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constant per unit weight of catalyst (mol s-1 kg-1), respectively. In addition, the reaction 

rate can be assumed to be proportional to the number of active sites. 

 

 0kAk =′
        (2) 

 

where k and A0 are the rate constant normalized by the number of active site (s-1) and 

the number of active site per unit weight of catalyst (mol kg-1), respectively. 

 From these assumptions, the rate constant was obtained from the 

experimentally observed conversion as follows. 

 

 000 1
1

ln
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FP
k

−

°
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      (3) 

 

where P0 and x0 were the partial pressure of reactant at the inlet of the reactor (Pa) and 

the conversion of reactant (no dimension) on fresh catalyst which had not been 

influenced by deactivation, respectively. Here the number of Brønsted acid sites 

measured by ammonia IRMS-TPD method was assumed to be A0 in this equation. 

 Then, from the dependence of rate constant on the reaction temperature T (K), 

the pre-exponential factor A (s-1), the activation energy Ea (J mol-1), the activation 
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entropy S*° (exactly the entropy change between the standard state of reactant and the 

rate-determining step) and enthalpy H*° using Arrhenius (4) and Eyring (5) equations 

[28]. 
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where hp and kB are the Planck constant (6.63 × 10−34 J s) and the Boltzmann constant 

(1.38 × 1023 J K−1), and  (transmission coefficient, no dimension) is here assumed to be 

1. 

 

2-3-2 Estimation of conversion at time on stream = 0 

 As shown in our paper [29], rate of such a reaction as toluene 

disproportionation in the continuous flow method is influenced by the deactivation of 

catalyst due to coke formed from alkenes as by-products. The behavior of deactivation 

is sensitive to property of catalyst such as pore-opening size. The deactivation is 

weakened by co-feeding of hydrogen [29]. However, even in such conditions, the 

conversion was gradually decreased with the time on stream (Figure 2-1). This indicates 
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of alkane cracking, H*° was approximately dependent on the Brønsted 

the higher the ammonia desorption enthalpy HNH3, the lower the activation enthalpy 

H*°. A few exceptional cases (MFI and in some cases of MOR) showed exceptional 

behaviors, suggesting that very small micropores may disturb the H*°- HNH3 

relationship, but in most cases, simple relationships were observed as the stronger the 

Brønsted acid sites, the higher the activity [11]. However, H*° in the toluene 

disproportionation and cumene cracking were not related with HNH3. It is naturally 

speculated that the reactions of aromatic molecules were more strongly influenced by the 

steric effects due to the pores of catalysts, especially in the cases of microporous zeolites, 

Table 2-2   Kinetic parameters. 

Catalyst Toluene disproportionation Cumene cracking 

Ea / kJ 

mol-1 

A / s-1 H*° / 

kJ mol-1 

S*° /  

J K-1 mol-1 

Ea /  

kJ mol-1 

A / s-1 H*° / 

kJ mol-1 

S*° /  

J K-1 mol-1 

MFI (12) 91 4.2×105 84 -154 85 5.1×106 81 -129 

MFI (15) 181 3.4×1011 172 -44 47 8.4×102 62 -167 

FAU 231 2.2×1015 225 32 40 2.7×103 36 -197 

N-MFI 71 4.4×104 65 -174     

MOR 206 8.0×1013 200 5 38 39 33 -227 

*BEA 

(13) 

94 2.0×106 88 -130 98 6.8×108 93 -79 

*BEA 

(75) 

130 1.8×109 124 -94 36 1.8×103 36 -200 

SAH-1 106 1.4×105 99 -163 79 2.3×106 74 -136 

SAL-2 83 1.7×104 77 -180 74 1.4×106 70 -140 

N631L 28 5.0 21 -248 45 1.3×103 41 -199 
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T S0, where T was 298 K, and S0 was the intercept on the vertical axis of S- H plot, 

was 0.0 to 5.0 kcal mol-1[12] and 9.6 to 22.5 kJ mol-1 in [30], equivalent to 0 to 70 and 32 

to 76 J K-1 mol-1 of S0, respectively. The positive values indicate the gain of freedom 

due to separation from the solvent molecules. On the contrary, the intercept on the vertical 

axis of S*°- H*° plot in this study was −282 to −226 J K-1 mol-1 (Table 2-3), large 

negative values, showing loss of freedom of gas molecules by trapping with the solid 

surface.  

We here propose that the intercept on the horizontal axis of S*°- H*° plot 

shows the intrinsic activation barrier, reflecting the chemical nature of the reaction but 

not influenced by the freedom of movement, because it is H*° at S*°= 0 or G*° 

(activation Gibbs energy defined by G*°= H*°-T S*°) at T= 0. This parameter was 

130 to 270 kJ mol-1 in the present catalytic reactions (Table 2-3), reflecting that the 

activation process is endothermic. On the contrary, the intercept on the horizontal axis of 

S- H or T S- H plot in the host-guest association was −33 to 0 kJ mol-1 in literature 

[12,30] [calculated using above values by (intercept on horizontal axis) = − (intercept on 

vertical axis)/(slope)], in agreement with that the reported host-guest association was in 

most cases spontaneous reaction and hence exothermic. 

In addition, the intercept on the horizontal axis of S*°- H*° plot was [propane 
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and isobutane cracking] > [linear C4–8 alkanes and isopentane cracking] > [toluene 

disproportionation] > [cumene cracking], as shown in Table 2-3. From the molecular 

structures, the difficulty of formation is speculated to be 1 [non-classical carbonium 

(alkanium) cation associating a primary carbon atom] > 2 (carbonium associating only 

secondary and/or tertiary carbon atoms) > 3 [carbenium (alkenium) cation at the 

secondary part] > 4 (carbenium at the tertiary part). This is in good agreement with the 

observed values. 

We still have speculations in the above discussion, and further investigations 

should be necessary, but the present observations show a possibility of the traditional 

kinetic study to give a deep insight of the catalytic reactions, especially about what 

controls the reaction behavior. 
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2-5 Conclusions 

Kinetic analysis based on the reaction rate normalized by the number of Brønsted 

acid sites on various aluminosilicate solid acid catalysts showed the compensatory 

relationship between the activation entropy S*° and activation enthalpy H*°. The slope 

of plots of S*° against H*° was in the order of [cumene cracking] > [toluene 

disproportionation] > [C3–8 alkane cracking]. Bulky molecular size and shape of the 

reactant tended to result in the steep slope. The intercept on the horizontal axis was [C3 

and C4 monomethyl branched alkane cracking] > [linear C4–8 and C5 monomethyl 

branched alkane 
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Chapter 3 Direct Methylation of Benzene with Methane 

over Co/MFI Catalyst 

3-1 Introduction 

Methane, the main component of natural gas, has predominantly been consumed 

as a gaseous fuel for direct combustion or reacted with water to produce hydrogen through 

steam reforming and water gas shift reaction. However, recently, development of 

chemical processes for conversion of methane into the value-added organic compounds, 

i.e. alkenes and mono-cyclic aromatics, has been strongly required [1-4]. 

Considerable efforts have been made in activation of methane [4-14], e.g. partial 

oxidation of methane into methanol [9-12], and aromatization of methane into valuable 

aromatic hydrocarbons and hydrogen [14-17]. However , low selectivity of the products 

are unavoidable problem.  

Methylation of benzene ring with methane can be an option of effective use of 

methane, because it can produce such a valued compound as para-xylene. For example, 

combining the methylation of benzene into toluene (1) and shape selective 

disproportionation of toluene into para-xylene [18,19] is expected to be a new process for 

the production of para-xylene from toluene and methane. 
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 CH4 + C6H6  H3C-C6H5 + H2     (1) 

 

In very early studies, formation of methylated product from a mixture of 

aromatic compound and methane was reported [ 20 - 23 ]. However, in the case of 

production of toluene from benzene and methane, it has been pointed out that toluene was 

possibly formed by unexpected reactions [24] like hydrogenolysis of benzene [25], where 

methane acted just as a hydrogen source. Careful experiments using isotope tracers then 

evidenced that the methylation of benzene with methane (1) was catalyzed on such 

zeolite-supported transition metal species as Cu/*BEA[26] and Ag/MFI [27]. 

On the other hand, it was pointed out that equilibrium of the reaction (1) was a 

problem as follows. The standard enthalpy and entropy are 41.94 kJ mol-1 and 4.11 J K-1 

mol-1 (calculated from thermodynamic properties [28,29]), respectively, at 298 K where 

all the reactants and products are gases, approximately equivalent to the standard Gibbs 

energy +45.1 kJ mol-1 and the equilibrium constant 9×10-4 at 773 K, and equilibrium 

toluene yield calculated from these parameters in some conditions are shown in Figure 

3-1. It has been pointed out that the conversion of reaction (1) is limited by the low 

equilibrium constant [24], suppressing the efficiency under past economic conditions. 

However, the recent demand for utilization of methane as stated above encourages re-
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suggest that zeolite-supported transition metal species are promising candidates of 

catalysts for reactions involving the methane activation step. 

 

 CH4 + C6H6 + 1/2O2  H3C-C6H5 + H2O  (2) 

 

Here we mention the difference between the reactions (1) and (2). 

Comprehensive studies by Adebajo et al. clarified that many kinds of zeolite-supported 

transition metal species (sometimes typical elements) showed catalytic activity for the 

reaction (2) [13]. Generally, the rate of (2) is higher than (1) at the same temperature in 

similar partial pressures of benzene and methane. However, the reaction (2) consumes the 

hydrogen to form water whereas the reaction (1) forms hydrogen, and complete oxidation 

of organic materials into CO2 as a side reaction is probably unavoidable in the presence 

of oxygen. From these viewpoints, the non-oxidative methylation of benzene with 

methane (1) should be studied in more detail. Because the rate of (1) is substantially low, 

the investigation to find an efficient catalyst should be important compared to the case of 

reaction (2). 

As stated above, the preceding literatures reported essential activity of Cu/*BEA 

[26], Ag/MFI [27], Pt/MFI [30], and In/MFI [31] for the methylation of benzene with 
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methane, indicating that unique activity was created by the combination of transition 

metal species and zeolite. In the case of Ag/MFI and In/MFI, Ag+ and InO+ species, 

respectively, held by the ion exchange site of MFI have been identified as the active 

species [27,31]. It has also been clarified that unique function of the transition metal 

species concerning the methane activation was induced by the zeolite ion exchange site 

in other cases [39,41]. We believe that the analysis of structure in atomic dimension and 

the quantitative analysis of catalytic sites are important in this field for clarifying the role 

of ion exchange site and unique function of transition metal species on it. X-ray 

absorption near edge spectroscopy (XANES) and extended X-ray absorption fine 

structure (EXAFS) were utilized to characterize the oxidation state and structure of active 

species in atomic scale. Ammonia infrared mass spectrometry-temperature programed 

desorption (IRMS-TPD), which was recently developed by our group [42 ], was also 

applied for the quantitative analysis of Brønsted and Lewis acid sites, showing the 

quantities of ion exchange sites uncovered and covered by the transition metal species. 

The analysis of Lewis acidity is also related directly to the activity, because it has been 

known that Lewis acid strength affects the activity in reactions of methylation reagents 

[43]. 

Based on these backgrounds, we investigate the catalytic performances of 
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various zeolite-supported transition metal species for the methylation of benzene with 

methane into toluene in non-oxidative conditions. The first purpose is the screening of 

catalysts with wide variation. Most of the preceding papers [26,27,30,31] reported the 

catalytic performances for this reaction in batch or closed circular systems, reflecting very 

slow reaction rate, but a fixed-bed continuous flow method is here employed for practical 

investigation. The reaction formula and side reactions are analyzed by using isotope 

tracers and mass spectroscopy (MS). As the second purpose of the study, the 

physicochemical properties of active species is analyzed using such advanced techniques 

as XANES, EXAFS and IRMS-TPD. To our knowledge, such a comprehensive study has 

not been done for the methylation of benzene with methane in non-oxidative conditions. 

We here report high activity of Co/MFI and the nature of active species. 

 

3-2 Experimental 

3-2-1 Catalyst preparation 

Samples of Na-MFI zeolite with SiO2/Al2O3 = 24 (supplied by Tosoh), 30, 48 

(Mizusawa), 61 (Zeolyst), and 90 (Craliant) were ion-exchanged into NH4-form, and in 

addition, a sample of NH4-form MFI with SiO2/Al2O3 = 22 from Tosoh was also used as 

the support of transition metal catalysts. Various elements were impregnated from 
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aqueous solutions of their nitrates (Co, Fe, Ni, Cu, Ag and In), chlorides of ammine 

complexes (Pt, Pd and Rh) or (NH4)6Mo7O24 on NH4-MFI. Most of the solvent was 

removed by drying at 343 K with stirring at 400 rpm. The yielded solid was dried again 

at 383 K overnight in an oven and then stored without further calcination at higher 

temperatures. Cobalt was also impregnated on NH4-*BEA (ion exchanged from Na-

*BEA, Clariant), NH4-MOR (as supplied from Tosoh) and NH4-FAU (ion exchanged 

from Na-FAU, JGC Catalysts and Chemicals) with SiO2/Al2O3 = 25, 19, and 4.8, 

respectively. In the case of Co/MFI, an ion exchange method was also examined for the 

catalyst preparation as follows: NH4-MFI with SiO2/Al2O3 = 22 was put into an aqueous 

Co(NO3)2 solution with desired Co content, and the solution was stirred and heated at 343 

K for 4 h. The solid was then filtrated, washed 3 times and dried at 383 K. The Co and Al 

contents on the ion-exchanged samples were measured by means of inductively coupled 

plasma emission spectroscopy (ICP-AES, Rigaku ICP CIROS). As a comparison, 

Co/SiO2 was prepared by the impregnation of Co(NO3)2 on a silica gel at [Co] = 0.78 mol 

kg-1, which is equivalent to the Co content in Co/MFI prepared by the impregnation at 

Co/Al = 0.6 on the MFI with SiO2/Al2O3 = 22. The thus prepared samples are listed in 

Table 3-1 with their abbreviations. 
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Table 3-1 Catalysts employed in this study. 

Abbreviation Transition 

metal source 

Preparation 

method 

Structure  

of support 

[Al] 

/ mol kg-1 

[Metal] 

/ mol kg-1 

SiO2/Al2O3 

in support 

Metal / Al 

molar ratio 

H/MFI - - MFI 1.3 0 22 0 

IMP-Co-x Co(NO3)2 Impregnation MFI 1.3 1.3 × x* 22 x* 

IE-Co-x Co(NO3)2 Ion exchange MFI 1.3 1.3 × x** 22 x** 

Co/MFI (24) Co(NO3)2 Impregnation MFI 1.3 0.78* 24 0.60* 

Co/MFI (30) Co(NO3)2 Impregnation MFI 1.0 0.61* 30 0.60* 

Co/MFI (48) Co(NO3)2 Impregnation MFI 0.7 0.39* 48 0.60* 

Co/MFI (60) Co(NO3)2 Impregnation MFI 0.5 0.32* 60 0.60* 

Co/BEA Co(NO3)2 Impregnation BEA 1.2 0.72* 25 0.60* 

Co/MOR Co(NO3)2 Impregnation MOR 1.6 0.95* 19 0.60* 

Co/FAU Co(NO3)2 Impregnation FAU 4.5 2.71* 4.8 0.60* 

Co/SiO2 Co(NO3)2 Impregnation 
Amorphous 

(silica gel) 
0 0.78*   

Fe-0.6 Fe(NO3)3 Impregnation MFI 1.3 0.81* 22 0.60* 

Ni-0.6 Ni(NO3)2 Impregnation MFI 1.3 0.81* 22 0.60* 

Cu-0.6 Cu(NO3)2 Impregnation MFI 1.3 0.81* 22 0.60* 

Zn-0.6 Zn(NO3)2 Impregnation MFI 1.3 0.81* 22 0.60* 

Mo-1.2 (NH4)6 

Mo7O24 

Impregnation MFI 1.3 1.62* 22 1.20* 

Rh-0.6 RhCl3 Impregnation MFI 1.3 0.81* 22 0.60* 

Pd-0.6 PdCl2 Impregnation MFI 1.3 0.81* 22 0.60* 

Ag-0.6 AgNO3 Impregnation MFI 1.3 0.81* 22 0.60* 

In-0.4 In(NO3)3 Impregnation MFI 1.3 0.54* 22 0.40* 

Pt-0.6 H2[PtCl6] Impregnation MFI 1.3 0.81* 22 0.60* 

*: Based on the amounts of Co in the impregnated solution and Al in the used zeolite. 

**: Measured by inductively coupled plasma emission spectroscopy (ICP-AES). 
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3-2-2 Reaction tests 

Catalytic tests were performed in a fixed-bed flow reactor. Methane (99.9 % 

from Iwatani) and benzene (special grade, Wako) were used, and in some cases, methane 

enriched with 13C (13C 99.9% from Hinomaru Industry, Tottori) was used for the 

confirmation of reaction path. In standard conditions, powder sample (0.300 g) was 

placed in a Pyrex tube (i.d.: 10 mm) and pretreated in a flow of nitrogen (1.23 mmol min-

1) in the atmospheric pressure at 823 K for 1 h. Then, a mixture of methane and benzene 

(98.6 and 2.7 kPa, 1.2 and 0.033 mmol min-1, respectively, corresponding to Wcat / Fbenzene 

= 147 gcat h molbenzene
1) was fed to the catalyst bed at 773 K. The outlet materials were 

trapped by hexane at 273 K with 1,4-diisopropylbenzene as an inner standard material 

and analyzed with flame ionization detector-gas chromatograph (FID-GC, Shimadzu GC-

2010) or were analyzed by using a mass-spectrometer (MS, Pfeiffer Vacuum QMS200) 

directly connected to the outlet of a reactor. The MS measurements were carried out by 

means of inner standard method using helium as the standard. The molecular weight of 

the product of reaction using 13C-enriched methane was analyzed with a GC-MS (JMS-

T100GCV, JEOL). The 13C NMR were recorded on JEOL JNM ECP500 at 11.7 T. 

Chemical shifts are expressed in ppm downfield from Si(CH3)4. 
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3-2-3 Analysis of physicochemical properties 

The acidic property was analyzed by a method of ammonia IRMS-TPD in 

conditions described elsewhere [42]. Morphology of the catalyst was analyzed with a 

TEM (HITACHI H800 B) in accelerating voltage 200 kV. Oxidation state and 

microstructure of the Co species were analyzed by X-ray absorption spectroscopy (XAS 

or XAFS, i.e., XANES and EXAFS) at BL01B1 in Japan Synchrotron Radiation Research 

Institute (JASRI, SPring-8) (Proposal No. 2018A1075). After pretreatment of Co/MFI in 

nitrogen flow of 74 mmol h-1 at 101 kPa and 823 K for 1 h, it was mixed with boron 

nitride (BN), stirred by an agate mortal for 30 min and compressed into a wafer form with 

10 mm diameter. A Co-foil and bulk Co oxides (CoO and Co2O3) were also measured as 

the references. The Co K-edge absorption spectra were collected in the quick mode using 

a Si (111) monochromator. The beam size at the sample position was 5 mm (horizontal) 

× 1 mm (vertical). 
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and therefore only Co/MFI had distinguished activity.  

In order to confirm the superiority of Co/MFI for this reaction, the reaction tests 

were examined also under high pressures of hydrogen and benzene with higher reaction 

rates. It was demonstrated that Co/MFI always showed high activity compared to the 

other catalysts (Figure 3-4).  

Preceding literature reported that toluene was formed in the co-presence of 

benzene and methane even on H-MFI without transition metal through the hydrogenolysis 

of benzene [25], but in the present case, the yield of toluene on H-MFI was negligible as 

shown in Figure 3-3. The influence of hydrogenolysis is thus believed to be small in the 

present conditions, as also evidenced by the experiments using isotope tracers shown later. 

Figure 3-5 shows the influence of Al content of MFI zeolite as the support with 

Figure 3-6 (a). The yield 

increased with the Al content up to [Al] = 1.3 mol kg-1 corresponding to SiO2/Al2O3 = 22, 

i.e., the highest Al concentration in MFI commercially available. 
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produced by the reaction of 13CH4 + 12C6H6 were 92 and 93, consistent with the molecular 

weight 93 of 13C12C6H8, whereas the reaction of 12CH4 (ordinal methane) + 12C6H6 gave 

the m/e ratios of toluene 91 and 92, showing the molecular weight 92 of 12C7H8.  

Figure 3-9 shows 13C NMR spectra. The naturally abundant 13C was found in a 

mixture of benzene, the solvent (hexane) and the inner standard material (1,4-

diisopropylbenzene) [(i) and (ii)]. In addition to these peaks, a signal at 21.4 ppm assigned 

to the methyl group of toluene [44] was observed in the product of 13CH4 + 12C6H6 (iii) 

but not in the product of 12CH4 + 12C6H6 (ii) [Figure 3-9 (a)]. On the other hand, the 

product of 13CH4 + 12C6H6 (iii) showed no peaks at 125.3, 128.3, 129.1 nor 137.8 ppm 

where carbons in the benzene ring of toluene might show resonances [44] [Figure 3-9 (b)]. 

It has thus been evidenced that most of toluene was formed from a pair of methane and 

benzene molecules, and the carbon atom in the methyl group of toluene came from 

methane, whereas the carbon atoms in the benzene ring came from benzene. 
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dihydrogen and their time course on IE-Co-0.39, IMP-Co-0.6 and IMP-Co-1.8 as the 

iments shown in Figure 

3-10 (a). The formation of dihydrogen was significant at the initial stage of flow reaction 

(< 50 min) [Figure 3-10 (b)]. This suggests that the dehydrogenation of methane (3) 

proceeded on these catalysts. The formation rate of dihydrogen decreased quickly, 

especially for IMP-Co-1.8. Probably the carbonaceous formed due to the reaction (3) 

blocked the active sites for the dehydrogenation. After this initial deactivation, the 

formation of dihydrogen has continued. The molar ratio of dihydrogen/toluene was 

generally higher than unity even after the initial deactivation, as shown in Figure 3-10 (c). 

This ratio should be unity if only the reaction (1) proceeds. The value higher than unity 

indicates the dehydrogenation (3) taking place as a side reaction. The ratio was in the 

order of IMP-Co-1.8 > IMP-Co-0.6 > IE-Co-0.39, indicating that excess of Co forming 

the aggregates resulted in the significant side reaction.  

 

 CH4  C + 2H2      (3) 

 

These findings indicate that the direct methylation of benzene with methane into 

toluene and dihydrogen (1) proceeded on Co/MFI in the employed reaction conditions, 
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accompanied with dehydrogenation of methane into carbonaceous material and 

Simultaneously undesired reactions such as hydrogenolysis of benzene was not observed. 

 

3-3-3 Investigation of active species 

The acidic property was analyzed by means of ammonia IRMS-TPD method 

[42]. Figure 3-7 also shows the amount of the Brønsted and Lewis acid sites as overlapped 

on the catalytic activity. Similarly to the activity, the impregnation and ion exchange 

methods gave no remarkable difference in the relationship between the acid amounts and 

Co/Al ratio. On the parent H-MFI (Co/Al = 0), a considerable amount of Brønsted acid 

sites were detected, and the loading of Co decreased the Brønsted acid sites. This indicates 

that the Co species were bound to the ion exchange sites. The Lewis acid sites were 

generated by the Co loading, showed the maximum at Co/Al = ca. 0.9, and then gradually 

decreased. Generation of Lewis acid sites by introduction of transition metal species on 

the ion exchange site of zeolite has been found.[45,46] As stated in the previous paragraph, 

the catalytic activity for methylation of benzene with methane was also created by the Co 

loading, showed the maximum and decreased with further loading. The similar trend 

suggests that the active site was Lewis acidic Co species held by the ion exchange site. 
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atomically dispersed on the ion exchange site of MFI, the XANES showed the oxidation 

state +II, and the ammonia IRMS-TPD pointed out the Lewis acidity in the region of 

Co/Al < 0.6. Excess Co formed aggregates of CoO. From the reaction tests, the 

methylation of benzene with methane (1) proceeded on Co/MFI with Co/Al < 0.6. The 

further loading decreased activity for the desired reaction (1) and kept increasing the 

activity of side reaction (3). These facts derive a conclusion that divalent (oxidation state 

+II) cobalt species with Lewis acidity mono-atomically dispersed on the ion exchange 

site of MFI zeolite was the active site for the methylation of benzene with methane. 
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3-4 Conclusions  

Benzene was methylated with methane in non-oxidative conditions at 773 K on 

Co/MFI zeolite as the catalyst. The activity was created by loading of Co on MFI, and the 

maximum activity was observed with appropriate Co/Al molar ratio 0.6. High 

concentration of Al, when Co/Al ratio was fixed at 0.6, resulted in the high activity. The 

isotope and MS experiments evidenced the reaction formula. The ammonia IRMS-TPD 

indicated that the loaded Co species were Lewis acidic and mainly held by the ion 

exchange sites of MFI zeolite. The TEM and EXAFS showed that Co species were mono-

atomically dispersed at Co/Al < 0.6. The XANES showed the oxidation state of Co to be 

+II. The active site for the methylation of benzene with methane is suggested to be the 

Co (+II) species with Lewis acidity mono-atomically dispersed on the ion exchange site 

of MFI zeolite. 
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Chapter 4 Reactivity of Methane and Benzene over 

Metal/MFI Zeolite Analyzed with Temperature-

Programmed Reaction Technique 

4-1 Introduction 

Methane is the largest component in natural gas, whose recovery resources is 

believed to be large, especially after the commercialization of shale gas mining. 

Development of chemical processes which can convert the methane into valued chemical 

products has been demanded, and most of the research targets require the development of 

new catalysts [1-4]. Conversion of methane into syngas has been industrially operated [5], 

but the large energy loss due to high reaction temperature limits the application field [6]. 

Partial oxidation of methane into methanol [7-10], and dehydroaromatization of methane 

into aromatics [11-13] have been actively studied. However, up to now, they have still 

unavoidable disadvantages such as low selectivity and/or poor catalyst life [6]. 

Baba et al. [14] and Gabrienko et al. [15] reported that indium oxide on MFI 

zeolite catalyzed the direct methylation of benzene with methane in non-oxidative 

conditions (1). We have recently found that Co supported by MFI type zeolite, hereafter 

Co/MFI, had distinct catalytic activity for the methylation of benzene with methane at 

773 K [16].  
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CH4 + C6H6  C6H5-CH3 + H2 (1) 

 

The catalytic activity for (1) was found to be negligible on various kinds of 

elements loaded on MFI zeolite, while only Co showed high activity [16]. It should be 

noteworthy that little activities were found on Ni, which generally shows chemical nature 

to Co, and noble metals, which are generally active for hydrogenation/dehydrogenation 

type reactions (Ni is also active), although the reaction (1) is one kind of dehydrogenation. 

In this study, we aimed to analyze the chemical reactivities of various elements loaded on 

MFI zeolite to find the character of Co suitable for generation of catalysis. 

A side reaction, dehydrogenation of methane (2), was also found accompanying 

to the target reaction (1). 

 

CH4  C + 2H2 (2) 

 

It is therefore considered that the high catalytic performance requires high 

selectivity and long catalyst life [durability against the coverage of active site with 

carbonaceous formed by (2)], as well as the high ability for activation of methane, which 
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has been known to be a chemically stable molecule. The activity, selectivity and life 

should be complicatedly dependent on the reaction temperature, although our previous 

study was carried out at a limited temperature, 773 K [16]. Therefore, the analysis was 

here carried out over a wide range of reaction temperature. 

Many researchers have reported that ability for activation of methane on metal 

species whose structure were controlled by the ion exchange sites on zeolites. For 

example, it was reported that copper (+II) species on ion exchange site of MFI converted 

methane into methanol [17,18]. Rh1O5 species on MFI zeolite promoted methane partial 

oxidation [19]. In addition those, it has been reported that metal species on zeolite (mainly 

MFI) had quite unique activities for methane-related reactions, i.e., aromatization of 

methane [20], combustion of methane [21], selective catalytic reduction of NOx with 

methane [22], and methane activation at low temperature [23]. Therefore, metal species 

supported on zeolite (or MFI zeolite) possibly have the ability for methane activation. 

The behaviors of metal/MFI with regard to the activation of methane and catalytic 

performance in the reaction atmosphere over a wide temperature range might give us 

insights about what is necessary for the generation of catalytic activity for the methylation 

of benzene with methane. 

Based on these backgrounds, in this study, we applied a temperature-



86 
 

programmed reaction (hereafter TPR) method to metal/MFI catalysts. Mass spectroscopy 

was used for measurements of reactivity of catalytic system and investigation of oxidation 

state of metal species over a wide range of temperature, as provided [24-26]. Various 

metal/MFI catalysts were tested by TPR with a flow of methane-benzene mixture. The 

mass spectrometer contributed to estimate the rates of desired (1) and side (2) reactions 

and then the selectivity. The oxidation state speculated from TPR was, in some cases, 

confirmed by X-ray absorbed near edge structure (XANES). Relationship between the 

activity and selectivity is discussed to find out the nature of Co/MFI generating the high 

activity. 

 

4-2 Experimental 

4-2-1 Catalyst preparation 

Various metal elements were impregnated from aqueous solutions of their 

nitrates (Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ag, In, and Pb), chlorides (Rh and Ru), chlorides 

of ammine complexes (Pd and Pt), or (NH4)6Mo7O24 on a NH4-MFI zeolite powder 

(Tosoh Corp., [Al] = 1.3 mol kg-1, SiO2/Al2O3 molar ratio = 22.1) as described in our 

previous paper [16]. The zeolite powder was put into the solution and heated at 343 K 

with stirring at 400 rpm up to most of the solvent (water) was removed by vaporization. 

The yielded solid was further dried again at 383 K for 3 hours and then stored without 
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further calcination at higher temperatures. The prepared samples are listed in Table 4-1 

with the abbreviations. 

 

  

Table 4-1   List of metal/MFI samples prepared by impregnation of metal salts on MFI 

zeolite with [Al] = 1.3 mol kg-1. 

Sample name Precursor of metal element [Metal] / mol kg-1 Metal / Al molar ratio* 

NH4-MFI - 0 0 

Mg-0.6 Mg(NO3)2 0.78 0.6 

Ca-0.6 Ca(NO3)2 0.78 0.6 

Cr-0.4 Cr(NO3)3 0.52 0.4 

Mn-0.4 Mn(NO3)2 0.78 0.6 

Fe-0.4 Fe(NO3)3 0.52 0.4 

Co-0.6 Co(NO3)2 0.78 0.6 

Ni-0.6 Ni(NO3)2 0.78 0.6 

Cu-0.6 Cu(NO3)2 0.78 0.6 

Zn-0.6 Zn(NO3)2 0.78 0.6 

Ga-0.4 Ga(NO3)3 0.52 0.4 

Ag-1.2 AgNO3 1.56 1.2 

In-0.4 In(NO3)3 0.52 0.4 

Pb-0.6 Pb(NO3)2 0.78 0.6 

Mo-0.6 (NH4)6Mo7O24 0.78 0.6 

Ru-0.4 RuCl3 0.52 0.4 

Rh-0.4 RhCl3 0.52 0.4 

Pd-0.6 (NH4)2[PdCl4] 0.78 0.6 

Pt-0.3 H2[PtCl6] 0.39 0.3 

*: [Al] is here assumed to be kept at 1.3 mol kg-1 during the preparation procedure. 
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4-2-2 X-ray absorption near edge structure (XANES) 

 Oxidation states of Co-0.6, Pd-0.6, and Pt-0.3 were analyzed by X-ray absorption 

near edge structure (XANES) before and after the catalytic tests. The metal/zeolite sample 

was molded into a wafer with 10 mm of the diameter by compression. Cobalt foil, CoO, 

Co3O4, palladium foil, PdO, and Pt-foil were also measured as the references. The Co, Pd 

K-edge and Pt L3-edge absorption spectra were collected in the quick mode using a Si 

(111) monochromator at BL01B1 with the approval of the Japan Synchrotron Radiation 

Research Institute (JASRI, SPring-8, Proposal number 2018B1146, 2019B1325). The 

beam size at the sample position was 5 mm (horizontal) × 1 mm (vertical). 

 

4-2-3 Temperature-programmed reaction (TPR) 

 Catalytic activity and selectivity of metal/MFI over a wide range of temperature 

were studied with TPR in a glass fixed-bed flow reactor (i.d. = 10 mm). Metal/MFI (0.300 

g) was pretreated in an oxygen (99.9% from Hinomaru Industry) flow with 1.23 mmol 

min-1 of the flow rate in atmospheric pressure at 823 K for 1 hour, and then catalyst bed 

was cooled to 373 K. A mixture of methane (99.9% from Iwatani), benzene (special grade 

from Wako), and helium (as internal standard, 99.9% from Taiyo Nippon Sanyo) with 

1.14 103, 4.46 and 81.7 μmol min-1, respectively, was fed with recording the mass 
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spectra continuously by using a mass spectrometer (Pfeiffer Vacuum, QMG220) 

connected to the outlet of reactor. After the ion currents were stabilized, the catalyst bed 

was heated again to 843 K at a ramp rate of 10 K min-1. Benzene, toluene, and dihydrogen 

were quantitated from their ion currents, as well as other mass spectral signals within m/z 

(mass / charge ratio) = 1 to 200.  

 The TPR in methane without benzene was performed with a mixed flow of 

methane and helium with 1.14 103 and 87.2 μmol min-1, respectively, in place of the 

methane-benzene-helium mixture as above. 

 

4-2-4 Steady state reaction 

Reactions at a fixed temperature (ordinal fixed-bed continuous flow reactions) 

were performed with same procedure to the TPR until the MS stabilization step. Then, 

temperature of the catalyst bed was elevated to 773 K at a ramp rate of 10 K min-1, and 

then fixed at 773 K. The mass spectra were continuously recorded throughout the 

temperature elevation and steady temperature steps, but the results will be shown from 

the time when the temperature became 773 K as time on stream = 0. Benzene, toluene, 

and dihydrogen were quantitated from their ion currents.  
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4-3 Results 

4-3-1 Changes found in TPR 

Figure 4-1 shows TPR profiles, namely, the plots of ion currents against the 

temperature at m/z which will be the subjects of below discussion, on NH4-MFI, Co-0.6, 

Pd-0.6 and Pt-0.3. In all the profiles, ion current at m/z = 4, attributed to helium, was 

stable during the measurements, indicating that the total gas flow was stable during the 

experiments, and the following changes of ion current showed the formation and 

consumption of gaseous compounds. The current at m/z = 16, attributed to the parent 

as stated below, methane was consumed by the reactions, but the conversion was small, 

and therefore the decrease of methane was not apparent here. The ion current at m/z = 18 

mainly due to water (H2O) showed a desorption peak around 473 K on all the samples 

shown here, indicating that some water (mainly as an impurity in benzene difficult to 

completely remove) had been adsorbed on the zeolite during the MS stabilization step 

and desorbed in the TPR measurements. 

On Co-0.6 [Figure 4-1 (b)], the ion current at m/z = 78, the parent signal of 

benzene, showed decrease of intensity at > 800 K. The formation of toluene (m/z = 91) 

was apparent at > 673 K. The parent peak with m/z = 92 assigned to C7H8
+ was also 

observed, and here the largest signal at m/z = 91 is shown. The signal at m/z = 91 is 
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with the low intensity of signal at m/z = 106 below 1 10-12 A at the maximum in the 

present measurements (data not shown). Thus, the formation rate of toluene will be 

analyzed based on the ion current at m/z = 91 hereafter. The ion current at m/z = 2, whose 

change was mainly attributed to the formation of dihydrogen (H2), increased its intensity 

> ca. 700 K, evidencing the methylation of benzene with methane into toluene and 

dihydrogen (1) on Co/MFI. 

On NH4-MFI [Figure 4-1 (a), exactly H-MFI in the experimental conditions, 

because it had been pretreated at a high temperature], the ion current at m/z = 91 slightly 

increased its intensity from the background at > 700 K. This shows the formation of 

toluene even on H-MFI, but the intensity was far smaller than that on Co/MFI. The ion 

current at m/z = 44 showed the similar temperature dependence to that of toluene. These 

suggest dehydrogenation of methane and hydrogenolysis of benzene [27,28], because the 

hydrogenolysis of benzene produces toluene and light hydrocarbon molecules with 

carbon atoms less than five. The signal at m/z = 44 is attributable to C3H8 here on H-MFI, 

because C3H8 is speculated to be included in the light hydrocarbons produced by the 

hydrogenolysis of benzene. We can summarize that the methylation of benzene with 

methane (1) proceeded on Co/MFI, whereas a tiny amount of toluene was formed by 

hydrogenoloysis of benzene on H-MFI. 
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On Pd-0.6 [Figure 4-1 (c)], the ion current at m/z = 44 showed a different thermal 

behavior from that of toluene, and therefore it is not attributed to the light hydrocarbons 

formed by the hydrogenolysis of benzene. It was presumably ascribed to CO2, and showed 

a sharp peak at 580 K, indicating the reduction of Pd species into metallic species (Pd0) 

by the methane (e.g., 4PdO + CH4  4Pd + CO2 + 2H2O). Co/MFI (Co-0.6) also showed 

small peaks ascribed to the formation of CO2 around 600 - 800 K. The reduction of Co 

species by methane (e.g., 3CoO + CH4  3Co+ CO2 + H2 + H2O [29 ,30 ]) is thus 

speculated, but as stated later, this occurred on a small fraction of Co. On Pd/MFI, at the 

high temperature after the reduction of Pd occurred (> 600 K), toluene was observed to 

increase. This indicates that toluene was formed over Pd0 species. However, the ion 

current due to toluene decreased over 733 K. On the other hand, the current at m/z =2 (H2) 

monotonously increased over 600 K. It means that simple dehydrogenation of methane 

(2) proceeded continuously [31,32]. On the contrary, the high formation rate of toluene 

on Co/MFI was not lost at the high temperature within the experimental range. 

Figure 4-1 (d) shows the TPR profile on Pt-0.3. Similarly to Pd/MFI, the Pt/MFI 

showed the sharp peak of CO2 at ca. 590 K. At higher temperatures, the formation of 

toluene was detected, and it continued over a wide temperature range compared to 

Pd/MFI. 
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the chemical reactivity of Co species with methane. On the other hand, Pd-0.6 [Figure 

4-2 (b)] showed some reduction peaks similar to Figure 4-1 (c) under 600 K. In addition, 

benzene and toluene formation due to aromatization of methane was observed around 750 

K. The ion current of dihydrogen stepwisely increased. The first step was found at 600-

700 K, and the second one was observed above 700 K. On the first step, the ion current 

at m/z = 27 (attributable to ethene) accompanied, indicating that ethene was formed by 

dehydrocoupling of methane [33 ]. On the second step, in place of ethene, aromatic 

compounds were observed, and decomposition of methane into carbon and dihydrogen 

was predominant at the higher temperature. In the TPR with methane and benzene flow, 

the formation rate of toluene was much higher and that of dihydrogen was lower than 

those in the TPR with only methane flow. Thus, the TPR with methane and benzene on 

Co/MFI and Pd/MFI demonstrated the catalytic performances of these catalysts obviously 

different from the nature in pure methane flow. 

 

4-3-2 Comparison of TPR on various metals 

Figure 4-3 shows formation rates of toluene and dihydrogen calculated from the 

ion currents in TPR on various metal/MFI catalysts. Relatively high toluene formation 

rate was observed on Pt, Rh, Co, Pd, Ni, In, Fe, Mo, Cr and Mn. The activity of In and Pt 
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(b) and (d) show the enlarged portions of low reaction rate. The toluene formation rates 

on NH4, Mg, Ca, Cu, Ga, Ag, and Ru/MFI were negligible, less than 0.5 μmol g-1 min-1 

even at the maximum, and therefore the drawings are omitted in Figure 4-3 except for 

NH4-MFI.  

As shown in Figure 4-3 (a), Co and Ni/MFI, which had little been reduced in the 

TPR experiments, showed monotonous increase of the toluene formation rate with 

elevation of the temperature. In contrast, most of the elements which were reduced during 

the TPR experiments (Pt, Rh, Pd, In, and Mn) showed non-monotonous change of the 

toluene formation rate against the temperature. Pt/MFI in the reduced state showed high 

activity for the reaction, and showed the maximum at 734 K. Other noble metals, Pd and 

Rh in the reduced states, were also relatively active for this reaction, and showed the 

maximum rate at around 740 K. In/MFI showed unique behavior. Toluene formation 

started from 550 K in the oxidation state. After In species was reduced at ca. 800 K, the 

activity started to increase again. The observation tells us that the oxidation state and 

reduced state of an element have different behaviors in the reaction of methane and 

benzene. 

On the other hand, behaviors of the dihydrogen formation rates increased 

monotonously against the temperature on most of the employed catalysts [Figure 4-3 (c), 
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(d)]. 

The temperature where reduction observed, and the formation rates of toluene 

and dihydrogen and the standard reduction potentials in aqueous solutions [35 ] are 

summarized in Table 4-2. 

The selectivity of methylation of benzene with methane was calculated by the 

following equation. 

 

SMethyl % =  
r Tol

rTol + 
r  - r Tol

2

 × 100 (3) 

 

where, SMethyl, rToluene, rDihydrogen are methylation selectivity, toluene formation rate, and 

dihydrogen formation rate, respectively. Here it is assumed that only the reactions (1) and 

(2) occurred. Figure 4-5 (a) shows relationship between temperature and methylation 

selectivity in the region with the total reaction rate ( rTol + 
r  - r Tol

2
) > 1.0 μmol g-1 min-1 selectivity calculated in low reaction 

rate region is disturbed by large experimental errors due to small values. 

Mn, In, Fe, Mo, and Pb showed relatively high selectivity but with low toluene 

formation rate. Among the remarkably active catalysts (Pt, Co, Rh, Pd and Ni), high 

selectivity was found only on Pt and Co. The Co/MFI showed relatively high selectivity 
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Table 4-2   Reduction behavior and reaction rates observed in methane + benzene 

TPR over metal/MFI. 

Sample 

name 

Temperature 

of reduction 

Eº [a] Maxim

um of 

rToluene 

Temperature 

where 

maximum 

rToluene was 

recorded 

Maximum 

of 

rDihydrogen 

Temperature 

where 

maximum 

rDihydrogen was 

recorded 

K V 

μmol 

gcat
-1 

min-1 

K 
μmol gcat

-1 

min-1 
K 

NH4-

MFI 
- - 0.21 843 1.41 478 

Mg-0.6 - -2.37[b] 0.20 805 1.35 695 

Ca-0.6 - -2.86[b] 0.22 826 1.77 743 

Cr-0.4 610 -0.74[c] 1.40 843 5.06 843 

Mn-0.4 779 -1.18[b] 0.72 791 0.97 814 

Fe-0.4 707 -0.03[c] 1.55 843 2.67 843 

Co-0.6 - -0.28[b] 8.70 843 31.81 843 

Ni-0.6 - -0.25[b] 3.65 843 98.63 843 

Cu-0.6 662 0.34[b] 0.43 843 8.64 843 

Zn-0.6 - -0.76[b] 0.49 843 3.60 843 

Ga-0.4 - -0.54[c] 0.34 843 7.12 843 

Ag-1.2 - 0.79[d] 0.06 636 1.45 811 

In-0.4 797 -0.33[c] 1.89 843 2.31 843 

Pb-0.6 - -0.12[b] 1.20 843 2.97 843 

Mo-0.6 - - 1.40 843 3.40 843 

Ru-0.4 596 0.45[b] 0.03 843 5.86 835 

Rh-0.4 592 0.75[c] 9.93 735 77.55 834 

Pd-0.6 578 0.95[b] 5.77 738 70.92 831 

Pt-0.3 592 1.18[b] 11.68 734 98.58 843 

[a] Standard reduction potential in solution at 298 K and 101 kPa from ref. [35]. 

[b] Value in a reaction of M2+ + 2e-  M0. 

[c] Value in a reaction of M3+ + 3e-  M0. 

[d] Value in a reaction of Ag+ + e-  Ag0. 
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4-3-4 XANES 

Figure 4-6 shows X-ray absorption near edge structure (XANES) of Co, Pd and 

Pt k-edge on Co, Pd and Pt/MFI, measured before and after the TPR up to 843 K. 

In Figure 4-6 (a), the position of Co k-edge on Co/MFI sample was same to that 

on CoO, regardless to before or after the reaction. It demonstrates that oxidation state of 

Co on MFI before the reaction was +II, and it was principally maintained during the 

for this dehydrogenation type reaction, but apart from it, most of the Co species had 

oxidation state +II stably in the reaction conditions. On the other hand, the CO2 formation 

on Co0.6 in the TPR experiment was observed, but the intensity was small as stated above. 

The quantity of reduced Co is believed to be small, based on the XANES.  

As shown in Figure 4-6 (b), the position of Pd k-edge of the Pd/MFI before the 

reaction was same to that of PdO. After the reaction, the position and shape of the catalyst 

changed to those of Pd-foil. This indicates that the Pd species on MFI was reduced from 

+II to 0 during the reaction. It is also consistent with the observation from TPR shown in 

Figure 4-1 (c). XANES of Pt/MFI shows that Pt species was completely reduced into 

metal species after the TPR [Figure 4-6 (c)]. 

Thus, XANES showed the stable oxidation state of Co held by MFI zeolite and 
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4-4 Discussion 

Reduction behavior 

The large peak of CO2 found on Pd/MFI during the TPR with benzene and 

methane indicates the easiness of reduction of Pd species, as supported by XANES. In 

contrast, Co/MFI showed the stable oxidation state (+II) during the reaction conditions as 

evidenced by XANES. However, the TPR of Co/MFI showed the small peak of CO2 

formation. We have clarified that most of Co(+II) species were located on the ion 

exchange sites of MFI on this sample (Co-0.6) [16], but from the Co/Al molar ratio 0.6, 

it is speculated that a fraction of Co was not on the ion exchange site. It has been known 

that quite high temperature over 1173 K was required for reducing Co cation on the ion 

exchange site of zeolite by H2 [36]. It is therefore speculated that the Co species on the 

ion exchange site was not reduced during the TPR experiments, whereas small amount of 

Co not held by the ion exchange site was reduced in the experiment. We have reported 

that the activity for methylation of benzene with methane (1) was mainly generated on 

the Co species held by the ion exchange site [16]. Therefore, it is considered that the 

oxidized Co species mainly played a role of active species for the reaction (1). 

From the catalytic and reduction behaviors, the employed metal/MFI catalysts 
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(NH4-MFI, Mg, Ca, Cu, Zn, Ga, Ag

 

As shown by non-monotonous dependence of toluene formation rate on the 

temperature, typically found on In/MFI, the oxidized state and the reduced state of an 

element showed different catalytic behaviors for the reaction of methane and benzene. 

Formation of toluene nor dihydrogen was never found on typical element-

promoted MFI (NH4-MFI, Mg, Ca, Zn, and Ga). The transition metals classified into base 

metals, Fe, Mo, Cr, Mn, In and Pb, showed relatively low activities for toluene formation, 

whereas noble metals, i.e., Pt, Rh and Pd showed obviously high activity. Some transition 

base metals, i.e., Co and Ni, exceptionally showed high activity. The noble metals have 

been known to possess hydrogenation / dehydrogenation activity, as well as Co and Ni 

among base metals [37 ,38 ]. Dehydrogenation from methane involving the C-H bond 

cleavage, and the hydrogenation / dehydrogenation ability presumably contributed to 

generate the ability of formation of intermediate necessary for the methylation of benzene 

through the cleavage of stable C-H bond in methane. 

On all the employed catalysts, the methylation selectivity was low at the start of 

TPR, i.e., low reaction temperature. The elevation of temperature increased the toluene 
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formation rate and selectivity in the low temperature range (< 650 K) on all the catalysts 

which were found to have the activities for the methylation of benzene. On Co, Ni, Cr, 

and Fe/MFI, the toluene formation rate continued to monotonously increase up to the 

highest temperature in the experimental range, and therefore, the selectivity also showed 

approximately monotonous increase against the temperature. 

The selectivity was obviously dropped at high temperature on Pt, Rh, Pd, In, and 

Mn/MFI, because the toluene formation rate decreased through the maximum, but the 

dihydrogen formation rate continued to increase with elevating the temperature. As shown 

in the previous section, most of the members of (ii) active and reduced, and all of (iv) 

highly active and reduced groups showed this behavior, indicating that the reduction of 

element suppressed the selectivity

monotonous increase of selectivity. All of (iii) active and kept oxidized (Pb and Mo) and 

(v) highly active and kept oxidized (Co and Ni) showed monotonous increase of 

selectivity against the temperature. The tendency of each group was reasonably explained 

according to the standard reduction potential (E°, Table 4-2). The species belonging to 

the group (iv), Rh, Pd, and Pt, have positive standard reduction potentials, meaning highly 

reducible property. The metals in group (ii) were also reducible, although the potentials 

were negative. Most members in this group are trivalent, and the loading of metal cation 
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on an ion exchange site of zeolite proceeds preferentially with mono- or divalent cations. 

The present observation suggests that the cations belonging to the group (ii) were not 

stabilized by the ion exchange sites. On the other hand, all the metals belonging to (iii) 

and (v), active and oxidized, have negative E°, corresponding to the stability on oxidized 

states even in a methane flow at high temperature. 

It is believed that noble metals, Pt, Pd and Rh, were substantially active for this 

reaction, and showed high reaction rates at relatively low temperatures. The high activity 

is consistent with their high activities for dehydrogenation of hydrocarbons [ 39 ,]. 

However, due to the low selectivity of reduced metals as above, the selectivity decreased 

at too high temperature, and the highest reaction rate was limited. 

Thus, a general trend was observed. The elements with high hydrogenation/ 

dehydrogenation reactivity had activity for the methylation of benzene with methane. The 

elements with stable oxidized states showed the monotonous increase of the rates of 

reaction (1) against the reaction temperature, whereas the elements which were reduced 

in the reaction conditions showed the significant decrease of selectivity at high 

temperature and the non-monotonous change (in many cases, volcano-shape) of rate 

against the temperature. 

As a result, among the highly active catalysts, high selectivity at high 
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temperature was found on only the element never reduced up to the high temperature, i.e., 

Co. 

Noble metals such as Pt, Rd and Pd showed lower selectivity than others at 

around 800 K. However, this does not tell us simply that the catalytic performance of 

noble metals was low. From a practical view, high selectivity at a fixed reaction rate 

regardless of the reaction temperature should be compared, in order to evaluate potential 

of the catalysts. For this purpose, plots of selectivity against the rate of desired reaction 

(1) are shown in Figure 4-4 (b). Compatibility of high reaction rate and high selectivity 

shows the high catalytic performance regardless of the reaction temperature, and therefore 

a plot close to the right hand- and upper-corner in Figure 4-4 (b) shows the high 

performance. High reaction rate was obtained only on Pt, Co, Rh, Pd, and Ni/MFI. Among 

them, high selectivity was observed only on Pt and Co/MFI. The high selectivities on Pt 

and Co were observed at ca. 600 and 750 K, respectively. Use of Pt at low reaction 

temperature and use of Co at high temperature are promising to achieve the high reaction 

rate and selectivity. 

In the continuous flow reaction at a stable temperature, the toluene formation 

rate on Pt/MFI was high at the initial stage of time on stream, but soon decreased down, 

while Co/MFI showed stable activity at 773 K. XANES and TPR showed that Pt species 
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was reduced in the reaction conditions. The nature of Pt contributed to the high reaction 

rate at the initial stage of time on stream, but the side reaction (2), which should be 

unavoidable in the reduced state, formed carbonaceous to gradually block the active sites. 

The noble metals thus showed relatively high reaction rate at low temperature due to their 

high dehydrogenation activity, but easiness of reduction caused low selectivity and/or 

catalyst degradation at high temperature. On the contrary, it is shown that Co/MFI had 

suitable balance between stability of oxidized state and activity for dehydrogenation to 

show the high activity, selectivity and long catalyst life. 

As stated above, the selectivity monotonously increased with elevating the 

temperature in the low temperature range (< 650 K) on all the catalysts with the activities 

for the methylation of benzene. It tells us that the methylation of benzene has higher 

activation energy than that of the side reaction, the simple dehydrogenation of methane, 

on all the employed metal/MFI. The drop of selectivity at high temperature on the reduced 

metals (typically found on Pt) may have a different origin. From the deactivation behavior 

observed in the fixed-temperature experiment, the high reaction rate for the simple 

dehydrogenation of methane on the reduced metal at the high temperature caused the 

serious deactivation due to the formed carbonaceous. 
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4-5 Conclusions 

 Behaviors of reaction of methane and benzene over metal/MFI catalysts were 

investigated by temperature programmed reaction technique in 373-843 K. Oxidation 

state, easiness of reduction and their effects on catalytic nature of metal species were also 

analyzed, with an aid of XANES. Oxidized Co (+II) species located on ion exchange site 

of MFI was kept even in reductive conditions of methane flow at 843 K, and it was key 

point for catalyzing benzene methylation with methane. Ni and noble metals such as Pd, 

Rh and Pt supported on MFI showed high activity for the methane dehydrogenation as a 

side reactions, as well as the methylation, resulting in low reaction selectivity at high 

temperature.  
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Chapter 5 Enhancement of Methylation Selectivity of 

Benzene Methylation with Methane over 

Designed Co/MFI catalyst 

5-1 Introduction 

 Development of processes which can convert methane into chemical products 

has been strongly demanded for utilizing methane as substitute of petroleum in chemical 

resources [1,2]. Direct partial oxidation of methane into methanol [3,4] and aromatization 

of methane into aromatics such as BTX [5,6] have been studied. However, big problems 

such as low selectivity of the target reaction and/or energy loss have made the challenges 

difficult.  

We have recently suggested direct methylation of benzene with methane as a 

desirable reaction. In our previous study, cobalt supported on MFI-type zeolite (Co/MFI) 

was distinctly active for benzene methylation with methane [reaction (1)] in various 

metal/MFI catalysts [7,8].  

 

CH4 + C6H6  C6H5-CH3 + H2   (1) 

 

However, on Co/MFI, methane dehydrogenation [reaction (2)] accompanied as a side 
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reaction, as well as the methylation. 

 

CH4  C + 2H2    (2) 

 

In addition to that, toluene formation rate has been still low with c.a. 2.0 μmol g-1 min-1 

at 773 K. To accelerate toluene formation rate, elevation of reaction temperature was tried. 

Unfortunately, reaction rate of hydrogenation (2) became much higher than methylation 

(1) in high temperature over 800 K. Therefore, it is needed that accurate active species of 

Co/MFI for the target and side reactions were clarified.  

 From characterization of Co/MFI with X-ray absorbed spectroscopy (XAS) and 

ammonia infrared mass spectrometer / temperature programmed desorption (NH3-IRMS-

TPD), it was cleared that the active species of Co/MFI was Co(+II) species on mono-

atomically dispersed on ion exchange site of MFI (Chapter 3,[7]). In addition to that, 

results of methane + benzene TPR experiments over metal/MFI showed that balance 

between Lewis acidity and ability of dehydrogenation was important for the target 

reaction (Chapter 4). However, the active species for dehydrogenation of methane was 

not clarified.  

 Based on these backgrounds, methane + benzene TPR experiments over various 
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Co/MFI with different [Co] and [Al] were performed to identify active species of methane 

dehydrogenation and get a hint for improving the Co/MFI catalyst. In this study, we 

reported that Co/MFI with low [Al] prepared by impregnation method showed high 

selectivity and long catalytic life in high temperature where the toluene formation rate 

was over 2.0 μmol g-1 min-1. 

 

5-2 Experimental 

5-2-1 Catalyst preparation 

Samples of Na-MFI zeolite with SiO2/Al2O3 = 22.1 (supplied by Tosoh), 30, 48 

(Mizusawa), 61 (Zeolyst), and 90 (Craliant) were ion-exchanged into NH4-form. Co 

species was impregnated from aqueous solutions of Co nitrate [Co(NH3)2] on NH4-MFI. 

Most of the solvent was removed by drying at 343 K with stirring at 400 rpm. The yielded 

solid was dried again at 383 K overnight in an oven and then stored without further 

calcination at higher temperatures. Ion exchange method was also performed for the 

catalyst preparation as follows: NH4-MFI with SiO2/Al2O3 = 22.1 was put into an aqueous 

Co(NO3)2 solution with desired Co content, and the solution was stirred and heated at 343 

K for 4 h. The solid was then filtrated, washed 3 times and dried at 383 K. The Co and Al 

contents on the ion-exchanged samples were measured by means of inductively coupled 
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plasma emission spectroscopy (ICP-AES, Rigaku ICP CIROS). The prepared samples are 

listed in Table 5-1 with their abbreviations. 

  

Table 5-1   Prepared samples

Abbreviation Preparation 

method 

[Al] 

/ mol 

kg-1 

[Co] 

/ mol 

kg-1 

SiO2/Al2O3 

in support 

Co/Al 

in solution 

Co/Al 

in solid 

22-IE-Co-0.39 Ion exchange 1.35 0.53 22.1 2.0 0.39* 

22-IE-Co-0.41 Ion exchange 1.35 0.55 22.1 10.0 0.41* 

22-IMP-Co-0.6 Impregnation 1.35 0.81 22.1 0.6 0.6** 

22-IMP-Co-1.8 Impregnation 1.35 2.43 22.1 1.8 1.8** 

30-IMP-Co-0.6 Impregnation 1.02 0.61 30 0.6 0.6** 

48-IE-Co-0.15 Ion exchange 0.66 0.10 48 10.0 0.15* 

48-IMP-Co-0.6 Impregnation 0.66 0.39 48 0.6 0.6** 

52-IMP-Co-0.6 Impregnation 0.61 0.37 52 0.6 0.6** 

61-IMP-Co-0.6 Impregnation 0.52 0.31 61 0.6 0.6** 

90-IMP-Co-0.6 Impregnation 0.36 0.22 90 0.6 0.6** 

*: Measured by inductively coupled plasma emission spectroscopy (ICP-AES). 

**: Based on the amounts of Co in the impregnated solution and Al in the used zeolite. 
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5-2-2 Temperature-programmed reaction (TPR) 

 Catalytic activity and selectivity of metal/MFI over a wide range of temperature 

were studied with temperature-programmed reaction (TPR) in a fixed-bed flow reactor 

(i.d. = 10 mm). Metal/MFI (0.300 g) was pretreated in oxygen (99.9% from Hinomaru 

Industry) flow with 1.23 mmol min-1 of the flow rate in atmospheric pressure at 823 K 

for 1 hour, then catalyst bed was cooled to 373 K. A mixture of methane (99.9% from 

Iwatani), benzene (special grade from Wako), and helium (as internal standard, 99.9% 

from Taiyo Nippon Sanyo) with 1.14 103, 4.46 and 81.7 μmol min-1, respectively, was 

fed with recording the mass spectra continuously by using a mass spectrometer (Pfeiffer  

Vacuum, QMG220) connected to the outlet of reactor. After the ion currents were 

stabilized, the catalyst bed was heated again to 843 K at a ramp rate of 10 K min-1. 

Benzene, toluene, and dihydrogen were quantitated from their ion currents, as well as 

other mass spectral signals within m/e (mass / charge ratio) = 1 to 200.  

 

5-2-3 Steady state reaction 

 Steady state reactions were performed with same procedure to the TPR until the 

MS stabilization step. Then, temperature of the catalyst bed was elevated to 773 K at a 
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ramp rate of 10 K min-1. It was defined as a reaction started point when the temperature 

became 773 K. Benzene, toluene, and dihydrogen were quantitated from their ion currents.  
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attributed to helium as inner standard were stable, meaning that these reactions were 

performed stably. Ion currents of m/z = 16 attributed to methane were also stable in the 

temperature range because they were flowed in surplus, so we could not observed 

decrease of current in the temperature range. Broad peaks of ion current at m/z = 18 

attributed to water observed in 400-600 K in all the experiments were caused by H2O 

desorbed from catalysts, implying that small amount of water existed in benzene as an 

impurity and it was adsorbed on the catalyst during MS stabilization step. On 22-IMP-

Co-0.6 and 22-IMP-Co-1.8, some peaks of ion currents at m/z = 44 attributed to carbon 

dioxide were observed. It indicates that some Co species were reduced by methane into 

reduced Co species such as Co0. On 22-IE-Co-0.39 and 22-IMP-Co-0.6, ion currents at 

m/z = 91 attributed to toluene was elevated from c.a. 700K monotonously against 

temperature. This means that toluene was produced in the temperature range. On 22-IMP-

Co-1.8, the toluene production was observed with two steps, 650-700 K and > 700 K. The 

former step was observed at the same time to the large reduction peak. It implies that 

toluene was produced by methylation of benzene with other than methane reagent such 

as methanol produced by Co reduction [9 ,10 ]. Ion current at m/z = 2 attributed to 

dihydrogen was remarkable on 22-IMP-Co-1.8 over 800 K after the large reduction peak 

of m/z = 44 (CO2). This indicates that reduced Co0 species promoted methane 
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50%. It is needed that more selective catalyst is designed and developed.  

 Figure 5-4 shows TPR profiles which are plots of ion currents against 

temperature during heating the catalyst bed from 373-843 K using Co/MFI with different 

[Al]. On all the catalysts except for 30-IMP-Co-0.6, changes of the ion currents such as 

position of H2O desorption and CO2 formation peak were similar. On 30-IMP-Co-0.6, 

comparably large reduction peaks were observed at 650 and 800 K. This indicates that 

some Co species was existed on other than ion exchange site of MFI. It was reported that 

crystallite size was large, and that the surface area was quite low [11]. Therefore, Co2+ 

species were not loaded to ion exchange site of MFI by impregnation method effectively.  

 Then, toluene and dihydrogen formation rates were calculated, followed by 

methylation selectivity, and relationship between activity and selectivity for the target 

reaction was summarized in Figure 5-5 like Figure 5-3 (b). Although 22-IMP-Co-0.6 and 

30-IMP-Co-0.6 which had high [Al] comparably showed high activity for the target 

reaction, the selectivities were under 50%. On the other hand, 48-IMP-Co-0.6 and 61-

IMP-Co-0.6 showed high selectivity in the range where toluene formation rate was over 

6 μmol g-1 min-1. These results may be related to the fact that the active species of Co/MFI 

was dispersed Co2+ species on ion exchange site of MFI, cleared in Chapter 3.  
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sites were calculated from the band of d in contrast of the case in Chapter 3, because the 

band of s was overlapped by SiO vibration on low [Co] samples such as 48-IE-Co-0.15. 

In addition, the band of d was deconvoluted into 1624 (L1) and 1607 (L2) cm-

1 shown in Figure 5-9. Acidic properties of the Co/MFI samples were summarized in 

Table 5-2. Amount of Brønsted acid (B sum) was low even on Co/MFI samples prepared 

by impregnation method. This means that Co2+ species were effectively ion exchanged 

on ion exchange sites of MFI. On Co/MFI samples with SiO2/Al2O3 = 22, no apparent 

changes in acidity were observed in preparation methods. On the other hand, on those 

with with SiO2/Al2O3 = 48, 48-IMP-Co-0.6 had more L2 than 48-IE-Co-0.15, althogh 

amounts of L1 were not changed. This implies that amount of L2 is related to that of Co 

species on Al single sites. However, discussion of amount of Co species on Al sigle sites 

Table 5-2   Acidic properties of Co/MFI. 

Sample 
[Al] 

Total desorbed 

NH3 
B sum  L sum L1 L2 

mol kg-1 mol kg-1 mol kg-1 mol kg-1 mol kg-1 mol kg-1 

22-IMP-Co-0.6 1.35 1.40 0.09 1.08 0.19 0.89 

22-IE-Co-0.41 1.35 1.05 0.14 0.78 0.16 0.62 

48-IMP-Co-0.6 0.66 0.53 0.07 0.37 0.05 0.32 

48-IE-Co-0.15 0.66 0.60 0.29 0.19 0.05 0.14 
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should be done carefully, because 22-IE-Co-0.41 also had much L2. Therefore, further 

characterization of these samples is needed by spectroscopic techniques such as in-situ 

Ultraviolet-visible (in-situ UV-vis) in the future works, in order to clarify precise active 

species promoting the methylation of benzene with methane.  

 

 

5-4 Conclusions 

 Methane and benzene TPR experiments were performed over Co/MFI with 

various [Co] and [Al] prepared by ion exchange and impregnation method. Co/MFI 

loaded excess Co showed quite low methylation selectivity because Co species on 

external surface of MFI was reduced into metal Co0 promoting methane dehydrogenation. 

On the other hand, Co/MFI with high [Al] which was expected to be dispersed Al in MFI 

was high methylation selectivity at high temperature realizing high toluene formation rate. 

From the results of continuous flow reaction of methane + benzene in severe conditions, 

it was demonstrated that high selective Co/MFI showed high catalytic stability.  
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Chapter 6 Synthesis of Benzene Derivatives from 

Reaction of Ethane and Benzene over 

Pb/MFI Catalyst 

6-1 Introduction 

 Natural gas has attracted world’s interest as a substitute of petroleum, and 

amount of mined natural gas has increased since the shale gas revolution occurred [1-4]. 

Ethane is a component of natural gas. Some processes which gain value-added chemical 

compounds from ethane have been performed industrially all over the world [5]. In those 

processes, first of all, ethane is dehydrogenated into ethylene (1), 

 

C2H6  C2H4 + H2     (1) 

 

and then the ethylene is converted to the chemicals via condensation and additive 

reactions [6-9]. However, these processes consumed much energy due to multistep and 

endothermal reactions [10]. 

 Therefore, developing processes which convert the ethane into chemicals 

directly has been demanded. It is a choice that ethane is utilized as a direct ethylation 

reagent. Especially, ethylation of aromatics is promising, because ethylated aromatics and 
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its derivatives such as ethylbenzene, styrene and diethylbenzene can be a feedstock of 

various polymer [11,12]. So, reaction of ethane + benzene to synthesize ethylbenzene (2), 

 

 C2H6 +C6H6  C6H5-C2H5 + H2   (2) 

 

is considered to be the best as a target reaction.  

 The reaction (2) has been studied by some researchers. Suzuki et al. found that 

ethylbenzene was produced from a mixed gas of ethane + benzene over Pt supported on 

MFI-type zeolite [13,14]. Lukyanov et al. demonstrated the reaction pathways as follows. 

First, Pt particles on MFI promoted the reaction (1) to produce ethylene. Then, Brønsted 

acid sites of MFI zeolite catalyzed additive reaction of benzene with the ethylene (3). 

 

 C2H4 + C6H6  C6H5-C2H5    (3) 

 

Namely, the reaction (2) was promoted in the system seemingly, but actually, multistep 

reactions of (1) + (3) proceeded on the Pt/MFI [15,16]. Although it is very attractive to 

produce ethylbenzene from ethane + benzene in one system, olefins such as ethylene 

which is synthesized by the reaction (1) tend to be polymerized into carbon species, cause 
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catalyst deactivation [17 ]. Therefore, it is considered to be desirable that reaction (2) 

proceeds by one step or without via olefins. 

 To realize those, two choices can be possible. The first is pathways via oxidative 

reaction. Ethane is oxidized into ethanol, then the ethanol is added into benzene to 

produce ethylbenzene. It was reported that H-MFI zeolite catalyzed the process [18]. In 

this process however, it is difficult to regulate progress of complete oxidation of ethane 

into carbon dioxide as a side reaction. The second one is direct ethylation of benzene with 

ethane in non-oxidative conditions, (2) exactly. Gerzeliev et al. reported a possibility that 

H-MFI catalyzed the process by utilizing quantum-chemical simulation [19]. Furthermore, 

it was reported that Co/MFI catalyze direct methylation of benzene with methane in our 

previous study [20,21]. Anyway, metal supported MFI-type zeolite is promising as the 

catalyst.  

Based on the background mentioned above, a metal/MFI which can catalyze the 

reaction of ethane + benzene in non-oxidative conditions with a fixed-bed flow reactor 

was researched for. We evaluated the catalytic stability and speculated the reaction 

pathways on some active catalysts by comparing changes of formation rates and 

distribution of the products. Then suitable chemical composition such as metal/Al molar 

ratio and Al content in MFI, and an effect of reaction temperature on the activity were 
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clarified. This paper shows high and stable catalytic activity of Pb/MFI for the reaction 

of ethane + benzene, and speculated reaction pathways on the Pb/MFI. 

 

 

6-2 Experimental 

6-2-1 Catalyst preparation 

Various metal/zeolites were prepared by impregnation method as reported our 

previous paper [20]. A NH4-MFI zeolite (Tosoh, [Al] = 1.3 mol kg-1, SiO2/Al2O3 molar 

ratio = 22.1) was put into aqueous solution from nitrates (Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, 

Ag, In, Pb, and Bi), and chlorides (Rh and Ru), chlorides of ammine complexes (Pd, and 

Pt), or (NH4)6Mo7O24 as a precursor. The mixture was heated at 343 K with stirring at 400 

rpm until most of the water was dried. The yielded slightly wet solid was dried again at 

383 K for 3 h. In addition to these, some Pb/MFI samples, Pb/zeolites and Pb/SiO2 were 

also prepared with NH4-MFI (ion exchanged from Na-MFI, Mizusawa, Mizusawa, 

Zeolyst, and Clariant), NH4-*BEA (ion exchanged from Na-*BEA, Clariant), NH4-MOR 

(as supplied from Tosoh), NH4-FER (as supplied from Tosoh), and NH4-FAU (ion 

exchanged from Na-FAU, JGC Catalysts and Chemicals) with SiO2/Al2O3 = 30, 48, 61, 

90, 25, 15, 18.5 and 4.8, respectively, and SiO2 (JGC Catalysts and Chemicals) as a 
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support of Pb species. Some Pb/MFI samples were prepared by means of ion exchange 

method. A NH4-MFI with SiO2/Al2O3 = 22.1, 52, and 63 supplied from Tosoh, Mizusawa, 

Mizusawa, respectively, were put into the Pb(NO3)2 aqueous solution. After the solution 

was stirred and heated at 343 K for 4 h, the solid was filtrated and washed 3 times, and 

dried at 383 K for 3 h. The Pb and Al contents on the ion-exchanged samples were 

measured by means of inductively coupled plasma emission spectroscopy (ICP-AES, 

Agilent, 5110 ICP-OES). The prepared samples are summarized in Table 6-1. 
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Table 6-1   Prepared catalysts. 

Abbreviation Transition 

metal source 

Preparation 

method 

Structure  

of support 

[Al] 

/ mol kg-1 

[Metal] 

/ mol kg-1 

SiO2/Al2O3 

in support 

Metal / Al 

molar ratio 

NH4/-MFI - - MFI 1.3 0 22.1 0 

22-IMP-Pb-Y Pb(NO3)2 Impregnation MFI 1.3 1.3 × Y* 22.1 Y* 

30-IMP-Pb-0.6 Pb(NO3)2 Impregnation MFI 1.0 0.60 30 0.6 

48-IMP-Pb-0.6 Pb(NO3)2 Impregnation MFI 0.66 0.40 48 0.6 

61-IMP-Pb-0.6 Pb(NO3)2 Impregnation MFI 0.52 0.31 61 0.6 

90-IMP-Pb-0.6 Pb(NO3)2 Impregnation MFI 0.36 0.22 90 0.6 

22-IE-Pb-Y Pb(NO3)2 Ion exchange MFI 1.3 1.3 × Y** 22.1 Y** 

52-IE-Pb-0.41 Pb(NO3)2 Ion exchange MFI 0.61 0.25 52 0.41 

63-IE-Pb-0.38 Pb(NO3)2 Ion exchange MFI 0.51 0.19 63 0.38 

Pb/FER Pb(NO3)2 Impregnation FER 1.6 0.95* 18.5 0.60* 

Pb/*BEA Pb(NO3)2 Impregnation BEA 1.2 0.72* 25 0.60* 

Pb/MOR Pb(NO3)2 Impregnation MOR 1.9 1.14* 15 0.60* 

Pb/FAU Pb(NO3)2 Impregnation FAU 4.5 2.71* 4.8 0.60* 

Pb/SiO2 Pb(NO3)2 Impregnation
Amorphous 

(silica gel) 
0 0.59*   

22-IMP-Mg-0.6 Mg(NO3)2 Impregnation MFI 1.3 0.81* 22.1 0.60* 

22-IMP-Cr-0.4 Cr(NO3)3 Impregnation MFI 1.3 0.54* 22.1 0.40* 

22-IMP-Mn-0.6 Mn(NO3)2 Impregnation MFI 1.3 0.81* 22.1 0.60* 

22-IMP-Fe-0.4 Fe(NO3)3 Impregnation MFI 1.3 0.54* 22.1 0.40* 

22-IMP-Ni-0.6 Ni(NO3)2 Impregnation MFI 1.3 0.81* 22.1 0.60* 

22-IMP-Cu-0.6 Cu(NO3)2 Impregnation MFI 1.3 0.81* 22.1 0.60* 

22-IMP-Zn-0.6 Zn(NO3)2 Impregnation MFI 1.3 0.81* 22.1 0.60* 

22-IMP-Ga-0.4 Ga(NO3)3 Impregnation MFI 1.3 0.54* 22.1 0.40* 

22-IMP-Mo-0.6 (NH4)6Mo7O24 Impregnation MFI 1.3 0.81* 22.1 0.60* 

22-IMP-Ru-0.4 RuCl3 Impregnation MFI 1.3 0.54* 22.1 0.40* 

22-IMP-Rh-0.4 RhCl3 Impregnation MFI 1.3 0.54* 22.1 0.40* 

22-IMP-Pd-0.6 [Pd(NH3)4]Cl2 Impregnation MFI 1.3 0.81* 22.1 0.60* 

22-IMP-Ag-1.2 AgNO3 Impregnation MFI 1.3 1.62* 22.1 1.20* 

22-IMP-In-0.4 In(NO3)3 Impregnation MFI 1.3 0.54* 22.1 0.40* 

22-IMP-Pt-0.3 H2[PtCl6] Impregnation MFI 1.3 0.41* 22.1 0.30* 

22-IMP-Bi-0.4 Bi(NO3)3 Impregnation MFI 1.3 0.54* 22.1 0.40* 

*: Based on the amounts of Pb in the impregnated solution and Al in the used zeolite. 

**: Measured by inductively coupled plasma emission spectroscopy (ICP-AES). 
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6-2-2 Catalytic test 

 Catalytic tests were performed in a fixed-bed flow reactor. Ethane (99.7 % from 

Taiyo Nippon Sanyo) and benzene (special grade, Wako) were used. In standard 

conditions, powder sample (0.300 g) was placed in a Pyrex tube (i.d.: 10 mm) and 

pretreated in a flow of nitrogen (73.6 mmol h-1, 99.9% from Iwatani) in the atmospheric 

pressure at 823 K for 1 h. Then, a mixture of ethane and benzene (99.0 and 2.3 kPa, 73.6 

and 1.72 mmol h-1, respectively, corresponding to Wcat / Ftotalgas = 3.98 gcat h moltotalgs
-1) 

was fed to the catalyst bed at 773 K. The outlet materials were loaded by 6-ways valve 

into and analyzed with flame ionization detector-gas chromatograph (FID-GC, Shimadzu 

GC-2014) equipped with capillary column (Agilent, CP-PoraBOND Q) directly 

connected to the outlet of a reactor.  
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on stream in 4.5 h, whereas Pb/MFI showed stable activity [Figure 6-2 (a)]. This tendency 

was also observed in Figure 6-2 (b). Ethylene formation rates fell on Pt and Mo/MFI, 

whereas were stable on Zn and Pb/MFI [Figure 6-2 (c)]. The ethylene formation rates 

were in the order with Pt/MFI > Zn/MFI = Pb/MFI > Mo/MFI.  

Based on the screening of catalysts for ethane + benzene reaction, it was 

demonstrated that Pb/MFI had stable activity for the target reaction and did not promoted 

side reactions so much. Furthermore other Pb/zeolites such as Pb/MOR were inactive for 

the target reaction shown in Figure 6-1. Therefore, we researched about Pb/MFI for 

suitable composition of the catalyst and speculation of the reaction pathway.  
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relationship between the formation rates of the reaction products and Wcat/Ftotalgas. The 

reaction did not proceed with no catalyst. Ethylene and ethylbenzene were produced with 

even low Wcat/Ftotalgas = 1.33 gcat h mol-1, their formation rates increased with elevating 

Wcat/Ftotalgas to 2.65 gcat h mol-1. Ethylene formation rates increased with elevating the 

Wcat/Ftotalgas. to 3.98 gcat h mol-1, whereas ethylbenzene formation rate was saturated then. 

On the contrary, C3-5 hydrocarbon, naphthalene, and styrene were almost not observed 

at low Wcat/Ftotalgas = 1.33 gcat h mol-1, but they were observed Wcat/Ftotalgas < 2.65 gcat h 

mol-1.  
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6-4 Discussion 

6-4-1 Requirements for stable catalytic activity 

 Among various metal/MFI catalysts, Zn, Mo, Pt, and Pb/MFI showed high 

catalytic activities for the target reaction, however the products distribution was different. 

For example Zn and Pt/MFI showed high activities for the side reactions producing C3-5 

hydrocarbon, toluene, and naphthalene. C3-5 hydrocarbons and toluene were produced by 

hydrogenolysis of benzene on Brønsted acid sites of MFI [22]. In this case, the hydrogen 

source was considered to be from ethane dehydrogenation into ethylene. Indeed, 

production of ethylene was observed on the catalysts. Although ethylene was also 

produced on Mo and Pb/MFI, amounts of the C3-5 hydrocarbons and toluene were few, 

compared to those using Zn and Pt/MFI. This might be because of difference of Brønsted 

acidity. On the other hand, naphthalene was produced by dehydrocyclization of 

diethylbenzene [23]. Therefore, Zn and Pt/MFI which promoted side reactions were 

highly active for dehydrogenation of hydrocarbon as reported [16, 24 ]. Generally, 

catalysts which have high activity for dehydrogenation are tend to be deactivated by 

covering active sties with carbon species produced from the dehydrogenation [17]. Indeed, 

deactivation was observed on Zn and Pt/MFI. Deactivation was also observed on Mo/MFI 

slightly in 4.5 h with time on stream, although amount of the byproducts was few 
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comparably. This means that amount of active sites was few due to difficulty of dispersing 

Mo species on the support. It has been reported that Mo species were aggregated on 

external surface of zeolite supports in Mo/zeolites [25]. On Pb/MFI, the formation rates 

of the byproducts were low. It means that deposition rate of carbon species was slow, 

resulting in stable activity for the target reaction.  

 

6-4-2 Speculated reaction pathway for ethylbenzene production 

 Two possibilities are expected for pathway of ethylbenzene production from the 

reaction of ethane + benzene. The first pathway is direct ethylation of benzene with ethane. 

The second one is dehydrogenation of ethane into ethylene + dihydrogen, followed by 

alkylation of benzene with ethylene. It has been reported that the latter pathway proceeded 

on Pt/MFI [15,16]. Changes of product formation rates when using Zn/MFI were similar 

to Pt/MFI, indicating that the latter pathway proceeded on Zn/MFI [26]. Although the 

ethylene and target formation rates on Pb/MFI were similar to on Zn/MFI, the formation 

rates of byproducts were totally different. This means that reaction pathway was different 

from Zn/MFI, namely the former pathway, or both pathways might proceed on Pb/MFI.  
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6-4-3 Suitable chemical composition of Pb/MFI 

 No activity for the target reaction was observed on Pb/SiO2 and Pb/zeolites other 

than Pb/MFI. This means that the active species of Pb/MFI requires ion exchange site of 

MFI zeolite. The low activity of Pb/MFI loaded excess Pb by impregnation method 

implies that Pb species other than ion exchange sites promoted side reaction to lead 

deactivation. Fast deactivation was observed on 22-IMP-Pb-1.2 and 22-IMP-Pb-1.8 (not 

shown). In addition to that, maximum amount of Pb loaded on MFI with ion exchange 

method was around Pb/Al = 0.5, and the activity of 22-IE-Pb-Y was higher than 22-IMP-

Pb-Y with around Pb/Al =0.5. Based on these facts, it is speculated that Pb species was 

ion-exchanged onto MFI with oxidation state = +II, and that the Pb2+ species on ion 

exchange sites were active species for the target reaction. Amount of Pb loaded on ion 

exchange sites of MFI decreased with decreasing the [Al] in MFI, meaning that amount 

of Al pair sites in MFI which can supported divalent cations was few in a MFI with low 

[Al]. Difference in the activity of X-IMP-Pb-0.6 (X = 22, 30, 48, 61, and 90) was small. 

This may be because Pb species was not loaded on ion exchange sites of MFI with high 

[Al] by impregnation method effectively.  

 Products distributions were different in dependency of reaction temperature 

among Pb/MFI catalysts with different [Al] prepared by ion exchange method.  



155 

 

High activity for the side reactions in wide range of reaction temperature on 22-IE-Pb-

0.47 with high [Al] compared to 52-IE-Pb-0.41 and 63-IE-Pb-0.38, although difference 

in ethylene formation rates were small. It implies that 22-IE-Pb-0.47 had strong Brønsted 

acid sites comparably, or that some Pb2+ species which promotes the side reactions existed. 

Niessen et al. mentioned a possibility that Pb-ion exchanged zeolite had some Pb species 

[27]. Decrease of the catalytic activity for the target reactions at high reaction temperature 

on 22-IE-Pb-0.47 was due to fast deactivation from the side reactions. On the other hand, 

on 52-IE-Pb-0.41 and 63-IE-Pb-0.38, the formation rates of all the products increased 

with elevating the reaction temperature, indicating that these catalysts have simple Pb2+ 

species. Therefore, it is seemed to be suitable for this reaction that a Pb/MFI which has 

much Pb2+ species loaded on ion exchange sites of MFI with low [Al] such as 52-IE-Pb-

0.41 and 63-IE-Pb-0.38.  

 

6-4-4 Speculated reaction pathways on Pb/MFI 

 In the reactions of ethane + benzene with different amount of 52-IE-Pb-0.41 as 

a catalyst, ethylbenzene was produced at low Wcat/Ftotalgas and saturated in range of 

Wcat/Ftotalgas = 2.65-3.98 gcat h mol-1, whereas byproducts such as C3-5 hydrocarbon and 

naphthalene was produced in range of Wcat/Ftotalgas = 2.65-3.98 gcat h mol-1. This 
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produced via hydrogenolysis with dihydrogen produced from other reactions. The toluene 

was also converted coke species finally.  

Detail characterization of the Pb/MFI including acidity, oxidation state, and fine 

structure around active Pb species are needed in the future works to enhance the activity, 

because an example that Pb/MFI showed high catalytic activity was quite few [28].  
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6-5 Conclusions 

 Reactions of ethane + benzene were performed on various metal/zeolites as 

catalysts at 773 K to find a catalyst producing ethylbenzene, styrene, and diethylbenzene. 

Zn, Mo, Pt, Pb/MFI showed high catalytic activity for the target reactions. Deactivation 

of the activities was observed on Zn, Mo and Pt/MFI, whereas stable activity was 

observed on Pb/MFI. Pb/MFI prepared by ion exchange method showed higher activity 

for the target reactions than that of by impregnation method, due to effective loading Pb2+ 

species on ion exchange sites of MFI. Formation rates of byproducts such as C3-5 

hydrocarbon, toluene, and naphthalene were slow on Pb/MFI with low Al content 

prepared by ion exchange method. Byproducts from side reactions were converted into 

coke species finally, resulting in deactivation of the catalyst.  
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Chapter 7 Conclusions 

The author studied conversion reactions of aromatic hydrocarbons on zeolite-

based catalyst to clarify catalysis of them and develop a new catalyst promoting 

challenging reactions converting natural gas into useful chemicals. The knowledges from 

this study is desirable to be applied for designing catalysts which supports next generation.  

 

Concluding remarks are shown below. 

Chapter 2  

Toluene disproportionation and cumene cracking were performed over various 

solid acid catalysts in 723-823 K and 1 MPa of total pressure. Based on the conversion of 

reactants, each reactions was analyzed kinetically, and activation enthalpy ( H*°) and 

entropy ( S*°) were calculated. Compensation effect was observed between H*° and 

S*°. The slopes was depended on the bulkiness of reactant molecule as cumene > 

toluene > small alkane. On the other hand, the intercept of H*° in the effect may be 

index of difficulty for activating a reactant regardless of the degree of freedom. 
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Chapter 3 

Methane and benzene were flowed on various elements supported on MFI zeolite 

at 773 K in 101 kPa of total pressure. Co/MFI showed distinctly high catalytic activity 

for direct methylation of benzene. Co/MFI was characterized with various spectroscopies 

such as NH3-IRMS-TPD and XAS. It was clarified that Lewis acidic cobalt (+II) on ion 

exchange site of MFI was the active species for the reaction.  

 

Chapter 4 

Reactivity of methane and benzene over various elements supported on MFI 

zeolite was evaluated with temperature programmed reaction in 373-843 K. Ni, Co, and 

noble metals such as Rh, Pd, Pt showed high activity for benzene methylation with 

methane. Ni and noble metals were also highly active for dehydrogenation of methane, 

resulting in low methylation selectivity. Co species was stable with oxidized state (+II) 

during the reaction. It leads the stable activity for the reaction.  
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Chapter 5 

Methane + benzene TPR experiments over various Co/MFI with different [Co] 

and [Al] were performed. Co species on external surface of MFI was reduced into metal 

Co0 species during the reaction and it promoted methane dehydrogenation. Co/MFI with 

low [Al] showed high methylation selectivity and long catalytic stability in high 

temperature where toluene formation rate over 2.0 μmol g-1 min-1. 

 

Chapter 6 

 Reactivity of ethane + benzene were evaluated over metal/MFI catalysts at 773 

K. Zn, Mo, Pt and Pb/MFI showed high activity for production of target compounds such 

as ethylbenzene, styrene, and diethylbenzene. Zn, Mo, and Pt/MFI showed also high 

activity for production of byproducts such as naphthalene, toluene, and C3-5 hydrocarbon, 

leading catalytic deactivation. Pb/MFI showed had high selectivity for the target products, 

resulting in high catalytic stability.  
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