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Because of extensive use as chemical building blocks, C4 olefins, such 

as n-butenes and 1,3-butadiene, are important raw materials in the 

petrochemical industries. C4 olefins are major feedstocks for the production 

of various chemicals such as synthetic resins (low density polyethylene 

(LDPE) and high density polyethylene (HDPE)) and synthetic rubbers 

(acrylonitrile butadiene styrene (ABS), polybutadiene rubber (BR), styrene 

butadiene rubber (SBR), and styrene butadiene latex (SBL)). The demand of 

C4 olefins has increased steadily due to the development of synthetic rubber 

industry in the developing countries. With the growth of shale gas industry, 

the production of C4 olefins has been reduced because of the switch to lighter 
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feedstocks (naphtha → ethane). At present, n-butene and 1,3-butadiene in the 

petrochemical industry are mainly produced from naphtha cracking process. 

However, naphtha cracking process operated at relatively high temperature 

(>800 oC) involves many problems in both marketing and energy management, 

because this process produces not only butenes and butadiene but also 

ethylene, propylene, and isobutene. For these reasons, dehydrogenation of n-

butane has been considered as the effective method to produce n-butene and 

1,3-butadiene. In this work, various magnesium vanadate and platinum-tin 

catalysts were employed for the dehydrogenation of n-butane. 

Magnesium vanadate catalyst has been considered as the most feasible 

catalyst for oxidative dehydrogenation of n-butane due to its high intrinsic 

activity. However, it was known that the catalytic performance of 

Mg3(VO4)2/MgO catalyst was unstable due to its low oxygen mobility. The 

low oxygen mobility of Mg3(VO4)2/MgO catalyst impeded oxygen make-up 

during the catalytic reaction, and thus, led to a severe catalytic deactivation in 

the oxidative dehydrogenation of n-butane. To overcome this problem, many 

attempts have been made to improve the stability of Mg3(VO4)2/MgO catalyst 

by adding a metal oxide stabilizer (TiO2, Cr2O3, SiO2, and ZrO2) to 

Mg3(VO4)2/MgO catalyst. The addition of ZrO2 to Mg3(VO4)2/MgO catalyst 

resulted in excellent stability of catalyst by improving oxygen mobility of 

catalyst. This means that well-developed Mg3(VO4)2/MgO-ZrO2 catalyst not 

only improved oxygen mobility of the catalyst but also enhanced the intrinsic 

activity of the catalyst, resulting in a high catalytic performance without 

catalyst deactivation. Thus, Mg3(VO4)2/MgO-ZrO2 catalysts have received 

much attention for improving both catalytic activity and stability in the 

oxidative dehydrogenation of n-butane. In this work, in order to optimize n-
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butene and 1,3-butadiene production efficiency in the oxidative 

dehydrogenation of n-butane, Mg3(VO4)2/MgO-ZrO2 catalysts were prepared 

by various chemical compositions such as vanadium content and Mg:Zr ratio 

in the catalysts.  

A series of X-Mg3(VO4)2/MgO-ZrO2 catalysts were prepared by a citric 

acid sol-gel method and a wet impregnation method with variation of 

vanadium content (X = 6.6, 9.9, 12.8, 15.2, and 19.1 wt%). The effect of 

oxygen capacity (the amount of oxygen in the catalyst involved in the 

reaction) and oxygen mobility (the intrinsic mobility of oxygen in the catalyst 

involved in the reaction) of X-Mg3(VO4)2/MgO-ZrO2 catalysts on the catalytic 

performance in the oxidative dehydrogenation of n-butane was investigated. 

Catalytic performance of X-Mg3(VO4)2/MgO-ZrO2 catalysts was strongly 

dependent on vanadium content. TPRO (temperature-programmed 

reoxidation) measurements revealed that the catalytic performance of X-

Mg3(VO4)2/MgO-ZrO2 catalysts was closely related to oxygen capacity and 

oxygen mobility of the catalysts. Experimental results revealed that oxygen 

capacity of the catalyst was closely related to the catalytic activity in the 

oxidative dehydrogenation of n-butane, while oxygen mobility of the catalyst 

played an important role in the catalyst stability. 

Mg3(VO4)2/MgO-ZrO2 (X) catalysts were prepared by a citric acid sol-

gel method and a wet impregnation method with a variation of Mg:Zr ratio (X 

= 16:1, 8:1, 4:1, 2:1, and 1:1) for the purpose of elucidating the effect of 

Mg:Zr ratio on the catalytic performance of the catalyst. Catalytic 

performance of Mg3(VO4)2/MgO-ZrO2 (X) catalysts was strongly dependent 

on Mg:Zr ratio. It was observed that all the catalysts showed a stable catalytic 

performance in the oxidative dehydrogenation of n-butane during the whole 
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reaction time. Yield for total dehydrogenation products (TDP, n-butene and 

1,3-butadiene) showed a volcano-shaped trend with respect to Mg:Zr ratio. 

Effect of oxygen property of Mg3(VO4)2/MgO-ZrO2 (X) catalysts on the 

catalytic performance in the oxidative dehydrogenation of n-butane was 

investigated. Experimental results revealed that the catalytic activity of 

Mg3(VO4)2/MgO-ZrO2 (X) catalysts increased with increasing oxygen 

capacity of the catalyst.  

Pt-Sn catalyst supported on Al2O3 has been widely employed for direct 

dehydrogenation of n-butane due to its high catalytic activity and high 

selectivity for n-butene and 1,3-butadiene. It has been reported that platinum 

is an active metal and tin serves as an efficient activity modifier for platinum 

in the direct dehydrogenation of n-butane. It is generally accepted that 

platinum and acid property in the alumina-supported platinum catalyst play 

key roles in the direct dehydrogenation of n-butane. It has been reported that 

platinum is an active metal and the high dispersion of platinum is necessary to 

achieve high selectivity to dehydrogenation relative to undesirable side 

reactions. The typical alumina supports employed have acidic sites that 

accelerate skeletal isomerization, cracking, and polymerization of olefinic 

materials, and enhance “coke” formation. Furthermore, coke formation 

causing catalyst deactivation is inevitable under high-temperature catalytic 

reaction conditions in this reaction. Therefore, developing an efficient 

Pt/Sn/Al2O3 catalyst with high catalytic activity and catalyst stability is of 

great importance. In this work, various platinum-tin catalysts, including 

Pt/Sn/M/Al2O3 (M = Zn, In, Y, Bi, and Ga), a series of Pt/Sn/Zn/Al2O3 

catalysts with a variation of Zn content (X = 0, 0.25, 0.5, 0.75, and 1.0 wt%), 

Pt/Sn/Al2O3 (various Al2O3 support preparation method), and Pt/Sn/Al2O3 
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(different Al2O3 support calcination temperature), were prepared by a 

sequential impregnation method.  

A series of Pt/Sn/M/Al2O3 catalysts with different third metal (M = Zn, 

In, Y, Bi, and Ga) were prepared by a sequential impregnation method. The 

effect of third metal addition on the physicochemical properties and catalytic 

activities of Pt/Sn/M/Al2O3 catalysts was investigated. It was found that 

chemical and electronic properties of the catalysts were affected by the 

addition of third metal. It was revealed that yield for TDP increased with 

increasing metal-support interaction and Pt surface area of the catalyst. Metal-

support interaction and Pt surface area played important roles in determining 

the catalytic performance. In the direct dehydrogenation of n-butane, 

Pt/Sn/Zn/Al2O3 catalyst showed the best catalytic performance. 

A series of Pt/Sn/XZn/Al2O3 catalysts with different Zn content (X, 

wt%) were prepared by a sequential impregnation method. The effect of zinc 

content of Pt/Sn/XZn/Al2O3 catalysts on their physicochemical properties and 

catalytic activities in the direct dehydrogenation of n-butane was investigated. 

TPR (temperature-programmed reduction) and chemisorption experiments 

showed that metal-support interaction and Pt surface area of the catalysts were 

closely related to the catalytic performance. Catalytic activity increased with 

increasing metal-support interaction and Pt surface area of the catalysts. In the 

direct dehydrogenation of n-butane, Pt/Sn/0.5Zn/Al2O3 catalyst, which 

retained the strongest metal-support interaction and the highest Pt surface area, 

showed the best catalytic performance in terms of conversion of n-butane and 

yield for TDP.  

Al2O3 (X) supports were prepared by precipitation method (Al2O3 (P)), 

alkoxide-based sol-gel method (Al2O3 (AS)), and epoxide-driven sol-gel 
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method (Al2O3 (ES)). For comparison, a commercially available Al2O3 (Alfa 

Aesar) was used as a support (denoted as Al2O3 (C)). Pt/Sn/Al2O3 (X) 

catalysts were then prepared by a sequential impregnation method. The effect 

of preparation method of alumina support on the physicochemical properties 

and catalytic activities of Pt/Sn/Al2O3 (X) catalysts in the direct 

dehydrogenation of n-butane was investigated. BET surface area and pore 

volume of Pt/Sn/Al2O3 (X) catalysts decreased in the order of Pt/Sn/Al2O3 

(ES) > Pt/Sn/Al2O3 (AS) > Pt/Sn/Al2O3 (P) > Pt/Sn/Al2O3 (C). It was revealed 

that the platinum dispersion and platinum surface area of Pt/Sn/Al2O3 (X) 

catalysts decreased in the order of Pt/Sn/Al2O3 (ES) > Pt/Sn/Al2O3 (AS) > 

Pt/Sn/Al2O3 (P) > Pt/Sn/Al2O3 (C). In the direct dehydrogenation of n-butane, 

Pt/Sn/Al2O3 (ES) catalyst with the highest platinum surface area showed the 

best catalytic performance in the direct dehydrogenation of n-butane. 

Al2O3-X supports prepared by a sol-gel method were calcined at various 

temperatures, and Pt/Sn/Al2O3-X catalysts were then prepared by a sequential 

impregnation method. The effect of calcination temperature of alumina on the 

catalytic performance of Pt/Sn/Al2O3-X catalysts in the direct 

dehydrogenation of n-butane was investigated. Physicochemical properties of 

Pt/Sn/Al2O3-X catalysts were strongly influenced by the calcination 

temperature of alumina. It was found that platinum surface area and acidity of 

Pt/Sn/Al2O3-X catalysts decreased with increasing calcination temperature of 

alumina. In the dehydrogenation of n-butane, platinum surface area and 

acidity of Pt/Sn/Al2O3-X catalysts were closely related to conversion of n-

butane and selectivity for TDP, respectively. Conversion of n-butane 

decreased with decreasing platinum surface area of the catalyst and selectivity 

for TDP decreased with increasing acidity of the catalyst. Among the catalysts 



vii 

 

tested, Pt/Sn/Al2O3-700 (a platinum-tin catalyst supported on alumina that had 

been calcined at 700 oC) showed the best catalytic performance in terms of 

yield for TDP. 

In summary, various magnesium vanadate catalysts and platinum-tin 

catalysts were prepared and they were applied to the dehydrogenation of n-

butane to n-butene and 1,3-butadiene in this study. In order to explain 

catalytic performance of the prepared catalysts in the dehydrogenation of n-

butane, several characterizations such as N2 adsorption-desorption, XRD, 

Raman spectroscopy, TPR, TPRO, HR-TEM, chemisorption, and NH3-TPD 

analyses were carried out. From experimental findings, it is concluded that 

oxygen capacity and oxygen mobility of magnesium vanadate catalyst served 

as crucial factors determining the catalytic performance in the oxidative 

dehydrogenation of n-butane, Pt surface area and acidity of platinum-tin 

catalysts played key roles in determining the catalytic performance in the 

direct dehydrogenation of n-butane.  

 

Keywords: Oxidative dehydrogenation, Direct dehydrogenation, n-Butane, n-

Butene, 1,3-Butadiene, Magnesium vanadate catalyst, Platinum-tin catalyst 
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Chapter 1. Introduction 

 

1.1. n-Butene and 1,3-butadiene  

 

C4 olefins (n-butene and 1,3-butadiene) are important raw materials for 

synthetic resins, plastics, rubbers, and other petrochemical products. n-Butene 

is used as alkylate, monomer for polybutene, and monomer for synthetic 

resins such as low density polyethylene (LDPE) and high density 

polyethylene (HDPE). 1,3-Butadiene is an important material for 

manufacturing synthetic rubbers such as acrylonitrile-butadiene-styrene 

(ABS), polybutadiene rubber (BR), and styrene-butadiene rubber (SBR) (Fig. 

1.1) [1-3].  

The shale gas revolution has decreased the production of C4 olefins 

available for conventional chemical processes because of the switch to lighter 

feedstocks. Furthermore, the demand for C4 olefins has continuously 

increased due to the development of rubber industry for motor vehicle tires in 

the developing countries. At present, n-butene and 1,3-butadiene in the 

petrochemical industry are mainly produced from naphtha cracking process. 

However, naphtha cracking process operated at relatively high temperature 

(>800 oC) involves many problems in both marketing and energy management, 

because this process produces not only n-butene and 1,3-butadiene but also 

ethylene, propylene, and isobutene (Fig. 1.2) [4,5]. 

Dehydrogenation of light paraffins and catalytic conversion of ethanol 

have been recognized as alternative processes for producing n-butene and 1,3-



 2

butadiene because of the abovementioned disadvantages of naphtha cracking 

process. Catalytic conversion of ethanol is an industrially well proven process 

for the production of 1,3-butadiene [6,7]. This process has an advantage in a 

sense that it uses a renewable resource (ethanol) as a feedstock. Furthermore, 

investment cost for this process is low. However, this process has some 

disadvantages such as high operating cost and formation of many by-products. 

Although dehydrogenation of light paraffins is more energy intensive than 

ethanol conversion process, the former process is more efficient for selective 

production of C4 dehydrogenation products [8-10]. In particular, 

dehydrogenation of n-butane produces large amount of n-butene rather than 

1,3-butadiene, which is also of great importance for n-butene application. 

Dehydrogenation of n-butane can be operated at lower temperature than 

naphtha cracking process and is independent of naphtha cracking process in 

the production of n-butene and 1,3-butadiene. n-Butane, which is used as a 

reactant in the dehydrogenation reaction, has various advantages such as wide 

availability, low price, and environmentally friendly nature in its inert state. 

Therefore, many recent studies have been conducted on the dehydrogenation 

of n-butane for producing n-butene and 1.3-butadiene in a single unit [11-16].  
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Fig. 1.1. Applications of C4 olefins. 
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Fig. 1.2. Scheme for naphtha cracking process. 
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1.2. Dehydrogenation of n-butane 

 

Dehydrogenation of light paraffins has been recognized as an 

alternative route for the production of light olefins because of wide 

availability and low price of light paraffin feedstocks. In particular, 

dehydrogenation of n-butane has attracted much attention as a promising 

process for producing C4 olefins such as n-butene and 1,3-butadiene. 

Increasing demand for n-butene and 1,3-butadiene makes this process more 

economical, because cheap and abundant n-butane is employed as a starting 

material for producing n-butene and 1,3-butadiene.  

There are two methods in the dehydrogenation of n-butane (Fig. 1.3) 

[17-20]. Direct dehydrogenation of n-butane is an endothermic reaction that 

requires relatively high temperature to obtain a high yield for n-butene and 

butadiene. High reaction temperature favors thermal cracking reactions to 

lower alkanes and coke formation, resulting in a decrease of product yield and 

catalyst deactivation. The catalyst deactivated by coke formation is required 

to conduct coke burning in the catalyst regeneration process. Nonetheless, 

high selectivity and high yield for dehydrogenation products can be obtained 

in the direct dehydrogenation of n-butane. On the other hand, oxidative 

dehydrogenation of n-butane using oxygen as a reactant is thermodynamically 

favorable due to the exothermic nature, the practical application of this 

process has some problems such as direct combustion of hydrocarbon and 

formation of COx lowing product selectivity. However, this reaction can be 

attained even at low temperatures and high pressures, bringing enormous 
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advantages from the economic and process engineering points of view. For 

these reasons, many studies have been focused on the direct and oxidative 

dehydrogenation of n-butane for producing n-butene and 1,3-butadiene.   
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Fig. 1.3. Dehydrogenation of n-butane. 
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1.3. Catalyst for dehydrogenation of n-butane 

 

1.3.1. Magnesium vanadate catalyst 

 

Various catalysts such as magnesium vanadate [21-25], pyrophosphate 

[26-28], nickel molybdate [29-31], and ferrite-type [32] catalyst have been 

investigated for the oxidative dehydrogenation of n-butane. Among these 

catalysts, magnesium vanadate catalyst is known to be the most efficient 

catalyst in the oxidative dehydrogenation of n-butane [33-35]. It has been 

reported that active phase of magnesium vanadate catalyst strongly depends 

on vanadium content, identity of precursor, or nature of the support [36-38]. It 

is known that magnesium orthovanadate (Mg3(VO4)2) serves as a more 

efficient and active phase in the oxidative dehydrogenation of n-butane than 

the other phases such as magnesium pyrovanadate (Mg2V2O7) and magnesium 

metavanadate (MgV2O6) [23, 39-41].  

Among various Mg3(VO4)2 catalysts, Mg3(VO4)2/MgO catalyst has 

been widely studied as an efficient catalyst for the oxidative dehydrogenation 

of n-butane due to its high catalytic performance in this reaction. However, it 

was previously reported that the catalytic performance of Mg3(VO4)2/MgO 

catalyst was unstable due to its low oxygen mobility [42,43]. It was expected 

that low oxygen mobility of Mg3(VO4)2/MgO catalyst impeded oxygen make-

up during the catalytic reaction, thus, led to a severe catalytic deactivation in 

the oxidative dehydrogenation of n-butane. To overcome this problem, 

addition of metal oxides such as TiO2, Cr2O3, SiO2, and ZrO2 to Mg3(VO4)2 
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catalyst has been attempted to improve the stability of catalyst. In particular, 

the addition of ZrO2 to Mg3(VO4)2/MgO catalyst resulted in excellent stability 

of catalyst by improving oxygen mobility of catalyst. This means that 

presence of excess MgO in the Mg3(VO4)2 catalyst enhances the catalytic 

performance, while ZrO2 in the Mg3(VO4)2 catalyst acts as a stabilizer [44-46]. 

This implies that an appropriate amount of each metal oxide is required to 

improve the catalytic performance in the oxidative dehydrogenation of n-

butane. 

Many attempts have been made to find major factors determining the 

catalytic performance in the oxidative dehydrogenation of n-butane. Although 

fundamental reaction mechanisms have not been clearly elucidated, many 

researchers agree that the oxidative dehydrogenation of n-butane to n-butene 

and 1,3-butadiene over magnesium vanadate catalyst follows the reaction 

mechanism by way of alkyl radical-metal cation intermediate based on the 

Mars-van Krevelen mechanism [42-44,47,48]. Typical reaction mechanism 

for the oxidative dehydrogenation of n-butane over magnesium vanadate 

catalyst is shown in Fig. 1.4. Reaction mechanism for the oxidative 

dehydrogenation of n-butane by way of alkyl radical-metal cation 

intermediate consists of five sequential elementary step; (step i) 

chemisorptions of n-butane and activation of C-H bond, (step ii) abstraction of 

hydrogen from n-butane to form alkyl radical-metal cation intermediate, (step 

iii) abstraction of one more hydrogen from alkyl radical-metal cation 

intermediate to form n-butene, (step iv) desorption of n-butene, and (step v) 

dissociation of oxygen on the gas phase to make up oxygen vacancy in the 

catalyst and reoxidation of V3+ cation. According to this mechanism, (step i) 
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chemisorption of n-butane and activation of C-H bond and (step ii) abstraction 

of hydrogen from n-butane to form alkyl radical-metal cation intermediate are 

important steps in the oxidative dehydrogenation of n-butane [44,47]. It is 

known that the rates of these steps are enhanced if cation can readily undergo 

reduction with two electrons transferred from C-H bonds and if concentration 

of surface lattice oxygen is high [42,44,47]. This implies that oxygen property 

(capacity and mobility) of catalyst may play an important role in determining 

the catalytic performance in the oxidative dehydrogenation of n-butane. 

Therefore, it is expected that a magnesium vanadate catalyst with high oxygen 

capacity or mobility will show an excellent catalytic performance in the 

oxidative dehydrogenation of n-butane. 

As mentioned above, it can be inferred that oxygen capacity and 

mobility of the catalyst play important roles in determining the catalytic 

performance in the oxidative dehydrogenation of n-butane. Therefore, it can 

be reasonable to expect that the catalytic performance of magnesium vanadate 

catalyst would be enhanced, if oxygen capacity and mobility of magnesium 

vanadate catalyst are promoted by the addition of MgO and ZrO2.  

In this work, a series of X-Mg3(VO4)2/MgO-ZrO2 catalysts with a 

variation of V content (X = 2.8, 5.6, 8.4, 11.2, 14.0, and 16.8 wt%) and 

Mg3(VO4)2/MgO-ZrO2 (X) catalysts with different Mg:Zr ratio (X = 16:1, 8:1, 

4:1, 2:1, and 1:1) were prepared by a wet impregnation method. Prepared 

Mg3(VO4)2/MgO-ZrO2 catalysts were then applied to the oxidative 

dehydrogenation of n-butane to n-butene and 1,3-butadiene. Formation of 

Mg3(VO4)2/MgO-ZrO2 catalysts was confirmed by XRD, Raman spectroscopy, 

and ICP-AES analyses. Temperature-programmed reoxidation (TPRO) 
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experiments were carried out to determine oxygen properties of the catalysts.  
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Fig. 1.4. Typical reaction mechanism for the oxidative dehydrogenation of n-

butane over magnesium vanadate. 



 13

1.3.2. Platinum-tin catalyst 

 

Direct dehydrogenation of n-butane has been investigated over a 

number of metal catalysts (Cr, Pt, Pd, Ga, and V) supported on various metal 

oxides (Al2O3, SiO2, MgAl2O4, and ZnAl2O4) [49-54]. In 1930s, direct 

dehydrogenation of n-butane over a chromia-alumina catalyst was practiced 

for the production of n-butene [49]. The work on direct dehydrogenation of 

paraffins with noble metal (Pt) catalysts done in the 1960s clearly 

demonstrated that Pt-based catalysts had high activity and with minimum 

cracking [49]. In 2000s, vanadium based catalysts have been studied in direct 

dehydrogenation reaction to substitute for expensive noble metal catalyst 

[50,51]. Among these catalysts, Pt catalyst supported on Al2O3 has been 

widely employed for dehydrogenation of n-butane. It is known that alumina-

supported platinum catalysts are very active but the catalysts are less selective 

and easily deactivated. The catalytic activity and stability of alumina-

supported platinum catalysts can be improved by adding a second metal such 

as tin [49,55]. The role of second metal is to weaken the platinum-olefin 

interaction selectively without affecting the platinum-paraffin interaction.  

It is generally accepted that platinum and acid property in the alumina-

supported platinum catalyst play key roles in the direct dehydrogenation of n-

butane [49]. The possible reactions that take place on platinum (Pt) and acid 

(A) sites in the direct dehydrogenation of n-butane over alumina-supported 

platinum catalyst, is shown in Fig 1.5. According to this reaction pathway, the 

main reaction in direct dehydrogenation of n-butane is the formation of n-
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butene from n-butane, other reactions include consecutive and side reactions. 

It has been reported that platinum is an active metal and the high dispersion of 

platinum is necessary to achieve high selectivity to dehydrogenation relative 

to undesirable side reactions, such as cracking, isomerization, and 

polymerization [56]. The typical alumina supports employed have acidic sites 

that accelerate skeletal isomerization, cracking, and polymerization of olefinic 

materials, and enhance “coke” formation [57].  

Because of the endothermic nature of direct dehydrogenation of n-

butane, high reaction temperature is required to obtain high conversion. Under 

this severe reaction condition, coke formation causing catalyst deactivation is 

inevitable. To overcome this problem, addition of alkali metal such as Li, Na, 

and K to Pt-Sn/Al2O3 catalyst or modification of preparation method for 

catalyst has been attempted [52,58]. In particular, the addition of K to Pt-

Sn/Al2O3 catalyst resulted in high selectivity toward iso-butene in the 

dehydrogenation of iso-butane by suppressing strong acidity of support [59]. 

ZnAl2O4 and MgAl2O4 have also been used as supports due to their high 

thermal stabilities and their neutral characteristics to enhance the resistance 

against catalyst deactivation [60]. However, systematic investigations on the 

effect of third metal addition or preparation method for catalyst on the 

catalytic activities of Pt-Sn/Al2O3 catalysts in the n-butane dehydrogenation 

have been rarely reported. 

In this work, various platinum-tin catalysts, including Pt/Sn/M/Al2O3 

(M = Zn, In, Y, Bi, and Ga), a series of Pt/Sn/Zn/Al2O3 catalysts with a 

variation of Zn content (X = 0, 0.25, 0.5, 0.75, 1.0), Pt/Sn/Al2O3 (various 

Al2O3 support preparation method), and Pt/Sn/Al2O3 (different Al2O3 support 
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calcination temperature), were prepared by a sequential impregnation method 

for use in the direct dehydrogenation of n-butane to n-butene and 1,3-

butadiene. Formation of Pt/Sn/Al2O3 and Pt/Sn/M/Al2O3 catalysts was 

confirmed by XRD and ICP-AES analyses. Nitrogen adsorption-desorption 

measurements were carried out in order to evaluate textural properties of the 

catalysts. Chemisorption experiments were conducted to measure the 

platinum dispersion and platinum surface area of the catalysts. High 

resolution-transmission electron microscopy analyses were conducted to 

examine the dispersion of metal species in the catalysts. NH3-TPD 

experiments were conducted to determine the acid property of the catalysts.  
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Fig. 1.5. Reaction pathway in the direct dehydrogenation of n-butane over 

platinum-alumina catalyst. 
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Chapter 2. Experimental 

 

Part 1 Oxidative dehydrogenation of n-butane to  

n-butene to 1,3-butadiene 

 

2.1. Preparation of catalysts 

 

2.1.1. X-Mg3(VO4)2/MgO-ZrO2 catalysts  

 

Magnesia-zirconia (MgO-ZrO2) support was prepared by a sol-gel 

method, according to the similar method reported in the literatures [61-63]. 

Known amounts of magnesium nitrate (Mg(NO3)2 · 6H2O, Sigma-Aldrich) 

and zirconium oxynitrate (ZrO(NO3)2·xH2O, Sigma-Aldrich) were dissolved 

in distilled water. A known amount of citric acid (C6H8O7, Sigma-Aldrich) 

was separately dissolved in distilled water. The citric acid solution was then 

added into the solution containing magnesium and zirconium precursors. After 

stirring the mixed solution at 70 oC for 3 h, it was evaporated to obtain a gel. 

The gel was then dried overnight at 170 oC. After grinding the dried gel, it 

was finally calcined at 550 oC for 3 h to yield MgO-ZrO2 support. For the 

preparation of Mg3(VO4)2/MgO-ZrO2 catalysts with different vanadium 

content, a known amount of vanadium was impregnated on MgO-ZrO2 

support using an aqueous citric acid solution containing vanadium precursor 
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(NH4VO3, Sigma-Aldrich). The impregnated sample was heated at 70 oC, and 

the resulting solid was dried at 80 oC overnight. The dried product was finally 

calcined at 550 oC for 3 h to yield Mg3(VO4)2/MgO-ZrO2 catalysts. The 

prepared Mg3(VO4)2/MgO-ZrO2 catalysts were denoted as X-

Mg3(VO4)2/MgO-ZrO2 (X = 6.6, 9.9, 12.8, 15.2, and 19.1), where X 

represented vanadium content (wt%) in the catalyst.  

 

2.1.2. Mg3(VO4)2/MgO-ZrO2 (X) catalysts 

 

A series of MgO-ZrO2 (X) supports with different Mg:Zr ratios (X = 

16:1, 8:1, 4:1, 2:1, and 1:1) were prepared by a sol-gel method, according to 

the similar method reported in the literatures [61-63]. Known amounts of 

magnesium nitrate (Mg(NO3)2 · 6H2O, Sigma-Aldrich) and zirconium 

oxynitrate (ZrO(NO3)2·xH2O, Sigma-Aldrich) were dissolved in distilled 

water. A known amount of citric acid (C6H8O7, Sigma-Aldrich) was separately 

dissolved in distilled water. The citric acid solution was then added into the 

solution containing magnesium and zirconium precursors. After stirring the 

mixed solution at 70 oC for 3 h, it was evaporated to obtain a gel. The gel was 

then dried overnight at 170 oC. After grinding the dried gel, it was finally 

calcined at 550 oC for 3 h to yield MgO-ZrO2 support. For the preparation of 

Mg3(VO4)2/MgO-ZrO2 (X) catalysts with different Mg:Zr ratios of support (X 

= 16:1, 8:1, 4:1, 2:1, and 1:1), vanadium was impregnated on the prepared 

MgO-ZrO2 support using an aqueous oxalic acid solution containing 

vanadium precursor (NH4VO3, Sigma-Aldrich). The impregnated sample was 
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heated at 70 oC, and the resulting solid was dried at 80 oC overnight. The dried 

product was finally calcined at 550 oC for 3 h in the presence of air to yield 

Mg3(VO4)2/MgO-ZrO2 (X) catalysts. Vanadium contents in all the 

Mg3(VO4)2/MgO-ZrO2 (X) catalysts were fixed at 12.8 wt%. 
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2.2. Characterization 

 

2.2.1. Formation of Mg3(VO4)2/MgO-ZrO2 catalysts 

 

Crystalline phases of Mg3(VO4)2/MgO-ZrO2 catalysts were investigated 

by XRD measurements (Rigaku, D-MAX2500-PC) using Cu-Ka radiation (l 

= 1.541 Å) operated at 50 kV and 100 mA. Raman spectra of the prepared 

catalysts were obtained with a Raman spectrometer (HORIABA Jobin Yvon 

T64000) using radiation of 514.5 nm from an argon ion. Vanadium contents 

(wt%) and atomic ratios in the catalysts were determined by ICP-AES 

(Shimadz, ICP-1000IV) analyses. Surface areas of the catalysts were 

measured using a BET apparatus (Micromeritics, ASAP 2010). 

 

2.2.2. Oxygen properties of Mg3(VO4)2/MgO-ZrO2 catalysts 

 

In order to determine the oxygen property of the catalysts, TPRO 

experiments were carried out. For the TPRO experiment, each catalyst was 

reduced by carrying out the oxidative dehydrogenation of n-butane at 500 oC 

for 1 h in the absence of oxygen feed in order for the catalyst to consume 

lattice oxygen. After the reduced catalyst was placed in a conventional TPRO 

apparatus, a mixed stream of oxygen (10%) and helium (90%) was introduced 

to the catalyst sample. Furnace temperature was raised from room temperature 

to 900 oC at a heating rate of 5 oC/min. The amount of oxygen consumed was 

measured using a TCD (thermal conductivity detector). 
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2.3. Oxidative dehydrogenation of n-butane 

 

Oxidative dehydrogenation of n-butane to n-butene and 1,3- butadiene 

was carried out in a continuous flow fixed-bed reactor in the presence of 

oxygen. Feed composition was fixed at n-butane: oxygen: nitrogen = 4:8:88. 

Catalytic reaction was carried out at 500 oC. Gas hourly space velocity 

(GHSV) was fixed at 2000 h-1 on the basis of n-butane. Reaction products 

were periodically sampled and analyzed with gas chromatographs. 

Conversion of n-butane, selectivity for total dehydrogenation products (TDP, 

n-butene and 1,3-butadiene), and selectivity for 1,3-butadiene were calculated 

on the basis of carbon balance as follows. Yield for TDP was calculated by 

multiplying conversion of n-butane and selectivity for TDP. 

 

moles of n-butane reacted
Conversion of n-butane

moles of n-butane supplied
=             

 

Selectivity for TDP
moles of n-butane reacted

moles of n-butenes formed + moles of 1,3-butadiene formed
=

  

 

Yield for TDP = (Conversion of n-butane) x (Selectivity for TDP)  
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Fig. 2.1. Reaction system for oxidative dehydrogenation of n-butane. 
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Part 2 Direct dehydrogenation of n-butane to  

n-butene to 1,3-butadiene 

 

2.4. Preparation of catalysts 

 

2.4.1. Pt/Sn/M/Al2O3 catalysts  

 

A series of Pt/Sn/M/Al2O catalysts with different third metal (M = Zn, 

In, Y, Bi, and Ga) were prepared by a sequential impregnation method [64,65]. 

Commercially available Al2O3 (Alfa Aesar, SBET: 220 m2/g) was used as a 

support. M/Al2O3 catalyst was prepared by an impregnation method using an 

excess aqueous solution of third metal (M) precursor (metal nitrate hydrate, 

Sigma-Aldrich). After impregnation, it was dried at 80 °C overnight and 

calcined at 600 °C in air for 4 h. Sn precursor (Tin (II) chloride dihydrate, 

Sigma-Aldrich) was then impregnated on the prepared M/Al2O3 using 

hydrochloric acid. It was dried at 80 °C overnight and calcined at 600 °C in 

air for 4 h. For the preparation of Pt/Sn/M/Al2O3 catalyst, Pt precursor 

(Chloroplatinic acid hexahydrate, Sigma-Aldrich) was impregnated on the 

prepared Sn/M/Al2O3 catalyst, followed by drying at 80 °C overnight and 

calcination at 550 °C in air for 4 h. The contents of Pt, Sn, and third metal in 

the Pt/Sn/M/Al2O3 catalysts were fixed at 1 wt.%, 1 wt.%, and 0.5 wt.%, 

respectively. For reference, Pt/Sn/Al2O3 catalyst was also prepared with the 

above-mentioned procedures in the absence of third metal.  
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2.4.2. Pt/Sn/XZn/Al2O3 catalysts  

 

A series of Pt/Sn/XZn/Al2O3 catalysts with different Zn content (X, 

wt%) were prepared by a sequential impregnation method [64,65]. A 

commercially available Al2O3 (Alfa Aesar) was used as a support. Zn 

precursor (Zinc nitrate hexahydrate, Sigma-Aldrich) was impregnated on 

Al2O3 support using an excess aqueous solution. The impregnated sample was 

dried at 80 oC overnight and calcined at 600 oC in air for 4 h. For the 

preparation of Sn/Zn/Al2O3 catalyst, Sn precursor (Tin(II) chloride dihydrate, 

Sigma-Aldrich) was impregnated on Zn/Al2O3 catalyst using hydrochloric 

acid solution. The resultant was dried at 80 oC overnight and calcined at 600 

oC in air for 4 h. Pt precursor (Chloroplatinic acid hexahydrate, Sigma-

Aldrich) was finally impregnated on Sn/Zn/Al2O3 catalyst, followed by drying 

at 80 oC overnight and calcination at 600 oC in air for 4 h. Pt and Sn contents 

in the Pt/Sn/Zn/Al2O3 catalysts were fixed at 1 wt%, respectively. The 

prepared Pt/Sn/Zn/Al2O3 catalysts were denoted as Pt/Sn/XZn/Al2O3 (X = 0, 

0.25, 0.5, 0.75, and 1.0), where X represented Zn content (wt%) in the 

catalysts. 

 

2.4.3. Pt/Sn/Al2O3 (X) catalysts prepared by various preparation 

methods 

 

Al2O3 supports were prepared by precipitation method, alkoxide-based 

sol-gel method, and epoxide-driven sol-gel method, according to the similar 



 25

methods reported in the literatures [66-68]. Typical preparation procedures for 

Al2O3 support by precipitation method are as follows. A known amount of 

aluminum precursor (Aluminum nitrate nonahydrate, Sigma-Aldrich) was 

dissolved in distilled water. The NH4OH and aluminum precursor solution 

were then slowly added into distilled water under vigorous stirring. The pH of 

the mixed solution was adjusted to 9 by controlling the amount of NH4OH for 

precipitation. After the resultant was stirred vigorously at room temperature 

for 3 h, it was aged overnight at room temperature. The precipitate was 

separated, and subsequently, it was washed and dried overnight at 80 oC. The 

dried product was finally calcined at 600 oC for 4 h to yield Al2O3 support 

(denoted as Al2O3 (P)). For the preparation of Al2O3 support by an alkoxide-

based sol-gel method, a known amount of aluminum precursor (Aluminum 

tri-sec-butoxide, Sigma-Aldrich) was dissolved in ethanol at 80 oC with 

vigorous stirring. Small amounts of distilled water and nitric acid, which had 

been diluted with ethanol, were slowly added into the solution of aluminum 

precursor for partial hydrolysis of aluminum precursor. After maintaining the 

resulting solution at 80 oC for a few minutes, a clear sol was obtained. After 

cooling the alumina composite sol to room temperature, a monolithic gel was 

obtained by adding an appropriate amount of water diluted with ethanol into 

the sol. The gel was aged for 2 days, and then it was dried at 80 oC for 5 day. 

The resulting powder was finally calcined at 600 oC for 4 h to yield a Al2O3 

support (denoted as Al2O3 (AS)). For the preparation of Al2O3 support by an 

epoxide-driven sol-gel method, a known amount of aluminum precursor 

(Aluminum nitrate nonahydrate, Sigma-Aldrich) was dissolved in ethanol 

with vigorous stirring for hydration of Al3+ ions. Propylene oxide as a gelation 
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agent was then added into the aluminum precursor solution to form hydroxyl 

group on the hydrated ions and to induce polycondensation reaction between 

Al3+ ions. Molar ratio of aluminum precursor:propylene oxide was fixed at 

1:10. After maintaining the resulting solution for a few minutes, a white 

opaque alumina gel was obtained. The gel was aged for 2 days, and then it 

was dried at 80 oC. The resulting powder was calcined at 600 oC for 4 h to 

yield Al2O3 support (denoted as Al2O3 (ES)). For comparison, a commercially 

available Al2O3 (Alfa Aesar) was used as a support (denoted as Al2O3 (C)).  

For the preparation of Sn/Al2O3, Sn precursor (Tin (II) chloride 

dehydrate, Sigma-Aldrich) was impregnated on Al2O3 (C, P, AS, and ES) 

using hydrochloric acid solution. The resultant was dried at 80 oC overnight 

and calcined at 600 oC in air for 4 h. Pt/Sn/Al2O3 (X) were prepared by 

impregnating known amounts of a platinum precursor (Chloroplatinic acid 

hexahydrate, Sigma-Aldrich) on Sn/Al2O3 (C, P, AS, and ES), followed by 

drying at 80 oC overnight and calcination at 600 oC in air for 4 h. Pt and Sn 

contents in the Pt/Sn/Al2O3 (X) catalysts were fixed at 1 wt% and 1 wt%, 

respectively.  

 

2.4.4. Pt/Sn/Al2O3-X prepared by an epoxide-driven sol-gel method 

and a sequential impregnation method 

 

Al2O3 supports were prepared by a sol-gel method, according to the 

similar methods reported in the literatures [68-70]. A known amount of 

aluminum precursor (Aluminum nitrate nonahydrate, Sigma-Aldrich) was 
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dissolved in ethanol with vigorous stirring for hydration of Al3+ ions. 

Propylene oxide as a gelation agent was then added into the aluminum 

precursor solution to form hydroxyl group on the hydrated ions and to induce 

polycondensation reaction between Al3+ ions. Molar ratio of aluminum 

precursor:propylene oxide was fixed at 1:10. After maintaining the resulting 

solution for a few minutes, a white opaque alumina gel was obtained. The gel 

was aged for 2 days, and then it was dried at 80 oC. The resulting powder was 

calcined at various temperatures (600, 700, 800, 900, 1000, and 1100 oC) for 4 

h to yield Al2O3 support.  

For the preparation of Pt/Sn/Al2O3 catalyst, Sn precursor (Tin (II) 

chloride dihydrate, Sigma-Aldrich) was impregnated on the Al2O3 support 

using hydrochloric acid solution. It was dried at 80 oC overnight and calcined 

at 600 oC in air for 4 h. Pt precursor (Chloroplatinic acid hexahydrate, Sigma-

Aldrich) was then impregnated on the Sn/Al2O3 sample, followed by drying at 

80 °C overnight and calcination at 550 °C in air for 4 h. The contents of Pt 

and Sn in the Pt/Sn/Al2O3 catalysts were fixed at 1 wt% and 1 wt%, 

respectively. The prepared Pt/Sn/Al2O3 catalysts were denoted as Pt/Sn/Al2O3-

X (X = 600, 700, 800, 900, 1000, and 1100), where X represented the 

calcination temperature of alumina in Celsius degree. 
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2.5. Characterization 

 

2.5.1. Crystalline structure 

 

X-ray diffraction (XRD) analyses were performed using a D-

Max2500-PC (Rigaku) diffractometer operated at 50 kV and 150 mA to 

examine crystalline characteristics of reduced catalysts. Diffraction data were 

collected under Cu-Ka radiation (l = 1.541 Å) with a scan rate of 10 o/min. 

For the XRD of reduced catalysts, 0.1 g of each catalysts was reduced with a 

mixed stream of H2 (300 ml/h) and N2 (300 ml/h) at 570 oC for 3 h. 

 

2.5.2. Physicochemical properties 

 

Chemical compositions of catalysts were determined by ICP-AES (ICP-

1000IV, Shimadzu) analyses. Nitrogen adsorption-desorption isotherms of 

catalysts were obtained with a BELSORP-mini II (BEL Japan) instrument, 

and pore size distribution of catalysts were determined by the Barret-Joyner-

Hallender (BJH) method applied to the desorption branch of nitrogen 

isotherms. Before the measurements, the catalysts were degassed at 150 oC for 

6 h by rotary vacuum pump for removal of moisture and other adsorbed gases 

on the surface of samples.  
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2.5.3. Reduction behavior 

 

In order to examine the reduction behavior of metal species of catalysts, 

temperature-programmed reduction (TPR) measurements were carried out in a 

conventional flow system with a moisture trap connected to a thermal 

conductivity detector (TCD) at temperatures ranging from room temperature 

to 700 oC with a ramping rate of 5 oC/min. For the TPR measurements, a 

mixed stream of H2 (2 ml/min) and N2 (20 ml/min) was used for 0.15 g of 

catalyst sample.  

 

2.5.4. Morphological feature 

 

High resolution-transmission electron microscopy (HR-TEM) analyses 

(Jeol, JEM-3000F) were conducted to examine morphological features of 

metal species in catalysts. For the TEM analyses of reduced catalysts, ex-situ 

reduction with a mixed stream of H2 (300 ml/h) and N2 (300 ml/h) was 

preliminarily conducted before the analyses.  

 

2.5.5. Chemisorption studies  

 

Hydrogen chemisorption experiments (BELCAT-B, BEL Japan) were 

conducted to measure Pt dispersion and Pt surface area of the catalysts. 50 mg 

of each catalyst was preliminarily reduced at 570 oC for 3 h, and it was then 

purged with argon (50 ml/min) at 570 oC for 10 min and cooled to 50 oC. The 
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amount of hydrogen uptake was measured by periodically injecting diluted 

hydrogen gas (5% hydrogen and 95% argon) into the reduced catalyst. Pt 

dispersion and Pt surface area were calculated by assuming that one hydrogen 

atom occupies one surface platinum atom. 

CO chemisorption experiments (BELCAT-B, BEL Japan) were 

conducted to measure the platinum dispersion and platinum surface area of 

the catalysts. Prior to the chemisorption measurements, 50 mg of each catalyst 

was reduced with a mixed stream of hydrogen (2.5 ml/min) and argon (47.5 

ml/min) at 570 °C for 3 h, and subsequently, it was purged with pure helium 

(50 ml/min) at 570 °C for 10 min and cooled to 50 °C. The amount of carbon 

monoxide uptake was measured by periodically injecting diluted carbon 

monoxide gas (5% carbon monoxide and 95% helium) into the reduced 

catalyst using an on-line sampling valve. Platinum dispersion and platinum 

surface area were calculated by assuming that one carbon monoxide atom 

occupies one surface platinum atom. 

 

2.5.6. Acid properties  

 

NH3-TPD experiments were conducted to determine the acid property 

of the catalysts (BELCAT-B, BEL Japan). Each catalyst (50 mg) was charged 

in a quartz cell and it was reduced at 570 oC for 3 h with 5% hydrogen/argon 

flow (50 ml/min). After cooling the cell to 50 oC, ammonia (50 ml/min) was 

introduced into the reactor at 50 oC for 30 min to saturate acid sites of the 

catalyst. Physisorbed ammonia was removed at 100 oC for 1 h under a flow of 
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helium (50 ml/min). After cooling the sample, furnace temperature was 

increased from 50 to 600 oC at a heating rate of 5 oC/min under a flow of 

helium (30 ml/min). The desorbed ammonia was detected using a TCD.  
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2.6. Direct dehydrogenation of n-butane 

 

Direct dehydrogenation of n-butane to n-butenes and 1,3-butadiene was 

carried out in a continuous flow fixed-bed reactor at 550 oC under atmosphere 

pressure. Each catalyst was preliminarily reduced with a mixed stream of H2 

and N2 at 570 oC for 3 h. For the reaction, n-butane was continuously supplied 

into the reactor with nitrogen carrier. Feed composition was fixed at n-

butane:(hydrogen):nitrogen = 1:(1):1. Reaction products were periodically 

sampled and analyzed using a gas chromatograph (Varian CP-3380) equipped 

with a GS-alumina column and a flame ionization detector (FID). Conversion 

of n-butane and selectivity for total dehydrogenation products (TDP, n-

butenes and 1,3-butadiene) were calculated on the basis of carbon balance as 

follows. Yield for TDP was calculated by multiplying conversion of n-butane 

and selectivity for TDP. 

 

moles of n-butane reacted
Conversion of n-butane

moles of n-butane supplied
=  

 

Selectivity for TDP
moles of n-butane reacted

moles of n-butenes formed + moles of 1,3-butadiene formed
=

 

 

Yield for TDP = (Conversion of n-butane) x (Selectivity for TDP) 
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Fig. 2.2. Reaction system for direct dehydrogenation of n-butane. 
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Table 2.1 

Direct dehydrogenation reaction conditions 

 

Catalyst 

Weight 

(g) 

Feed ratio 

(C4:H2:N2) 

GHSV 

on n-butane 

(cc/h·g-cat.) 

Section 3.3 0.25 1:0:1 600 

Section 3.4 0.25 1:0:1 600 

Section 3.5 0.1 1:1:1 3000 

Section 3.6 0.1 1:1:1 3000 
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Chapter 3. Results and Discussion 

 

Part 1 Oxidative dehydrogenation of n-butane to 

 n-butene and 1,3-butadiene 

 

3.1. Characterization and catalytic performance of X-

Mg3(VO4)2/MgO-ZrO2 catalysts  

 

3.1.1. Formation of X-Mg3(VO4)2/MgO-ZrO2 catalysts 

 

The formation of X-Mg3(VO4)2/MgO-ZrO2 catalysts was confirmed by 

XRD, Raman spectroscopy, and ICP-AES measurements. XRD patterns of X-

Mg3(VO4)2/MgO-ZrO2 are shown in Fig. 3.1. Crystalline phases of MgO and 

ZrO2 were identified by the characteristic diffraction peaks using JCPDS 

(Joint Committee on Powder Diffraction Standards). All the catalysts 

exhibited the mixed peaks of MgO and ZrO2 phases without any diffraction 

peaks for Mg3(VO4)2. Characteristic XRD peaks for Mg3(VO4)2 were not 

detected due to less crystallized or more finely dispersed Mg3(VO4)2 in the 

catalysts. This result was well consistent with the previous works [42,71] 

reporting that Mg3(VO4)2 diffraction peaks were not detected in the XRD 

patterns due to its fine dispersion. 
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Fig. 3.1. XRD patterns of X-Mg3(VO4)2/MgO-ZrO2 (X = 6.6, 9.9, 12.8, 15.2, 

and 19.1) catalysts. 
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Raman spectroscopy measurement was also conducted to confirm the 

formation of Mg3(VO4)2 phase in the X-Mg3(VO4)2/MgO-ZrO2 catalysts. Fig. 

3.2 shows the Raman spectra of X-Mg3(VO4)2/MgO-ZrO2 catalysts. For 

reference, Raman spectra of pure magnesium vanadate (Mg3(VO4)2, Mg2V2O7, 

and MgV2O6) and vanadium pentoxide (V2O5) are also presented in Fig. 3.2. 

The main characteristic Raman band of X-Mg3(VO4)2/MgO-ZrO2 catalysts 

appeared at 862 cm−1, which was assigned to isolated VO4 in Mg3(VO4)2 

phase [37,38,72,73]. The Raman band position of X-Mg3(VO4)2/MgO-ZrO2 

catalysts was identical to that of pure Mg3(VO4)2. Furthermore, peak intensity 

increased with increasing vanadium content in the X-Mg3(VO4)2/MgO-ZrO2 

catalysts. These results indicate that Mg3(VO4)2 phase was successfully 

formed in the catalysts. XRD patterns (Fig. 3.1) and Raman spectra (Fig. 3.2) 

were well consistent with those reported in the previous works [37,38,42,71-

73], indicating successful formation of X-Mg3(VO4)2/MgO-ZrO2 catalysts. 

Vanadium contents and atomic ratios in the prepared X-

Mg3(VO4)2/MgO-ZrO2 catalysts determined by ICP-AES analyses are 

summarized in Table 3.1. Vanadium contents in the X-Mg3(VO4)2/MgO-ZrO2 

catalysts increased with increasing designed values, and atomic ratios were in 

good agreement with the theoretical values (Mg:Zr = 4:1). This result also 

supports that all the X-Mg3(VO4)2/MgO-ZrO2 catalysts were successfully 

prepared in this work. BET surface areas of X-Mg3(VO4)2/MgO-ZrO2 

catalysts are also listed in Table 3.1. BET surface areas of X-

Mg3(VO4)2/MgO-ZrO2 catalysts showed a volcano-shaped trend with respect 

to vanadium content in the catalysts.
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Fig. 3.2. Raman spectra of X-Mg3(VO4)2/MgO-ZrO2 (X = 6.6, 9.9, 12.8, 15.2, 

and 19.1) catalysts, Mg3(VO4)2, Mg2V2O7, MgV2O6, and V2O5.  
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Table 3.1 

V contents, Mg:V atomic ratios, Mg:Zr atomic ratios, and BET surface areas 

of X-Mg3(VO4)2/MgO-ZrO2 catalysts 

Catalyst 
V content 

(wt%) 
Mg:V Mg:Zr 

BET 

surface 

area 

(m2/g) 

6.6- Mg3(VO4)2/MgO-
ZrO2 

6.6 19.0:2 
3.9:1 
(4:1)a 

124 

9.9- Mg3(VO4)2/MgO-
ZrO2 

9.9 12.2:2 
4.3:1 
(4:1)a 

138 

12.8- Mg3(VO4)2/MgO-
ZrO2 

12.8 8.7:2 
4.1:1 
(4:1)a 

136 

15.2- Mg3(VO4)2/MgO-
ZrO2 

15.2 6.9:2 
4.1:1 
(4:1)a 

89 

19.1- Mg3(VO4)2/MgO-
ZrO2 

19.1 5.0:2 
4.2:1 
(4:1)a 

62 

a Designed value of Mg:Zr ratio in the X-Mg3(VO4)2/MgO-ZrO2 catalysts. 
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3.1.2. Catalytic performance of X-Mg3(VO4)2/MgO-ZrO2 catalysts 

 

Fig. 3.3 shows the catalytic performance of X-Mg3(VO4)2/MgO-ZrO2 

catalysts in the oxidative dehydrogenation of n-butane at 500 oC. Catalytic 

performance of X-Mg3(VO4)2/MgO-ZrO2 catalysts was strongly dependent on 

vanadium content. It is noteworthy that 15.2-Mg3(VO4)2/MgO-ZrO2 catalyst 

showed a slight catalyst deactivation and 19.1-Mg3(VO4)2/MgO-ZrO2 catalyst 

experienced a severe catalyst deactivation. This indicates that 15.2-

Mg3(VO4)2/MgO-ZrO2 and 19.1-Mg3(VO4)2/MgO-ZrO2 catalysts can not 

serve as an efficient catalyst in the oxidative dehydrogenation of n-butane. On 

the other hand, 6.6-Mg3(VO4)2/MgO-ZrO2, 9.9-Mg3(VO4)2/MgO-ZrO2, and 

12.8-Mg3(VO4)2/MgO-ZrO2 catalysts exhibited a stable catalytic performance 

during the whole reaction time. Yield for TDP after 1 h-reaction decreased in 

the order of 12.8-Mg3(VO4)2/MgO-ZrO2 > 9.9-Mg3(VO4)2/MgO-ZrO2 > 6.6-

Mg3(VO4)2/MgO-ZrO2 > 15.2-Mg3(VO4)2/MgO-ZrO2 > 19.1-

Mg3(VO4)2/MgO-ZrO2. It should be noted that the catalytic performance 

showed a volcano-shaped trend with respect to vanadium content. Among the 

catalysts tested, 12.8-Mg3(VO4)2/MgO-ZrO2 catalyst exhibited the best 

catalytic performance without catalyst deactivation in the oxidative 

dehydrogenation of n-butane.  
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Fig. 3.3. Catalytic performance of X-Mg3(VO4)2/MgO-ZrO2 catalysts. 
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3.1.3. Effect of V content on the catalytic performance of X-

Mg3(VO4)2/MgO-ZrO2 catalysts 

 

In order to elucidate the effect of vanadium content of X-

Mg3(VO4)2/MgO-ZrO2 catalysts on the catalytic performance in the oxidative 

dehydrogenation of n-butane, TPRO measurements were carried out with an 

aim of determining the oxygen property of the catalysts. According to Mars-

van Krevelen mechanism, lattice oxygen in the catalyst directly reacts with n-

butane, and in turn, gaseous oxygen makes up oxygen vacancy in the catalyst 

[42-48].  This means that oxygen mobility of the catalyst may be closely 

related to the regeneration of the catalyst during the oxidative 

dehydrogenation of n-butane. Therefore, it is inferred that the catalytic 

performance of X-Mg3(VO4)2/MgO-ZrO2 would be unstable if oxygen 

mobility is low.  

Fig. 3.4 shows the TPRO profiles of X-Mg3(VO4)2/MgO-ZrO2 catalysts. 

TPRO peak temperature and TPRO peak area reflect oxygen mobility and 

oxygen capacity, respectively [74,75]. As shown in Fig. 3.4, oxygen mobility 

(TPRO peak temperature) of X-Mg3(VO4)2/MgO-ZrO2 catalysts was 

significantly different. TPRO peak temperature of X-Mg3(VO4)2/MgO-ZrO2 

(X = 15.2 and 19.1) catalysts was much higher than that of the other X-

Mg3(VO4)2/MgO-ZrO2 (X = 6.6, 9.9, and 12.8) catalysts, indicating that 

lattice oxygen of X-Mg3(VO42/MgO-ZrO2 (X = 15.2 and 19.1) catalysts was 

less mobile than that of the other X-Mg3(VO4)2/MgO-ZrO2 (X = 6.6, 9.9, and 

12.8) catalysts. In the oxidative dehydrogenation of n-butane over X-
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Mg3(VO4)2/MgO-ZrO2 catalysts (Fig. 3.3), 15.2-Mg3(VO4)2/MgO-ZrO2 

catalyst showed a slight catalyst deactivation and 19.1-Mg3(VO4)2/MgO-ZrO2 

catalyst experienced a severe catalyst deactivation, while the other X-

Mg3(VO4)2/MgO-ZrO2 (X = 6.6, 9.9, and 12.8) catalysts exhibited a stable 

catalytic performance without catalyst deactivation. Thus, it is believed that 

the stable catalytic performance of X-Mg3(VO4)2/MgO-ZrO2 (X = 6.6, 9.9, 

and 12.8) catalysts was attributed to their sufficient oxygen mobility, while X-

Mg3(VO4)2/MgO-ZrO2 (X = 15.2 and 19.1) catalysts with low oxygen 

mobility suffered from a catalyst deactivation. In particular, 19.1-

Mg3(VO4)2/MgO-ZrO2 catalyst with the lowest oxygen mobility experienced a 

severe catalyst deactivation. These results were well consistent with the 

previous works reporting that oxygen mobility of the catalyst was closely 

related to the regeneration of the catalyst during the oxidative 

dehydrogenation of n-butane [74,75]. 

It was observed that oxygen capacity (TPRO peak area) of the catalyst 

was much different depending on vanadium content of the catalyst, as shown 

in Fig. 3.4. As mentioned earlier, oxidative dehydrogenation of n-butane 

follows the Mars-van Krevelen mechanism. Therefore, it can be inferred that 

the catalytic performance of X-Mg3(VO4)2/MgO-ZrO2 catalysts may be 

closely related to the oxygen capacity (the amount of oxygen in the catalyst 

involved in the reaction). As shown in Fig. 3.4, TPRO peak area of X-

Mg3(VO4)2/MgO-ZrO2 catalysts decreased in the order of 12.8-

Mg3(VO4)2/MgO-ZrO2 > 9.9-Mg3(VO4)2/MgO-ZrO2 > 6.6-Mg3(VO4)2/MgO-

ZrO2 > 15.2-Mg3(VO4)2/MgO-ZrO2 > 19.1-Mg3(VO4)2/MgO-ZrO2. 
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Fig. 3.4. TPRO profiles of X-Mg3(VO4)2/MgO-ZrO2 (X = 6.6, 9.9, 12.8, 15.2, 

and 19.1) catalysts. 
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Fig. 3.5 shows the correlation between yield for TDP after 1 h-reaction 

and oxygen capacity of X-Mg3(VO4)2/MgO-ZrO2 catalysts. Relative oxygen 

capacity was calculated as the ratio of TPRO peak area of the catalyst with 

respect to that of 19.1-Mg3(VO4)2/MgO-ZrO2 catalyst. It was observed that 

yield for TDP after 1 h-reaction increased with increasing oxygen capacity of 

the catalyst. This result was well consistent with the previous works reporting 

that there was a reliable correlation between oxygen capacity of the catalyst 

and catalytic performance in the oxidative dehydrogenation of n-butane [74-

77]. Among the catalysts tested, 12.8-Mg3(VO4)2/MgO-ZrO2 catalyst with the 

largest oxygen capacity showed the best catalytic performance in terms of 

yield for TDP. In conclusion, oxygen capacity and oxygen mobility of the 

catalyst were closely related to the catalytic performance and the catalyst 

stability, respectively, in the oxidative dehydrogenation of n-butane. 
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Fig. 3.5. A correlation between yield for TDP after 1 h-reaction and oxygen 

capacity of X-Mg3(VO4)2/MgO-ZrO2 (X = 6.6, 9.9, 12.8, 15.2, and 19.1) 

catalysts. 
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3.2. Characterization and catalytic performance of 

Mg3(VO4)2/MgO-ZrO2 (X) catalysts  

 

3.2.1. Formation of Mg3(VO4)2/MgO-ZrO2 (X) catalysts 

 

The formation of Mg3(VO4)2/MgO-ZrO2 (X) catalysts was confirmed 

by XRD, Raman spectroscopy, and ICP-AES measurements. Fig. 3.6 shows 

the XRD patterns of Mg3(VO4)2/MgO-ZrO2 (X) catalysts (Mg:Zr ratio = 16:1, 

8:1, 4:1, 2:1, and 1:1). Crystalline phases of MgO and ZrO2 were identified by 

the characteristic diffraction peaks using JCPDS. As shown in Fig. 3.6, a 

mixed phase of MgO-ZrO2 supports was observed in all the Mg3(VO4)2/MgO-

ZrO2 (X) catalysts. Relative intensities of MgO and ZrO2 phases in the 

Mg3(VO4)2/MgO-ZrO2 (X) catalysts were different depending on the Mg:Zr 

ratio. However, XRD peaks corresponding to Mg3(VO4)2 were not detected, 

indicating the existence of less crystallized or more dispersed form of 

Mg3(VO4)2. This result was well consistent with the previous works [42,71], 

reporting that MgO and ZrO2 diffraction peaks were only detected in the XRD 

patterns obtained from V-Mg-O catalysts with low V content. 



 48

20 30 40 50 60 70 80

  
  

 

In
te

n
si

ty
 (

A
.U

.)   
 

  

2 Theta (Degree)

ZrO2 MgO

Mg3(VO4)2/MgO-ZrO2 (16:1)

Mg3(VO4)2/MgO-ZrO2 (8:1)

Mg3(VO4)2/MgO-ZrO2 (4:1)

Mg3(VO4)2/MgO-ZrO2 (2:1)

Mg3(VO4)2/MgO-ZrO2 (1:1)

 

Fig. 3.6. XRD patterns of Mg3(VO4)2/MgO-ZrO2 (X) (Mg:Zr = 16:1, 8:1, 4:1, 

2:1, and 1:1) catalysts. 
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Raman spectroscopy measurement were conducted to confirm the 

formation of Mg3(VO4)2 phase in the Mg3(VO4)2/MgO-ZrO2 (X) catalysts. Fig. 

3.7 shows the Raman spectra of Mg3(VO4)2/MgO-ZrO2 (X) catalysts. For 

reference, Raman spectra of pure magnesium vanadate (Mg3(VO4)2, Mg2V2O7, 

and MgV2O6) and vanadium pentoxide (V2O5) are also shown in Fig. 3.7. The 

main characteristic Raman band of Mg3(VO4)2/MgO-ZrO2 (X) catalysts 

appeared at 862 cm−1, which was assigned to isolated VO4 in Mg3(VO4)2 

phase [37,38,72,73]. The Raman band position of Mg3(VO4)2/MgO-ZrO2 (X) 

catalysts was identical to that of pure Mg3(VO4)2. Furthermore, peak intensity 

increased with decreasing magnesium content in the Mg3(VO4)2/MgO-ZrO2 

(X) catalysts. These results indicate that Mg3(VO4)2 phase was successfully 

formed in the catalysts. XRD patterns (Fig. 3.6) and Raman spectra (Fig. 3.7) 

were well consistent with those reported in the previous works [37,38,42,71-

73], indicating successful formation of Mg3(VO4)2/MgO-ZrO2 (X) catalysts.  

Mg:Zr atomic ratios, Mg:V atomic ratios, and V contents in the 

Mg3(VO4)2/MgO-ZrO2 catalysts are summarized in Table 3.2. Atomic ratios 

determined by ICP-AES analyses were in good agreement with the designed 

values. These results indicate that all the Mg3(VO4)2/MgO-ZrO2 (X) catalysts 

were successfully prepared in this work. BET surface areas of the catalysts are 

also summarized in Table 3.2. It was found that BET surface areas of the 

catalysts showed no consistent trend with respect to Mg:Zr ratio. 
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Fig. 3.7. Raman spectra of Mg3(VO4)2/MgO-ZrO2 (X) (Mg:Zr = 16:1, 8:1, 4:1, 

2:1, and 1:1) catalysts, Mg3(VO4)2, Mg2V2O7, MgV2O6, and V2O5.  
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Table 3.2 

Mg:Zr atomic ratios, Mg:V atomic ratios, V contents, and BET surface areas 

of Mg3(VO4)2/MgO-ZrO2 (X) catalysts 

Catalyst Mg:Zr Mg:V 
V content 

(wt%) 

BET 

surface 

area 

(m2/g) 

Mg3(VO4)2/MgO-ZrO2 

(16:1) 
16.0:1 
(16:1)a 

12.4:1 
13.0 

(12.8)b 
163 

Mg3(VO4)2/MgO-ZrO2 

(8:1) 
8.0:1 
(8:1)a 

10.9:1 
12.9 

(12.8)b 
126 

Mg3(VO4)2/MgO-ZrO2 

(4:1) 
4.1:1 
(4:1)a 

8.7:1 
12.8 

(12.8)b 
136 

Mg3(VO4)2/MgO-ZrO2 

(2:1) 
1.8:1 
(2:1)a 

5.8:1 
12.6 

(12.8)b 
99 

Mg3(VO4)2/MgO-ZrO2 

(11:1) 
0.8:1 
(1:1)a 

3.4:1 
12.2 

(12.8)b 
103 

a Designed value of Mg:Zr ratio in the Mg3(VO4)2/MgO-ZrO2 (X) catalysts. 

b Designed value of V contents in the Mg3(VO4)2/MgO-ZrO2 (X) catalysts.  
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3.2.2. Catalytic performance of Mg3(VO4)2/MgO-ZrO2 (X) catalysts 

 

Fig. 3.8 shows the catalytic performance of Mg3(VO4)2/MgO-ZrO2 (X) 

catalysts in the oxidative dehydrogenation of n-butane at 500 oC. Catalytic 

performance of Mg3(VO4)2/MgO-ZrO2 (X) catalysts was strongly dependent 

on Mg:Zr ratio. Yield for TDP after 6 h-reaction decreased in the order of 

Mg3(VO4)2/MgO-ZrO2 (4:1) > Mg3(VO4)2/MgO-ZrO2 (8:1) > 

Mg3(VO4)2/MgO-ZrO2 (16:1) > Mg3(VO4)2/MgO-ZrO2 (2:1) > 

Mg3(VO4)2/MgO-ZrO2 (1:1). It was observed that all the catalysts showed a 

stable catalytic performance in the oxidative dehydrogenation of n-butane 

during the whole reaction time. Fig. 3.8 also shows that yield for TDP after 6 

h-reaction showed a volcano-shaped trend with respect to Mg:Zr ratio. Among 

the catalysts tested, Mg3(VO4)2/MgO-ZrO2 (4:1) catalyst showed the best 

catalytic performance in the oxidative dehydrogenation of n-butane, 

indicating that 4:1 was the most suitable Mg:Zr ratio for Mg3(VO4)2/MgO-

ZrO2 catalyst system. 
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Fig. 3.8. Catalytic performance of Mg3(VO4)2/MgO-ZrO2 (X) catalysts. 
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3.2.3. Effect of Mg:Zr ratio on the catalytic performance of 

Mg3(VO4)2/MgO-ZrO2 (X) catalysts 

 

It is known that lattice oxygen in the Mg3(VO4)2/MgO-ZrO2 (X) plays a 

key role in the oxidative dehydrogenation of n-butane, because the reaction 

follows the Mars-van Krevelen mechanism. It has been reported that oxygen 

capacity and oxygen mobility of Mg3(VO4)2/MgO-ZrO2 (X) served as crucial 

factors determining the catalytic performance in oxidative dehydrogenation of 

n-butane [42-48]. In order to investigate the effect of oxygen property of 

Mg3(VO4)2/MgO-ZrO2 (X) catalysts, TPRO experiments were carried out. Fig. 

3.9 shows the TPRO profiles of Mg3(VO4)2/MgO-ZrO2 (X) (Mg:Zr ratio = 

16:1, 8:1, 4:1, 2:1, and 1:1) catalysts. TPRO peak temperature and TPRO peak 

area reflect the oxygen mobility and the oxygen capacity, respectively [74,75]. 

The lower TPRO peak temperature and the larger TPRO peak area correspond 

to the higher oxygen mobility and the larger oxygen capacity, respectively. 

Although Mg3(VO4)2/MgO-ZrO2 (X) (Mg:Zr ratio = 16:1, 8:1, 4:1, 2:1, 

and 1:1) catalysts exhibited slightly different oxygen mobility (TPRO peak 

temperature), all the Mg3(VO4)2/MgO-ZrO2 (X) catalysts showed a stable 

catalytic performance without catalytic deactivation during the whole reaction 

time. Therefore, it reasonable to expect that oxygen mobility of the catalyst 

was sufficiently facile for making up oxygen vacancy of the catalyst during  

the catalytic reaction. Thus, no correlation between catalytic activity and 

oxygen mobility could be established. On the other hand, oxygen capacity of 

the catalyst was much different depending on Mg:Zr ratio. TPRO peak area of 
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Mg3(VO4)2/MgO-ZrO2 (X) (Mg:Zr ratio = 16:1, 8:1, 4:1, 2:1, and 1:1) 

catalysts decreased in the order of Mg3(VO4)2/MgO-ZrO2 (4:1) > 

Mg3(VO4)2/MgO-ZrO2 (8:1) > Mg3(VO4)2/MgO-ZrO2 (16:1) > 

Mg3(VO4)2/MgO-ZrO2 (2:1) > Mg3(VO4)2/MgO-ZrO2 (1:1). As mentioned 

earlier, the larger TPRO peak area corresponds to the larger oxygen capacity. 

This means that a catalyst with large TPRO peak area retains a large amount 

of mobile oxygen in the catalyst.  

We attempted to correlate the catalytic performance with the oxygen 

capacity of Mg3(VO4)2/MgO-ZrO2 (X) (Mg:Zr ratio = 16:1, 8:1, 4:1, 2:1, and 

1:1) catalysts. As a result, a reliable correlation between yield for TDP after 6 

h-catalytic reaction and oxygen capacity of the catalyst was observed. Fig. 

3.10 shows the correlation between yield for TDP after 6 h-catalytic reaction 

and oxygen capacity of Mg3(VO4)2/MgO-ZrO2 (X) (Mg:Zr ratio = 16:1, 8:1, 

4:1, 2:1, and 1:1) catalysts. Catalytic performance data were taken from Fig. 

3.8. Relative oxygen capacity was defined as the ratio of TPRO peak area of 

the catalyst with respect to that of Mg3(VO4)2/MgO-ZrO2 (1:1) catalyst. The 

correlation clearly shows that the catalytic performance was closely related to 

the oxygen capacity of the catalyst in the oxidative dehydrogenation of n-

butane. Yield for TDP increased with increasing oxygen capacity of the 

catalyst. Among the catalysts tested, Mg3(VO4)2/MgO-ZrO2 (4:1) catalyst with 

the largest oxygen capacity showed the best catalytic performance. This result 

was in good agreement with the previous works investigating the effect of 

oxygen capacity on the catalytic performance of Mg3(VO4)2/MgO-ZrO2 

catalysts in the oxidative dehydrogenation of n-butane [74-77]. It can be 

concluded that the amount of lattice oxygen in the catalyst involved in the 
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reaction played an important role in determining the catalytic performance in 

the reaction.  
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Part 2 Direct dehydrogenation of n-butane to 

 n-butene and 1,3-butadiene 

 

3.3. Characterization and catalytic performance of 

Pt/Sn/M/Al2O3 catalysts  

 

3.3.1. Formation of Pt/Sn/M/Al2O3 catalysts 

 

Fig. 3.11 shows the XRD patterns of Pt/Sn/Al2O3 and Pt/Sn/M/Al2O3 

(M = Zn, In, Y, Bi, and Ga) catalysts reduced at 570 °C for 3 h. No distinctive 

diffraction peaks were detected in the Pt/Sn/M/Al2O3 catalysts compared to 

Pt/Sn/Al2O3 catalyst. Only characteristic diffraction peaks corresponding to γ-

Al2O3 were observed in all the catalysts. Any diffraction peaks of platinum 

and tin species were not observed, due to their small crystalline size or low 

concentration [78,79]. 
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Fig. 3.11. XRD patterns of Pt/Sn/Al2O3 and Pt/Sn/M/Al2O3 (M = Zn, In, Y, Bi, 

and Ga) catalysts reduced at 570 oC for 3 h. 
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3.3.2. Catalytic performance of Pt/Sn/M/Al2O3 catalysts 

 

Fig. 3.12 shows the catalytic performance of Pt/Sn/Al2O3 and 

Pt/Sn/M/Al2O3 (M = Zn, In, Y, Bi, and Ga) catalysts with time on stream in 

the direct dehydrogenation of n-butane at 550 °C. All the catalysts 

experienced a catalyst deactivation, which was a typical behavior of direct 

dehydrogenation of paraffins. However, the catalytic performance and 

stability strongly depended on the identity of third metal component. 

Pt/Sn/Al2O3, Pt/Sn/Y/Al2O3, Pt/Sn/Bi/Al2O3, and Pt/Sn/Ga/Al2O3 catalysts 

exhibited a sharp decrease of catalytic activity compared to Pt/Sn/Zn/Al2O3 

and Pt/Sn/In/Al2O3 catalysts. Catalytic performance of Pt/Sn/Al2O3 and 

Pt/Sn/M/Al2O3 catalysts obtained after a 360 min-reaction is also shown in 

Fig. 3.12. Moreover, conversion of n-butane and selectivity for reaction 

products obtained after 60 min-reaction and 360 min-reaction are listed in 

Table 3.3. As shown in Table 3.3 isobutene, iso-butane, C1-C3 compounds 

(methane, ethane, ethylene, propane, propylene), and C5-C6 compounds (n-

pentane, isopentane, 3-methyl-1-butene, 2-methyl-1-butene, isopentene, 1-

pentene, 2-pentene, and n-hexane) were produced as by-products together 

with target products (1-butene, 2-butene, and 1,3-butadiene). 1-Butene and 2-

butene were mainly produced via dehydrogenation of n-butane. Formation of 

1- butene and 2-butene through ethylene dimerization and cracking of C5-C6 

compounds was negligible. In addition, 1.3-butadiene was mainly produced 

by the dehydrogenation of n-butene during the reaction. Low selectivity for 

1,3-butadiene was due to thermodynamic equilibrium limitation. It is believed 
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that C1-C3 compounds were produced by the hydrocracking while C5-C6 

compounds were produced by oligomerization and polymerization of 

hydrocarbon species. Selectivities for C1-C3 and C5-C6 compounds were not 

significantly changed with the addition of third metal (M) to Pt/Sn/Al2O3. 

Although selectivity for 1-butene itself was not high in this work, selectivity 

for 1-butene was definitely increased by the addition Zn to Pt/Sn/Al2O3 

catalyst. Moreover, selectivity for TDP including 2-butene was the highest 

over Pt/Sn/Zn/Al2O3 catalyst. Selectivities for 1-butene, 2-butene, and 1,3-

butadiene were found to be 20.7%, 42.4%, and 5.2%, respectively, in the 

direct dehydrogenation of n-butane at 550 °C after a 360 min-reaction over 

Pt/Sn/Zn/Al2O3 catalyst. Furthermore, among the catalysts tested, 

Pt/Sn/Zn/Al2O3 catalyst exhibited the highest conversion of n-butane and the 

highest yield for TDP at the initial and final stage of the reaction. As expected, 

Pt/Sn/Zn/Al2O3 catalyst showed the lowest deactivation rate. Conversion of n-

butane and yield for TDP after a 360 min-reaction decreased in the order of 

Pt/Sn/Zn/Al2O3 > Pt/Sn/In/Al2O3 > Pt/Sn/Al2O3 > Pt/Sn/Y/Al2O3 > 

Pt/Sn/Bi/Al2O3 > Pt/Sn/Ga/Al2O3. Among the catalysts tested, Pt/Sn/Zn/Al2O3 

showed the best catalytic performance and stability in the direct 

dehydrogenation of n-butane. For comparison, direct dehydrogenation of n-

butane over ZnSn/Al2O3 catalyst was also carried out. However, the catalytic 

performance was quite low; yield for TDP was about 0.6% and selectivity for 

TDP was about 6% after a 360-min reaction. Low catalytic performance of 

ZnSn/Al2O3 was due to the absence of active Pt metal. 
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Fig. 3.12. Catalytic performance of Pt/Sn/Al2O3 and Pt/Sn/M/Al2O3 catalysts. 
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Table 3.3 

Catalytic performance of Pt/Sn/Al2O3 and Pt/Sn/M/Al2O3 (M = Zn, In, Y, Bi, 

and Ga) catalysts in the direct dehydrogenation of n-butane of n-butane after a 

60-min reaction and a 360 min-reaction 

Catalyst 
Xi  

(%)a 

Si (%)a 

1-but 

ene 

2-but 

ene 

1,3-

BD 

i-but 

ene 

i-but 

ane 

C1-

C3 

C5-

C6 

Pt/Sn/ 
Zn/Al2O3 

76.0 20.7 42.4 5.2 13.7 12.0 5.6 0.4 

Pt/Sn/ 
In/Al2O3 

69.7 21.6 30.0 6.0 24.0 9.3 8.5 0.6 

Pt/Sn/ 
Al2O3 

68.9 18.7 40.3 4.6 19.5 9.1 7.0 0.8 

Pt/Sn/ 
Y/Al2O3 

64.7 20.5 45.3 4.0 14.9 7.7 6.7 0.9 

Pt/Sn/ 
Bi/Al2O3 

65.4 16.9 38.9 3.2 21.3 11.0 7.9 0.8 

Pt/Sn/ 
Ga/Al2O3 

51.7 20.8 45.5 5.5 17.2 4.2 6.1 0.7 

Catalyst 
Xf  

(%)b 

Sf (%)b 

1-but 

ene 

2-but 

ene 

1,3-

BD 

i-but 

ene 

i-but 

ane 

C1-

C3 

C5-

C6 

Pt/Sn/ 
Zn/Al2O3 

59.1 24.2 54.9 5.7 7.0 1.6 5.4 1.2 

Pt/Sn/ 
In/Al2O3 

51.8 22.4 49.3 7.1 14.2 1.6 4.9 0.5 

Pt/Sn/ 
Al2O3 

48.2 22.3 48.9 7.1 14.6 1.6 5.0 0.5 

Pt/Sn/ 
Y/Al2O3 

47.9 23.0 52.5 6.4 10.5 0.9 6.1 0.6 

Pt/Sn/ 
Bi/Al2O3 

44.9 20.4 46.5 5.8 17.5 1.5 7.9 0.4 

Pt/Sn/ 
Ga/Al2O3 

24.0 20.6 45.5 11.1 12.9 0.4 9.0 0.5 

a Xi is initial conversion of n-butane and Si is initial selectivity obtained after a 

60-min reaction. 

b Xf is final conversion of n-butane and Sf is final selectivity obtained after a 

360-min reaction.
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3.3.3. Metal-support interaction in the Pt/Sn/M/Al2O3 catalysts 

 

TPR measurements were carried out to examine the interaction between 

metal species and support in the Pt/Sn/Al2O3 and Pt/Sn/M/Al2O3 (M = Zn, In, 

Y, Bi, and Ga) catalysts, as shown in Fig. 3.13. It is known that Pt/Sn/Al2O3 

catalyst showed two reduction bands; a reduction band at around 250 °C is 

ascribed to the reduction of Pt oxide species, while a broad reduction band at 

around 500 °C is due to partial reduction of Sn4+ to Sn2+ and Sn2+ to Sn0 

[53,80]. When the third metal was added into Pt/Sn/Al2O3 catalyst, all the 

catalysts showed an obviously different reduction band at around 250 °C. This 

reduction band was attributed to the reduction of Pt oxide, a small fraction of 

Sn oxide, and the other metal oxide species [81]. However, the reduction band 

at around 500 °C was not clear due to partial reduction of tin oxide. It is 

suggested that Pt, Sn, and third metal (M) coexist intimately, and interaction 

between Pt, Sn, and M affects the spatial distribution of these components on 

the catalyst surface. It should be noted that the reduction peak temperature at 

around 250 °C was different depending on the identity of third metal, 

indicating that the third metal significantly affected the metal-support 

interaction in our catalyst system. The reduction peak temperature decreased 

in the order of Pt/Sn/Zn/Al2O3 > Pt/Sn/In/Al2O3 > Pt/Sn/Al2O3 > 

Pt/Sn/Y/Al2O3 > Pt/Sn/Bi/Al2O3 > Pt/Sn/Ga/Al2O3. It is believed that 

platinum-alumina interaction and tin-alumina interaction increased by the 

addition of Zn to Pt/Sn/Al2O3 catalyst due to favorable spatial distribution of 

metal components. This trend was well consistent with the trend of catalytic 

activity (Fig. 3.12).
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Fig. 3.13. TPR profiles of Pt/Sn/Al2O3 and Pt/Sn/M/Al2O3 catalysts. 
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3.3.4. Pt dispersion and Pt surface area in the reduced 

Pt/Sn/M/Al2O3 catalysts 

 

Hydrogen chemisorption measurements were conducted to determine Pt 

dispersion and Pt surface area in the reduced Pt/Sn/Al2O3 and Pt/Sn/M/Al2O3 

(M = Zn, In, Y, Bi, and Ga) catalysts. Hydrogen chemisorption results for the 

reduced catalysts are listed in Table 3.4. The amount of hydrogen uptake on 

the reduced catalysts decreased in the order of Pt/Sn/Zn/Al2O3 > 

Pt/Sn/In/Al2O3 > Pt/Sn/Al2O3 > Pt/Sn/Y/Al2O3 > Pt/Sn/Bi/Al2O3 > 

Pt/Sn/Ga/Al2O3. As a consequence, Pt dispersion and Pt surface area 

decreased in the order of Pt/Sn/Zn/Al2O3 > Pt/Sn/In/Al2O3 > Pt/Sn/Al2O3 > 

Pt/Sn/Y/Al2O3 > Pt/Sn/Bi/Al2O3 > Pt/Sn/Ga/Al2O3. Pt particle size increased 

in the order of Pt/Sn/Zn/Al2O3 < Pt/Sn/In/Al2O3 < Pt/Sn/Al2O3 < 

Pt/Sn/Y/Al2O3 < Pt/Sn/Bi/Al2O3 < Pt/Sn/Ga/Al2O3. These trends were well 

consistent with the trends of catalytic activity (Fig. 3.12) and TPR results (Fig. 

3.13). When the metal-support interaction was strong, Pt species were well 

dispersed on the support and Pt particle size decreased. That is, strong surface 

interaction retarded agglomeration of Pt particles and increased Pt surface 

area by decreasing Pt particle size. Pt/Sn/Zn/Al2O3 and Pt/Sn/In/Al2O3 

catalysts showed high Pt dispersion because chemical interactions between Pt, 

Sn, and Zn (or In) affected either the degree of Pt sintering during calcination 

or the properties of surface of active metal [82]. It is believed that zinc served 

as an efficient spacer to reduce the size of platinum ensemble as tin acted as a 

spacer in the Pt-Sn catalyst [83,84]. 
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Table 3.4 

Hydrogen chemisorption results for reduced Pt/Sn/Al2O3 and Pt/Sn/M/Al2O3 

(M = Zn, In, Y, Bi, and Ga) catalysts 

Catalyst 
Pt dispersion 

(%)a  

Pt surface area 

(m2/g)a 

Average Pt 

 particle size 

(nm)a  

Pt/Sn/Zn/Al2O3 47.2 116.4 2.4 

Pt/Sn/In/Al2O3 37.4 92.4 3.0 

Pt/Sn/Al2O3 30.0 73.8 3.8 

Pt/Sn/Y/Al2O3 29.4 69.4 3.9 

Pt/Sn/Bi/Al2O3 21.6 53.6 5.2 

Pt/Sn/Ga/Al2O3 20.0 46.8 5.3 

a Calculated by assuming a stoichiometry factor of H/Pt =1. 
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3.3.5. Electronic effect in the reduced Pt/Sn/M/Al2O3 catalysts 

 

To investigate the chemical state of metal components, XPS analyses 

were carried out. XPS spectra of Sn 3d5/2 levels for the reduced catalysts are 

shown in Fig. 3.14, and the measured binding energies of Pt 4f7/2 and Sn 3d5/2 

and surface atomic ratio are summarized in Table 3.5. All the catalysts showed 

binding energy of single Pt 4f7/2 component at 71.7-72.3 eV, indicating the 

presence of zerovalent platinum [85]. In general, Sn 3d5/2 peak can be divided 

into zerovalent tin, alloyed tin, oxidized tin and chlorinated tin [86]. As shown 

in Fig. 3.14, however, only two Sn 3d5/2 components were observed in our 

catalyst system; the component at lower binding energy of 485.3-486.2 eV 

corresponded to alloyed tin, while that at higher binding energy of 487.1-

487.6 eV was oxidized tin (II, IV) [87]. Any peaks related to zerovalent tin 

and chlorinated tin were not detected. 

When the third metal was added into Pt/Sn/Al2O3 catalyst, binding 

energy of each component was changed. It can be inferred that Pt was alloyed 

with Sn or electronically modified by the third metal. In case of 

Pt/Sn/Zn/Al2O3 and Pt/Sn/In/Al2O3 catalysts, which showed an excellent 

catalytic activity, high surface atomic ratio of Pt/Al and high percentage of 

oxidized tin were observed. In case of Pt/Sn/Al2O3 and Pt/Sn/Ga/Al2O3 

catalysts, however, the percentage of alloyed tin species was higher than that 

of oxidized tin species. It was reported that the promoter such as zinc and 

indium can decrease the surface Pt ensembles by geometric effect, which 

leads to the increased Pt dispersion and reaction activity, since the desired 
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dehydrogenation reaction can proceed on small ensembles of surface platinum 

atoms [80].   
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Fig. 3.14. XPS spectra of Sn 3d5/2 of Pt/Sn/Al2O3 and Pt/Sn/M/Al2O3 catalysts 

reduced at 570 oC for 3 h. 
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Table 3.5 

Binding energies of Pt 4f7/2 and Sn 3d5/2 and surface atomic ratio of 

Pt/Sn/Al2O3 and Pt/Sn/M/Al2O3 (M = Zn, In, Y, Bi, and Ga) catalysts 

Catalyst 

Binding  

energy of  

Pt 4f7/2 (eV) 

Binding  

energy of  

Sn 3d5/2 (eV) 

Surface atomic 

ratio 

Pt/Al 

Pt/Sn/Zn/Al2O3 72.3 
487.3  

485.3  
0.0057 

Pt/Sn/In/Al2O3 72.0 
487.6 

486.0  
0.0057  

Pt/Sn/Al2O3 71.9 
487.5  

486.2  
0.0045  

Pt/Sn/Y/Al2O3 71.9 
487.4  

485.8 
0.0053  

Pt/Sn/Bi/Al2O3 71.9 
487.3 

485.6 
0.0037  

Pt/Sn/Ga/Al2O3 71.7 
487.1 

485.9 
0.0037  
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3.3.6. Correlations between catalytic performance and catalytic 

properties 

 

Fig. 3.15 shows the correlations between catalytic performance and 

catalytic properties. Yield for TDP increased with increasing TPR peak 

temperature and with increasing Pt surface area. The correlations clearly 

showed that metal-support interaction and Pt surface area played key roles in 

determining the catalytic performance of Pt/Sn/M/Al2O3 catalysts. Among the 

catalysts tested, Pt/Sn/Zn/Al2O3 catalyst, which retained the strongest metal-

support interaction and the highest Pt surface area, exhibited the best catalytic 

performance in the direct dehydrogenation of n-butane. 

 



 74

20

40

60

80

100

120

140

160

180

200

220

15 20 25 30 35 40 45 50 55

210

220

230

240

250

260

270

280

290

300

 

P
t 

su
rf

ac
e 

ar
ea

 (
m

2 /g
)

T
P

R
 p

ea
k

 t
em

p
er

a
tu

re
 (

o C
)

Yield for TDP after a 360 min-reaction (%)

Pt/Sn/Zn/Al2O3

Pt/Sn/Zn/Al2O3

Pt/Sn/In/Al2O3

Pt/Sn/In/Al2O3

Pt/Sn/Y/Al2O3

Pt/Sn/Y/Al2O3

Pt/Sn/Al2O3

Pt/Sn/Al2O3

Pt/Sn/Bi/Al2O3

Pt/Sn/Bi/Al2O3

Pt/Sn/Ga/Al2O3

Pt/Sn/Ga/Al2O3

 

Fig. 3.15. Correlations between yield for TDP after a 360 min-reaction and 

TPR peak temperature, and between yield for TDP after a 360 min-reaction 

and Pt surface area. 
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3.4. Characterization and catalytic performance of 

Pt/Sn/Zn/Al2O3 catalysts  

 

3.4.1. Formation of Pt/Sn/XZn/Al2O3 catalysts 

 

Fig. 3.16 shows the XRD patterns of Pt/Sn/XZn/Al2O3 (X = 0, 0.25, 0.5, 

0.75, and 1.0 wt%) catalysts reduced at 570 oC for 3 h. No distinctive 

diffraction peaks for metal species were detected in the Pt/Sn/XZn/Al2O3 (X = 

0-1.0 wt%) catalysts. Instead, characteristic diffraction peaks corresponding to 

γ-Al2O3 were only observed. This indicates that metal species were finely 

dispersed on alumina support [78,79].  

Textural properties of Pt/Sn/XZn/Al2O3 catalysts were examined by 

nitrogen adsorption-desorption isotherm measurements. Fig. 3.17 shows the 

nitrogen adsorption-desorption isotherms of Pt/Sn/XZn/Al2O3 catalysts 

reduced at 570 oC for 3 h. It was observed that all the catalysts exhibited IV-

type isotherm with H3-type hysteresis loop, indicating the existence of 

mesopores. Detailed physicochemical properties of Pt/Sn/XZn/Al2O3 catalysts 

are summarized in Table 3.6. BET surface area of the catalysts decreased with 

increasing Zn content. This might be due to the pore blockage by Zn with 

increasing Zn content. As listed in Table 3.6, atomic ratios of constituent 

metal components were in good agreement with the designed values, 

indicating that all the catalysts were successfully prepared as attempted in this 

work.
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Fig. 3.16. XRD patterns of Pt/Sn/XZn/Al2O3 catalysts reduced at 570 oC for 3 

h. 
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Fig. 3.17. Nitrogen adsorption-desorption isotherms of Pt/Sn/XZn/Al2O3 

catalysts reduced at 570 oC for 3 h. 
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Table 3.6 

Atomic ratios and BET surface areas of Pt/Sn/XZn/Al2O3 catalysts (X = 0, 

0.25, 0.5, 0.75, and 1.0 wt%) reduced at 570 oC for 3 h 

Catalyst 

Atomic ratio BET 

surface area 

(m2/g)b Pt (wt%)
a Sn (wt%)a

 Zn (wt%)
a
 

Pt/Sn/Al2O3 0.96 1.04 - 185 

Pt/Sn/0.25Zn/Al2O3 0.96 1.04 0.23 180 

Pt/Sn/0.5Zn/Al2O3 0.94 1.06 0.52 179 

Pt/Sn/0.75Zn/Al2O3 1.03 1.05 0.74 173 

Pt/Sn/1.0Zn/Al2O3 1.03 0.99 1.10 169 

a Determined by ICP-AES measurement. 

b Calculated by the BET equation. 
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3.4.2. Catalytic performance of Pt/Sn/XZn/Al2O3 catalysts 
 

Fig. 3.18 shows the yield for TDP of Pt/Sn/XZn/Al2O3 (X = 0, 0.25, 0.5, 

0.75, and 1.0 wt%) catalysts after 60 min-reaction and 360 min-reaction in the 

direct dehydrogenation of n-butane. Yield for TDP strongly depended on zinc 

content. It is noteworthy that Pt/Sn/0.5Zn/Al2O3 catalyst showed a slight 

catalyst deactivation while the other catalysts experienced a severe catalyst 

deactivation. This indicates that Pt/Sn/0.5Zn/Al2O3 catalyst with an 

appropriate amount of zinc showed an improved catalytic stability in the 

direct dehydrogenation of n-butane. Fig. 3.18 also shows the catalytic 

performance of Pt/Sn/XZn/Al2O3 (X = 0, 0.25, 0.5, 0.75, and 1.0 wt%) 

catalysts in the direct dehydrogenation of n-butane at 550 oC after a 360 min-

reaction, plotted as a function of zinc content. In the direct dehydrogenation of 

n-butane over Pt/Sn/XZn/Al2O3 catalysts, iso-butene, iso-butane, and C1-C3 

compounds (methane, ethane, ethylene, propane, propylene) were also 

produced as by-products together with target products (1-butene, 2-butene, 

and 1,3-butadiene). Selectivity for TDP was almost constant (ca. 84 %). 

Conversion of n-butane and yield for TDP exhibited volcano-shaped curves 

with respect to zinc content. Conversion of n-butane and yield for TDP after a 

360 min-reaction decreased in the order of Pt/Sn/0.5Zn/Al2O3 > 

Pt/Sn/0.75Zn/Al2O3 > Pt/Sn/0.25Zn/Al2O3 > Pt/Sn/1.0Zn/Al2O3 > Pt/Sn/Al2O3. 

It is interesting to note that the catalytic activity over Pt/Sn/Zn/Al2O3 catalysts 

was higher than that over Pt/Sn/Al2O3 catalyst. This result indicates that the 

addition of zinc to Pt/Sn/Al2O3 catalyst was favorable for enhancing the 

catalytic performance of Pt/Sn/Al2O3 catalyst in the direct dehydrogenation of 



 80

n-butane. Among the catalysts tested, Pt/Sn/0.5Zn/Al2O3 catalyst showed the 

best catalytic performance.  
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Fig. 3.18. Catalytic performance of Pt/Sn/XZn/Al2O3 catalysts. 
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3.4.3. Metal-support interaction in the Pt/Sn/XZn/Al2O3 catalysts  

 

TPR measurements were carried out to examine the interaction between 

metal species and support in the Pt/Sn/XZn/Al2O3 (X = 0, 0.25, 0.5, 0.75, and 

1.0 wt%) catalysts, as shown in Fig. 3.19. It is known that Pt/Sn/Al2O3 

catalyst showed two reduction bands; a reduction band at around 250 oC is 

ascribed to the reduction of Pt oxide species, while a broad reduction band at 

around 500 oC is due to the partial reduction of tin oxide species [53,80,81]. 

When zinc is added into Pt/Sn/Al2O3 catalyst, Pt/Sn/XZn/Al2O3 catalysts 

showed an obviously different reduction band within the range of 260-290 oC. 

This reduction band might be assigned to the reduction of Pt oxide, a small 

fraction of Sn oxide, and zinc oxide species. However, the reduction band at 

around 500 oC was not clear in our Pt/Sn/XZn/Al2O3 catalysts. In the 

Pt/Sn/XZn/Al2O3 (X = 0, 0.25, and 0.5 wt%) catalysts, the reduction peak 

temperature increased with increasing zinc content. On the other hand, the 

reduction peak temperature decreased with increasing zinc content in the 

Pt/Sn/XZn/Al2O3 (X = 0.5, 0.75, and 1.0 wt%) catalysts. In summary, the 

major reduction peak temperature within the range of 260-290 oC showed a 

volcano-shaped trend with respect to zinc content. The reduction peak 

temperature of the catalysts decreased in the order of Pt/Sn/0.5Zn/Al2O3 > 

Pt/Sn/0.75Zn/Al2O3 > Pt/Sn/0.25Zn/Al2O3 > Pt/Sn/1.0Zn/Al2O3 > Pt/Sn/Al2O3. 

This trend was well consistent with the trend of catalytic activity (Fig. 3.18). 
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Fig. 3.19. TPR profiles of Pt/Sn/XZn/Al2O3 catalysts. 
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3.4.4. Pt dispersion and Pt surface area in the reduced 

Pt/Sn/XZn/Al2O3 catalysts 

 

Hydrogen chemisorption measurements were conducted to determine 

the Pt dispersion and Pt surface area of the reduced Pt/Sn/XZn/Al2O3 (X = 0, 

0.25, 0.5, 0.75, and 1.0 wt%) catalysts. Hydrogen chemisorption results for 

the reduced catalysts are listed in Table 3.7. The amount of hydrogen uptake 

on the reduced catalysts decreased in the order of Pt/Sn/0.5Zn/Al2O3 > 

Pt/Sn/0.75Zn/Al2O3 > Pt/Sn/0.25Zn/Al2O3 > Pt/Sn/1.0Zn/Al2O3 > Pt/Sn/Al2O3. 

As a consequence, Pt dispersion and Pt surface area decreased in the order of 

Pt/Sn/0.5Zn/Al2O3 > Pt/Sn/0.75Zn/Al2O3 > Pt/Sn/0.25Zn/Al2O3 > 

Pt/Sn/1.0Zn/Al2O3 > Pt/Sn/Al2O3. Pt particle size increased in the order of 

Pt/Sn/0.5Zn/Al2O3 < Pt/Sn/0.75Zn/Al2O3 < Pt/Sn/0.25Zn/Al2O3 < 

Pt/Sn/1.0Zn/Al2O3 < Pt/Sn/Al2O3. These trends were well consistent with the 

trends of catalytic activity (Fig. 3.18) and TPR results (Fig. 3.19). When the 

metal-support interaction was strong, Pt species were well dispersed on the 

support and Pt surface area increased by decreasing Pt particle size. In other 

words, the addition of certain amount of zinc increased Pt dispersion and Pt 

surface area. The highest Pt dispersion and Pt surface area was observed over 

Pt/Sn/0.5Zn/Al2O3 catalyst. This implies that the presence of certain amount 

of zinc in the vicinity of Pt particles can lead to a decrease in the number of 

accessible Pt sites, which is favorable for the improvement of metallic Pt 

dispersion [82]. That is, an optimal amount of zinc served as an efficient 

spacer to reduce the size of platinum ensembles as tin acted as a spacer in the 
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Pt-Sn catalyst [83,84]. 
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Table 3.7 

Hydrogen chemisorption results for reduced Pt/Sn/XZn/Al2O3 (X = 0, 0.25, 

0.5, 0.75, and 1.0 wt%) catalysts 

Catalyst 
Pt  

dispersion (%)
a  

Pt  

surface area 

(m
2/g)

a 

Average Pt 

 particle size 

(nm)
a  

Pt/Sn/Al2O3 30.0 73.8 3.8 

Pt/Sn/0.25Zn/Al2O3 33.8 83.6 3.3 

Pt/Sn/0.5Zn/Al2O3 47.2 116.4 2.4 

Pt/Sn/0.75Zn/Al2O3 43.2 106.4 2.6 

Pt/Sn/1.0Zn/Al2O3 32.0 80.4 3.5 

a Calculated by assuming a stoichiometry factor of H/Pt =1. 
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3.4.5. Electronic effect in the reduced Pt/Sn/XZn/Al2O3 catalysts 

 

To investigate the chemical state of metal components, X-ray 

photoelectron spectroscopy (XPS) was carried out. XPS spectra of Zn 2p3/2 

levels for the reduced catalysts are shown in Fig. 3.20, and the measured 

binding energies of Pt 4f7/2, Sn 3d5/2, and Zn 2p3/2 are summarized in Table 3.8. 

All the catalysts showed binding energy of single Pt 4f7/2 component at 71.7-

72.3 eV, indicating the presence of zerovalent platinum [85]. The Sn 3d5/2 

peak was decomposed into two components. The component at lower binding 

energy 485.3-486.2 eV, which corresponds to alloyed tin, and that located at 

binding energy 487.1-487.6 eV could be assigned to oxidized species of tin (II, 

IV) [86-87]. As shown in Fig. 3.20, XPS spectrum of Zn 2p3/2 level for each 

reduced catalyst is different. In case of Pt/Sn/XZn/Al2O3 (X = 0.25 and 0.5) 

catalysts, Zn almost exists as ZnO species. When the amount of Zn is excess, 

however, Zn exists as metallic Zn and ZnO species. It is inferred that ZnO can 

be reduced to metallic zinc, which results in the formation of PtZn alloy. As 

Pt-Zn alloy is formed, alloyed Zn atoms can increase the electron density of Pt 

sites and binding energy of Pt 4f7/2 decreases due to electropositive nature of 

Zn [88]. Thus, this modification of Pt electronic character leads to decrease in 

hydrogen adsorption strength and the PtZn alloy operate as an inactive phase 

for hydrogen chemisorption and dehydrogenation of paraffins [54]. This may 

be the reason for the decrease of the Pt dispersion and the catalytic 

performance, when the amount of zinc is excess. Based on these results, 

schematic model of Pt/Sn/Zn/Al2O3 catalysts is proposed in Fig. 3.21. 
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Fig. 3.20. XPS spectra of Zn 2p3/2 level of Pt/Sn/XZn/Al2O3 catalysts reduced 

at 570 oC for 3 h.
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Table 3.8 

Binding energies of Pt 4f7/2, Sn 3d5/2, and Zn 2p3/2 of Pt/Sn/XZn/Al2O3 

catalysts 

Catalyst 

Binding energy 

of  

Pt 4f7/2 (eV) 

Binding energy 

of  

Sn 3d5/2 (eV) 

Binding energy 

of  

Zn 2p3/2 (eV) 

Pt/Sn/Al2O3 72.1 
487.1 

486.2 
- 

Pt/Sn/0.25Zn/Al2O3 72.1 
487.1 

486.1 
1022.7 

Pt/Sn/0.5Zn/Al2O3 72.0 
487.0 

486.6 
1022.6 

Pt/Sn/0.75Zn/Al2O3 71.7 
488.1 

486.5 

1024.0 

1022.8 

Pt/Sn/1.0Zn/Al2O3 71.7 
487.4 

486.2 

1024.0 

1022.6 
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Schematic model of Pt/Sn/Zn/Al2O3 catalysts
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Fig. 3.21. Schematic model of Pt/Sn/Zn/Al2O3 catalysts.
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3.4.6. Correlation between catalytic performance and catalytic 

properties 

 

Fig. 3.22 shows the correlations between catalytic performance and 

catalytic properties. Yield for TDP increased with increasing TPR peak 

temperature (with increasing metal-support interaction) and with increasing Pt 

surface area. The correlations clearly show that metal-support interaction and 

Pt surface area served as important factors determining the catalytic 

performance of Pt/Sn/XZn/Al2O3 catalysts. Among the catalysts tested, 

Pt/Sn/0.5Zn/Al2O3 catalyst, which retained the strongest metal-support 

interaction and the highest Pt surface area, exhibited the best catalytic 

performance in the direct dehydrogenation of n-butane. Suitable addition of 

Zn (0.5 wt%) can reduce the size of the platinum ensembles by geometric 

effect, thus increasing the Pt surface area. However, when the content of Zn is 

excessive, the character of active metal has been modified by the formation of 

PtZn alloy and the decrease of Pt surface area is observed. 
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Fig. 3.22. Correlations between yield for TDP after a 360 min-reaction and 

TPR peak temperature, and between yield for TDP after a 360 min-reaction 

and Pt surface area. 
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3.5. Characterization and catalytic performance of 

Pt/Sn/Al2O3 (X) catalysts prepared by various 

preparation methods  

 

3.5.1. Formation of Pt/Sn/Al2O3 (X) catalysts 

 

Successful formation of Pt/Sn/Al2O3 (X) catalysts was confirmed by 

XRD and ICP-AES measurements. Fig. 3.23 shows the XRD patterns of 

reduced Pt/Sn/Al2O3 (X) catalysts. Crystalline phase of Al2O3 was identified 

using JCPDS. As shown in Fig. 3.23, characteristic diffraction peaks of g-

Al2O3 were observed in all the Pt/Sn/Al2O3 (X) catalysts. XRD peaks 

corresponding to Pt and Sn were not detected, indicating that Pt and Sn 

species were finely dispersed on the support. This result was well consistent 

with the previous works in a sense that g-Al2O3 peaks were only detected in 

the XRD patterns of Pt/Sn/Al2O3 catalysts with low Pt and Sn contents [78,79]. 

Pt and Sn contents in the Pt/Sn/Al2O3 (X) catalysts are summarized in Table 

3.9. The measured Pt and Sn contents were in good agreement with the 

designed values. These results indicate that Pt/Sn/Al2O3 (X) catalysts were 

successfully prepared in this work. Physicochemical properties of the catalysts 

are also summarized in Table 3.9. BET surface area, pore volume of 

Pt/Sn/Al2O3 (X) catalysts decreased in the order of Pt/Sn/Al2O3 (ES) > 

Pt/Sn/Al2O3 (AS) > Pt/Sn/Al2O3 (P) > Pt/Sn/Al2O3 (C). Among the catalysts 

examined, Pt/Sn/Al2O3 (ES) catalyst retained the highest surface area and the 



 94

largest pore volume. From these results, it is inferred that the preparation 

method of support strongly affects the physicochemical properties of 

Pt/Sn/Al2O3 (X) catalysts. 
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Fig. 3.23. XRD patterns of Pt/Sn/Al2O3 (X) catalysts reduced at 570 oC for 3 h. 
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Table 3.9  

Metal content, BET surface area, pore volume, and average pore diameter of 

Pt/Sn/Al2O3 (X) catalysts 

Catalyst 

Pt 

content 

(wt%)a 

Sn 

content 

(wt%)a 

BET 

surface 

area 

(m2/g)b 

Pore 

volume 

(cm3/g)c 

Average 

pore 

diameter 

(nm)d 

Pt/Sn/Al2O3 (C) 1.0 1.1 185 0.48 10.4 

Pt/Sn/Al2O3 (P) 1.0 1.1 190 0.35 8.2 

Pt/Sn/Al2O3 (AS) 1.0 1.1 233 0.50 7.2 

Pt/Sn/Al2O3 (ES) 1.0 1.1 275 0.55 7.2 

a Determined by ICP-AES analyses. 

b Calculated by the BET equation. 

c BJH desorption pore volume. 

d BJH desorption average pore diameter. 
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3.5.2. Catalytic performance of Pt/Sn/Al2O3 (X) catalysts 

 

Fig. 3.24 shows the catalytic performance of Pt/Sn/Al2O3 (X) catalysts 

with time on stream in the direct dehydrogenation of n-butane at 550 °C. All 

the Pt/Sn/Al2O3 (X) catalysts exhibited a slight deactivation during the direct 

dehydrogenation reaction. However, the catalytic performance of Pt/Sn/Al2O3 

(X) catalysts was strongly influenced by the preparation method of support. 

Detailed catalytic performance of Pt/Sn/Al2O3 (X) catalysts obtained after a 

360 min-reaction is also shown in Fig. 3.24. As shown in Fig 3.24, yield for 

TDP (total dehydrogenation products, n-butenes and 1,3-butadiene) after a 

360 min-reaction decreased in the order of Pt/Sn/Al2O3 (ES) > Pt/Sn/Al2O3 

(AS) > Pt/Sn/Al2O3 (P) > Pt/Sn/Al2O3 (C). Among the catalysts tested, 

Pt/Sn/Al2O3 (ES) catalyst showed the best catalytic performance in terms of 

yield for TDP in the direct dehydrogenation of n-butane. 
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Fig. 3.24. Catalytic performance of Pt/Sn/Zn/Al2O3 (X) catalysts. 
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3.5.3. TPR results of Pt/Sn/Al2O3 (X) catalysts 

 

TPR measurements were carried out to investigate the reduction 

behavior of metal species and to examine the interaction between metal 

species and support in the Pt/Sn/Al2O3 (X) catalysts. Fig. 3.25 shows the TPR 

profiles of Pt/Sn/Al2O3 (X) catalysts. All the Pt/Sn/Al2O3 (X) catalysts 

exhibited a broad reduction bands at around 260~280 oC with a shoulder at 

around 400 oC. The major reduction band appearing at low temperature was 

attributed to the reduction of Pt oxide species interacted with alumina, while 

the minor shoulder appearing at high temperature was due to the partial 

reduction of Sn4+ to Sn2+ and Sn2+ to Sn0 [53,80,81]. 
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Fig. 3.25. TPR profiles of Pt/Sn/Al2O3 (X) catalysts. 
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3.5.4. Pt dispersion and Pt surface area of Pt/Sn/Al2O3 (X) catalysts 

 

CO chemisorption measurements were conducted in order to determine 

the platinum dispersion and platinum surface area in the Pt/Sn/Al2O3 (X) 

catalysts. CO chemisorption results for reduced Pt/Sn/Al2O3 (X) catalysts are 

listed in Table 3.10. The platinum dispersion and platinum surface area of 

Pt/Sn/Al2O3 (X) catalysts decreased in the order of Pt/Sn/Al2O3 (ES) > 

Pt/Sn/Al2O3 (AS) > Pt/Sn/Al2O3 (P) > Pt/Sn/Al2O3 (C). Platinum particle size 

of the catalysts increased in the order of Pt/Sn/Al2O3 (ES) < Pt/Sn/Al2O3 (AS) 

< Pt/Sn/Al2O3 (P) < Pt/Sn/Al2O3 (C). Among the catalysts examined, 

Pt/Sn/Al2O3 (ES) catalyst exhibited the highest platinum dispersion, the 

highest platinum surface area, and the smallest platinum particle size. This 

might be due to the highest surface area and the largest pore volume of 

Pt/Sn/Al2O3 (ES) catalyst (Table 3.9), which effectively suppressed the 

aggregation of platinum species during the impregnation step. 
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Table 3.10 

CO chemisorption results for reduced Pt/Sn/Al2O3 (X) catalysts 

Catalyst 
Pt  

dispersion (%)
a  

Pt  

surface area 

(m
2/g)

a 

Average Pt 

 particle size 

(nm)
a  

Pt/Sn/Al2O3 (C) 44.0 108.6 2.6 

Pt/Sn/Al2O3 (P) 50.6 125.0 2.2 

Pt/Sn/Al2O3 (AS) 55.6 137.4 2.0 

Pt/Sn/Al2O3 (ES) 65.3 161.3 1.7 

a Calculated by assuming a stoichiometry factor of CO/Pt =1. 
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3.5.5. Correlation between catalytic performance and Pt surface 

area 

 

Fig. 3.26 shows the correlation between platinum surface area and 

catalytic performance in the direct dehydrogenation of n-butane. It is 

interesting to note that yield for TDP increased with increasing platinum 

surface area. Although platinum surface area of the catalyst is not the sole 

factor determining the catalytic performance in the direct dehydrogenation of 

n-butane, it can serve as an important correlating parameter for the catalytic 

performance in the direct dehydrogenation of n-butane. Among the catalysts 

tested, Pt/Sn/Al2O3 (ES) catalyst with the highest platinum surface area 

showed the best catalytic performance in the direct dehydrogenation of n-

butane.  
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Fig. 3.26. A correlation between yield for TDP after 360 min-reaction and Pt 

surface area of Pt/Sn/Al2O3 (X) catalysts. 
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3.6. Characterization and catalytic performance of 

Pt/Sn/Al2O3-X prepared by an epoxide-driven sol-gel 

method and a sequential impregnation method  

 

3.6.1. Physicochemical properties of Pt/Sn/Al2O3-X catalysts 

 

Textural properties of Pt/Sn/Al2O3-X catalysts were examined by 

nitrogen adsorption-desorption isotherm measurements. Fig. 3.27 shows the 

nitrogen adsorption-desorption isotherms of Pt/Sn/Al2O3-X catalysts. 

Pt/Sn/Al2O3-X (X = 600, 700, 800, 900, and 1000) catalysts exhibited IV-type 

isotherms with H2-type hysteresis loops, indicating the existence of well-

developed framework mesopores [89,90]. It is interesting to note that 

hysteresis loops of Pt/Sn/Al2O3-X catalysts shifted to the higher relative 

pressure with increasing calcination temperature of alumina. It was also 

observed that average pore size of Pt/Sn/Al2O3-X (X = 600, 700, 800, 900, 

and 1000) catalysts increased with increasing calcination temperature of 

alumina, as shown in Fig. 3.27. Typically, alumina particles are strongly 

bonded to others by hydrogen bond between Al-OH groups. With increasing 

calcination temperature, these Al-OH groups are removed, resulting in an 

increase of average pore size [91-93]. On the other hand, nitrogen adsorption-

desorption isotherm of Pt/Sn/Al2O3-1100 catalyst was quite different from that 

of Pt/Sn/Al2O3-X (X = 600, 700, 800, 900, and 1000) catalysts. Hysteresis 

loop and pore size distribution were not observable in the Pt/Sn/Al2O3-1100 

catalyst.  
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Detailed physicochemical of Pt/Sn/Al2O3-X catalysts are summarized in 

Table 3.11. BET surface area and pore volume of Pt/Sn/Al2O3-X catalysts 

decreased with increasing calcination temperature of alumina, while average 

pore size of Pt/Sn/Al2O3-X catalysts increased with increasing calcination 

temperature of alumina. The measured Pt and Sn contents were in good 

agreement with the designed values. These results indicate that Pt/Sn/Al2O3-X 

catalysts were successfully prepared in this work. 
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Fig. 3.27. Nitrogen adsorption-desorption isotherms and pore size distribution 

of Pt/Sn/Al2O3-X catalysts. 
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Table 3.11 

Metal content, BET surface area, pore volume, and average pore diameter of 

Pt/Sn/Al2O3-X catalysts 

Catalyst 

Pt 

content 

(wt%)a 

Sn 

content 

(wt%)a 

BET 

surface 

area 

(m2/g)b 

Pore 

volume 

(cm3/g)c 

Average 

pore 

diameter 

(nm)d 

Pt/Sn/Al2O3-600 0.9 1.2 275 0.55 7.18 

Pt/Sn/Al2O3-700 0.9 1.1 254 0.52 7.18 

Pt/Sn/Al2O3-800 0.9 1.1 172 0.41 10.7 

Pt/Sn/Al2O3-900 0.9 1.1 115 0.38 14.0 

Pt/Sn/Al2O3-1000 1.0 1.1 64 0.32 24.4 

Pt/Sn/Al2O3-1100 1.0 1.2 1 -e -e 

a Determined by ICP-AES analyses. 

b Calculated by the BET equation. 

c BJH desorption pore volume. 

d BJH desorption average pore diameter. 

e Not measureable due to very small pore volume. 
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3.6.2. Crystalline structure of reduced Pt/Sn/Al2O3-X catalysts 

 

Crystalline phases of reduced Pt/Sn/Al2O3-X catalysts were examined 

by XRD measurements as shown in Fig. 3.28. Pt/Sn/Al2O3-X (X = 600 and 

700) catalysts showed the characteristic diffraction peaks of g-alumina. 

Pt/Sn/Al2O3-X (X = 800 and 900) catalysts retained the mixed phase of g-

alumina and q-alumina, indicating that Pt/Sn/Al2O3-X (X = 800 and 900) 

catalysts were in the transition state between g-alumina and q-alumina. 

Pt/Sn/Al2O3-1000 catalyst showed the mixed phase of q-alumina and a-

alumina, indicating that Pt/Sn/Al2O3-1000 catalyst was in the middle of phase 

transformation from q-alumina to a-alumina. On the other hand, Pt/Sn/Al2O3-

1100 catalyst exhibited the diffraction patterns of a-alumina. These results 

were well consistent with the previous results reporting that phase 

transformation of transition alumina occured in the sequence of g→d→q→a 

within temperature of 600-1100 oC [92-95]. 

It is noticeable that no characteristic diffraction peaks corresponding to 

platinum and tin were observed in the Pt/Sn/Al2O3-X (X = 600, 700, 800, and 

900) catalysts. This result indicates that platinum and tin species were less 

crystallized or finely dispersed on the surface of Pt/Sn/Al2O3-X (X = 600, 700, 

800, and 900) catalysts. On the other hand, Pt/Sn/Al2O3-X (X = 1000 and 

1100) catalysts showed the additional diffraction peaks of platinum-tin 

compounds. Thus, it is reasonable to expect that platinum-tin compounds 

were more crystallized or alloyed in the Pt/Sn/Al2O3-X (X = 1000 and 1100) 

catalysts due to low surface area and small pore volume of q-alumina and/or 
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a-alumina [96]. 
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Fig. 3.28. XRD patterns of reduced Pt/Sn/Al2O3-X catalysts. 
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3.6.3. TPR results of Pt/Sn/Al2O3-X catalysts 

 

TPR measurements were carried out to investigate the interaction 

between metal species and support and to examine the reduction behavior of 

metal species in the Pt/Sn/Al2O3-X catalysts. Fig. 3.29 shows the TPR profiles 

of Pt/Sn/Al2O3-X catalysts. Pt/Sn/Al2O3-X (X = 600, 700, 800, and 900) 

catalysts exhibited a broad reduction band at around 270-300 oC with a 

shoulder at around 400 oC. The major reduction band appearing at low 

temperature was attributed to the reduction of Pt oxide species interacted with 

alumina, while the minor shoulder appearing at high temperature was due to 

the partial reduction of Sn4+ to Sn2+ and/or Sn2+ to Sn0 [80,97,98]. On the other 

hand, Pt/Sn/Al2O3-X (X = 1000 and 1100) catalysts showed two reduction 

bands at around 300 oC and 445 oC. Low-temperature reduction peak was 

attributed to the reduction of Pt oxide species, while high-temperature 

reduction peak was ascribed to the reduction of Sn2+ to Sn0 strongly interacted 

with alumina support [96-98]. It was found that the reduction temperature of 

Pt species shifted toward higher temperature and the amount of hydrogen 

consumption decreased with increasing calcination temperature of alumina, 

suggesting that the interaction between Pt and support became strong and the 

reduction of Pt species became more difficult with increasing calcination 

temperature of alumina. This is because the sintering of Pt particles was 

remarkable with increasing calcination temperature of alumina, which 

decreased the amount of hydrogen consumption [99]. Pt/Sn/Al2O3-X (X = 

1000 and 1100) catalysts showed large reduction peaks of Sn species, 
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indicating that much amount of Sn species was reduced in a form of 

zerovalent tin or metallic tin of platinum-tin compound. These results were 

well consistent with the XRD results (Fig. 3.28). 
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Fig. 3.29. TPR profiles of Pt/Sn/Al2O3-X catalysts. 
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3.6.4. Catalytic performance of Pt/Sn/Al2O3-X catalysts 

 

Fig. 3.30 shows the yield for TDP over Pt/Sn/Al2O3-X catalysts with 

time on stream in the direct dehydrogenation of n-butane at 550 °C. All the 

Pt/Sn/Al2O3-X catalysts exhibited a slight deactivation during the direct 

dehydrogenation reaction. The yield for TDP over Pt/Sn/Al2O3-X catalysts 

strongly depended on the calcination temperature of alumina. Detailed 

catalytic performance of Pt/Sn/Al2O3-X catalysts obtained after a 60 min-

reaction is also shown in Fig. 3.30. It was found that conversion of n-butane 

decreased with increasing calcination temperature of alumina, while 

selectivity for TDP increased with increasing calcination temperature of 

alumina. As a consequence, yield for TDP showed a volcano-shaped trend 

with respect to calcination temperature of alumina. Among the catalyst tested, 

Pt/Sn/Al2O3-700 catalyst showed the best catalytic performance in terms of 

yield for TDP. 
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Fig. 3.30. Catalytic performance of Pt/Sn/Al2O3-X catalysts. 

 



 117

3.6.5. Platinum and acid sites of Pt/Sn/Al2O3-X catalysts 

 

To determine the platinum dispersion and platinum surface area in the 

Pt/Sn/Al2O3-X catalysts, CO chemisorption measurements were conducted. 

CO chemisorption results for reduced Pt/Sn/Al2O3-X catalysts are listed in 

Table 3.12. It was found that platinum dispersion and platinum surface area of 

Pt/Sn/Al2O3-X catalysts decreased with increasing calcination temperature of 

alumina, while platinum particle size of the catalysts increased with 

increasing calcination temperature of alumina. This result was closely related 

to the trends of BET surface area and pore volume of Pt/Sn/Al2O3-X catalysts 

(Table 3.11) with regard to calcination temperature of alumina. Fig. 3.31 

shows the HR-TEM images of Pt/Sn/Al2O3-X catalysts reduced at 570 oC. 

Pt/Sn/Al2O3-600 catalyst showed small platinum and tin species (less than 5 

nm), while Pt/Sn/Al2O3-1100 catalyst retained large platinum-tin aggregates 

(more than 30 nm). HR-TEM images also support that platinum species were 

more finely dispersed with decreasing calcination temperature of alumina in 

the Pt/Sn/Al2O3-X catalysts.  

In order to investigate the effect of calcination temperature of alumina 

on the acidity of Pt/Sn/Al2O3-X catalysts, NH3-TPD experiments were 

conducted. Fig. 3.32 shows the NH3-TPD profiles of reduced Pt/Sn/Al2O3-X 

catalysts. Acidity of Pt/Sn/Al2O3-X catalysts calculated from TPD peak area is 

summarized in Table 3.13. Acidity of the catalysts was strongly influenced by 

calcination temperature of alumina. That is, acidity of Pt/Sn/Al2O3-X catalysts 

decreased with increasing calcination temperature of alumina. 
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Table 3.12 

CO chemisorption results for Pt/Sn/Al2O3-X catalysts reduced at 570 oC for 3 

h 

Catalyst 

Pt 

dispersion 

(%)a 

Pt surface area 

(m2/g)a 

Pt partice size 

(nm)a 

Pt/Sn/Al2O3-600 65.3 161.3 1.7 

Pt/Sn/Al2O3-700 63.9 157.9 1.7 

Pt/Sn/Al2O3-800 32.3 79.8 3.5 

Pt/Sn/Al2O3-900 7.4 18.2 15.3 

Pt/Sn/Al2O3-1000 5.2 12.9 21.6 

Pt/Sn/Al2O3-1100 2.9 7.4 37.9 

a Calculated by assuming stoichiometry factor of CO/Pt =1. 
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Fig. 3.31. HR-TEM image of reduced Pt/Sn/Al2O3-X catalysts.  
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Table 3.13 

Acidity of Pt/Sn/Al2O3-X catalysts reduced at 570 oC for 3 h 

Catalyst Acidity (mmol/g-catalyst) 

Pt/Sn/Al2O3-600 0.951 

Pt/Sn/Al2O3-700 0.917 

Pt/Sn/Al2O3-800 0.840 

Pt/Sn/Al2O3-900 0.514 

Pt/Sn/Al2O3-1000 0.321 

Pt/Sn/Al2O3-1100 0.151 
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3.6.6. Effect of platinum surface area and acidity on catalytic 

performance 

 

As described earlier, platinum surface area of the catalyst is one of the 

crucial factors determining the catalytic performance in the direct 

dehydrogenation of n-butane. Thus, an attempt has been made to correlate 

platinum surface area with catalytic performance of Pt/Sn/Al2O3-X catalysts. 

Fig. 3.33 (a) shows the correlation between platinum surface area and 

conversion of n-butane over Pt/Sn/Al2O3-X catalysts. Conversion of n-butane 

increased with increasing platinum surface area of the catalyst. It is generally 

accepted that dehydrogenation activity of the catalyst increases with 

increasing platinum surface area of the catalyst [49,100]. Therefore, the 

decrease of n-butane conversion over Pt/Sn/Al2O3-X catalysts with increasing 

calcination temperature of alumina was mainly due to the decrease of 

platinum surface area of the catalyst. It is known that selectivity for TDP is 

influenced by acidity of the catalyst, as shown in Fig. 1.5. Fig. 3.33 (b) shows 

the correlation between acidity and selectivity for TDP. The correlation clearly 

shows that selectivity for TDP decreased with increasing acidity of the 

catalyst. It was reported that the increased selectivity for TDP with decreasing 

acidity of Pt/Sn/Al2O3-X catalysts was attributed to the decrease of side 

reactions such as coke formation, isomerization, and cracking reaction 

[49,101]. 

From these results, it can be summarized that conversion of n-butane 

and selectivity for TDP over Pt/Sn/Al2O3-X catalysts were closely related to 
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platinum surface area and acidity of the catalyst, respectively (Fig. 3.33). In 

this work, yield for TDP was obtained by multiplying conversion of n-butane 

and selectivity for TDP. As a result, maximum catalytic performance in terms 

of yield for TDP could be obtained over Pt/Sn/Al2O3-700 catalyst (Fig. 3.30). 

Based on these results, schematic model of Pt/Sn/Al2O3-X catalysts is 

proposed in Fig. 3.34. 
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Fig. 3.33. (a) Correlation between platinum surface area and conversion of n-

butane and (b) correlation between acidity and selectivity for TDP over 

Pt/Sn/Al2O3-X catalysts. 
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Fig. 3.34. Schematic model of Pt/Sn/Al2O3-X catalysts. 
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Chapter 4. Conclusions 

 

Part 1 Oxidative dehydrogenation of n-butane to 

 n-butene and 1,3-butadiene 

 

Various Mg3(VO4)2/MgO-ZrO2 catalysts were prepared by a citric acid 

sol-gel method and a wet impregnation method, were applied to the oxidative 

dehydrogenation of n-butane to n-butene and 1,3-butadiene. 

X-Mg3(VO4)2/MgO-ZrO2 catalysts with a variation of V content (X = 

6.6, 9.9, 12.8, 15.2, and 19.1 wt%) were prepared by a citric acid sol-gel 

method and a wet impregnation method for use in the oxidative 

dehydrogenation of n-butane. Catalytic performance of X-Mg3(VO4)2/MgO-

ZrO2 catalysts was strongly dependent on vanadium content. Catalytic 

performance of X-Mg3(VO4)2/MgO-ZrO2 catalysts decreased in the order of 

12.8-Mg3(VO4)2/MgO-ZrO2 > 9.9-Mg3(VO4)2/MgO-ZrO2 > 6.6-

Mg3(VO4)2/MgO-ZrO2 > 15.2-Mg3(VO4)2/MgO-ZrO2 > 19.1-

Mg3(VO4)2/MgO-ZrO2. The catalytic activity of 15.2-(VO4)2/MgO-ZrO2 and 

19.1-Mg3(VO4)2/MgO-ZrO2 catalysts decreased with increasing reaction time, 

while 6.6-Mg3(VO4)2/MgO-ZrO2, 9.9-Mg3(VO4)2/MgO-ZrO2, and 12.8-

Mg3(VO4)2/MgO-ZrO2 catalysts exhibited a stable catalytic performance 

during the whole reaction time. Temperature-programmed reoxidation 

(TPRO) measurements revealed that the catalytic performance in the 

oxidative dehydrogenation of n-butane was closely related to the oxygen 
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capacity and oxygen mobility of the catalysts. Stable catalytic performance of 

X-Mg3(VO4)2/MgO-ZrO2 (X = 6.6, 9.9, and 12.8) catalysts was attributed to 

their sufficient oxygen mobility, while X-Mg3(VO4)2/MgO-ZrO2 (X = 15.2 

and 19.1) catalysts with low oxygen mobility suffered from a catalyst 

deactivation. Furthermore, catalytic performance of catalysts increased with 

increasing oxygen capacity of the catalyst. It was revealed that oxygen 

capacity and oxygen mobility of the catalyst were closely related to the 

catalytic performance and the catalyst stability, respectively, in the oxidative 

dehydrogenation of n-butane. Among the catalysts tested, 12.8-

Mg3(VO4)2/MgO-ZrO2 catalyst with the largest oxygen capacity showed the 

best catalytic performance in terms of yield for TDP.  

Mg3(VO4)2/MgO-ZrO2 (X) catalysts with different Mg:Zr ratio (X = 

16:1, 8:1, 4:1, 2:1, and 1:1) were prepared by a citric acid sol-gel method and 

a wet impregnation method for use in the oxidative dehydrogenation of n-

butane. Catalytic performance of Mg3(VO4)2/MgO-ZrO2 (X) catalysts was 

strongly dependent on Mg:Zr ratio. It was observed that all the catalysts 

showed a stable catalytic performance in the oxidative dehydrogenation of n-

butane during the whole reaction time. Catalytic performance of 

Mg3(VO4)2/MgO-ZrO2 (X) catalysts in the oxidative dehydrogenation of n-

butane showed a volcano-shaped trend with respect to Mg:Zr ratio. TPRO 

measurements revealed that the oxygen capacity of the Mg3(VO4)2/MgO-ZrO2 

(X) catalysts showed a volcano-shaped trend. The catalytic performance of 

Mg3(VO4)2/MgO-ZrO2 (X) catalysts increased with increasing the oxygen 

capacity in the catalysts. Among the catalysts tested, Mg3(VO4)2/MgO-ZrO2 

(4:1) catalyst showed the best catalytic performance in the oxidative 
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dehydrogenation of n-butane, indicating that 4:1 was the most suitable Mg:Zr 

ratio for Mg3(VO4)2/MgO-ZrO2 catalyst system. 
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Part 2 Direct dehydrogenation of n-butane to 

 n-butene and 1,3-butadiene 

 

Various platinum-tin catalysts, including Pt/Sn/M/Al2O3 (M = Zn, In, Y, 

Bi, and Ga), a series of Pt/Sn/Zn/Al2O3 catalysts with a variation of Zn 

content (X = 0, 0.25, 0.5, 0.75, 1.0), Pt/Sn/Al2O3 (various Al2O3 support 

preparation method), and Pt/Sn/Al2O3 (different Al2O3 support calcination 

temperature), were prepared by a sequential impregnation method. They were 

applied to the direct dehydrogenation of n-butane to n-butene and 1,3-

butadiene.  

A series of Pt/Sn/M/Al2O catalysts with different third metal (M = Zn, 

In, Y, Bi, and Ga) were prepared by a sequential impregnation method for use 

in the direct dehydrogenation of n-butane to n-butene and 1,3-butadiene. It 

was found that chemical and electronic properties of the catalysts were 

affected by the addition of third metal (M). Yield for TDP decreased in order 

of Pt/Sn/Zn/Al2O3 > Pt/Sn/In/Al2O3 > Pt/Sn/Al2O3 > Pt/Sn/Y/Al2O3 > 

Pt/Sn/Bi/Al2O3 > Pt/Sn/Ga/Al2O3. Metal-support interaction and Pt surface 

area played important roles in determining the catalytic performance. Yield 

for TDP increased with increasing metal-support interaction and Pt surface 

area of the catalyst. Among the catalysts tested, Pt/Sn/Zn/Al2O3 catalyst, 

which retained the strongest metal-support interaction and the highest Pt 

surface area, showed the best catalytic performance and stability in the direct 

dehydrogenation of n-butane. 

A series of Pt/Sn/XZn/Al2O3 catalysts with different zinc content (X = 0, 
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0.25, 0.5, 0.75, and 1.0 wt%) were prepared by a sequential impregnation 

method for use in the direct dehydrogenation of n-butane. Conversion of n-

butane and yield for TDP after a 360 min-reaction showed volcano-shaped 

trends with respect to zinc content. Conversion of n-butane and yield for TDP 

after a 360 min-reaction decreased in the order of Pt/Sn/0.5Zn/Al2O3 > 

Pt/Sn/0.75Zn/Al2O3 > Pt/Sn/0.25Zn/Al2O3 > Pt/Sn/1.0Zn/Al2O3 > Pt/Sn/Al2O3. 

This indicates that an optimal zinc content was required for maximum 

production of n-butene and 1,3-butadiene. The catalytic performance of 

Pt/Sn/XZn/Al2O3 catalysts was closely related to the metal-support interaction 

and Pt surface area. Yield for TDP increased with increasing TPR peak 

temperature (with increasing metal-support interaction) and with increasing Pt 

surface area. Among the catalysts tested, Pt/Sn/0.5Zn/Al2O3 catalyst, which 

retained the strongest metal-support interaction and the highest Pt surface area, 

showed the best catalytic performance in terms of conversion of n-butane and 

yield for TDP.  

Al2O3 (X) supports were prepared by precipitation method (Al2O3 (P)), 

alkoxide-based sol-gel method (Al2O3 (AS)), and epoxide-driven sol-gel 

method (Al2O3 (ES)). For comparison, a commercially available Al2O3 (Alfa 

Aesar) was used as a support (denoted as Al2O3 (C)). Pt/Sn/Al2O3 (X) 

catalysts were then prepared by a sequential impregnation method for use in 

the direct dehydrogenation of n-butane to n-butene and 1,3-butadiene. BET 

surface area, pore volume of Pt/Sn/Al2O3 (X) catalysts decreased in the order 

of Pt/Sn/Al2O3 (ES) > Pt/Sn/Al2O3 (AS) > Pt/Sn/Al2O3 (P) > Pt/Sn/Al2O3 (C). 

It was found that the platinum dispersion and platinum surface area of 

Pt/Sn/Al2O3 (X) catalysts decreased in the order of Pt/Sn/Al2O3 (ES) > 
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Pt/Sn/Al2O3 (AS) > Pt/Sn/Al2O3 (P) > Pt/Sn/Al2O3 (C). This might be due to 

the highest surface area and the largest pore volume of Pt/Sn/Al2O3 (ES) 

catalyst, which effectively suppressed the aggregation of platinum species 

during the impregnation step. In the direct dehydrogenation of n-butane, the 

catalytic performance of Pt/Sn/Al2O3 (X) catalysts increased with increasing 

platinum surface area in the catalysts. Among the catalysts tested, Pt/Sn/Al2O3 

(ES) catalyst with the highest platinum surface area showed the best catalytic 

performance in the direct dehydrogenation of n-butane.  

Al2O3-X supports prepared by a sol-gel method were calcined at various 

temperatures, and Pt/Sn/Al2O3-X catalysts were then prepared by a sequential 

impregnation method for use in the direct dehydrogenation of n-butane. It was 

revealed that platinum surface area and acidity of Pt/Sn/Al2O3-X catalysts 

were strongly influenced by the calcination temperature of alumina. Platinum 

surface area and acidity of Pt/Sn/Al2O3-X catalysts decreased with increasing 

calcination temperature of alumina. It was also revealed that catalytic 

performance of Pt/Sn/Al2O3-X catalysts was strongly influenced by platinum 

surface area and acidity of the catalyst. Conversion of n-butane increased with 

increasing platinum surface area of the catalyst, while selectivity for TDP 

decreased with increasing acidity of the catalyst. Among the catalysts tested, 

Pt/Sn/Al2O3-700 catalyst showed the best catalytic performance in terms of 

yield for TDP. Thus, an optimal calcination temperature of alumina was 

required for maximum production of n-butenes and 1,3-butadiene. 
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노르말-부 과 1,3-부타 엔과 같  C4 핀  학 

질  범 하게 사용  에 학산업에  요한 

원료이다. C4 핀  합  지 ( 도 폴리에틸  (LDPE)과 

고 도 폴리에틸  (HDPE))  합  고  (아크릴 니트릴-

부타 엔-스타이  (ABS), 폴리부타 엔 고  (BR), 스타이 -

부타 엔 고  (SBR), 스타이 -부타 엔 라 스 (SBL))  같  

다양한 학 질  생산  한 주요 공 원료이다. C4 핀  

요량  개 도상국  합  고  산업   꾸 히 

증가하고 있다. 셰일가스 산업  장에 라, 입원료가  

가벼운 질  변  (나프타 → 에탄) 하  에 C4 핀  

생산량  감소 고 있다. 재, 학산업에  노르말-부 과 

1,3-부타 엔  주  나프타 크래킹 공 에 해 생산 다. 그러나 

나프타 크래킹 공  상  높  도에  운  (>800 

oC) 며, 이 공  부 과 부타 엔  생산할 뿐만 아니라 에틸 , 

프 필 , 아이소부 등  생산하  에 마 과 에 지 리 

면에  많   지니고 있다. 이러한 이 들 , 노르말-

부탄  탈 소 는 노르말-부 과 1,3-부타 엔  생산하  한 

효과 인 법  간주 고 있다. 본 연구에 는 노르말-부탄  

탈 소 를 해 다양한 마그 슘 나데이트  -주  

매들  이용하 다.  

마그 슘 나데이트 매는 고  높   에 

노르말-부탄  산  탈 소   한 가장 합한 매  

알  있다. 그러나 Mg3(VO4)2/MgO 매   낮  

산소운동  에 불안 하다고 알  있다. Mg3(VO4)2/MgO 
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매  낮  산소운동  매  에 산소 보충  해하여, 

노르말-부탄  산  탈 소  에  심각한 매 를 

일 킨다. 이러한  극복하  해, Mg3(VO4)2/MgO 매  

안  향상시키는 속 산  안  (TiO2, Cr2O3, SiO2, 

ZrO2)  도입 등  많  시도가 이루어지고 있다. Mg3(VO4)2/MgO 

매에 ZrO2  도입  산소운동 이 향상 어 뛰어난 매 

안  결과를 가 다. 이는 잘 개  Mg3(VO4)2/MgO-ZrO2 

매는 매  산소운동 이 향상  뿐만 아니라, 매  고  

도 향상 어 매  없이 높   한다는 

미이다. 라  Mg3(VO4)2/MgO-ZrO2 매는 노르말-부탄  

산  탈 소  에  매   안  향상 면에  

주목  고 있다. 본 연구에 는 노르말-부탄  산  탈 소  

에  노르말-부 과 1,3-부타 엔 생산 효  하  

해, 매  나듐 함량과 Mg:Zr 등과 같  다양한 학  

조 에 해 Mg3(VO4)2/MgO-ZrO2 매를 조하 다.  

다양한 나듐 함량 (X = 6.6, 9.9, 12.8, 15.2, and 19.1 

wt%)에 라 일  X-Mg3(VO4)2/MgO-ZrO2 매들  

시트르산 졸겔법과 습  함침범에 해 조하 다. X-

Mg3(VO4)2/MgO-ZrO2 매를 통한 노르말-부탄  산  

탈 소  에  격자산소량 ( 에 참여할  있는 매 내 

격자 산소  양)과 격자 산소운동  ( 에 참여하는 격자 산소  

고  운동 )이 에 미 는 향이 조사 었다. X-

Mg3(VO4)2/MgO-ZrO2 매    나듐  함량에 크게 

존하 다. TPRO 실험 결과, X-Mg3(VO4)2/MgO-ZrO2 매  

능  격자산소량  산소운동 과 한 이 있  

알아내었다. 실험결과, 노르말-부탄  산  탈 소  에  

격자 산소량  산소  과 한 이 있고, 격자 
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산소운동  매 안 에 요한 역할  하는 것  나타났다.  

매  Mg:Zr 이 매  에 미 는 향  

알아보  한 목 , 다양한 Mg:Zr  (X = 16:1, 8:1, 4:1, 

2:1, and 1:1)에 라 Mg3(VO4)2/MgO-ZrO2 (X) 매들  

시트르산 졸겔법과 습  함침범에 해 조하 다. 

Mg3(VO4)2/MgO-ZrO2 (X) 매    Mg:Zr 에 

라 크게 달라 다. 모든 매는 노르말-부탄  산  탈 소  

 시간 동안 안 한  능  보 다. 탈 소  생  

 (TDP, 노르말-부 과 1,3-부타 엔)  Mg:Zr  에 

라 산  그래프를 보 다. 노르말-부탄  산  탈 소  

에  Mg3(VO4)2/MgO-ZrO2 (X) 매  산소 특 이 매 

에 미 는 향  살펴보았다. 실험결과, 

Mg3(VO4)2/MgO-ZrO2 (X) 매   매  격자산소량이 

증가함에 라 증가하는 것  인할  있었다.  

Al2O3 에 담지  Pt-Sn 매는 높  매 과 노르말-

부 과 1,3-부타 엔  높  택도  갖  에 노르말-부탄  

직  탈 소  에 리 사용 고 있다. 노르말-부탄  직  

탈 소  에 사용 는  속이고 주   

한 효과 인  개  역할  하고 있다. 일  

노르말-부탄  직  탈 소  에  알루미나에 담지   

매  과 산 특  요한 역할  하고 있는 것  알  

있다.  속 이고  높  분산도는 주요  

진시  탈 소  생  높  택도를 얻   있다. 

일  사용 는 알루미나 담체는 산 특  가지게 는데, 

이는 이 질 , 크래킹, 합, 크  가속 시킨다. 욱이, 

해당 에  높  도  조건  매 를 

야 시키는 크  피할  없다. 그러므 , 높  과 매 
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안  갖는 효과 인 Pt/Sn/Al2O3 매  개  매우 요하다. 

본 연구에 는 Pt/Sn/M/Al2O3 (M = Zn, In, Y, Bi, and Ga) 매, 

다양한 Zn함량  Pt/Sn/Zn/Al2O3 매, Pt/Sn/Al2O3 (다양한 담체 

조 법), Pt/Sn/Al2O3 (다양한 담체 소 도) 등  다양한 

-주  매들  연속 함침법에 해 조 었다.   

다양한 3번째 속 (M = Zn, In, Y, Bi, and Ga)  갖는 

일  Pt/Sn/M/Al2O3 매는 연속 함침법에 해 조 었다. 

Pt/Sn/M/Al2O3 매  3번째 속 (M)  도입에 른 리 학  

특 과 매  향에 해 조사 었다. 매  학   

자  특  3번째 속  도입에 라 향  았  알  

있었다. 탈 소  생 에 한  매  속-담체  

상 작용과  면 이 증가함에 라 증가하  알  

있었다. 속-담체 상 작용과  면  매  

결 하는데 요한 역할  하 다. 노르말-부탄  직  탈 소  

에  Pt/Sn/Zn/Al2O3 매는 가장 우 한  보 다.  

다양한 Zn 함량  갖는 일  Pt/Sn/XZn/Al2O3 매는 연속 

함침법  조 었다. 노르말-부탄  직  탈 소  에  

Pt/Sn/XZn/Al2O3 매  아연  양 (X)이 리 학  특 과 

매 에 미 는 향에 해 조사 었다. TPR  학 착 

실험  통해 매  속-담체 상 작용과  면 이 

매 과 한 이 있다는 것  인하 다. 매  

매  속-담체 상 작용과  면 이 증가함에 라 

증가하 다. 노르말-부탄  직  탈 소  에 , 가장 강한 

속-담체 상 작용과 가장 큰  면  갖는 

Pt/Sn/0.5Zn/Al2O3 매가 노르말-부탄  과 탈 소  

생   에  가장 우 한  보 다.  

Al2O3 (X) 담체는 침 법 (Al2O3(P)), 알 사이드  
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졸겔법 (Al2O3(AS)), 에폭사이드 도 졸겔법 (Al2O3(ES))에 해 

조 었다. 를 해, 상업  구입할  있는 Al2O3를 

담체  사용하 다 (Al2O3 (C)). Pt/Sn/Al2O3 (X) 매는 연속 

함침법에 해 조 었다. 노르말-부탄  직  탈 소  에  

Pt/Sn/Al2O3 (X) 매  알루미나 담체 조법이 매  

리 학  특 과 에 미 는 향이 조사 었다. Pt/Sn/Al2O3 

(X) 매  BET 면 과 공 부피는 Pt/Sn/Al2O3 (ES) > 

Pt/Sn/Al2O3 (AS) > Pt/Sn/Al2O3 (P) > Pt/Sn/Al2O3 (C) 매  

 감소하 다. Pt/Sn/Al2O3 (X) 매   분산도   

면  Pt/Sn/Al2O3 (ES) > Pt/Sn/Al2O3 (AS) > Pt/Sn/Al2O3 

(P) > Pt/Sn/Al2O3 (C) 매   감소하는 것  인 할  

있었다. 노르말-부탄  직  탈 소  에 , 가장 큰  

면  가진 Pt/Sn/Al2O3 (ES) 매가 가장 우 한  

보 다.  

졸겔법  조  Al2O3-X 담체는 다양한 도에  소  

하 고, Pt/Sn/Al2O3-X 매는 연속 함침법에 해 조 었다. 

노르말-부탄  직  탈 소  에  Pt/Sn/Al2O3-X 매  

알루미나 소 도에 한 매  에 한 향이 조사 었다. 

Pt/Sn/Al2O3-X 매  리 학  특  알루미나 소 도에 

해 강하게 향  았다. Pt/Sn/Al2O3-X 매   면 과 

산량  알루미나  소 도가 증가함에 라 감소함  인할  

있었다. 노르말-부탄  직  탈 소  에 , Pt/Sn/Al2O3-X 

매  면 과 산량  각각 노르말-부탄  과 

탈 소  생  택도  하게 이 있었다. 노르말-

부탄   매   면 이 감소함에 라 감소하 고, 

탈 소  생  택도는 매  산량이 증가함에 라 

감소하 다. 실험한 매들 에 , Pt/Sn/Al2O3-700 (700도  
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소 한 알루미나에 담지  -주  매)이 탈 소  생  

에 하여 가장 우 한 매  보 다.  

요약하면, 본 연구에 는 다양한 마그 슘 나데이트 매  

-주  매를 조하여 노르말-부탄  탈 소   통해 

노르말-부 과 1,3-부타 엔  얻  한 에 용하 다. 

 매  노르말-부탄  탈 소  에  매  

명하  해 질소 탈착 분 , XRD, 라만분 , TPR, TPRO, 

HR-TEM, 학 착  NH3-TPD 등  다양한 특  분 법이 

행 었다. 실험 결과 부  마그 슘 나데이트 매  격자 

산소량과 격자 산소운동  노르말-부탄  산  탈 소  

에  매  결 하는 요한 요소이며, -주  

매   면 과 산량  노르말-부탄  직  탈 소  

에  매  결 하는 주요 역할  하는 것  다.  

 

주요어: 산  탈 소 , 직  탈 소 , 노르말-부탄, 노르말-

부 , 1,3-부타 엔, 마그 슘 나데이트 매, -주  매 
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