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ABSTRACT

This thesis has studied the conversion of pentanes (n-pentane, isopentane, and
cyclopentane) to valuable products. Pentanes can be converted to aromatics (BTX) over GaZSM-
5 and ZnZSM-5 catalysts at 500°C in H, atmosphere. With the dehydrogenation activity of
GaOJ'/GaHz+ or Zn/Zn2+, pentanes are readily activated. However, the reaction pathway for
aromatics formation depends on the structure of pentanes. After activation, n-pentane and
isopentane would oligomerize to branch hydrocarbon pool that further cracks to C,-C,. The
produced C,-C, can be oligomerized to aromatics pool that further cracks to BTX and C,, alkyl
aromatics. Whereas, cyclopentane is primarily converted to cyclic hydrocarbon pool that further
cracks to C,, indane derivatives. The produced C,, indane derivatives are later dealkelated/
cracked to C,-C, and BTX. Higher aromatics content can be obtained by using low Si/Al ratio.
This creates the proton and metal (Ga or Zn) sites proximitylleading to higher aromatics source
(hydrocarbon pool) formation. Moreover, high reaction temperature (> 500°C) can decrease the
aromatics selectivity because the hydrocarbon pools prefer to crack to C,-C,. In the absence of H,,
Ga0'/Ga" would be the active sites whose possesses higher activity than that of Ga0+/GaH2+.
Therefore, higher aromatics and coke formation are proportionally obtained. n-Pentane can be
cyclized to cyclic olefins over Pt/SiO, catalyst at 500°C. After calcination at high temperature
(SOOOC), some of Pt species can diffuse into silica. To obtained high available Pt metal surface;
therefore, the Pt/SiO, must be calcined at low temperature (300°C). The chlorine species can be
retained in the catalyst. The H, reduction at high temperature (500°C) is required not only for
creating the active Pt metal but also chlorine scavenging. In addition, reduction at high
temperature (500-650°C) would larger the Pt metal cluster that facilitates cyclization. To avoid

hydrogenolysis, the reaction temperature would be kept not higher than 500°C. The H,is
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required in the reaction to promote pentanes adsorption and reduce coke accumulation. The
structure of pentanes can affect to the reaction. The C-C bond activation of isopentane (whose
possesses the steric structure) may not be facilitated; therefore, lower isomerization and
cyclization activities are obtained. While, C-C bond activation of cyclopentane can be facilitated
leading to ring disclosure to n-pentane. In the last reaction, n-pentane can be stoichiometically
hydrogenolyzed to light hydrocarbons over P/TiO, catalyst at 300°C. The small Pt clusters are
highly dispersed over the support. After calcination at high temperature (500°C), some of Pt
species can diffuse into titania. To obtained high available Pt metal surface; therefore, the PYTiO,
must be calcined at low temperature (300°C). However, after reduction at high temperature, the
TiO, film can be generated covering the Pt metal leading to loss of active site and lower in
activity. Therefore, reduction at low temperature (300°C) is required. The chlorine species can be
retained in the catalyst likely in the form of TiCl, or PtCl, which possesses the acidity. This
presumably affects to the Pt metal to be the electron deficient promoting hydogenolysis activity.
In addition, the H, is required in the reaction to promote pentanes adsorption and reduce coke
accumnulation. The structure of pentanes also affect to the hydrogenolysis reaction. Isopentane
with its steric structure cannot adsorb over the catalyst; therefore, no further reaction can be taken
place. While, cyclopentane is able to adsorb. Its C-C bond activation is facilitated leading to ring

disclosure to n-pentane.
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CHAPTER 1

INTRODUCTION

1.1 Statement and significant problems

Nowadays, the consumption of hydrocarbon energy for vehicles and industries has been
greatly increased. These affect to the petroleum stock that has been decreased annually {1,2,3].
Moreover, the petrochemical feed stocks which are normally based on such petroleum resource
are also proportionally reduced. Many efforts are made to produce additional hydrocarbons from
other sources, in particular the biomass. However, oxygen content in such resource may lead to a
difficulty for the production of some petrochemicals.

In fact, there are futile hydrocarbons in recycled stream that can be converted into other
valuable petrochemical feedstock. These include C hydrocarbons stream from the fractionation
of naptha cracking unit. Such C, hydrocarbons referred to n-pentane, isopentane and
cyclopentane, are being used as blending to gasoline and input for synthesis gas production.
Typically, n-pentane possesses low research octane number (61.7) and hence its usage is rather
limited. Isopentane gives high research octane number (92.3); nevertheless, it increases gasoline
volatility (RVP of n-pentane = 15.6; RVP of isopentane = 20.4) which may be a factor for
limiting the use of isopentane as gasoline blender. Although cyclopentane showed an octane
number higher than that of n-pentane and isopentane (as shown below {4,5]), its value may be too
high to be used in actual engines. Therefore, the large amounts of C; hydrocarbons are still

remained in recycle stream.

C, Hydrocarbons RON RVP  BP.(°C)
n-Pentane 61.7 15.6 36.1
Isopentane 923 20.4 21.7
Cyclopentane 101.3 9.9 49.0

Accordingly, it is of great interest to convert these C, hydrocarbons into other valuable
hydrocarbons such as aromatics (benzene, toluene, and xylene), cyclic olefins (cyclopentene and

cyclopentadiene) and light hydrocarbons (methane, ethane, propane and butane).



Due to a relatively high stability of such C, saturated hydrocarbons, a catalyst that
possesses acidic and/or dehydrogenating function is required to activate C-C and C-H cleavages.
Among heterogeneous catalyst, zeolite and supported metal surface are the most attractive [6].
The advantages of zeolites are its porous and modifiable structure. Acidic zeolite exhibites high
activity for converting paraffinic hydrocarbons to aromatics via complex reactions of carbocation
such as dehydrogenation, oligomerization, isomerization, disproportionation, cracking, and
cyclization reaction [7,8]. Moreover, dehydrogenation activity can be improved after metal
(especially Ga and Zn) incorporation and higher aromatics yield can be achieved [9,10].
Alternatively, metal (i.e., Pt) supported on the inert supports (i.e., silica (SiO,) and titania (TiO,))
are able to convert paraffinic hydrocarbons to various olefins by dehydrogenation [11,12,13], and
also promotes cracking, isomerization, cyclization and hydrogenolysis via akylidyne
intermediates [6,14]. Without acid sites on the support, the catalyst would selectively give no high
molecular weight products. It is expected that C, hydrocarbons can be readily activated and
converted to aromatics, cyclic olefins or light hydrocarbons depending on a particular designed
catalyst.

In this thesis, ZSM-5 is chosen because of its shape selectivity toward aromatics
formation [15]. The gallium and zinc metals are incorporated with HZSM-5 as a bifunctional
catalyst to enhance aromatics formation. To convert C, hydrocarbons to cyclic olefins and light
hydrocarbons, Pt/SiO, and Pt/TiO, are employed, respectively. The active sites responsible to the
observed activity will be studied and proposed. Reaction pathways of C, isomers transformation
over such catalysts will be investigated. The effect of C; structure on the reaction pathway will

also be discussed.

1.2 Objectives

1.2.1 To understand the nature of active sites, especially Ga species responsible to the
aromatics formation.

1.2.2 To understand the reaction pathway of C, hydrocarbons conversion to aromatics
over GaZSM-5 and ZnZSM-5 catalysts.

1.2.3 To understand the nature of Pt sites over the SiO, and TiO, which are responsible to
the catalytic activity.

1.2.4 To understand the reaction pathway of C, hydrocarbons conversion to cyclic olefins

and light hydrocarbons over Pt/SiO, and Pt/TiO, catalysts.



1.2.5 To understand the effect of reaction condition including temperature and H, partial

pressure on the reaction of C; hydrocarbons conversion over GaZSM-5, Pt/SiO, and PY/TiO,.

1.3 Scope of the study
1.3.1 C, hydrocarbons conversion over metal loaded zeolite

1.3.1.1 Preparation of the catalysts by modification of HZSM-5 zeolite (Si/Al =
28, 45, 180, and 500) with gallium and zinc by impregnation method using gallium (III) nitrate
and zinc (II) nitrate as metal precursors.

1.3.1.2 Characterization of the GaZSM-5 and ZnZSM-5 catalysts using X-ray
powder diffraction (XRD), scanning electron microscopy-energy dispersive analysis (SEM-
EDX), Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES), gas adsorption
analyzer, temperature programmed reduction (H,-TPR), temperature programmed ammonia
desorption (NH,-TPD), and temperature programmed hydrogen evolution (TPHE).

1.3.1.3 Catalytic activity testing of the GaZSM-5 and ZnZSM-5 i.e., study effect
of reactant structure, contact time, reaction pathway, Si/Al ratio of catalyst, reaction and reduction

temperature, and H2 partial pressure.

1.3.2 C; hydrocarbons conversion over Pt supported catalysts

1.3.2.1 Preparation of the Pt/SiO, and P/'TiO, catalysts by impregnation of
chloroplatinic acid (H,PtCl,*6H,0) onto SiO, and TiO,.

1.3.2.2 Characterization of the Pt/SiO, and PY/TiO, catalysts using X-ray powder
diffraction (XRD), transmission electron microscopy (TEM), X-ray fluorescent spectrometry
(XRF), gas adsorption analyzer, temperature programmed reduction (H,-TPR), temperature
programmed ammonia desorption (NH,-TPD), temperature programmed pyridine desorption
(Pyd-TPD), temperature programmed chlorine desorption (C1,-TPD), thermal gravimetric
analyzer (TGA), electron spin resonance spectroscopy (ESR), and X-ray absorption near edge
spectroscopy (XANES).

1.3.2.3 Catalytic activity testing of the Pt/SiO, and Pt/TiO, i.e., study the effect
of contact time and reaction path way using n-pentane as modeled feed, effect of reaction
temperature, H, partial pressure, and reactant structure.

1.3.2.4 Characterization of the coke formed after reaction by thermogravimetric

analyzer (TGA) and temperature programmed desorption-mass spectrometry (TPD-MS).



1.4 Expected results

1.4.1 This research would be guidance for converting C, hydrocarbons to aromatics,
cyclic olefins and light hydrocarbons in industrial application.

1.4.2 This C, hydrocarbons conversion would be an example for converting other
saturated hydrocarbons to aromatics, cyclic olefins and light hydrocarbons demanded for various

petrochemical industries.

1.5 Overview of this thesis

This thesis has studied the catalytic processes for converting the low-value C; alkanes, as
n-pentane, cyclopentane and isopentane to aromatics (BTX), cyclic olefins (cyclopentene and
cyclopentadiene) and light hydrocarbons (methane, ethane, propane, butane) which are valuable
products. To produce aromatics, the Ga and Zn metals incorporated with a shape selective
HZSM-5 zeolite are employed, as it has been reported the high dehydrogenation and
aromatization activities of these metal species [9,10]. Whereas, these zeolite catalysts cannot
produce cyclopentene and cyclopentadiene because the olefins can readily undergo isomerization
and cracking over acid sites. Moreover, low yield of light hydrocarbon could be obtained over
zeolite catalyst because the other products are competitively formed over acid sites. To avoid any
acidity, inert support such as silica and titania are employed as support for Pt metal that has been
reported to possess high dehydrocyclization and hydrogenolysis activities [12,13]. n-Pentane is
preliminary used as a modeled feed together with cyclopentane and isopentane for production of
cyclic olefins and light hydrocarbons over these Pt supported catalysts.

General information of all pentane reactants is given in CHAPTER 2. The theory
concepts of zeolite and metal surface catalysis are also reviewed together with some related
literatures.

In CHAPTER 3, the experimental procedures are mentioned step by step from the
catalyst preparation, catalyst characterization, catalytic activity testing, and analysis of products
and coke in the catalysts. The reactor set up and the analytical processes are explained
schematically in details.

Conversions of pentanes to aromatics over GaZSM-5 and ZnZSM-5 catalysts are
discussed in CHAPTER 4. Before activity testing, an elemental analysis is performed by
ICP/AES techniques to obtain the Ga and Zn loading (~0.7 wt.%). Moreover, XRD, SEM, and

BET surface area of such catalysts are also examined. To observe the reducible metal oxide



species in the catalysts, TPR is performed. For GaZSM-5 and ZnZSM-5, the obtained reduction
peaks can be related to the type of metal oxide species (Ga,0,, GaO", Ga', and ZnO) presented in
the catalyst. Accordingly, the active site of the catalyst can be estimated. After metal loading, the
acid site of HZSM-5 would be decreased because the metal can be located at the exchangeable
site of zeolite. The NH,-TPD is employed to speculate the acidity and acid strength of such
zeolite catalysts. In the activity testing, conversion of pentanes over HZSM-5 (support) is
primarily examined. The role of acid site and pore size of zeolite on the n-pentane, isopentane,
and cyclopentane conversion are discussed together with their products distribution. Then, the
conversion of pentanes over GaZSM-5 and ZnZSM-5 is performed. The role of metal species on
the aromatics formation depending on the structure of pentanes is discussed. To validate the
reaction pathway, conversion of pentanes with different contact time is performed. Subsequently,
the reaction pathways for n-pentane, isopentane, and cyclopentane conversion to aromatics are
proposed. For characterization of the high molecular weight (hydrocarbon pool) formed during
the aromatics formation, the FTIR of the extract from the used catalyst and TPD-MS are
performed. The effect of Si/Al ratio of the catalyst, reaction temperature, reduction temperature,
and H, partial pressure on the aromatics formation are discussed in details.

Conversion of pentanes to cyclic olefins over Pt/SiO, catalysts are discussed in
CHAPTER 5. The Pt/SiO, is characterized for elemental analysis, surface area, crystal structure,
and morphology. The reducible platinum oxide species obtained after calcination are examined by
TPR. The CL-TPD-MS and TGA are employed as well as ESR technique to speculate the
chlorine species retained in the catalyst. The NH,-TPD and pyridine-TPD are employed to depict
the acid sites. The catalytic activity of the Pt/SiO, is examined in a fixed bed flow reactor. The
role of Pt metal on n-pentane conversion to cyclic olefins is discussed. The n-pentane conversion
over Pt/SiO, with different contact time is performed. The reaction pathway for n-pentane
conversion to cyclic olefins is proposed. Effect of calcination temperature, reaction temperature,
reduction temperature, and H, partial pressure are discussed. To speculate the high molecular
weight compounds formed during the reaction, TPD-MS and TGA are examined. Moreover,
isopentane and cyclopentane conversion over this catalyst are tested to observe the effect of feed
structure on the catalytic activity and product selectivity.

Hydrogenolysis of pentanes over P/TiO, to light hydrocarbons is investigated in
CHAPTER 6. The Pt/TiO, is characterized for elemental analysis, surface area, crystal structure,

and morphology. The platinum oxide species obtained after calcination are examined by TPR and



XANE. The CL-TPD-MS, TGA and XANE are employed to speculate the chlorine species
retained in the catalyst. The pyridine-TPD is employed to depict the acid sites. The catalytic
activity of the Pt/Ti0, is examined in a fixed bed flow reactor. The role of Pt metal on n-pentane
hydrogenolysis is discussed. The n-pentane conversion over Pt/TiO, with different contact time is
performed. The reaction pathway for n-pentane hydrogenolysis is proposed. Effect of calcination
temperature, reaction temperature, reduction temperature, and H, partial pressure are discussed.
To speculate the high molecular weight compounds formed during the reaction, TPD-MS and
TGA are examined. Moreover, isopentane and cyclopentane conversion over this catalyst are

tested to observe the effect of feed structure on the catalytic activity and product selectivity.
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CHAPTER 2

THEORY AND LITERATURE REVIEW

This chapter provides the general information of related background and knowledge of

catalysis which are important for this thesis. The topics mention about the physical properties of

pentanes, background of catalysis, catalysis by zeolite, catalysis by metal surface, and literature

review.

2.1 Physical Properties of pentane isomers

Pentane alkanes which are reactants for the aromatization, dehydrocyclization, and

hydrogenolysis are saturated hydrocarbons with five carbons composition. Their boiling points

are not too high and not too low (in the range of 35-50°C). Other physical properties are

summarized in Table 2.1., and the explosive limits of these C; are summarized in APPENDIX A.

Table 2.1 Physical properties of n-pentane, isopentane, and cyclopentane [1, 2, 3].

C n-pentane isopentane cyclopentane
Formula CH,, CH,, CH,,
Chemical structure

ey 91
Molar mass (g/mol) 72.15 72.15 70.1
Appearance Colorless liquid Colorless liquid Colorless liquid
Density (g/em’) 0.626 0616 0.751
Melting point °o) -129.8 -159.9 -94.0
Boiling point (°C) 36.1 277 49.0
Vapor pressure at 20°C 440 570 250

(mmHg)




2.2 Catalysis: general background

The rates of many reactions are influenced by the presence of a substance called catalyst
which remains unchanged at the end of the process [4]. In 1836 the reaction related to the catalyst
were classified by the Swedish chemist, Jon Jakob Berzelius (1779-1848) under the title of
catalysis. It is convenient to classify catalyzed reaction according to whether they occurred
homogeneously (in a single phase) or heterogeneously (at an interface between two phase).

Various definitions of catalysis have been proposed. An early definition, suggested in
1895 by Wilhelm Ostwald (1853-1932), was that a catalyst is “any substance that alters the
velocity of a chemical reaction without modification of the energy factors of the reaction”.
Another definition is that “a catalyst alters the velocity of a chemical reaction and is both a
reactant and a product of the reaction”. These definitions were intended to exclude substances that
accelerated the rate of a reaction by entering into reaction, thus disturbing the position of
equilibrium; such substances are reactants in the ordinary sense. The most satisfactory definition
of a catalyst is “a substance that increases the rate of a reaction without modifying the overall
standard Gibbs energy change in the reaction”.

Although by definition the amount of a catalyst must be unchanged at the end of the
reaction, the catalyst is invariably involved in the chemical process. In the case of a single
reacting substance (R,), a complex may be formed between this reactant and the catalyst (R,--C).
If there is more than one reactant, the complex may involve one or more molecules of substance
combined to the catalyst. These complexes are formed only as intermediates and decompose to
give the products of the reaction (P), with the regeneration of the catalyst molecule (C) {5], as

shown in Figure 2.1.

Figure 2.1 Catalytic cycle for the reaction R,—>P.
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Since the catalyst is unchanged at the end of the reaction, it gives no energy to the
system; therefore it can have no influence on the position of equilibrium. It follows that since the
equilibrium constant K_ is, at equilibrium, the ratio of the rate constants in the forward and
reverse directions (i.e., K, =k,/k,), a catalyst must influence the forward and reverse rates in the
same proportion.

The activation energy of a catalyzed reaction is almost always lower than that of the
same reaction when it is uncatalyzed [6]. In other word, catalysts generally work by permitting
the reaction to occur by another reaction path that has lower energy barrier. This is shown

schematically in Figure 2.2.

+
+

/ Uncatalyzed reaction

T .
Different reaction Catalyzed ion

paths

Potential energy

Initial

Final

state

Reactants Complex Products

Reaction path

Figure 2.2 Action of a catalyst.

The suitable catalyst depends on these three properties. These are activity, selectivity,

and stability (deactivation behavior) of the catalysts [7].

2.2.1 Activity
Activity is a measure of how fast of one or more reaction proceed in the
presence of the catalyst. Activity can be defined in terms of kinetics or more practical viewpoint,
such as reaction rate (r), rate constant (k) and activation energy (E,).
In practice, readily determined measures of activity are often sufficient. For

comparative measurements, such as catalyst screening, determination of process parameters,
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optimization of catalyst production conditions, and deactivation studies, the following activity

measures can be used:

2.2.1.1 Conversion under constant reaction conditions
Catalysts are often investigated in continuously operated test reactors, in
which the conversions attained at constant space velocity are compared. The conversion (X,) is
the ratio of the amount of reactant A that has reacted to the amount that was introduced into the

reactor. For batch reactor, conversion of reactant A is defined as in Eq. (2.1).

X =22~ (mol/mol or %) .1)

i
Where, n, = mole of reactant A at initial

n,= mole of reactant A at final

2.2.1.2 Space velocity for a given constant conversion
The space velocity is the volume flow rate V, relative to the catalyst
mass m_,, as in Eq. (2.2). If the catalyst mass is replaced with the catalyst volume, then the space

velocity is proportional to the reciprocal of the residence time (Eq. (2.3)).

VO 3 -1 -1
Space velocity =—— (m' kg s) 2.2)
m
cat
A%
Residence time =— (5) 2.3)
V.

0

Figure 2.3 compares two catalysts with different activity. It is found that

at a given space velocity, catalyst A is better than catalyst B.
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Conversion

catalyst A

catalyst B

Space velocity

Figure 2.3 Comparison of catalyst activities.

2.2.1.3 Space-time yield
Often the performance of a reactor is given relative to the catalyst mass
or volume, so that reactors of different size or construction can be compared with one another.

This quantity is known as the space time yield, STY.

Desired product quantity
STY = (mol L' h") (2.4)
Catalyst volume - time

2.2.1.4 Temperature required for a given conversion
Determination of the temperature required for a given conversion is
another method of corﬁpa:ing catalysts. The best catalyst is the one that gives the desired
conversion at a lower temperature. This method can not, however, be recommended since the
kinetics are often different at higher temperature, making misinterpretations likely. This method is

better suited to carry out deactivation measurements on catalysts in pilot plants.
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by subsequently exchanging the original compensating cations with ammonium ions and
decomposing the ammonium ions to ammonia at high temperature. The protons thus retained can
be expected to be strongly acidic due to the high formal charge excess (+3/4 [26]) of the bridging
oxygen atom to which it is attached. Such protons acted as the Bronsted acid sites of zeolite, as
shown in Figure 2.11.

A common way to characterize the acid strength of solid acids is the Hammett
indicator method. Hammett introduced the acidity function H,, as a means to be able to compare

the acid strength of different solvents:

2.7

Where Cp and C_ . are respectively the concentrations of a base B and its

conjugated acid. pKa is a measure of the base strength of B and is defined by:

(2.8)

Where a, denotes the activity of species i. The H value of an acid can be
determined by measuring ¢

pK

BH* / ¢ for a particular indicator and using a literature value for

BH* (these are available for a variety of indicators). Originally, this method was developed to
characterize the strength of strong liquid acids [27]. Walling [28] suggested to extend this method
to solid acids and Umansky et al. later applied it to characterize the acid strength of zeolites [29].
He found for H-Mordenite a H; value somewhat higher than that of 100 % H,SO,.

When hydrogen form zeolite is heated to high temperature, water is driven off
and coordinatetively unsaturated AT” ions are formed (Figure 2.11). These are strong Lewis acid;
a base like pyridine is typically more strongly bounded to these Lewis acid sites (electron

acceptor) than to Bronsted acid site (proton donor), as shown by infrared spectroscopy and

temperature programmed desorption {5,8].
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Figure 2.11 Bronsted acid and Lewis acid sites of zeolite.

According to the stoichiometry, one Lewis acid site is formed from two
Bronsted acid sites; the result has been confirmed by measurement of the number of adsorbed
pyridinium ions (indicating Bronsted acid sites) and AI” coordinated pyridine molecules

(indicating Lewis acid sites) [S].

2.3.3 Metal doped zeolite

Zeolites are especially suitable as support materials for active components, such
as metals and rare earths. Various methods, such as impregnation, ion-exchange, chemical vapor
deposition, etc. are used to introduce metals into this support. With rare earths, the activity of the
catalyst and its stability towards steam and heat can be increased. Suitable metals are effective
catalysts, whereby the shape selectivity of the carrier is retained.

Catalysis by both metal and support, namely bifunctional catalysis is an
advantageous phenomenon. It plays an important role, for example, in dehydrogenation and
isomerization reactions occurring in the catalytic reforming of naphtha. One of the important
reactions in the naphtha reforming is the dehydrocyclization of long chain paraffins, such as n-

hexane [30]. A possible mechanism for this reaction is shown in Figure 2.12.
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Figure 2.12 Bifunctionality of metal doped zeolite: dehydrocyclization of n-hexane.

In the first reaction in the pathway, the n-hexane is rapidly dehydrogenated on
the rr&etal surface; the resulting n-hexene is easily protonated by the acidic sites on the support to
give a carbenium ion, which is converted into methylcyclopentane. This is dehydrogenated on the
metal surface to give methylcyclopentene, which undergoes an acid catalyzgd rearrangement to
give cyclohexene, which is dehydrogenated on the metal surface, ultimately giving benzene.

It is noted that the important factors influencing the reactions of such
bifunctional catalysts are the location of the metal, the particle size, and the metal-support

interaction.

2.3.4 Reaction of carbocation
Acid catalyzed reactions of hydrocarbons are now generally accepted to involve
carbocations, either as unstable species or as transient intermediates. This concept dates back to
1922 [31] and was later generalized by Whitmore [32] who found that structural rearrangements
often occur during addition reactions of alkenes and dehydration of alcohols. Later this concept

was successfully used to describe hydrocarbon reactions catalyzed by aluminum halides and
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sulfuric acid in catalytic cracking [33]. However, because hydrocarbons are very weak bases, the
equilibrium concentration of carbocations in regular acids is unobservably low and until the early
sixties their existence was only hypothetical. Due to the development of superacids it became
possible to generate long-lived carbocations in concentrations high enough to enable direct study
by spectroscopic and other techniques. 1H and 13C NMR spectroscopy has been used to
determine the structures of carbocations, their relative stabilities and the rates of rearrangements
[34,35]. Besides NMR spectroscopy, calorimetry has been used to determine the heats of
transformation of alkylcarbenium ions [36]. The results confirm the expected stability order of
carbocations (tertiary >> secondary > prhnar}:).

Two types of carbocations arg known, carbenium and carbonium ions. The
difference between the two species is that in a carbenium ion the charged carbon atom is three-
coordinated and in a carbonium ion five-coordinated. Contrary to carbenium ions, at least one of
the substituents of the charged carbon atom of a carbonium ion is a hydrogen atom. Carbonium

ions are formed by protonation of an alkane, as shown below:

i HH
R—C—R + H —— R—C—R
I |+
R R

Carbonium ions are very unstable [37] and readily decompose into carbenium

ions and hydrogen molecules or carbenium ions and alkanes:

H H
R'—'\C/—*R R—é—R +
|+ + )
R
H\/H IEI
R—C—R —— R—C—R + RH
|+ +
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Carbenium ions can be formed in various ways: from carbonium ions by

cracking or removal of hydrogen, from alkanes by hydride transfer toward a carbenium ion and

from alkenes by protonation:

R R’ R R’
R—C—H +(|2—R'——+ R-—-(IJ+ +HH—C—VR
| |
R R’ R R’

R R
c-¢ + HY —— R—C—C—R
VRN
R R H

The important reactions of carbenium ions include isomerization proceeding by

1,2-hydride and 1,2-alkyl shifts, symbolized by H~ and CH,~ [5], respectively:

C C C C
| | H~ | |
c—C—C—C = C—C—C—C
£ [+
H H
C C C
| CH; ~ P
C—C—C—C =— Cc—C—C—C
o [+
C C

Another reaction of carbenium ions is B—scission of carbon-carbon bond [5]; this
is the essential step in catalytic cracking process. The reaction generates an olefins and another

carbenium ion. The rate depends on the relative stabilities of the reactant and product carbenium

ions (tertiary >> secondary > primary):

7§ i
I

cC—C—C—C—C — C—C+ + C=C—C
I + |
C C

Another reaction of carbenium ions, which are strong Lewis acid, is hydride

abstraction, another of the ion transfer reactions:
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I T T T
CH,—C+ + H—C—CH3; — CHy—C—H + + C— CH
] i S TR
CH; CHj CHj CHj

Another bimolecular reaction of the carbenium ions is alkylation, the reverse of
B-scission [5]. The reactants are the carbenium ion (a Lewis acid) and an olefin (a Lewis base);

the product is a larger carbenium ion.

In alkylation process carried out on commercial scale, typically with isobutane and propylene as
the reactants, C, (gasoline range) products are formed by this kind of carbon-carbon bond

formation. Isomerization takes place rapidly leading to branch products.

2.3.5 Hydrocarbon activation on solid acid

The adsorbed carbocations are short-lived intermediates and that protonated
alkenes are converted to alkoxides [38]. The generation of alkoxides has been confirmed
experimentally by NMR spectroscopy [39,40,41] and infrared spectroscopy [42]. For example,
the protonation of ethylene is depicted in Figure 2.13. Initially, the double bond of the alkene
interacts with the Bronsted acidic hydrogen atom while one of the two carbon atoms interacts
with a neighboring oxygen atom of the lattice that does not carry a hydrogen atom; this is called a
TC-complex (a). In the transition state (b), the acidic hydrogen attaches to one of the carbon atoms
while the other carbon atom becomes more strongly bonded to the mentioned neighboring oxygen
atom. This stronger interaction results from the fact that the proton transfer induces
simultaneously a positive charge on the hydrocarbon fragment and a negative charge on the lattice
oxygen atoms. In the final state (c), the hydrocarbon fragment becomes strongly and covalently
bonded to the neighboring oxygen atom forming an alkoxide -OC,H;; this is called a O-complex.
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Figure 2.13 Interaction of ethylene with a solid Bronsted acid site. (a) 7T-complex, (b) transition

state, and (c) O-complex.

2.4 Metal surface catalysis

According to Boudart (1984) [43], catalytic reactions are divided into two types: (1)
structure sensitive reaction and (2) structure insensitive reaction. In structure sensitive reactions,
specific activity or turn over frequency (TOF) depends on surface structure, i.e., is a function of
the geometric distribution of sites. In other word, structure sensitive reactions require special
sites. The distribution of these special sites may vary with metal loading, crystallite size,
dispersion (fraction exposed), and/or preparation method.

The variation in atomic coordination number Ci (i = number of nearest neighbors) for
different atoms at the surface of the metal crystallite is illustrated in Figure 2.14, a ball model of a
closed packed imperfect surface. Several different kinds of atomic coordination are evident:

(1) Planar (P) or face sites having coordination number 9 (C9; note that hexagonal close
packing (hcp) bulk atom have C12 coordination (6 in the same plane, 3 above, and 3 below))

(2) Edge (E) atoms having C7 coordination

(3) Comer ( C) sites having C6 coordination

(4) Edge atoms (A;) with C5 coordination

(5) Terrace adatoms (A.;) having C3 coordination
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Figure 2.14 Model of closed-packed imperfect surface; atoms of differing coordination are

designated as planar (P), edge (E), comer (C), edge adatom (A;), and terrace adatom (A,) [8].

It is logically anticipated that surface atoms of lower coordination (i.e., having a greater
fraction of their bonding capacity unsatisfied) would adsorb atoms more strongly than surface
atoms of higher coordination. Thus one might expect terrace and edge adatoms, corner atoms, and
edge atoms to be the most active sites at least initially, and possibly the ones to be poisoned most
rapidly by feed impurities or coke. If the fraction of low coordination sites at a crystallite surface
is a function of crystallite diameter, a variation in activity with metal dispersion is predicted.

The structure insensitive reactions are listed in Table 2.3 [8]. A number of hydrogenation
reactions (hydrogenation of ethylene, benzene and CO) have been shown to have the same TOF
on both supported metal and single crystal surfaces. The hydrogenation of CO has been shown to
be structure insensitive on Co, Fe, Ni, Rh, and Ru catalysts. While, the structure sensitive reaction

(Table 2.4) includes neopentane isomerization, ammonia synthesis, and ethane hydrogenolysis

[8].
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Table 2.3 Structure insensitive reaction.

Metal Reaction

Pt n-C,H, hydrogenation

Ni C,H, hydrogenation
CH, hydrogenation

Co, Fe CO hydrogenation

Ni, Ru CO hydrogenation

Rh CO hydrogenation

Pt n-C.H,, hydrogenation

Pd CO oxidation

Table 2.4 Structure sensitive reaction.

Metal Reaction
Pt neopentane isomerization
Fe NH, synthesis
Pt, Ni ethane hydrogenolysis
Pt H, oxidation
Pd, Rh CO+NO

The ethane hydrogenolysis reaction on Ni(100) and Ni(111) surfaces shows clearly
structure sensitive effect. It is found that methane formation rate is significantly higher at any
temperature on the Ni(100) surface relative to the Ni(111). Upon the examining the arrangement
of atoms on the two surfaces, it is evident that the distance between four-fold sites on the Ni(100)
surface is larger than that between three-fold sites of the Ni(111) surface. This distance between

four-fold sites in Ni(100) is possibly ideal for cleaving the C-C bond of ethane [8].
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2.4.1 Adsorption on metal surface

A molecule enters to a reactive state. It must undergo adsorption on the catalyst
surface [5]. Hence the catalyst must chemisorb at least one of the reaction steps. The strength of
adsorption of the molecules is decisive for effective catalysis. Neither too strong nor too weak
binding of the reactants can induce the required reactivity, a certain medium binding strength is
optimum. The active centers on the catalyst surface are probably the result of free valences or
electron defects, which weaken the bonds in the adsorbed molecules to such an extent that a
reaction can readily occur.

The chemisorption of gases on metals has been the subject of particularly
intensive investigations, and the available data allow the catalytic properties of metals to be
explained well. Experimentally determined, qualitative orders of catalytic effectiveness are often

found in the literatures. For example, for the adsorption of hydrocarbons [7]:

acetylenes > dienes > alkenes > alkanes

polar substances > nonpolar substances

The electronic structure of the metals is decisive for their catalytic activity. The
transition metals, with their partially filled d orbitals, are particularly good catalysts. These
orbitals are responsible for the covalent binding of gases on metal surfaces in chemisorption and
catalysis. Whereas transition metals have one or more unpaired d electrons in the outer electron
shell, the weakly chemisorbing main group elements have only s or p electrons. It is postulated
that unpaired d electrons are necessary to hold the chemisorbed molecules in a weakly bound
state, from which they can then be transferred into a strongly bound state [7].

Adsorption is an exothermic process in which strong binding forces arise
between the adsorbed molecules and the surface atoms of the catalyst. At the same time the
degree of freedom of the molecules decreases when they leave the gas phase and are adsorbed on
the catalyst. Therefore, the entropy S is negative. For a thermodynamically feasible adsorption

process, the Gibbs free energy should be negative [4]:

AG=AH-TASs
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The adsorption enthalpy AHwill depend, as a first approximation, mainly on
the strength of chemical bonding between the gas molecules and the catalyst. Two fundamental
types of chemisorption processes can be distinguished [7]:

— Molecular or associative chemisorption, in which all bonds of the adsorbate
molecule are retained.

— Dissociative chemisorption, in which the bonds of the adsorbate molecule are
cleaved and molecular fragments are adsorbed on the catalyst surface.

Molecular chemisorption occurs with molecules having multiple bonds or free
electron pairs. For example, on platinum surfaces (Figure 2.15), ethylene gives up two T
electrons of its double bond and forms two G bonds with Pt atoms. The resulting sp3

hybridization results in a tetrahedral arrangement of bonds.

Figure 2.15 Molecular chemisorption of ethylene on a Pt surface.

Dissociative chemisorption occurs mainly with molecules containing single
borids. For example, the adsorption of H, on nickel surface, in which the hydrogen is adsorbed in
atomic form on the surface. The total process can be described schematically, as shown in Figure

2.16.

Physisorption Transition state Chemisorption

Figure 2.16 Dissociative adsorption of hydrogen on nickel surfaces.
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Dissociative chemisorption occurs preferably with alkenes in which the allylic
methyl group is highly activated (e.g., propene). Hydrogen abstraction gives an allyl

radical, which can be bound as follows:

CH
| |
Chemisorbed Chemisorbed
c-allyl radical -allyl radical

Other species can occur on certain metal oxides:

+
CH;—~CH—CH; Carbenium ion on zeolites or Zr0,
TH =CH—CH,; Propen-1-ylonAl,O,

*

CH= ‘1I—CH3 Propen-2-yl on AlL,0,
*

The molecular chemisorption of ethylene is observed below room temperature,
but at higher temperatures (> 100°C) the adsorbed alkene ;i.e. ethylene can be cleaved with

formation of ethylidyne complex:

H,
i
2.4.2 Inert supports: SiO, and TiO,

Silica (SiO,) is an amorphous solid that its internal surface area can be reach 500
mz/g [5]. The silica surface is nearly inert. The most reactive groups are the ~OH groups (called
silanol groups) that terminate the primary particles; these are weakly acid, comparable to
alcohols. The bulk may be terminated entirely by —OH groups, which can be removed by
dehydroxylation. Two types of silanol groups are usually distinguished, isolated groups and
neighboring (vicinal) groups that may be hydrogen bonded to each other. Fully, hydrated

samples, heated in air (i.e., calcined) at temperatures < 200°C, also contain geminal groups,
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Si(OH),. Complete removal of silanol groups requires temperature higher than 700°C and results
in significant changes in surface morphology. The aprotic sites present after dehydroxylation at
600-800°C have been suggested to be primarily highly strained Si-O-Si linkages.

Titania (TiO,) crystallizes in three major different structures; rutile (tetragonal),
anatase (tetragonal) and brookite (thombohedrical). Other structures exist as well, for example,
cotunnite TiO, has been synthesized at high pressure and is one of the hardest polycrystalline
materials known [44]. Commercial high surface area titanias (25-100 mz/g) are formed by
precipitation from titanate solutions or by the decomposition of organotitanates [8], although new
preparations from the aerogel promise to provide materials of high surface area (200-400 m’/g).
In general, commercial titanias consist of anatase and rutile. Anatase is the most important
catalytically, in that it has a surface area of about 50-80 mZ/g, while the rutile structure forms at
about 550°C and has low surface area. Accordingly, the transformation of anatase to rutile
generally results in the surface area loss, occlusions of the catalytic material, and thereby

deactivation.

2.5 Literature review

The shape selective medium-pore zeolite, ZSM-5 was observed to exhibit excellent
catalytic properties that were suitable for the conversion of a variety of hydrocarbon feeds starting
from LPG containing propane and butane to light naptha (LN) containing 7-pentane and.n-hexane
to aromatics compounds [45,46,47]. The Cyclar process of Universal Qil Products (UOP),
aroforming of IFP, M-2 forming of Mobil were some of the commercial examples that were
reported to be catalyzed by HZSM-5 alone or in combination with metal ions such as Ga, Zn, Re,
Pt, and Mo [48,49,50,51].

In naphtha to gas and gasoline process (NTGG), HZSM-5 catalyzed the formation of the
small molecules as propane and butane (LPG) along with gasoline and aromatics in considerable
amount through cracking and hydrogen-transfer reaction over acid sites. The formation of
aromatics was believed to be a cracking-based aromatization that mainly consisted of sequential
steps such as cracking, oligomerization, cyclization, and hydrogen transfer.

With HZSM-5 catalysts, the first stage of alkane aromatization proceeded via two routes,
as protolytic cracking route (cracking of C-C and C-H bounds in the alkane molecules) and
hydrogen transfer route that involved the reaction between the alkane with the product alkenes

adsorbed on the acid site of the zeolite [52,53,54,55,56]. The second stage, alkene formed from
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cracking in the first step was oligomerized to be larger alkene [57]. In the third stage, the
oligomerized alkene was cyclized to napthene, then because of hydrogen transfer
[52,58,59,60,61] from naphthenes to smaller olefins, the formation of the hydrogen-deficient
hydrocarbon such as aromatics was balanced by the formation of alkanes [58,59,60]. These
product alkanes can undergo cracking into light alkenes until non-aromatizable as methane and
ethane were formed. Unfortunately, the final step also produces the high molecular weight
aromatics (coke) that were too large to diffuse out of the zeolite window; therefore, it clogged in
the pore of zeolite leading to the blockage of active sites of the catalyst and causing to the catalyst
deactivation [62,63,64].

Thus, unlike in classical reforming process, the nature of the aromatics compound was
independent of the carbon number of the feed, i.e., the amount of benzene in the products was low
even n-hexane was employed as the feedstock [65]. However, there were some drawbacks when
the formation of aromatics was performed over HZSM-5 catalyst, i.e:

® Thermodynamics data revealed that alkane to aromatics conversion became
difficult, as size of the alkane was decreased (by cracking) and that aromatics
were not thermodynamically favored although using the corresponding alkane
structure [66,67].

® On HZSM-5, the aromatization of alkanes was kinetically limited by the
formation of olefinic compounds. This formation occurred through scission of
carbonium ions into carbenium ions and hydrogen or alkenes [68].

® Formation of aromatics occurred by the hydrogen transfer from naphthenes to
smaller olefins in the final step of the reaction. In this process three moles of
smaller paraffins (mainly in the LPG range) formed simultaneously with the one
mole of aromatics, which limited the aromatics to paraffins yield ratio [68].

®  Steric constrainsts in the pore structure of ZSM-5 limited the hydrogen transfer
from naphthenes to olefininc compounds [68].

Effective conversion of the paraffins can be achieved by the addition of a
dehydrogenating metal to the HZSM-5 catalyst. The metal ion provided an alternative path for the
formation of olefins and aromatics. Aromatization activity of metal-loaded zeolite depended on
its dehydrogenation activity [69,70], which ultimately determined by the electronic properties of

the metal [71,72]. The various researchers studied the aromatization of alkanes over various
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transition metal-loaded ZSM-5 catalysts that underlined the superiority of gallium and zinc over
the other metals studied [73,74].

The first step of alkane aromatization over GaZSM-5 catalysts was the alkane
dehydrogenation to form the corresponding alkene. For example, propene was primarily produced
in the propane aromatization which was kinetically limited by this dehydrogenation step {70]. In
Figure 2.17, the propane aromatization involved the accompanying of acid sites and Ga ion
(complex Ga ion species) which acted as dehydrogenating sites converting propane to propene
(step 1). Then, propene was oligomerized by acid sites to C.-C,, alkene (step 3) which was able to
dehydrogenate to C,-C,, dienes (step 5). After that, acid site would cyclize such C,-C,, diene to
C,-C,, cyclo-olefins (step 7) which was dehydrogenated again to be aromatics (step 9-10). Step 2,
4, 6 and 8 corresponded to the migration of desorbed intermediates from dehydrogenation sites to
protonic sites and vice versa. The participation of Ga species in step 1, 5, 9 and 10 was
demonstrated through kinetic modeling of propane and propene aromatization over Ga/HZSM-5
catalysts [75,76] as well as by the use of model reactions [70]. The much higher activity of
propene as compared to that of propane supported that the formation of arornatics from propene

was favored and the kinetic limitation of propane aromatization was propane dehydrogenation

(step 1).
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Figure 2.17 Propane aromatization over GaZSM-5 catalysts with bifunctional reaction scheme

[69].

In the absent of Ga, the reaction would follow the cracking-based catalysis as mention
previously. The zeolite protonic sites were able to catalyze step 1, 5,9 and 10 of Figure 1. Step 1
occurred through protolysis cracking (C-H or C-C cracking) while step 5, 9 and 10 occurred
essentially through hydrogen transfer from long chain, and cyclic olefins and dienes to light

alkenes. In addition to propene, the protonated propene namely propyl cation can be cracked to
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methane and ethene. Moreover because of the competitive adsorption over the protonic acid sites,
the aromatics molecules affects significantly on the rate of the reaction of step 1, 5,9 and 10
[75,76].

In addition, Ga species were shown to be able to catalyze not only the dehydrogenating
step but also propane cracking into methane and ethene, the hydrogenation of olefins in particular
of ethene, and the hydrogenolysis of methyl aromatics [75,76,77]. A recent study of propane
transformation at 500°C over different polymorphous Ga,0, confirmed the catalytic activity of
this oxide for propane dehydrogenation and cracking [78]. B—Ga203 which had the largest amount
of the acid sites was the most active and selective for propene formation. Gallium oxide being
hardly reduced below 600°C and the reduced oxide being not restore after O, treatment, propane
dehydrogenation was proposed to occur (like on ZnO) through a heterolytic dissociation pathway
rather than through a redox mechanism. In agreement with this proposal, dihydrogen molecules
were demonstrated to be dissociated over Ga,0, to form gallium hydride species (Ga™-H) [79].
This result found were very similar to that found over ZnO [80].

Figure 2.18 shows the mechanism of dehydrogenation proposed by Meriaudeau and
Naccache [81]. The first step was the heterolytic dissociation of propane with the formation of Ga
hydride and Ga alkoxide species. Over pure gallium oxide, these alkoxides would decompose into
propene and H' bonded to the surface oxygen (step 2); the last step would be the formation of
hydrogen from H H species with recovering of the Ga sites, the propyl carbenium ions formed
in step 1 will easily exchange with zeolite proton through an alkyl surface migration (step 4). This
new pathway allowed one to bypass the limiting step of propene formation over pure Ga oxide. A
slightly different mechanism was proposed by Buckles and Hutchings {82] that propane would be
activated at the interface between Ga oxide and protonic sites; initial process would be the
polarization of the C-H bond by Ga oxide, the second one the cleavage of the polarized C-H bond
by interaction with the protonic sites. Furthermore, from propane 2-°C transformation followed
by C MAS NMR spectroscopy, Derouane et al. [83] concluded to the participation as first
intermediate of a protonated pseudo-cyclopropane species formed by propane activation on a
(Ga3+,02') ion pair and its protonation by a nearby protonic acid site. Lastly, according to Ono
[84], the role of the protonic sites would be to scavenge the Zn (or Ga) hydride species formed by

heterolytic dissociation of propane, e.g. [ZnH]" +H — 7n™ + H,.
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Figure 2.18 Ga-acid bifunctional mechanism of propane dehydrogenation over GaHZSM-5

catalyst.

In the mechanism proposed by Biscardi and Iglesia [85], the first step was the activation
of the C-H bond over the protonic sites, the role of the Ga species being to act as efficient
“portholes” for the removal of the H atom produced during the activation step. To demonstrate
this mechanism, reaction of C;H,/C,D,; mixture were carried out over HZSM-5 and Ga/HZSM-5
catalysts [85]. Both the roles of propane transformation and C-H bond activation (cross exchange
of D atom between deuterated and light propane molecules) can be determined from these
experiments. Over HZSM-5, the activation of the C-H bond was found to be much faster (35
times) than propane conversion. This suggested that the protonic sites can activate C-H bonds
very effectively but cannot dispose rapidly of the H atom formed in the C-H bond scission.
Therefore, these H atoms were used to hydrogenate surface carbenium ions. Over Ga/HZSM-5,
propane transformation was 3-times faster thane over HZSM-5, whereas the C-H bond activation
occurred at similar rates over both catalysts. To explain that, it was proposed that H atom removal
could be achieved not only through H transfer to carbenium ions, but also recombinative
desorption involving Ga species. Over pure HZSM-5, hydride ions would be momentarily
stabilized by adsorption on Al atom sites, these unstable hydride species would react with

carbenium ions to form alkane species (Eq.(2.1)) [86].

Cn}_I+2n+l

. H [ — C QO CH'
si’ O\Al’ SI/O\AI s./o\Al s’ 2 2.1
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Over Ga/HZSM-5, the hydride species stabilized by Ga ions would combine with zeolite protons
to form H, (Eq.(2.2)) [86]

Ga+6 H+ Ga+6
| -

3 . — 3 / + H2
s’ Al ST Al si’ Al Si Wi (2.2)

There are no definite arguments in favor of the a or of the b mechanisms. It is
furthermore likely that both mechanisms could play a role in dehydrogenation steps over
Ga/HZSM-5 catalysts. Whatever it will be, the bifunctional character of the sites of Ga/HZSM-5
catalysts which are active in dehydrogenation is generally admitted. For long chain paraffinic
hydrocarbons (C,-C,), the dehydrogenation could be the first activation step. The adsorbed olefins
were able to directly cyclize to aromatics. This pathway was defined by the highly observed
benzene, toluene and xylene from the n-hexane, n-heptane, and n-octane, respectively, conversion
over GaZSM-5 [114].

Ga/HZSM-5 samples with Ga under the form of Ga'in exchange cations and which
contained practically no protons were shown to be active in alkane dehydrogenation. A
mechanism was proposed for this dehydrogenation on the basis of the results of diffuse
reflectance infrared spectroscopy (DRIFT) experiments with ethane [87]. After heating of
Ga/HZSM-5 in ethane atmosphere at 250°C, 4 weak stretching bands appeared at 2882, 2914,
2939 and 2962 cm’ which were ascribed to ethyl species grafted to Ga'. Another band appears at
2057 cm” with a shoulder at 2040 cm " which corresponded to gallium hydride species. The
formation of these bands could be described by the following reaction (Eq. (2.3)):

Z0'...Ga' + C,H, — ZO...[Ga  (H)(C,H,)]" (2.3)

Prolonged heating resulted in the decomposition of ethyl species with an appearance of
new C-H stretching bands at 3024, 3055 and 3072 cm™ typical of olefin or aromatic hydrocarbons
and with a shift of the maximum of the Ga hydride band to 2040 cm’ which indicated the

formation of gallium dihydride species, as shown in Eq. (2.4) [87].

Z0'...[Ga" " (H)(C,H))] — Z0...[Ga" (H),]" + CH, (2.4)
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It should be remarked that in Eq. (4.3), there was an alkyl activation of ethane (C,H,)
and not a carbenium activation (CZH;), as proposed in the mechanism advanced by Meriaudeau
and Naccache [81]. Quantum chemical calculation were undertaken to discriminate between those
two possibilities and also to specify the nature of the active Ga species: dihydride gallium ion
(GaH,)'Z or gallyl ion (Ga=0)"Z’ [88]. The conclusion were that (GaH,)'Z was the likely active
species and that alkane activation occurred via an alkyl mechanism involving three successive
steps: scission of a C-H bond (1), formation of dihydrogen from the proton and the hydrogen
bond to Ga (2) and the formation of ethene from the ethyl group bound to Ga [88]. Ethane
dehydrogenation over dihydride gallium ions was recently reconsidered [89], the conclusion
being that a one step concerted mechanism was more likely than the three steps mechanism
proposed by Frash and van Santen [88].

These conclusions on the mode of ethane activation and on the active sites were recently
disputed by Joshi and Thomson [90] from density functional theory (DFT) pathway analysis. Two
types of sites were considered: the mono Al site of the form Z'[GaHz]2+ (dihydride gallium ion)
and a di-Al site: Zz'[GaHZ]H. With the first type of sites, the calculated activation energies were
too high compared to experimental values, which led the author to conclude that the sites were
not likely responsible for alkane dehydrogenation. [GaH]™" species residing near di-Al sites were
proposed to be the active sites. They can be reduced by hydrogen with formation of protonic acid

sites (Eq. (2.5)).
[GaH]" + H, — [GaH,]" + H' (2.5)

This reaction being endothermic reaction, [GaH]2+ species were predominant at low
temperature. However, both species could be presented under normal reaction condition. A
carbenium activation mechanism consisting of three distinct steps: activation of the C-H bond
with formation of an alkoxide like intermediate (1), desorption of ethene (2) and then of
molecular hydrogen was proposed. There was an optimal Al-Al distance due to opposite effected
on the activation barrier for C-H activation and for H, removal [90]. However, an argument
against this proposal of a di-Al route was the low probability of finding Al pairs in the high Si/Al
ZSM-5 zeolite which were generally used in aromatization.

Gallium can be introduced into Ga/HZSM-5 catalysts through different ways:

impregnation with various salts, ion exchange, chemical vapor deposition, mechanical mixture of
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Ga,0, and HZSM-5, synthesis of MFI gallosilicate, etc. Ga can have a beneficial effect on the
rate and selectivity of alkane aromatization. The impregnated and ion exchanged HZSM-5 led to
the preferential deposition of mostly GaO(OH) species on the outer surface of zeolite crystallites
[91], for hydrated Ga’" cations were too bulky to enter the channels of HZSM-5 [92]; during
calcination, these extra-crystalline Ga species were converted to Ga,0, crystals [91,93,94,95].
Furthermore, the calcination of the gallosilicates at high temperature (>700°C) caused the
degalliation of the framework and the formation of extra-framework Ga species which deposited
on the outer surface of the crystals or within the mesopores under the form of Ga,0, [96,97,98].
The extra-framework species were shown to be at least 150 times more active than the tetrahedral
framework Ga species. However, a complete inactivity of the tetrahedral Ga species had been
suggested [97].

After calcination, therefore; most of the synthesized GaZSM-5 catalysts can be
considered as mixtures of Ga,0, and HZSM-5. However, these mixtures were not the real
aromatization catalysts for significant changes in the nature and location of the Ga species as well
as in the zelite acidity were shown to occur during pretreatment with hydrogen or during propane
aromatization (because of hydrogen production) at 500°C. These changes can have a significant
beneficial effect on the aromatization activity and selectivity. However, the intimacy of Ga,0,
and HZSM-5 was of paramount importance. Thus, with catalysts prepared by gentle mixture of
Ga,0, and HZSM-5, the increase in activity was not substantial [82], whereas with highly
intimate mixtures a significant increase can be observed [99].

The origin of this increase was firstly investigated by Kanizarev, Price and colleagues
using gravimetric, DRX, and FTIR techniques [94,95,99 ,100, 101,102]. Reduction was shown to
occur during hydrogen treatment at high temperature by a sequence of steps involving the
formation of Ga,O species which can migrate into the zeolite channels and undergo solid-state

exchange with the zeolite protonic sites (Eq. (2.6) and (2.7)).

Ga,0, + 2H, — Ga,0 + 2H,0 (2.6)
Ga,0+2H'Z — 2Ga'Z +H,0 @2.7)

This reduction was confirmed by the shift in Ga K-edge energy to lower values detected
by in situ X-ray absorption measurement [93]. These measurements also shown that the reduced

Ga species consisted of monometric Ga orGa compound and that the re-oxidation of reduced
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species to Ga’* species occurred upon cooling to room temperature even in H, or propane [99].
Therefore, the active form of Ga species can be detected only at reaction conditions. Biscardi and
Iglesia [85] suggested that the neutral [GaOH] species stabilized by interaction with basic

oxygens within ZSM-5 channels were the steady state form of reduced Ga (Eq. (2.8)).
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In agreement with Eq. (2.7), H, treatment at high temperature of Ga/HZSM-5 samples
caused a very significant decrease in the intensity of the bridging OH band at 3610 cm’ [103].
However, a more limited decrease in the activity for model acidic reaction was observed:
decrease by 1.5 times of the activity for m-xylene isomerization, by 1.4-2 times of that for
propane transformation into methane [70] and by 1.4-1.6 times of the activity for 2-methyl-2-
pentene isomerization [85]. This discrepancy could be due to reoxidation of reduced Ga species
upon cooling of the catalyst to room temperature for IR measurements.

However, this reoxidation cannot occur when all the protonic sites were exchanged by
Ga' [104]. The corresponding GaZSM-5 catalyst which had no measurable protonic acidity had a
low activity for propane aromatization. Contrary to what was often observed over Ga/HZSM-5
catalysts, aromatics were secondarily formed, which meant that aromatization was limited by
propene transformation (and not by propane dehydrogenation). A monofunctional mechanism
was proposed to explain this aromatization in the apparent absence of protonic sites [104]. It
could be noted that an undetectable amount of protonic sites could be responsible for the very
facile (at high reaction temperature) oligomerization and cyclization steps involved in
bifunctional aromatization.

More recently, a DRIFT study of the nature of gallium species in GaZSM-5 samples
prepared by incipient wetness impregnation or via anchoring of trimethylgallium was carried out
[87]. Reduction of the samples in hydrogen and evacuation at high temperature resulted in
quantitative replacement of the protonic sites by Ga' ions. Ga' jons were shown to be partially
oxidized by water at 300°C with release of H,. After evacuation at 300°C and cooling to room

temperature, a partial regeneration of protonic sites was also observed (regeneration of the
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bridging OH band at 3610 cm ). The following reactions ( Eq. (2.9)-(2.11)) were proposed to

explain these observations:

ZO'Ga' + H,0 — Z0'...[Ga’ (OH)H)]" (2.9)
Z0'...[Ga™ (OHYH)]" + H,0 — ZO ...[Ga’(OH),]" + H, (2.10)
Z0 ...[Ga’"(OH),]' — ZO-... H' + GaOOH (2.11)

Moreover, it was reported that [Ga3+(OH')2]+ was also formed after calcination and was
primarily exchanged into the negative framework of HZSM-5. Such specie can be dehydrated to
form GaO" at high temperature [87,95] and dispersed over the exchangeable sites in the zeolite
framework. However, in the hydrogen stream, Ga}Q+ was not stable, it can readily reduced to form
Ga' species [105,106]. Oxidative addition of hydrogen to Ga" at 500°C resulted in the formation
of stable gallium dihydride species. All the steps described were shown in Eq. (2.12)-(2.14).
However, the authors [87] concluded that under typical aromatization conditions monovalent Ga*
species were predominant even if (GaH,l)+ species were also present. These species would be the
active species able through an oxidative process to dissociate ethane into C,H, and H' species as

was the case of H,.

[Ga"(OH),]" — GaO" + H,0 (2.12)
GaO' +H, — Ga' +H,0 (2.13)
Ga' +H, — [GaH,]" (2.14)

Depending on the authors and on the alkane reactants, Zn/HZSM-5 catalysts were found
more or less active and selective in aromatization than Ga/HZSM-5 catalysts. However, under the
severe conditions of alkane aromatization, Zn' can be formed by reduction with hydrogen or
hydrocarbon and eluted from the catalyst, which constituted a serious drawback for the industrial
use of ZnZSM-5 catalysts [107].

Like with Ga/HZSM-5 catalysts, it seemed clear that aromatization of small alkanes
occurred through the bifunctional catalysis path way presented in Figure 2.17 which involved
successively dehydrogenating steps (step 1, 5, 9, and 10) over Zn-containing species and

oligomerization (step.3) and cyclization (step 7) steps over the protonic zeolite sizes. Also like
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with Ga/HZSM-5 catalysts, despite significant advances, the nature of the dehydrogenating
species and the dehydrogenation mechanism were not perfectly established.

Metal supported catalyst has been widely used to convert various alkane hydrocarbons to
valuable products via dehydro-hydrogenation, isomerization, cyclization, and hydrogenolysis
[5,7]. During H, reduction to create metal species, Tauster et al. suggested the strong-metal
support interaction (SMSI) to be taken place [108]. Especially, the group VIII metals, i.e., Fe, Ni,
Rh, Pt, Pd, and Ir, supported on reducible oxides (TiO,, TaO,, CeO,, NbO, etc.) were reduced at
high temperature (~500°C) [108]. The SMSI effect was observed as a severely negative effect on
CO and H, adsorption [108,109]. It also has a negative effect on the reaction rate for reactions
such as alkane hydrogenolysis [110,111].

In case of P/TiO,, the SMSI was described by the migration of titanium suboxide (TiO,)
covering the platinum metal surface. Cairns et al. [112] used Rutherford (very high energy, e.g.,
several mega-electron volts) backscattering of He' from a rather thick (2000 A) Pt film deposited
on singlecrystal TiO, (rutile) reduced at very high temperature (1173 K) to demonstrate
interdiffusion between the metal and the support. Kelley et al. [113] used low-energy (2 keV) ion
scattering of “He” and 20Ne+, which gives much higher surface sensitivity than does Rutherford
backscattering. Moreover, they used a highly dispersed, low-loading Pt on anatase powder to
prepare a conventional catalyst. Their results show that Pt particles are less visible to ion
scattering after 673 K reduction than after 473 K reduction, a result clearly consistent with
covering of the Pt particles by a TiO,, species.

The mechanism of TiO_ migration cover the metal was proposed by Vishwanathan et al.
[114] using Rh/TiO, as modeled catalyst. The loss of OH group of TiO, change co-ordinatively
saturated Ti" species (Ti4+‘) to co-ordinatively unsaturated T species which finally is the TiO,.
The formed TiO, is not stable requiring electron; therefore, they would migrate to the Pt metal
which possesses higher electron density. As the TiO, jumps to cover the Pt metal, the vacant site
for generating the new comer TiO, is automatically formed. Eventually, the Pt metal can be

covered by TiO, network, as shown in Figure 2.19.
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Figure 2.19 Proposed reaction pathway involved the formation of SMSI.

Moreover in the oxidative atmosphere, there has been reported that the SMSI effect
seemed to be more likely [115,116]. Their XPS results indicated that in an oxidizing environment
some of Pt species can diffused into the TiO, lattice to be oxidized to Pt”’, which is substituted for
Ti" or forms interstitial jons ata temperature as low as 473 K. In support with this view, Lin et al.
[117] ascribed their TPR results that when the catalyst precursor (H,PtCl,/TiO,(B) nanofiber) was
calcined at a temperature that exceeded 773 K, the surface PtO, was diffused into the TiO, (B)
lattice.

Over metal sites, alkanes must be dissociatively adsorbed to cleavage C-H bond, i.e.,
dehydrogenation. Then, the reaction would proceed to cyclization, isomerization, and/or
hydrogenolysis depending on the geometric/electronic of its intermediate which is feasible over
such metal at that operating condition. Results for dehydrocyclization of n-octane show that as the
metal loading on nonacidic alumina increased from 0.05 to 0.6 wt.% Pt, the ethyl benzene : o-
xylene ratio changed from a 1.4:1 to 1:1 selectivity at the highest loading [118]. These results
show that the selectivity changed with increasing metal loading from favoring one isomer to a
nearly equal selectivity for all isomers allowed by direct C, ring closure. In addition, the
hydrogenolysis-demethylation activity increased from a negligible level at the lowest loading to
such a high level as to preclude selectivity studies at about 2 wt.% Pt or higher.

Many of the Pt catalyst are prepared by impregnation with chloroplatinic acid (H,PtCl)
so there is a concern whether the retained chloride influences the cyclization pathway. The

conversion of 3-methylheptane at atmospheric pressure demonstrates that the chlorine containing
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catalyst, even on non acidic alumina, yields an isomer distribution that differs from one without
chlorine [119]. The amount of the isomerization of m-xylene, as well as for each of the other three
aromatics products, when pass over the catalyst, with or without added hydrogen, is negligible in
comparison to the amount of the alkane dehydrocyclization under the same reaction condition.
Thus, secondary isomerization of the initially formed aromatics is not the source of m-xylene. m-
Xylene is not allowed by direct C, cyclization of 3-methylheptane but is the only C, product from
the cyclyzation of both 2- and 4-methylheptane. This suggests that Fhe chlorine merely provides
an isomerization pathway. Since 0.8 wt.% Cl, added to the Pt-Al,0,K catalyst as NH,Cl, did not
significantly change isomer distribution, the chlorine added as chloroplainic acid is probably a
specific type.

The dehydrocyclization of many alkanes, each contains eight or more carbons and at
least one chain with six or more carbons, with a Pt-nonacidic alumina catalyst produced 90% or
more of the aromatics predicted for the operation of only a six-carbon ring forming mechanism
[120]. Fogelberg et al. [121,122] utilized a commercial Pt-alumina catalyst and a catalyst made
nonacidic by calcining the alumina support at high temperature to produce a low surface area for
the dehydrocyclization of n-octane as well as C;-hexane and heptane isomers. With the
commercial catalyst, they obtained a nearly equilibrium C; aromatics composition; however, with
the nonacidic catalyst the aromatics were predominantly (> 90%) those expected for a direct six-
carbon ring formation.

Some C; alkane isomers would form 1,1,3-trimethylcyclopentane (VI) by a C, ring
closure, Figure 2.20. Of the four reactants, only 2,4-dimethylhexane (IV) provides a pathway that
could lead to any cyclopentane isomer other than 1,1,3-trimethylcyclopentane. The experimental
data from the cromia catalyst make it apparent that I, II, and IIT do not yield the same C,
aromatics distribution. In addition, they do not resemble the C, aromatics distribution obtained
from the conversion of 1,1,3-trimethylcyclopentane. The amount of ethylbenzene and o-xylene
relative to m-xylene which Pines and Chen [123] obtained from 1-methyl-2-ethylcyclopentane
eliminate this ring structure from making a major contribution to the reaction pathway. 1,2,3-
trimethylcyclopentane can also be eliminated as a possible intermediate because only o-xylene
and p-xylene can be formed from it by a simple ring expansion pathway. The only C, cyclization
pathway leading to m-xylene is through 1,1,3-trimethylcyclopentane followed by ring expansion
route (d) in compound VI. For 2,5-dimethylhexane, the trace amount of m-xylene excludes ring

expansion (d) so that the ring expansion must follow path (a) in order to produce the p-xylene
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product. Thus, cyclization of both 2,4 and 2,5-dimethylhexane through the common C; ring
compound, 1,1,3-trimethylcyclopentane, would mutually exclude all of the ring expansions that
lead to C; aromatics. A direct C, cyclization for 2,2,4-trimethylpentane followed by ring
expansion to a six carbon ring requires expansion (a) but not (d) ; furthermore, (a) would have to

be at least 5 times longer than (c)+(d) to yield the experimental aromatics distribution.
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Figure 2.20 Dehydrocyclization of some C, alkanes.

Wheatcroft [124] used l"C-isotope to study the dehydrocyclization of n-heptane,
(n-heptane —k—'> heptene —ﬁ) toluene) where £, is the rate of dehydrogenation and £, is the
rate of cyclization. A steady state was assumed for the heptene concentration. With a system of
consecutive unimolecular reactions, as well as assuming that hydrogenation of heptene was of
secondary importance. Wheatcroft solved the differential equations describing the system and
obtained an expression relating the fraction of intermediate (heptene) in the product to the amount
of heptane conversion. Wheatcroft used literature values from earlier studies [125,126,127,128]
and found that a ratio of k/k, = 5 provided a good fit to the data. Wheatcroft concluded that his
treatment showed that the alkene is a compulsory intermediate and that the rate of cyclization is

five times faster than the rate of dehydrogenation to the olefin.
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As similar to heptanes and octanes dehydrocyclization, n-pentane can be cyclized.
However, with five carbons, n-pentane is not able to cyclize to aromatics. The reaction is
proceeded to form C, ring and subsequently to cyclopentane [129] and cyclopentadiene [130].
Over the inert support as MFI type with high Si/Al ratio, the Group VIII metal (platinum, iridium,
and palladium) are incorporated. The reaction conditions are at the temperature range from 450-
600°C and at the pressure range from 0.1-1 atm. The reaction pathway for n-pentane

dehydrocyclization proposed by Bent [131] is shown in Figure 2.21.
SO o R S T P
N 7
| IE ~
/ /

Figure 2.21 Dehydrocyclization of n-pentane.

One of the alkane reaction over metal surface is hydrogenolysis [132]. It was establish
that the kinetics of hydrogenolysis of ethane was consistent with the occurrence of
dehydrogenation to produce a surface specie with carbon having three bonds to the metal surface.
This dehydrogenation and multiple bonding to the surface was sufficient to weaken the C-C bond,
to allow it to rupture to produce C1 fragments, and the two fragments to be hydrogenated to
produce methane [133, 134,135]. With higher carbon number alkanes, a selectivity is introduced
there are multiple C-C bonds. For n-hexane three types of C-C bond positions are available. Davis
et. al. [136] reported that the position selectivity for n-hexane hydrogenolysis showed a marked
dependence on the surface structure of platinum. Surface with a high concentration of (1 00)
microfacets [(1 0 0) and (13 1 1)] exhibit a high specificity for scission of internal C-C bonds. In
contrast, the surface composed mostly of (1 1 1) microfacets [(1 1 1), (3 3 2), and (10 8 7)]
showed a clear preference for central and terminal C-C bond scission. The results reported by
Davis et. al. [136] differ from those who report a nearly statistical bond hydrogenolysis of n-
hexane [137,138].
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In agreement with the results of Myers and Munns [133], van Schaik [139], Cinneide and
Gault [140], Anderson and Shimoyama [134] find a preference for the hydrogenolysis of the
central C-C bond. Furthermore, for conversion at 273°C, 100 Torr, H/HC =10/l ina
recirculating apparatus, the position of C-C bond attack did not appear to be dependent upon the
Pt particle size, except perhaps for very large particles. For the largest particle, terminal C-C bond
hydrogenolysis may be favored but the central C-C bond cleavage is favored for particle sizes in
the range normally encountered in naphtha reforming catalyst. The data show a relative selectivity
of C,-C,:C,-C,:C,-C,=1:1.3:1.8.

Gault [141] identified two extremes for hydrogenolysis of methylcyclopentane as
statistical and selective. With highly dispersed platinum catalyst, the data agree with the non-
selective reaction pathway. Gault concludes that more than two ring opening pathway are needed
to describe the data. Over Pt-alumina catalyst, Gault [142] converted methylcyclopentane with a
series of Pt particle size controlled by varying the Pt content from 0.15-20 wt.%. The runs were
made in a batch reactor at 315°C and 30 atm. The ratio of bond breakings (R{;,Y and Ry,a) are
plotted versus increasing platinum content (increasing platinum particle size). For the low loading
(low Pt particle size) the ratio Rp,y is nearly constant at 2.5, slightly higher than the value of 2.0
for pure non-selective bond rupture. The other selectivity strongly depends on Pt particle size.

For the hydrogenolysis of n-alkane, the rate of C-C bond rupture normally has an inverse
dependence on hydrogen pressure. However, the data of Brandenberger et al. [143] show that the
rate of ring opening hydrogenolysis of methylcyclopentane has a positive, rather than negative,
dependence on hydrogen partial pressure. These results imply that the rate limiting step does not
involve dehydrogenation of methylcyclopentane to produce a carbon that is multiply bonded to a
surface Pt atom. It is evident that hydrogenolysis is nonselective and that the selectivity for ring
opening does not depend to a measurable extent upon hydrogen partial pressure. In contrast,
Levitskii and Minachev [144] reported a selectivity that depends upon hydrogen partial pressure
for a Pt/SiO, catalyst (n-hexane : 2-methylheptane : 3-methylheptane = 1.0 : 4.2 : 1.5 at 10 atm H,
and 1.0 : 1.4 : 0.8 at 50 atm).

Yamada et al. [145] investigatedthe impact of the reaction temperature upon a series of
Pt-Re-alumina catalysts that were used for the hydrogenolysis of methylcyclopentane at 300°C
and 1 atm total pressure. For the catalyst that was reduced at low temperature, the three allowed
hexane isomers are presented in a ratio that is similar to that of nonselective mechanism. In

addition, slightly more than 10% of the products result from hydrogenolysis to produce methane
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and cyclopentane. As the reduction temperature increases (and Pt particle size increases), the
product distribution changes. The amount of n-hexane increases with increasing particle size.

For methylcyclopentane hydrogenolysis, it appears the conversion is essentially
nonselective for platinum that is highly dispersed on non-zeolitic supports. For the non-zeolite
catalysts that are effective as dehydrocyclization catalysts, it is concluded that any contribution of
C,-ring formation will lead to isomerization through a nonselective mechanism for
hydrogenolysis of cyclopentane isomers. It is puzzling that only a few authors report
hydrogenolysis of methylcyclopentane to produce methane plus cyclopentane. For Pt-zeolite
catalysts hydrogeneolysis of methylcyclopentane is selective but for n-propyl cyclopentane it is
nonselective. There is insufficient data to define the overall selectivity character of Pt-zeolite
catalysts.

The hydrogenolysis of cyclohexane or alkylcyclohexane does not make a significant
contribution during their conversion under normal reforming processes. The results obtdined for
the conversion of *C-labeled methylcyclohexane showed that more than 95% of the
methylcyclohexane was converted to toluene with either Pt-nonacidic alumina or Pt-acidic
alumina at 482°C and 400 psig t146]. Demethylation by hydrogenolysis and/or
dealkylation/transalkylation was the most prominent side reaction, even with the Pt-acidic
alumina catalyst. Cracking to C,- products made a small contribution to the minor amounts of

side reactions.
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CHAPTER 3

MATERIALS AND METHOD

3.1 Materials and apparatuses
3.1.1 Materials

-n-Pentane (C,H,,, Aldrich)
- Isopentane (CH,,, Aldrich)
- Cyclopentane (C;H,,, Aldrich)
- Gallium (III) nitrate (Ga(NO,), * xH,0, Aldrich)
- Zinc (1I) nitrate (Zn(NO,), * 6H,0, Carlo Erba)
- Copper Oxide (CuO)
- Potassium bromide (KBr, Jasco, spectroscopy grade)
- Ethylene glycol (commercial)
- di-Hydrogen, hexa-chloro platinate (Fluka, H,C1,Pt)
- HZSM-5 zeolite (Si/Al = 28, 45, 180 and 500, Zeolyst)
- H-Beta (S/Al = 11, Zeolyst)
- Commercial amorphous silica (SiO,, Carlo Erba)
- Titania (TiO,)
- Quartz wool (SiO,, Grace)
- Distilled water
- De-ionized water
- Hydrogen gas (H,, Praxair)
- Helium gas (He, Praxair)
- Aiir zero (79%N, and 21%0,, Praxair)
- Nitrogen gas (N,, Praxair)
- Liquid nitrogen (TIG)
- Standard methane, ethane, ethylene, LPG, benzene, toluene, and xylene
- Methanol (CH,OH, Lab-Scan)
- Hydrofluoric acid solution (HF 40 wt. % in water, Panreac)
- Methylene chloride (CH,Cl,)

- Ice and ice bath



3.1.2 Apparatuses
- Packed bed reactor and catalytic testing unit
- Saturator
- Water circulating cooling bath
- Bubble flow meter
- Digital flow meter
- Vertical tube furnace
- Horizontal tube furnace and alumina boat
- Mass flow controller sets
- Temperature programmed reduction (TPR)/temperature program desorption
(TPD) apparatus
- Flame-ionization detector gas chromatograph (910, BUCK)
- Gas chromatograph-mass spectrometer apparatus (6890N, Agilent
technologies-5973N, Agilent Technologies)
- Mass spectrometer (Omnistar-Pfiffer)
- Scanning electron microscope (LEO 1455VP, LEO Electron Microscopy)
- Transmission electron microscope (JEM-2100, Jeol)
- X-ray powder diffractometer (D8 Advance, Bruker AG)
- X-ray fluorescence spectrometer (SRS 3400, Bruker AG)
- Fourier transforms infrared spectrometer (Spectrum 1, Perkin Elmer)
- Inductively coupled plasma spectrometer (ICP-Plasma-1000, Perkin Elmer)
- Thermogravimetric analyzer (Pyris 1 TGA, Perkin Elmer)
- Gas adsorption analyzer (Autosorb-1, Quantachrome)
- Ultrasonic bath
- Sieve kit (20 and 30 mesh)
- Agate mortar and pestle sets
- Power regulator and heating tape
- Refrigerator
- Balance
- Oven, vials, and laboratory glassware

- Tube cutter (1/4 and 1/8 inch O.D.), wrench, spanner and hand tools
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3.2 Experimental method

3.2.1 Preparation of GaZSM-5 and ZnZSM-5

Gallium and Zinc are introduced into the zeolite by incipient wetness impregnation using
aqueous solution of Ga(NO,), and Zn(NO,),. First, HZSM-5 samples are weighted to a desired
amount as detailed in Table 3.1, and then gradually drop the prepared metal solution into such
supports. After the samples appeared to be wetted, the wet samples are left to dry at room
temperature. The process is repeated until the desired metal loading (~0.7 wt.%) is achieved.
Finally, the impregnated GaZSM-5 and ZnZSM-5 catalysts are calcined in air stream with a flow

rate of 60 ml/min at 500°C for 5 hours at a heating rate of 3°C/min in a horizontal tube furnace.

Table 3.1 Details of impregnation synthesis reagent.

Concentration of Desired
Catalyst HZSM-5
Si/Al ratio metal salt solution volume
designations weight (g)
(g (ml)
GaZSM-5 (28) 10 28 3.125 323
GaZSM-5 (45) 10 45 3.125 32.3
GaZSM-5 (180) 10 180 3.125 323
GaZSM-5 (500) 10 500 3.125 323
ZnZSM-5 (180) 10 180 5.23 19.3

3.2.2 Preparation of Pt/SiO, and Pt/TiO,

Platinum is introduced into the SiO, and TiO, by incipient wetness impregnation using
aqueous solution of H,CI Pt. First, SiO, and TiO, samples are weighted to a desired amount as 10
gram, and then gradually drop the prepared metal solution with a concentration of 2.038 g/l into
such supports. After the samples appear to be wetted, the wet samples are left to dry at room
temperature. The process is repeated until the desired volume is achieved (49.6 ml) to get the
desired metal loading (~1wt.%). Finally, the impregnated Pt/SiO, and Pt/TiO, catalysts are
calcined in air stream with a flow rate of 60 ml/min at 500°C for 5 hours at a heating rate of

3°C/min in a horizontal tube furnace.
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3.2.3 Characterization of catalysts

3.2.3.1 Morphology

A scanning electron microscope (SEM, LEO model 1450 VP) is used to
determined the catalyst morphology. The sample is prepared by thoroughly placing catalyst onto
the sample holder. It is then coated with gold thin film by ion sputtering. The sample is placed in
the sample chamber of scanning electron microscope and evacuated from ambient pressure to 10"
torr. The scanning electron micrographs are taken at the magnification of 500, 1000, 2000 and
3000 times.

A transmission electron microscope (TEM, JEOL model JEM-2010) is also
employed. For characterization of active metal clusters by transmission electron microscopy, the
wet sample is crushed in a mortar, and the suspended powder is subjected to be dispersed on a
carbon-coated copper TEM grid. Electron micrographs are acquired in the magnification range of
3000-1500000 times.

3.2.3.2 Surface area

Gas adsorption analyzer (Autosorb-1) is employed for surface area
determination. The sample is weighed about 50 mg and transferred to a clean, dry empty sample
cell. This sample cell is loaded to the outgassing station. Then, heating mantle is installed with the
sample cell and temperature is raised to 350°C under vacuum. The sample is out-gassed about 18
hours. The sample cell is then removed from the out gassing station after the nitrogen is filled,
and loaded to the analysis station. The equilibration time is set to 3 minutes and the nitrogen
adsorption is measured at the partial pressure (P/P,) ranged from 10°to 1.0 at -195.6°C. When
adsorption is complete, the sample cell is removed from the sample station and reweighed. The
total surface area of the catalysts is calculated by using Brunauer, Emmett, and Teller (BET)
equation.

. 3.2.3.3 Structure and crystallinity

The catalyst structure and crystallinity are determined by X-ray diffractometer
(Siemens model D8). The sample is prepared by packing the catalyst in the sample holder.
CuKoC X-ray beam is used for analysis at 40 kV, 40 mA. The sample is scanned from 20 angle
of 5° to 60° for zeolite and 5° to 80° for Si0, and TiO, with 1 second/step time and 0.04
20/step increment. X-ray diffraction pattern of sample is compared with standard X-ray

diffraction pattern for determining the structure.
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3.2.3.4 Elemental analysis

Elemental analysis of the metal-modified catalyst is performed by inductively
coupled plasma/atomic emission spectroscopy (ICP/AES, Perkin Elmer model PLASMA-1000).
An accurate 25 mg of catalyst is weighed and then digested with hydrofluoric acid. This solution
is diluted to 50 mL in a plastic volumetric flask. Then, the diluted sample solution is measured
against a blank. Finally, the metal content is calculated using calibration curves.

The chemical composition of catalysts can be also determined by an X-ray
fluorescence spectrometer (Siemens model SRS3400). The sample is prepared by mixing 4.5
grams of boric acid and 0.5 grams of catalyst and send to a grinder. The mixture is packed onto
sample holder and then compressed at 150 kN. The sample is placed in the sample chamber.
Rhodium is employed as a source for measure at 50 kV, 60 mA.

3.2.3.5 Reducible metal oxide species in the catalyst

The temperature programmed reduction (TPR) experiment is done by treating
200 mg of the catalyst in air at 500°C for 3 hours, followed by N, purge until the temperature is
reduced to 50°C. A 10% H,/Ar gas mixture with a total flow rate of 38 ml/min is fed through the
catalyst bed with a linear heating rate of 10°C /min. The water produced during reduction is
trapped at -50°C and the hydrogen consumption is recorded by an on-line TCD detector (VICI
model TCD2-NIFED).

3.2.3.6 Acid sites of catalyst

The temperature programmed desorption of NH, and/or pyridine are employed
to determine the acidity and acid strength of the catalyst. A 150 mg of the catalyst is treated in air
at its calcined temperature for 1 hour, followed by He purge until the temperature is reduced to
30°C. A 1% NH,/He or saturated pyridine (at 15°C) with a total flow rate of 20 ml/min is
continually fed through the catalyst bed at this temperature for 3 hours, followed by He purge for
1 hour. He gas with a total flow rate of 80 ml/min is then fed through the catalyst bed and the
catalyst is heated with a linear heating rate of 10°C /min, the desorbed ammonia/pyridine is

monitored by an on-line TCD detector (VICI model TCD2-NIFED).
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3.2.3.7 Gas desorption

Temperature programmed hydrogen evolution (TPHE) is performed as followed.
A 200 mg of catalyst is treated in a continuous flow of air (~20 ml/min) at 500°C for 1 hour.
Then, the calcined catalyst is purged by helium gas at 500°C for 15 minutes. A H, (~15 ml/min)
is fed through the catalyst bed together with an increase in temperature to 550°C. The catalyst is
kept at this temperature for 2 hours, after that it is cooled down to 50°C in a hydrogen stream.
The reduced catalyst is purged by He (~21 ml/min) for 30 minutes, after that the temperature is
increased from 50°C to 800°C with a heating rate of 10°C/min. The desorbed hydrogen (m/z =
2) is detected by an-online mass spectrometer (Omnistar-Pfiffer).

Temperature programmed chlorine desorption (C1,-TPD) is performed as
followed. A 100 mg of catalyst is fed by air or 2%H, in Ar (~ 20 ml/min) as carrier for 30
minutes. After that, it is heated from 50°C to 700°C with heating rate of 10 mi/min. The
desorbed Cl, (m/z = 70) is detected by an on-line mass spectrometer (Omnistar-Pfiffer).

3.2.3.8 Oxidation state of elements

Electron spin resonance spectrometry (ESR) is performed using an X-band
JEOL, model JES-RE2X spectrometer (frequency of 8.8-9.6 GHz) equipped with a TEQ11 sample
cavity. The sample temperature is kept constant at about 77 K with a cold, dry liquid N, flow
cryostat. The line position is calibrated with DPPH (1,1-diphenyl-2-picrylhydrazyl), g = 2.0036.

The X-ray absorption near edge structure (XANES) measurement is carried out
at the beam line BL8 of the Siam Photon Laboratory. The samples are crushed in an agate mortar,
spattered over the Kapton tape attached with a transparent frame and loaded into the sample
chamber. Fluorescence mode XAS is performed to obtain Chlorine K-edge spectra and Platinum
M-edge spectra which are calibrated with potassium chloride (edge energy at 2822 eV) and
platinum foil (edge energy at 2122 eV), respectively.

3.2.3.9 Coke analysis

A fourier transforms infrared spectrometer (FTIR, Perkin Elmer model
Sepectrum 1) is used to determine the structure of coke. FTIR spectra are recorded in the
framework region (400 to 4000 cm'l) in transmittance mode. The used ZSM-5 catalysts are
collected. A destruction of used ZSM-5 (300 mg) framework by hydrofluoric acid solution

(1 mL), followed by CH,CI, (3 mL) extraction is preparation procedure to get the high molecular
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weight liquid samples. The IR Spectrums of such liquid samples are recorded with an Elmer-
Perkins FTIR spectrometer with 1 cm’ resolution and averaged over 500 scans.

Temperature programmed desorption-mass spectrometer (TPD-MS) is
performed as followed. A 100 mg of used catalyst is purged by He with a flow rate of 20 ml/min
at room temperature. After that, it is heated with a linear heating rate of 10°C/min, the desorbed
hydrocarbons are monitored by an on-line mass spectrometer (Omnistar-Pfiffer).

A thermogravimetric analyzer (TGA, Perkin Elmer model TGA Pryis 1) is used
to determine coke content. Approximately 10 mg of the used catalyst is placed in a platinum pan
hanging from a microbalance and nitrogen is introduced as a carrier gas. The sample is then
heated under air or nitrogen (50 ml/min) for %weight loss from 50°C to 800°C at a heating rate of
10°C/min

The characterization methods of the catalysts for the reaction over metal loaded

zeolites and metal loaded inert supports are summarized in Table 3.2.
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Table 3.2 Catalyst characterization for the reaction over metal loaded zeolites and metal loaded

inert supports.

Characterization method

Metal loaded zeolites

(GaZSM-5, ZnZSM-5)

Metal loaded inert supports

(PY/SiO,, PY/TiO,)

SEM
TEM
BET
XRD

ICP

XRF
H,-TPR
NH,-TPD
Pyridine-TPD
TPHE
C1,-TPD
ESR
XANES
FTIR
TPD-MS

TGA

v

AN

v

AN

NN NN

AN

3.2.4 Catalytic activity testing

The catalyst is compressed (pressure ~ 3 ton) to be a pellet and it is sieved through 20-30

mesh before packing in the middle of reactor made with a quartz tube. To minimize the

channeling, the quartz tube diameter (7 mm) is typically greater than 8 times of the diameter of

the sieved catalyst (~0.7 mm) [1]. The catalytic activity testing of the prepared catalysts is carried

out in a downward flow direction, as depicted in Figure 3.1. Before the reaction, the catalyst is

activated in air (20 mU/min) at its calcine temperature (300-500°C) for 1 hour at a heating rate of

3°C/min. After that, the catalysts are typically reduced (at 550°C for GaZSM-5 and ZnZSM-5



69

and at 300-500°C for Pt/SiO, and Pt/TiO,) for 2 hours in a flow of H, (13 ml/min). The
temperature is kept at the reaction temperature (typically at SOOOC), and a saturated vapor of a C;
hydrocarbon (isopentane at -5°C, n-pentane at -5°C and cyclopentane at 3.5°C) is carried by
hydrogen/helium (with a total flow of 15-22 ml/min) through a fixed bed reactor made with a
quartz tube. The products of the reaction are quantitatively analyzed by an on-line gas
chromatograph (BUCK Scientific Model 910) with a flame-ionization detector (FID) using HP1
column (for reaction over GaZSM-5 and ZnZSM-5) and HP-PLOT column (for reaction over
Pt/SiO, and P/Ti0,). The details of GC conditions of both columns and the reactor characteristics
are summarized in Table 3.3 and 3.4. The peak area from the chromatogram is measured and
calculated as the peak area percent value. Then the unknown peak can be identified by GC-MS

technique. The composition of the hydrocarbon samples are determined by the normalization

method.
Vent <—|
Mass flow controller
E!‘ ! Pressure guage
bagl 1
e v, 4
L-23
g
3| Vertical
—> l HH tube furnace
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" k1 ¢ o
AL 5 E:
Saturator %LF

Figure 3.1 Experimental set up of the test unit.
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Table 3.3 GC conditions.
Column HP1 HP-PLOT
Diameter (mm) 0.25 0.53
Length (m) 100 30
Carrier gas N, N,
Detector FID FID
Detector temperature °c) 250 250
Detector gases
H, (ml/min) 25 25
Air (ml/min) 250 250
Sample loop (i) 25 25
Column head pressure (psi) 24 3
Linear velocity (cm/s) 36 32
Oven temperature
Initial temperature (°C) 40 80
Initial time (min) 16 20
Rate (OC/min) 25 -
Final temperature (OC) 250 -
Final time (min) 26 -
Total time (min) 50 20
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Table 3.4 Description of the reactor set up and the operating condition.

Parameters Value
Reactor inside diameter (mm) 6
Reactor outside diameter (mm) 8
Total Flow (ml/min) ~15
Bed length (mm) 3-25
Catalyst weight (g, ) 0.03-0.3
Contact time (g, h/mol C) ~5-30
WHSV (g/ g, h) 2-14
Catalyst size (mesh) ' 20-30
Catalyst activation (before running reaction) in air at 500°C and reduce by

H, typically at 300-500°C

H,/C, ~3-4
Reaction temperature Typically at 500°C

Reaction pressure Ambient (~1atm)

3.3 References

[1] Pereira, C.J. and Leib, T.M. 2008. “Perry’s Chemical Engineers’ Handbook.” McGraw-Hill.



CHAPTER 4

CONVERSION OF C, HYDROCARBONS
TO AROMATICS

4.1 Introduction

At the beginning of the 20" century, the demand for aromatics and its derivatives were
increased to support many petrochemical industries. For example, ethylbenzene synthesized by
alkylation of benzene with ethylene was required to produce styrene monomer, the basic chemical
for all polystyrene products [1]. Cumene produced by alkylation of benzene with propylene was
used worldwide as the principal chemical for production of phenol and acetone. The phenol
yielded phenolic resins, bisphenol-A, caprolactam, and other products. Phenolic resins were used
extensively to bond wood and composition board. Both phenol and acetone are used increasingly
in the production of polymer, such as epoxy, polycarbonate resins, and nylon-6 [2]. p-Xylene was
used to produce purified terephthalic acid which was reacted with ethylene glycol to make the
poly-(ethylene terephthalate), the basis of polyester fibers [2]. Polyester fibers have
revolutionized clothing with proportion for any climate, as well as low cost, excellent durability,
and ease of washing with little of water and detergent. From the recent strong demand of p-
xylene, isomerization of any xylene isomers and disproportionation of toluene were performed to
produce such aromatics additionally [1]. Moreover, aromatic hydrocarbons especially benzene
used to be a blending component in gasoline to increase the octane quality [1] but nowadays
world-wide public concerns about the earth’s environment and health consideration, aromatics in
gasoline is decreased due to new regulations requiring the reduction of aromatic compound [2].
However, aromatics are still significant as raw materials especially for petrochemical processes,
as mentioned above. .

From the important of these aromatics, the conventional heterogeneous catalytic process
well known as aromatization was established to convert low-value liquidfied petroleum gas (LPG;
C;-C)) or light feed stock (C,-C,) containing olefins and paraffins to high-value, petrochemical
grade liquid aromatics products, particularly benzene, toluene, and xylene (BTX). In addition,

there are futile hydrocarbons from the fractionation of naphtha cracking unit including saturated
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C; hydrocarbons such as n-pentane, isopentane and cyclopentane. Therefore, aromatization of
these C, hydrocarbons to the valuable aromatics is attractive.

Both mono-functional and bi-functional catalysts are available for aromatization process.
In mono-functional catalyst, only the metallic function takes part in the reaction mainly for the
dehydrocyclization of C-C, n-alkanes [3,4]. In bi-functional catalyst, acid sites and metal sites
are incorporated and together work to transform alkanes to aromatics. Acid sites normally
catalyze isomerization, oligomerization, and cyclization while metal sites mainly catalyze
dehydrogenation [5,6].

It has been reported that GaZSM-5 and ZnZSM-5 possess high activity and selectively to
convert various saturated hydrocarbons to aromatics. The essential role of metal active sites is to
promote the formation of the dehydrogenated products which can further oligomerized and
cyclized to aromatics over the acid sites. However, this mechanism seems to be existed especially
for small paraffinic hydrocarbons (C,-C,) [7]. The long chain hydrocarbons (C4-C,) can directly
convert to aromatics via dehydrocyclization [4], whereas the formation of aromatics from C
hydrocarbons is still not clearly defined.

It is expected that the conversion of five-carbon hydrocarbon reactants to aromatic ring is
a certain complex reaction, With the different saturated C, structures, i.e., linear hydrocarbon of
n-pentane, branch hydrocarbon of isopentane, and cyclic hydrocarbon of cyclopentane, this may
affect to the formation of aromatics. This chapter are intentionally studied the formation of
aromatics from such C; hydrocarbons. The reaction pathway are proposed and discussed together
with the effect of contact time, Si/Al ratio of catalyst, reaction and reduction temperature, and H,

partial pressure.
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4.2 Experimental

HZSM-5 with Si/Al =28, 45, 180 and 500 were calcined at 500°C and used as catalysts.
The GaZSM-5 and ZnZSM-5 were prepared by incipient wetness impregnation of the parent
HZSM-5 with aqueous solution of Ga(NO,), (Aldrich) and and Zn(NO,), (Carlo Erba), as
previously shown in Chapter 3. The samples were subsequently dried and calcined in air at
500°C for 5 h.

The metal loading was determined by ICP atomic emission spectrometer (Perkin Elmer
model PLASMA-1000). The surface areas (BET) of catalysts were determined by N, adsorption
(Autosorb-1). The catalyst structure and crystallinity are determined by X-ray diffractometer
(Siemens model D8). The morphology and surface composition was quantified by SEM-EDX
(LEO model 1450 VP). Temperature programmed reduction (TPR) and temperature programmed
NH,; desorption (TPD) experiments were performed in a quartz micro-reactor. The H,
consumption and NH, desorption were recorded by an on-line TCD detector (VICI model TCD2-
NIFED).

The reaction was carried out at 500-600°C and ambient pressure. Before the reaction,
the catalyst was activated in air (20 ml/min) at 500°C for 3 h. After that, the catalysts were
typically reduced at 550°C for 2 h in a flow of H, (13 mV/min). At the reaction temperature
(typically at 500°C), saturated vapor of isopentane (at -5°C) or n-pentane (at -5°C) or
cyclopentane (at 3.5°C) was carried by hydrogen/helium (a total flow of 15-22 ml/min) through a
fixed bed reactor made with a quartz tube (O.D. = 8 mm). The products of the reaction were
analyzed by an on-line gas chromatograph (BUCK Scientific Model 910) with an FID detector
using HP1 column ({) = 0.25 mm, L = 100 m).

For coke characterization, the carbonaceous compounds were liberated from the zeolite
channel by dissolution of the aluminosilicate matrix in a hydrofluoric solution (40%) at room
temperature, then it was extracted by CH,CI, to analyze using an FTIR (Perkin Elmer model
Sepectrum 1). TPD-MS of the coked catalysts was performed in a quartz reactor and the coke

content was analyzed by TGA (Perkin Elmer model TGA Pryis 1). The details of each

experimental procedure are mentioned thoroughly in Chapter 3.
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4.3 Results and discussion
4.3.1 Catalysts characterization
4.3.1.1 Metal loading
The gallium and zinc content in the impregnated zeolite catalysts are determined
by inductively coupled plasma/atomic emission spectroscopy (ICP/AES). The metal loading is
approximately 0.7wt.% for all GaZSM-5 and ZnZSM-5 catalysts. The results are shown in Table
4.1,

Table 4.1 The elemental analysis and surface area of ZSM-5 zeolite used in this study.

Catalyst Si/Alratio  Metal loading (wt.%) BET surface area (mzlg)

HZSM-5 28 - 382
HZSM-5 45 - 371
HZSM-5 180 - 365
HZSM-5 500 - 377
GaZSM-5 28 0.74 386
GaZSM-5 45 0.75 367
GaZSM-5 180 0.74 352
GaZSM-5 500 0.72 346
ZnZSM-5 180 0.79 330

4.3.1.2 Surface area

Surface area of all zeolite catalysts is determined by nitrogen adsorption
technique using Brunauer-Emmet-Teller (BET) as model equation. The calculated surface area
for each sample is summarized in Table 4.1. All zeolite catalysts possess high surface area (> 300

mzlg); therefore, the high dispersion of metals (Ga and Zn) would be obtained.



76

4.3.1.3 Crystal structure

The diffraction pattern of zeolite catalyst is obtained by X-ray powder
diffraction technique (XRD). The XRD patterns are shown in Figure 4.1. It reveals characteristic
peaks at 20 of 7.972, 8.818, 8.917, 23.080, 23.320, and 23.95. These indicate that all ZSM-5
catalysts have the pentasil pore opening structure of MFI, as compared to their reference
diffraction pattern (APPENDIX B).The peak intensities are relatively high, suggesting that all
catalysts are well-define crystalline micro-porous materials.

4.3.1.4 Catalyst morphology

The catalyst morphology from scanning electron micrograph in Figure 4.2
exhibits that the crystals of zeolites are in spherical shape. The crystal size of HZSM-5 with Si/Al
of 28 and 45 are smaller than 1 micron. Moreover, an agglomeration of HZSM-5 with Si/Al of 45
is particularly observed. This is because it possesses a very small crystal size which is consistent
with the observed peak broadening in XRD pattern (Figure 4.1). In addition, relatively large
crystalline are observed for HZSM-5 with Si/Al of 180 and 500. Although the particle size of
these zeolites is different, no significantly difference in their surface area is observed suggesting
that such surface area is mainly contributed from the inner surface area of the pore system.

After gallium and zinc loading and calcination, the same XRD pattern (Figure
4.1) and catalyst morphology (Figure 4.2) are observed. It is suggesting that a well-dispersed and
very small metal oxide (Ga,0, and ZnO) cluster would be obtained.

4.3.1.5 Surface composition of GaZSM-5

The energy dispersive analysis of GaZSM-5 catalysts is shown in Figure 4.3.
The gallium, aluminium, and silicon represent as yellow, green, and pink points, respectively. It
can be seen that the gallium with 0.7 wt.% is almost uniformly dispersed on ZSM-5 surface. This
indicates that the interaction between gallium and zeolite are relatively high. It is likely that the
electrostatic charge of the gallium and the zeolite framework constrains the gallium species to
position mostly at the exchangeable sites. However at Si/Al ratio of 500, gallium may be in

excess to the exchangeable sites and some gallium species may be dispersed on other locations,

i.e., silanol or siloxane.
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Figure 4.1 X-ray diffraction patterns of HZSM-5, GaZSM-5 (0.7 wt.%), and ZnZSM-5 (0.7 wt.%)
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4.3.1.6 Temperature programmed H, reduction

TPR of GaZSM-5 shows two broad reduction peaks at about 500, 600°of the
catalysts suggesting that various Ga species are formed after calcining at 500°C (Figure 4.4).
These two peaks are previously observed [7] and assigned to the reduction of finely dispersed
Ga,0, (~500°C) and GaO" ion (~600°C) to Ga' [8,9,10,11]. It can be seen in Figure 4.4 that the
intensity of reduction peak at 600°C increased with a decrease in Si/Al ratio (from 500 to 45).
This suggests that formation of GaO" specie is facilitated when acidity of the catalyst is increased.
Therefore, it is likely that GaO" is formed by reaction of Ga,0, and Bronsted protons of the
zeolite as shown in Eq. (4.18) [12],

Ga,0,+2H —> 2Ga0" + H,0 (4.18)

l As the number of the Bronsted protons increases (low Si/Al), the formation of
G!aO+ would be largely promoted. However, no reduction peak at 600°C is observed for GaZSM-
5 with Si/Al ratio of 28 despite the same Ga contents is incorporated (0.7 wt%). It is suggested
that GaO" might not be present in GaZSM-5 with such high acidity (Si/Al of 28). This is because
the incorporated Ga species may well be inserted into the framework either by (i) reacting with
defect silanol groups or (ii) replacing the dislodged AI” framework after calcination. The
framework Ga species formed would not be easily reduced. Only the finely dispersed Ga, 0,
retained from the insertion can be reduced and that could be observed in a small extent, as
compared to that in other GaZSM-5 samples with high Si/Al ratio. For ZnZSM-5, only single
peak for reduction of Zn'* specie to Zn' metal is expectedly observed at 550°C [13].

As mentioned previously that finely dispersed Ga,0, is reduced to be Ga’
[8,9,10], and such specie would chemisorb H, to form GaI-Iz+ [14,15] in the presence of
continuous flow of H,. As the catalysts are subjected to H, reduction at 550°C, it is likely that the
reduced formed of finely dispersed Ga,0, (Ga' and subsequently changed to GaH;) and GaO"
(retained from reduction at lower temperature than 600°C) are available active sites in the
GaZSM-5 catalysts.

In case of ZnZM-5, the possible active sites are Zn’ formed after H, reduction at

550°C and the retained Zn2+, as reported in the literature [14,16].
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Figure 4.4 TPR of GaZSM-5 (0.7 wt.%) and ZnZSM-5 (0.7 wt.%).

4.3.1.7 Temperature programmed NH, desorption

The acidity and acid strength of HZSM-5 with Si/Al = 28, 45, 180 and 500 are
shown in Figure 4.5. It is found that strong acid sites (Bronsted acid sites) of HZSM-5 is observed
by ammonia desorption peak at 350°C. A decrease of ammonia intensity is obtained when the
Si/Al ratio of the HZSM-5 is increased. This suggests that lower acid sites can be achieved when
using HZSM-5 with high Si/Al ratio. Moreover, a decrease in acid strength is observed from

HZSM-5 with Si/Al = 500. This may be due to the weak interaction between the proton and high

silica framework.
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Figure 4.5 NH,-TPD of HZSM-5 with Si/Al ratio of 28, 45, 180 and 500.
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In Figure 4.6, the acidity and acid strength of HZSM-5 and GaZSM-5 with Si/Al
= 180 are presented. From the previous results, the strong acid sites (Bronsted acid sites) of
HZSM-5 is observed by ammonia desorption peak at 350°C. The calcined GaZSM-5 (at 500°C)
shows a smaller desorption peak at 290°C. This is because H' is partly replaced by GaO' [17,18],
as Ga is loaded in non-excessively stoichiomatric ratio with the Al in the framework. Therefore,
the acidity of the calcined GaZSM-5 is smaller than that of HZSM-5. However, a significant
decrease in Bronsted acid site is observed when the GaZSM-5 is treated with H,. This is due to
the additional formation of GaH," formed from reduction of finely dispersed Ga,0, to Ga” which
subsequently chemisorb H, [19]. The GaH; can exchange with remaining Bronsted protons.

A decrease in acid strength after incorporating Ga of HZSM-5 is likely due to the interaction

between Bronsted acid site and Ga species.

3
=
A ]
=
- \/\w ®
1 €Y
W 200 300 400 500
Temperature (°C)

Figure 4.6 NH,-TPD of GaZSM-5 (0.7 wt.%, Si/Al=180) (a) calcined at 500°C then reduced at

550°C, (b) calcined at 500°C and (c) HZSM-5 (Si/Al = 180).
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4.3.2 Activity testing

4.3.2.1 Conversion of pentanes over HZSM-5

The conversions of n-pentane, isopentane, and cyclopentane over HZSM-5 with
Si/Al ratio of 180 are shown in Figure 4.7. It is expected that isopentane should be the most active
over Bronsted acid sites because branch structure of isopentane would form a relatively more
stable tertiary carbocation, as compared to the secondary carbocation formed from n-pentane and
cyclopentane. Moreover, cyclopentane should be less active than n-pentane, because of its cyclic
structure. However, cyclopentane shows higher conversion (26.5%) than that of isopentane
(12.9%) and n-pentane (10.1%). This is possibly due to restricted pore size of HZSM-5
(5-6 A) which may exclude isopentane (~6 A) and n-pentane (~6-7 A) to diffuse to the internal
Bronsted acid sites. On the other hand, cyclopentane with a smaller kinetic diameter (~4 A) can

readily diffuse and be activated in the pore of HZSM-S.
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Figure 4.7 Conversion of n-pentane, isopentane, and cyclopentane over HZSM-5 (Si/Al = 180,

W/F = 9.52 g h/mol, reaction temperature SOOOC).
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To demonstrate the shape selectivity of catalyst, reaction of n-pentane,
isopentane, and cyclopentane over the larger channel, H-Beta zeolite (6-7 A) is tested as shown in
Figure 4.8. It can be seen that, over H-Beta zeolite, isopentane shows higher conversion than that
of n-pentane and cyclopentane, as expected. This reveals that the observed activity of
HZSM-5 was governed by diffusion of reactant through restricted windows of the catalysts.

It is noted that a relatively high stability is also obtained over HZSM-5
(Si/Al = 180), as shown in Figure 4.7. Small deactivation is observed only at higher time on
stream, presumably due to coke formation on parts of the active sites. In contrast, a rapid
deactivation is obtained over H-Beta zeolite (Figure 4.8). This is because a higher acidity of
H-Beta (Si/Al = 11) can readily promote oligomerization of the products which leads to higher

coke deposit.
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Figure 4.8 Conversion of n-pentane, isopentane, and cyclopentane over H-Beta (Si/Al = 11,

W/F =9.52 g l/mol, reaction temperature 500°C).

Over HZSM-5, the products distribution from n-pentane, isopentane, and
cyclopentane conversion are shown in Table 4.2. These products could be categorized into three
groups, i.e., C;-C,, BTX and C,, aromatics. It can be seen that the most of products formed over
HZSM-5 are C,-C,, i.e., methane (C,), ethane (C,), ethene (C, ), propane (C,), propene (C,),
butane (C,) and butene (C:). It is suggested that cracking is a major reaction over HZSM-5

catalyst (Figure 4.9). Higher C, is observed when branch and cyclic structures are employed as
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feed. This is probably due to the isomerization of the feed before undergo cracking, This reveals

that Bronsted acid site of HZSM-5 promotes cracking of C, irrespective to the feed structure

[20,21]. It can be noticed in Figure 4.9 that, with the same C, reactant, the selectivities of C,-C,

remains unchanged although the catalyst is deactivated by coke formation (different conversion at

different time on stream). This suggests that the remaining active sites (Bronsted acid site)

promote the similar reaction pathway in all pentanes reaction.

Table 4.2 Performance of ZSM-5 catalysts (Si/Al=180) for n-pentane, isopentane and

cyclopentane transformation at 500°C.

Catalyst HZSM-5 GaZSM-5 (0.7 wt.%)
Reactant n-pentane  isopentane cyclopentane | n-pentane  isopentane cyclopentane
Contact time (g h/mol) 952 9.5 9.52 9.52 9.52 9.52
Conversion (%) 10.1 12.9 26.5 29.0 46.8 36.9
Selectivity (mol%) )
C-C, 36.7 333 21.1 29.5 21.7 8.70
C, 56.3 39.8 4.3 42.6 26.9 11.2
C, 0.00 4.48 0.44 18.7 12.5 1.60
C, 4.28 19.0 21.7 5.19 10.5 5.32
C, 2.79 3.47 4.63 2.36 3.65 4.86
C, - - - - 0.57 -
B - - 0.86 0.72 1.61 2.82
C, - - - - 0.09 -
T - - 1.28 0.95 6.45 6.78
G, - - - - - -
X - - 1.77 - 10.2 18.1
C,, aromatics - - 0.96 - 5.83 40.6
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Figure 4.9 The selectivities of C,-C, as a function of (a) n-pentane, (b) isopentane and
(c) cyclopentane conversion over HZSM-5 (Si/Al = 180), W/F = 9.52 g h/mol, reaction

temperature 500°C.
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For all C; reactants, it can be seen in Figure 4.10 that only C,-C, was observed at

low contact time. As the contact time was increased, yield of C,-C, increased almost linearly with

an increase in conversion. Yields of BTX and C,, aromatics were pronounced at higher contact

time, and were gradually increased with the conversion. This suggested that C,-C, was firstly

produced followed by the formation of BTX and C,, aromatics.
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In the mechanistic point of view, n-pentane should be primarily protonated into
two forms of carbonium cations, as shown in Figure 4.11(a). Both intermediate I and II can be
cracked to form C;+C, , C, +C, and C+C,”. However, due to the higher stability of the
intermediate I (from the higher electron density), C, and C, is more pronounced, as compared to
C, +C, and C;+C,” from the intermediate II (Table 4.2). In case of isopentane, it can be
protonated in different three positions, as shown in Figure 4.11(b). Due to the high stability of the
intermediates IV, the C, and Cz- are predominantly found in the cracked products (Table 4.2).
However, C, are also observed li{cely from the hydrogen transfer reaction from the hydrocarbon
lumps. Cyclopentane can be protonated and readily cracked to 1-pentene carbocation and cracked
in a similar manner to n-pentane and/or isopentane (Figure 4.11(c)).

For all C, feeds, the produced C,-C, may well oligomerize to larger
intermediates, so called “aromatics pool” that would be the olefinic mixed with aromatics
hydrocarbons and give BTX and C,, aromatics (methy! substitute benzene) in a manner similar to

that observed in small olefin aromatization [22, 23, 24].
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4.3.2.2 Effect of incorporated gallium species

A higher catalytic activity is obtained when gallium is incorporated as compared
to that of HZSM-5 for all C; reactants (Table 4.2). However, over GaZSM-5, conversion of
isopentane (46.85%) is significantly improved as compared to that of cyclopentane (36.94%) and
n-pentane (28.96%) (Figure 4.12) suggesting that there are additional active sites presumably at
the outer pore of zeolite when gallium is incorporated. Isopentane shows the highest activity
because it can be easily activated. Over GaZSM-5, the conversion of cyclopentane is higher than
n-pentane, as observed in the same series as the reaction over HZSM-5. This suggests that the

shape selectivity of ZSM-5 still plays role on the observed activity.

35 ] .\‘\‘\N\‘_mjl’:manc
30 . A*‘ . cyclopentane

25 A A4 n-pentane

Conversion (%)

r T . — T : r
0 2 4 6 8 10
Time on stream (h)

Figure 4.12 Conversion of n-pentane, isopentane, and cyclopentane over GaZSM-5 0.7 wt.%

(S/Al =180, W/F = 9.52 g h/mol, reaction temperature 500°C).

For all C; feeds, BTX and C,, aromatics are increasingly promoted, as compared
to that over HZSM-5 (Table 4.2). Moreover, different BTX and C,, aromatics selectivities are
observed when different C, structures are employed. In Figure 4.13, it is found that the major C,,
products from n-pentane and isopentane are mostly methyl substituted benzene (ie., 1-methyl-3-
ethylbenzene, 1,2,3-trimethylbenzene, 1,3-dimethyl-2-ethylbenzene, etc.) While, the major C,,
aromatics obtained from cyclopentane conversion are indane derivatives (cyclic C, combined

with benzene ring). These suggest that aromatics from different feed are obtained from different
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reaction pathway. It is noted that all aromatics products would be mainly formed inside the pore

of ZSM-5. The molecular diameter of these products is summarized in APPENDIX C.

(2

LPG PN

Figure 4.13 FID chromatograms of the products found from (a) n-pentane, (b) isopentane, and

(c) cyclopentane conversion over GaZSM-5 0.7 wt.% (Si/Al = 180), reaction temperature 500°C.

In order to validate the reaction pathway, conversion of pentanes over GaZSM-5
with different contact time (W/F) is performed. It can be seen in Figure 4.14(a)-(b) that n-pentane
and isopentane are converted to C,-C, as primary products whereas cyclopentane conversion
gives C,, indane like aromatics at very low contact time (Figure 4.14(c)). As the contact time
increases, BTX and C,, alkyl aromatics are pronounced in case of n-pentane and isopentane feeds

whereas C,-C, and BTX are highly promoted in case of cyclopentane feed.
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Figure 4.14 Effect of contact time for (a) n-pentane, (b) isopentane and (c) cyclopentane

conversion over GaZSM-5 0.7 wt.% (Si/Al = 180), reaction temperature 500°C.
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In the mechanistic point of view, it suggests that n-pentane and isopentane
would be primarily cracked to C,-C, over GaZSM-5. Then, the produced C,-C, would
oligomerize and aromatized to BTX and C,, alkyl aromatics. This seems to be a similar pathway
as observed over HZSM-5, but with a higher activity. The fact that Ga active site (GaH; and
Ga0") possessed dehydrogenation activity [8,9,10,11,12], linear or branch olefins can be readily
promoted and evolved/oligomerized to larger intermediates. Such C; olefinic mixture
(hydrocarbon pool) would possess high extent of branching that further crack to C-C,. AsCC,
is largely produced from the branch hydrocarbon pool, the aromatics pool is proportionally
formed and decomposed to BTX and C,, alkyl aromatics, as observed at higher contact time.

Over GaZSM-5, cyclopentane would be primarily dehydrogenated to
cyclopentene that subsequently oligomerizes to larger intermediate. This hydrocarbon pool would
compose mainly condensed ring so call of cyclic hydrocarbon pool that could be further
decomposed/hydrogenolyzed to C,, aromatics with indane derivatives, as observed in
Figure 4.13. As the contact time increases, the retained C,, indane derivatives could be
dealkylated/cracked into C,-C, and BTX. However, at very high contact time, the C,-C, can be
oligomerized to additionally form aromatics, as mentioned previously.

It is noted that both branch hydrocarbon pool and cyclic hydrocarbon pool can
lead to the coke formation [25] which causes the catalyst deactivation, as observed in Figure 4.12.
From the observed results, the reaction pathway of n-pentane, isopentane, and cyclopentane
conversion over ZSM-5 catalysts can be proposed in Figure 4.15.

The different reaction pathway for aromatics formation over GaZSM-5 catalyst
reveals the effect of feed structure for the hydrocarbon pools and aromatics formation. The cyclic
hydrocarbon pool is easily formed from the cyclic structure of cyclopentane. Whereas, the branch
hydrocarbon pool is relatively difficult to form, as the aromatics are observed as secondary

products.
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In order to verify the different nature of hydrocarbon pool obtained from
different feed, the extract from the used GaZSM-5 is determined by FTIR, as shown in F igure
4.16. The extracts from the catalyst for n-pentane and isopentane conversion show the existence
of C-H bending of two adjacent CH, at 1,362 and 1,377 cm’’. This suggests a high degree of
branching for the hydrocarbon species left in the catalysts. In consistent with the product
selectivity, it is likely that the branch hydrocarbon pool is formed for the #-pentane and
isopentane conversion. Whereas, the extract from the catalyst for cyclopentane conversion shows
only individual C-H bending of CH, at 1,377 cm’. This is likely to be a methyl group that locates

at the terminal chain.

1362 1377
n-pentane
E)
g, isopentane
&
|22}
& \//—’\
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5 \
cyclopentane
1250 1300 1350 1400 1450

Wave number (cm™)

Figure 4.16 FTIR spectrums of the extracted high molecular weight formed from n-pentane,

isopentane and cyclopentane conversion over GaZSM-5 at 500°C.
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The results of the TPD-MS experiment of the used GaZSM-5 catalyst are also
support the existence of different hydrocarbon pools, as shown in Figure 4.17. It can be seen that
mass number of 27 and 42 atomic unit are observed as major products for all used catalyst. As the
branch hydrocarbon pool can be cracked only to small products because it possesses a high
degree of branching, no high molecular weight products are observed from n-pentane and
isopentane catalysts. However, the high molecular weights presumably are the aromatics
fragments (mass number of 75 and 87 atomic unit), are only observed in the used catalyst for
cyclopentane conversion. This suggests a relatively unsaturated structure in the cyclic
hydrocarbon pool that can be cracked to both aromatics and small products (C,-C,). Therefore, it
is likely that the hydrocarbon pool from the cyclopentane conversion is mainly condensed rings,

as suggested earlier.
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Figure 4.17 TPD-MS signals of the high molecular weight formed from n-pentane, isopentane

and cyclopentane conversion over GaZSM-5 at 500°C (desorption temperature at 500°C).
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4.3.2.3 Effect of incorporated zinc species

A higher catalytic activity (51.57%) in cyclopentane conversion is also obtained
when zinc is incorporated, as compared to that of HZSM-5 (26.45%) and GaZSM-5 (36.94%).
This may be due to the highly dehydrogenation activity of Zn active sites (Zn° and Zn™).

In Figure 4.18, it is observed that, for cyclopentane conversion over ZnZSM-5
C,. indane like aromatics is primarily produced at low contact time. As the contact time is
increased, yield of such C,, aromatics is increased and reach a maximum (17 g h/mol). After that
it is gradually reduced together with an increase in C,-C, and BTX yields. These are similar to
that observed over GaZSM-5. Cyclopentane is a precursor for cyclic hydrocarbon pool that can be
decomposed/hydrogenolyzed to C,, indane like aromatics and further dealkylated/cracked into

C,-C, and BTX, as proposed in Figure 4.15(b).
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Figure 4.18 Effect of contact time for cyclopentane conversion over ZnZSM-5 0.7 wt.%

(SVAI = 180), reaction temperature 500°C.

However, a rapid deactivation is obtained from the cyclopentane conversion
over ZnZSM-3, as shown in Figure 4.19. This may be due to either coke formation or the loss of
Zn species during the reaction. The major deactivation presumably comes mainly from the latter
case. The Zn' formed after H, reduction can be readily evaporized from the zeolite framework

[13,26] in the continuous flow of H, at 500°C (reaction condition). In support manner, XRF
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detects a decrease in zinc content of the catalyst from 0.7 wt.% to 0.2 wt.% after the reaction.
This leads to an unrecoverable loss of activity of this catalyst. Hence, no further investigation is
performed for ZnZSM-5.

It can be noted in Figure 4.19 that the selectivities of C,-C,, BTX, and C,,
aromatics remain unchanged although the catalyst is deactivated. This suggests that the rem:ilining

active sites (Zn° and an+) still promote the cyclopentane conversion with the same reaction

pathway.
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Figure 4.19 Cyclopentane transformation performance of ZnZSM-5 0.7 wt.% (Si/Al = 180) with

time on stream, W/F = 9.52 g h/mol, reaction temperature 500°C.
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From the similar behaviors of n-pentane and isopentane over HZSM-5 and
GaZSM-5, isopentane is selected as model feed together with cyclopentane to comparatively
study the effect of Si/Al ratio of catalyst, reaction and reduction temperature, and H, partial

pressure, as discussed below.

4.3.2.4 Effect of Si/Al ratio of the catalyst

Effect of Si/Al ratio of HZSM-5 zeolite is shown in Figure 4.20. Conversion of
isopentane over HZSM-5 (Figure 4.20(a)) give mainly C,-C, that is increased with the aluminium
content. No BTX and C,, alkly aromatics are formed over the catalyst with low aluminium
content. However, these aromatics are pronounced when the aluminium content reach 2.2 mol%
(Si/Al = 45). This observation reveals that isopentane prefers to crack to C,-C, over the acid sites
of HZSM-5. As the acidity is high enough (at Si/Al = 45), the branch hydrocarbon pool can be
additionally formed and further converted to BTX and C,, alkyl aromatics.

In case of cyclopentane (Figure 4.20(b)), C,-C, is a mainly product that is also
increased with the aluminium content. BTX and C,, indane derivatives can be observed despite
the reaction takes place over the low aluminium catalyst. This suggests that the cyclic
hydrocarbon pool which is a source of BTX and C,, indane derivatives can be generated over
relatively low acid sites catalyst. In other word, cyclopentane can be cracked to C,-C, and in
parallel, oligomerized to cyclic hydrocarbon pool over high Si/Al ratio catalyst. As the acid sites
are increased, C,-C, and aromatics are proportionally enhanced. However, at very high acid sites,
cyclic hydrocarbon pool is increasingly formed while cracking of cyclopentane to C,-C, starts to
decline. It seems that site proximity of acid sites plays important role for oligomerization/cracking
selectivities. As high aluminium catalyst is employed, the site proximity is expected; therefore,
the protonated cyclopentane is closely adsorbed and easily oligomerized to the cyclic
hydrocarbon pool. Whereas, over low aluminium catalyst, the protonated cyclopentane is far

away from each other. They would be cracked to C,-C, instead.
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Figure 4.20 Effect of SV/Al ratio of the HZSM-5 on (a) isopentane and (b) cyclopentane
conversion at 500°C, W/F=9.52 g h/mol.
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Effect of Si/Al ratio on selectivity of oligomerization/cracking is more
pronounced over GaZSM-5, as shown in Figure 4.21. The high activity of the catalyst could be
observed when low Si/Al catalyst is employed. This is the effect of Ga active site to promote
dehydrogenation activity. As the olefins are highly formed, the oligomerization to hydrocarbon
pool and aromatics would be facilitated.

As expected, in the case of isopentane conversion (Figure 4.21(a)), cracking of
isopentane to C-C, takes place as well as the formation of the branch hydrocarbon pool (as seen
by BTX and C,, alkyl aromatics yield) despite the reaction is performed over the low aluminium
catalyst. This is because the incorporated Ga can produce olefins which are easily to oligomerize
to the hydrocarbon pool, as mentioned above. Therefore, the aromatics are increasingly observed.
Over high aluminium catalyst, a large number of appropriate Bronsted proton and Ga site
proximity can be proportionally produced. Hence, the branch hydrocarbon pool formation could
be enhanced, while cracking of isopentane to C,-C, is suppressed.

This is more obvious for cyclopentane conversion (Figure 4.21(b)). The cyclic
hydrocarbon pool is largely promoted over GaZSM-5, as the C,, indane derivatives are mainly
formed. This is due to the effect of Ga and site proximity promotes the cyclic hydrocarbon pool

formation, whereas cracking of cyclopentane to C,-C, is also decreased.
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Figure 4.21 Effect of Si/Al ratio of the GaZSM-5 (0.7 wt.%) on (a) isopentane and

(b) cyclopentane conversion at 500°C, W/F=9.52 g h/mol.



The catalytic activity of isopentane and cyclopentane over HZSM-5 and

109

GaZSM-5 relatively to the aluminium content are summarized in Figure 4.22. It can be seen that

the high aluminium catalyst (which promote site proximity) can enhance the hydrocarbon pool

formation, while cracking activity is decreased. This is evidently observed when the Ga is

incorporated, i.e., the hydrocarbon pool is largely promoted as well as the cracking of pentanes to

C,-C, is almost limited.
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Figure 4.22 Summarized the catalytic activity of isopentane and cyclopentane conversion over

HZSM-5 and GaZSM-5 (0.7 wt.%) as function of the aluminium content of zeolite.
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4.3.2.5 Effect of reaction temperature

An effect of reaction temperature on the isopentane and cyclopentane conversion
over GaZSM-5 is shown in Figure 4.23. The isopentane can be cracked or converted to the branch
hydrocarbon pool over GaZSM-5 catalyst. As the temperature is increased (500-600°C), higher
conversion of isopentane is found with an increase in C,-C, and a decrease in BTX and C,, alkyl
aromatics selectivities (Figure 4.23(a)). As mentioned previously, C,-C, may be produced by
cracking from isopentane and/or cracking from the branch hydrocarbon pool. Both can be
typically enhanced when the temperature is increased.

Over GaZSM-5, cyclopentane prefers to oligomerize to cyclic hydrocarbon pool
rather than cracking to C,-C,. As the temperature is increased, (500—550°C), higher cyclopentane
conversion is found (Figure 4.23(b)) with a similar product selectivity. This reveals that all steps
of the reaction are proportionally promoted by increasing temperature. However, a decrease of
C,, indane derivatives with an increase of C,-C, selectivity is observed at 600°C. This is because
the cracking of C,, indane derivatives to C,-C, and BTX is enhanced at this temperature.
Therefore, C,-C, and BTX selectivities are increased but C,, indane derivatives selectivity is

dropped.
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Figure 4.23 Effect of reaction temperature on (a) isopentane and (b) cyclopentane conversion

over GaZSM-5 0.7 wt.% (Si/Al = 180), W/F = 9.52 g h/mol.
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4.3.2.6 Effect of reduction temperature

Figure 4.24 shows the effect of reduction temperature on the catalytic activity of
isopentane and cyclopentane conversion at 500°C. It is found that reduction at 550°C gives the
highest activity as compared to that of the reduction at other temperatures. From TPR (Figure
4.4), Ga,0, would be partially reduced to GaH, ', while GaO" cannot be reduced at 500°C. Hence,
some of Ga** (Ga,0, left after reduction), GaHz+ and GaO" may well be the available active
species after reduction at 500°C. Whereas, the gallium species presented after reduction at
550°C are only GaH,’ (that formed after completely reduction of Ga,0,) and GaO". As the
catalytic activity after reduction at 550°C s higher than that of the reduction at 500°C (Figure
4.24), this reveals that Ga’ from Ga,0, possesses lower activity for pentanes conversion, as
compared to GaH; and GaO" species. After reduction at temperature higher than 600°C, the only
active specie would be GaH, " obtained from the completely reduction of Ga,0, and GaO".

The significant drop in activity would result from lost of GaO" specie after complete reduction.
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Figure 4.24 Effect of reduction temperature on isopentane and cyclopentane conversion over

GaZSM-5 0.7 wt.% (Si/Al = 180), W/F = 9.52 g h/mol, reaction temperature 500°C.
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However, one may expect that the sudden drop in activity may be arised from the loss of surface
area and crystallinity structure when reduction at high temperature. To validate this speculation,
XRD of GaZSM-5 after reduction at various temperatures is measured, as seen in Figure 4.25. It
is shown that the crystallinity of GaZSM-5 does not markedly change when the catalyst is
reduced at high temperature (600-650°C). This reveals that the zeolite structure is remained. A
decrease of catalytic activity obtained after reduction at temperature higher than 550°C is not
noticeably attributed from the destruction of zeolite framework, but likely due to the loss of GaO®

specie as discussed earlier. Accordingly, it is suggests that the catalytic activity of Gao' > GaH,+

> Ga,0,.
Reduction temperature
N o 650°C
-
= T o
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=
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Figure 4.25 XRD patterns of the reduced GaZSM-5 0.7 wt.%, Si/Al = 180.

However, a similar selectivity is obtained despite the GaZSM-5 is reduced at
different temperature (500-550°C). Although the different gallium active sites are employed,
isopentane still prefers to crack to C,-C, (Figure 4.26(a)) whereas cyclopentane still prefers to

oligomerize to the cyclic hydrocarbon pool (Figure 4.26(b)), as discussed previously. This reveals



that the reaction pathway for pentanes conversion over GaZSM-5 depends on the structure of

feed, irrespective to the available gallium active species.
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Figure 4.26 Product selectivities from (a) isopentane and (b) cyclopentane conversion over

GaZSM-5 0.7 wt.% (Si/Al = 180), W/F = 9.52 g h/mol, reaction temperature 500°C.
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4.3.2.7 Effect of H, partial pressure

In Figure 4.27, the different activity is markedly observed when a carrier gas is
changed from H, into He. The higher catalytic activity (37%-48% for isopentane and 32%-48%
for cyclopentane) is observed, with an increase in BTX and C,. aromatics selectivities and a
decrease in C,-C, selectivity, after switching to He stream. The different in catalytic activity and
selectivity suggests the different active sites may be formed in the absence of H,. As mentioned
previously, GaHz+ together with GaO" are available active sites for pentanes transformation under
stream of H,. After switching to He, GaH; would be decomposed to Ga', only GaO' is remained.

Therefore, Ga' and GaO" are the active sites for pentanes conversion in the absence of H, stream.
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Figure 4.27 Catalytic activity of Ga active sites in GaZSM-5 0.7 wt.% (Si/Al = 180) for

(a) isopentane and (b) cyclopentane conversion at 500°C, W/F =9.52 g h/mol.
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The fact that GaH; can be decomposed to Ga' is defined by the temperature
programmed hydrogen evolution (TPHE) of the reduced GaZSM-5, as shown in F igure 4.28. It is
found that H, is desorbed from the catalyst at 100 and 175°C. The observed H, desorption peaks
at low and high temperature may be attributed form the two types of GaHz+ sites which located at

the silanol and at the exchangeable site of the zeolite, respectively.

MS signal (a.u.)

]

' 1 ‘ § M I M T ' i T I
0 100 200 300 400 500 600
Temperature (°C)

-

Figure 4.28 TPHE of GaZSM-5 0.7 wt.% (Si/Al = 180) reduced at 550°C.

It is likely that Ga' (in He) species would possess higher dehydrogenation
activity, as compared to that of GaH; (in H,) species. With high dehydrogenation activity of Ga',
the branch and cyclic hydrocarbon pools are enhanced. Therefore, aromatics are largely formed in
the absence of H, stream (Figure 4.27). The Ga' species can be reversibly recovered to GaH2+ in
the presence of H,. This is seen by switching the carrier gas back to H, and the catalytic activity
become originally as it originates.

The presence of H, in the reaction would not only regulate the available active
Ga species, but also promote the H-transfer to the forming pool leading to a decrease in aromatics
fraction. This proportionally reduces the coke formation and increases catalyst stability.

In supported with this view, TGA (Table 4.3) shows that the coke deposit on the surface is

decreased with H,. When the H, is in excess (100%H, in carrier gas), the lowest coke content is
observed (0.18 and 0.49 wt.% for isopentane and cyclopentane conversion, respectively). At the
same H, partial pressure, it is noted that higher coke formation is observed for the cyclopentane

conversion (0.49 wt.% > 0.18 wt.% and 1.37 wt.% > 0.48 wt.%). This may be due to cyclic
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hydrocarbon pool is hardly cracked/decomposed to smaller products, as compared to the branch

hydrocarbon pool.

Table 4.3 TGA results of GaZSM-5 0.7 wt.% (SV/Al = 180) catalyst left after isopentane and

cyclopentane conversion at 500°C, W/F =9.52 g h/mol.

Reactant %H, in carrier gas Conversion (%) Carbon deposit (wt.%)
isopentane 0 574 048
100 46.8 0.18
cyclopentane 0 46.3 1.37
16 40.1 0.83
i 35 384 0.7
100 37.0 0.49

4.4 Conclusion

The aromatics can be obtained from conversion of n-pentane, isopentane, and
cyclopentane over the shape selective GaZSM-5 and ZnZSM-5 catalysts at 500°C. With the pore
restriction of HZSM-5, the activities are in the order of cyclopentane (26.5%) > isopentane
(12.9%) > n-pentane (10.1%). However, after Ga loading the higher activities are mainly
attributed from the Ga active sites located both outside and inside the pore leading to isopentane
(46.8%) > cyclopentane (36.9%) > n-pentane (29.0%). TPR suggests that, over GaZSM-5, GaO"
and Ga' (subsequently converts by H, adsorption to GaH;) would be the active sites when the
catalyst is reduced at 550°C. With the dehydrogenation activity of GaO" and GaH;, n-pentane
and isopentane are firstly converted to branch hydrocarbon pool that further cracks to C,-C,. The
produced C,-C, can be oligomerized to aromatics pool that further cracks to BTX and C,. alkyl
aromatics. Whereas, cyclopentane is primarily converted to cyclic hydrocarbon pool that further
cracks to C,, indane derivatives. The produced C,, indane derivatives are later dealkelated/
cracked to C,-C, and BTX. In support the existence of the different hydrocarbon pools, FTIR
shows high degree of branching in the extracted product from the used GaZSM-5 for
n-pentane and isopentane conversion. In addition, TPD-MS shows aromatics fragment from the

used GaZSM-5 for cyclopentane conversion.
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Over ZnZSM-5, Zn’ and Zn® would be the active sites for pentanes transformation. Such
catalyst can convert pentanes with the similar pathway, as observed over GaZSM-5. However, the
Zn'is readily evaporated from the zeolite framework leading to an unrecoverable activity of this
catalyst.

The aromatics formation can be improved by lowering the Si/Al ratio of the GaZSM-5
catalyst. This is because the increase in aluminium content would proportion increase an
appropriate Bronsted proton and gallium site proximity. This site proximity can promote
dehydrogenation and oligomerization of pentanes to the designate hydrocarbon pools. As the
hydrocarbon pool formation is facilitated, the aromatics fraction would be proportionally
enhanced.

The higher reaction temperature increases cracking activity. The higher conversion with
an increase of C,-C, selectivity and a decrease of aromatics selectivity is observed when the
reaction is operated at high temperature.

The reduction of GaZSM-5 at 550°C prior activity testing can generate the most active
gallium species, i.e., GaO' and GaH;. The catalytic activity is in the series of GaO' > GaH2+ >
Ga,0,. The product selectivity remains unchanged although the different gallium active sites are
employed. This reveals that the reaction pathway for pentanes conversion over GaZSM-5 depends
on the structure of feed, irrespective to the type of gallium active species.

The lower pentanes conversion is observed in H, stream. The GaO" and Gza.P12+ are acted
as the active site in the presence of H,, but GaO" and Ga" are the active sites in He. This suggests
that the Ga' species possesses higher dehydrogenation activity, as compared to that of GaH;.
Therefore, the lower stability from the higher coke formation is obtained in the reaction with low

H, concentration.
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CHAPTER 5

CONVERSION OF C, HYDROCARBONS
TO CYCLIC OLEFINS

5.1 Introduction

Cyclopentene (C,H,) and cyclopentadiene (C,H,) are versatile synthetic intermediate for
many petrochemical industries. Metathesis of cyclopentene can produce polypentenamer, which
has been used extensively as an elastomer [1]. A selective oxidation of cyclopentene gives the
various products, such as maleic anhydride, phthalic anhydride and valerolactone [2,3]. These
chemicals are widely used to produced polymer and plasticizer. With the acid catalysts, the
reaction of cyclopentene with substituted benzene leads to produce alkylcyclopentylbenzene
which possesses low pour point and high flash point [4]. These properties are of advantage for
using as working fluid in hydraulic system. Over acid catalysts, cyclopenthylphenol can be
produced and extensively tested as disinfectants, antioxidants and light stabilizers for polymers
[5]. In fact, cyclopentadiene can be a source of cyclopentene and vice versa via selective
hydrogenation/dehydrogenation process. Cyclopentadiene can be used as a precursor of some
homogeneous catalysts, i.e. metallocene which are widely used in many pharmaceutical industries
[6]. Chlorination of cyclopentadiene can produce hexachlorocyclopentadiene which is a precursor
of several pesticides, such as aldrin, chlordane, endrin, heptachlor, and endoselfan [7]. These
pesticides are inexpensive; however, the usage is nowadays limited because of the environmental
awareness. In addition to regulatory pressures, these pesticides become less effective owing to
genetic mutations of the targeted insects [8]. Alternatively, Diels-Alder addition reaction has been
employed to convert cyclopentadiene to many valuable products, such as addition of
cyclopentadiene with 1,3-butadiene to produce an adduct that are served as a termonomer in the
production of ethylene-propylene terpolymer elastomers [4]. The Diels-Alder adduct of
cyclopentadiene and maleic anhydride is used for the production of modified polyester resins [9].
Homopolymer of cyclopentadiene have been reported to be used as modifiers for high molecular
polymers as base materials for coatings, adhesives, paper-sizing agents, and printing inks [4].

Dimerization of cyclopentadiene produces dicyclopentadiene which is served as a building block
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for the production of modified hydrocarbon resins. These resins are mixed in the paint to improve
drying rate, gloss, and hardness [4].

Cyclopentene and cyclopentadiene are available from coal tar. Moreover, both cyclic
olefins can be achieved from steam cracking of naphtha and presented in the C; fraction of
pyrolysis gasoline {4]. However, low content of such cyclic olefins is obtained and is insufficient
for industrial demand.

Accordingly, the production of the cyclic olefins from the abundance C, such as
n-pentane, isopentane and cyclopentane becomes attractive. The process including
dehydrogenation and cyclization of acyclic hydrocarbons can be achieved using metal surface
catalyst. Among the metal surface catalyst, the platinum has been reported to possess high
dehydrogenation and cyclization activity for converting varouis paraffinic hydrocarbons to cyclic
molecules, such as n-hexane and cyclohexane to benzene [10], n-heptane to toluene [10], n-octane
to xylene [10]. The platinum surface is able to adsorb hydrogen not only the gas phase hydrogen
but also the hydrogen atom from the hydrocarbon molecules [11]. The C-H dissociative
adsorption of hydrocarbons leads to the formation of the akylidyne intermediates (carbon bond to
metal atom) over the platinum surface [12]. In addition, this specie can be dehydrogenated and
concerted with the enclosure of the hydrocarbon molecule, namely dehydrocyclization. The
hydrocarbon feed with carbon number higher than C; can be readily converted to naphthenic or
aromatics structure, as mentioned earlier. Accordingly, n-pentane, isopentane and cyclopentane
are possibly activated and converted to cyclic olefins.

To obtain higher Pt metal surface, a high surface area support is generally employed.
However, not all the support can be used without exception. To avoid the acidity that can promote
other undesired reactions, i.e., isomerization, oligomerization, aromatization, etc., the inert
support silica (Si0,) is selected. It is expected that, with the lower acidity, platinum metal surface
would only be the actives site for promoting only dehydrocyclization of such pentanes to cyclic
olefins.

In this chapter, the conversion of n-pentane, isopentane and cyclopentane over Pt/SiO, to
cyclopentene and cyclopentadiene is studied. The mechanism of such pentanes reactions is
proposed. The nature of Pt active species responsible to the observed activity is discussed
together with the effect of calcination temperature, contact time, reaction and reduction

temperature, and H, partial pressure.
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5.2 Experimental

The commercial amorphous SiO, obtained from Carlo Erba was calcined at 500°C and
used as a support. The P/SiO, catalyst was prepared by incipient wetness impregnation of SiO,
with an aqueous solution of H,CI(Pt, as previously describe in Chapter 3. The sample was
subsequently dried at room temperature, and then calcined at 300°C, or 500°C for 5 h.

The metal loading was determined by XRF spectrometer (Siemens model SRS3400). The
surface areas (BET) of catalysts were determined by N, adsorption (Autosorb-1). The catalyst
structure and crystallinity are determined by X-ray diffractometer (Siemens model D8). The
morphology was observed by TEM (JEOL model JEM-2010). Temperature programmed
reduction (TPR) and temperature programmed NH,/pyridine desorption experiments were
performed in a quartz micro-reactor. The H, consumption and NH,/pyridine desorption were
recorded by an on-line TCD detector (VICI model TCD2-NIFED). The electronic state of the Pt
and Cl were determined by X-ray absorption near edge structure (XANES) and electron spin
resonance (ESR) spectrometer. XANES measurement was carried out at the beamline BLS of the
Siam Photon Laboratory. Fluorescence mode XAS was performed to obtain Chlorine K-edge
spectra and Platinum M-edge spectra which were calibrated with potassium chloride (edge energy
at 2822 eV) and platinum foil (edge energy at 2122 eV), respectively. ESR was performed using
an X-band JEOL, model JES-RE2X spectrometer (frequency of 8.8-9.6 GHz). The sample
temperature was kept constant at about 77 K. The line position is calibrated with DPPH.

The n-pentane transformation was carried out at 500°C and ambient pressure. Before the
reaction, the catalysts were activated in air (13 ml/min) at corresponding calcination temperature
(300°C and 500°C). After that, the catalysts were reduced by H, (15 ml/min) at 500°C for 2 h.
The temperature was set at 300-650°C, and a saturated vapor of n-pentane (at -5°C), isopentane
(at-5 oC) or cyclopentane (at 3.5°C) was carried by hydrogen/helium (a total flow of 15 ml/min)
through a fixed bed reactor made with a quartz tube (O.D. = 8 mm). The products from the
reaction were analyzed by an on-line gas chromatograph (BUCK Scientific, Model 910) with FID
detector using HP-PLOT column (d) =0.53 mm, L =30 m).

For coke characterization, TPD-MS of the coked catalysts was performed in a quartz
reactor and the coke content was analyzed by TGA (Perkin Elmer model TGA Pryis 1). The

details of each experimental procedure are mentioned thoroughly in Chapter 3.
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5.3 Results and discussion
53.1 Catalyst characterization
5.3.1.1 Elemental analysis
The platinum content in the impregnated Pt/SiO, are determined by an XRF
spectrometer. It is found that the platinum loading is approximately 1 wt.%. Moreover, chlorine is
retained in the catalyst, as observed in Table 5.1. The chlorine content is decreased with an

increase in calcination temperature.

Table 5.1 The elemental analysis and surface area of Pt/SiO, used in this study.

Calcination Pt Cl BET surface area
Catalyst )
temperature (°C) (wt.%) (wt.%) (m'/g)
Si0, (used as support) 500 - - 363
P/SiO, 300* 1.03 0.53 351
Pt/SiO2 500* 1.03 0.20 348

* calcination after Pt loading into the SiO, which is preliminary calcined at 500°C.

5.3.1.2 Surface area

Surface area 6f SiO, and Pt/SiO, catalysts are determined by nitrogen adsorption
technique using Brunauer-Emmet-Teller (BET) as model equation. The calculated surface area
for the Pt/SiO, calcined at 300°C and 500°C is summarized in Table 5.1. All P/SiO, catalysts

possess relatively high surface area (> 300 mzlg).

5.3.1.3 Structure

The diffraction patterns of Pt/SiO, catalysts are determined by XRD technique.
The XRD patterns of SiO, and PUSiO, calcined at 300°C and 500°C are shown in Figure 5.1.
The only broad peak is observed at 20 of 15 to 30 for SiO, suggesting the amorphous structure.
After Pt loading and calcination, the 20 at 39.94 and 46.72 are observed and can be assigned to
(111) and (200) planes of PtO, cluster, respectively [13,14].
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Figure 5.1 XRD patterns of (a) Pt/SiO, calcined at 300°C, (b) PU/SiO, calcined at 500°C, and (c)

SiO, calcined at 500°C.

After reduction at 500°C, it is found that the Pt (111), Pt (200) and Pt (220) are evidently
observed in both P/SiO, catalysts which are calcined at 300°C and 500°C, as shown in Figure
5.2. The higher intensity of Pt (111) of the Pt/SiO, calcined at 500°C is observed, as compared to
that at 300°C. This suggests that larger Pt (111) surface would be obtained from the reduction of

PtO, specie formed by calcination at 500°C.
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Figure 5.2 XRD patterns of (a) Pt/SiO, calcined at 300°C, reduced at 500°C and (b) P/SiO,

calcined at 500°C, reduced at 500°C.

5.3.1.4 Morphology

The catalyst morphology obtained from a transmission electron microscope is
shown in Figure 5.3. It can be seen that the PtO, obtained from calcination at 500°C shows lower
dispersion, as compared to that the PtO, formed after calcination at 300°C. This reveals that the
interaction between PtO, and the SiO, is relatively weak, the PtO_ species can be agglomerated
during the calcination process. As higher calcination temperature is employed, the PtO,

agglomeration is noticeably enhanced [15, 16].
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For all cyclic C;, cyclopentane shows higher content, as compared to that of
cyclopentene and cyclopentadiene. This is because the catalyst also promotes the hydrogenation
of cyclopentene and cyclopentadiene to cyclopentane at operating condition.

However, reduction at 650°C gives the very large Pt metal cluster that gives
lower activity in n-pentane conversion, as compared to that of the reduction at low temperature
(Figure 5.18). This may be due to the loss of surface area from the destruction of Si0, framework,
as observed by BET surface area shown in Figure 5.19. Hence, the available Pt metal surface

would also become lower, as the observed cyclization products are decreased.

5.3.2.4 Effect of H, partial pressure

An effect of H, partial pressure on n-pentane conversion over Pt/SiO, is shown
in Figure 5.20. It is found that as the H, partial pressure is decreased, a lower n-pentane
conversion is obtained. This reveals that the H, is required for the reaction, likely to increase the
electron density of the Pt metal surface by dissociative chemisorption. As the electron density of
the Pt metal surface is enhanced, the adsorption and activation of n-pentane is proportionally
promoted. The H, also plays role for cleaning surface of Pt by reacting/competing with the
adsorbed species to form certain less adsorptive products. This provides available vacant sites for
further adsorption of the coming hydrocarbon feed to be activated on the Pt metal surface. When
H, partial pressure is reduced, the products can retain on the Pt metal surface inhibiting next

adsorption and also react to form secondary products.



152

14+

1 *
124 /

Conversion (%)
(-]

w0 y——’”\_’\'
isopentene

&
& »-
Ey
R
§ 204 cyclopentane
©
7] .
cyclopentadiene
10
cyclopentene
isopentane
0 T
0 20

%H, in carrier gas

Figure 5.20 Effect of H, partial pressure for n-pentane conversion over Pt/SiO, (1wt.%) calcined

at 300°C, WI/F =49.8 g h/mol, reduction/reaction temperature 500°C. (Other products: methane,

ethane, propane, and n-butane ~ 10% and 1-pentene ~ 10%).

However, isopentene, cyclopentene, and cyclopentadiene selectivities are almost
similar. This reveals that isomerization and cyclization are still promoted. It is observed that only
cyclopentane is decreased while C; is increased, as a decreased in H, partial pressure. This is
because the hydrogenation to cyclopentane is suppressed proportionally to the H, partial pressure.
In similar manner, the oligomerization to C; is enhanced because more olefins are formed at low

H, partial pressure.



153

The oligomerization of the olefins can also lead to coke deposited on the Pt
metal surface which causes catalyst deactivation. TGA of the used PUSiO, from the reaction with
the different H, partial pressure (Figure 5.21) shows that higher coke content is obtained when the
H, partial pressure is decreased. It is found that the three weight loss peaks are observed at 60°C,
200°C, and 330°C are observed. The first peak is attributed from water desorption, while the
second and the third peaks may attribute from the desorption of light and hard cokes, respectively.
When the reaction is performed in carrier gas with 100%H,, the only light coke (200°C) is
observed with 1.37 wt.%. As the H, partial pressure is decreased, the higher coke content is
observed particularly for the hard coke (330°C). This is in line with the results in Figure 5.20
that, as the H, partial pressure is decreased, the oligomerized hydrocarbons (i.e., C,) and coke

would be promoted.
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Figure 5.21 TGA (in air) of used P/SiO,,
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The results of the TPD-MS experiment of the used PY/SiO, catalysts (30%H,)
also support the existence of the light and hard coke, as shown in Figure 5.22. It can be seen that
the mass number of 27 and 42 atomic unit are mainly observed from the desorption at 200°C.
This may be the fragment of n-pentane or isopentane which are parts of light coke. When this
catalyst is heated up to 330°C, the mass number at 53, 67, 76 and 88 atomic unit are additionally
detected. This can be attributed to the high molecular weight compound that is decomposed from

the hard coke in the catalyst.
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Figure 5.22 TPD-MS of coke formed over PY/SiO, after n-pentane conversion at 30%H, in carrier

gas.
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5.3.2.5 Effect of feed structure

Since the adsorbed species appear to play significant role on product selectivity,
conversion of isopentane, cyclopentane and n-pentane over Pt/Si0, is comparatively studied in
this section. The reaction is carried out in H, as carrier gas for 4 hours, then H, is replaced by

flow of He to investigate the effect of H, on different feed. The results are shown in Figure 5.23.

H:

A

PRI, S,

—A— cyclopentane
—8— n-pentane
—e— isopentane

Conversion (%)
S8
1

e P,

Time on stream (h)

Figure 5.23 n-pentane, isopentane, and cyclopentane conversion over Pt/SiO, calcined at 300°C,

reduction/reaction temperature SOOOC, W/F =521 g h/mol.

It is found in Figure 5.23 that cyclopentane shows higher conversion (37%), as
compared to that of n-pentane (33%) and isopentane (28%). This is due to the preferential
adsorption of cyclopentane over Pt metal surface. Cyclopentane that possesses the lowest vapor
pressure (250 mmHg @ 20°C) would be easily adsorbed on the Pt surface, as compared to that of
n-pentane (440 mmHg @ 20°C) and isopentane (570 mmHg @ 20°C). After switching the
carrier gas to He, all pentanes conversion is decreased because H, is required to promote the
dissociative adsorption of hydrocarbon on the Pt metal surface and cleaning the surface for the

available active site, as previously discussed. Without H,, it is difficult for pentanes to be
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adsorbed and activated; therefore, the reaction is markedly suppressed. It is noted that the severe
catalyst deactivation is observed due to the coke formation.

The product selectivities of isopentane, cyclopentane and n-pentane conversion
are shown in Figure 5.24. Isopentane (Figure 5.24(a)) is readily dehydrogenated to isopentene
(50%) suggesting that C-H bond breaking is mainly activated for isopentane. Isopentane shows
lower adsorption on the Pt metal surface (Figure 5.23), as compared to that of n-pentane and
cyclopentane. The steric hindrance by branching of isopentane may well retard the C-C bond
activation over Pt surface. Hence, hydrogenolysis, isomerization and cyclization which are
structure sensitive reaction become less facilitated. Only small amount of n-pentane and
hydrogenolyzed product are obtained form isopentane conversion. The slightly observed
cyclopentene (3%) and cyclopentadiene (0.5%) may be attributed form the cyclization of the
n-pentane that can be competitively adsorbed on Pt metal surface. Without branching, the C-C
bond of n-pentane (Figure 5.24(b)) can be easily to activate and isomerization/cyclization can be
promoted as seen by iso and cyclic products yield.

In case of cyclopentane (Figure 5.24(c)), the ring opening (C-C
hydrogenolysis) is the major reaction for converting cyclopentane to n-pentane (45%). As
cyclopentane can highly adsorbed on the Pt metal surface, C-C activation would be proportionally
enhanced. However, C-H activation can be also promoted as seen by dehydrogenated product,
cyclopentene (32%). No cracked products are totally observed because the formed n-pentane may
not able to competitively adsorb over the Pt surface. The observed I-pentene (18%) may well be
produced in parallel with n-pentane from cyclopentane disclosure.

After switching the carrier gas to He, the Cs and C; olefins selectivities from all
pentanes (Figure 5.24(a)-(c)) is increasingly observed with a decrease in all pentanes conversion
(Figure 5.23). This is because the adsorbed products cannot desorb from the Pt metal surface
leading to the formation of secondary products as Cs and high molecular weight product that may
be evolved to coke deposited, as previously observed. Moreover, as the Pt metal surface is fully
adsorbed, less active sites are available for further adsorption and activation. Therefore, all
structure sensitive reaction (hydrogenolysis, isomerization, and cyclization) is inhibited.
However, the structure insensitive reaction, such as dehydrogenation can still be promoted, as

seen by small amount of isopentene, 1-pentene, and cyclopentene.



Selectivity (%)

Selectivity (%)

Selectivity (%)

Figure 5.24 Products from isopentane, cyclopentane, and n-pentane conversion over P/SiO2

Ig) Products from isopentane

H,

.
.
a
.
.
.
.
.
.
.
.
.
.
.
.
.
.

aKremnesanancnnsen

Time on stream (h)

(b) Products from cyclopentanel

Y 3

oo

Time on stream (h)

I (c) Products from n-pentane |

H;

He

P NN NP . S

Time on stream (h)

—s—methane
—e—cthane
—4A—propane
—v— n-butane
—%— isobutane
—3- n-pentane
—o—cyclopentene
—e— isopentene
—e— | -pentene
—+— cyclopentadiene
—o—Cs

—+—a-pentanc
—&—cyclopentene
—e—isopentenc
—e— |-pentene

—#— cyclopentadiene
—o—

~—&—methane
—e—cthane

—4&— propane
—¥—n-butane
—<4—cyclopentane
—p— isopentane
—eo—cyclopentene
—eo— isopentene
—o— |-pentene
—k—cyclopentadienc
—o—C¢

calcined at 300°C, reduction/reaction temperature 500°C, W/F = 521 g h/mol.

157



158

5.4 Conclusion

The cyclic olefins, as cyclopentene and cyclopentadiene can be obtained from n-pentane
conversion over Pt/SiO, catalyst at 500°C. H, Reduction at 500-650°C can produce larger Pt
metal cluster that possesses higher electron density for n-pentane adsorption and cyclization.
Therefore, the cyclic olefins are increasingly obtained with temperature up to 600°C. In addition,
the H, is required in the reaction to promote the electron density of the Pt metal surface.
Moreover, the H, would keep the Pt metal surface clean by facilitating desorption of products.
Without H,, the adsorbed product can further oligomerize to high molecular weight that can be
evolved to coke causing the catalyst deactivation.

TPR and TEM suggest that some of PtO, can be highly embedded into the SiO,
framework after calcination at high temperature (500°C). To obtain high available Pt metal
surface, Pt/SiO, calcined at low temperature (300°C) is employed. However, after calcination and
reduction, some of Cl species can be retained in the catalyst, likely in' the form of PtCl located at
the inter phase between the Pt metal and SiO, support. As Cl is highly retained in the catalyst, an
electron deficient Pt metal surface (acidity) is proportionally obtained. Such acid site promotes
isomerization and hydrogenolysis of n-pentane to other undesirable products. The H, reduction at
high temperature (500-650°C) can lower an amount of such chlorine specie leading to reduce
isomerization and hydrogenolysis activity. Therefore, H, reduction at high temperature (before
reaction) is required.

Cyclization, isomerization, hydrogenolysis and dehydrogenation of n-pentane take place
in parallel. Various products are simultaneously produced. However, hydrogenolysis can be
avoided by keeping the reaction temperature not higher than 500°C. Moreover, the secondarily
hydrogenolysis can be promoted at high reaction temperature (600°C) producing a large number
of ethane and methane.

The feed structure plays important role on the activity and product selectivity. Isopentane
shows lower adsorption over Pt metal surface, as compared to that of n-pentane and cyclopentane.
This leads to low conversion of isopentane. The hydrogenolysis, isomerization and cyclization are
not facilitated because the C-C bond activation of isopentane is retarded by its branch structure.
Instead, the dehydrogenation is the major reaction for converting isopentane to isopentene via C-
H bond activation. Cyclopentane is feasibly adsorbed over Pt metal surface and readily activated.

The C-C bond activation is preferred leading to the ring disclosure creating n-pentane as main
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product. In the absence of H,, all C-C bond activation cannot be taken place. However, only C-H
bond can be activated converting n-pentane, isopentane, and cyclopentane to 1-pentene,

isopentene, and cyclopentene, respectively.
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CHAPTER 6

CONVERSION OF C, TO LIGHT HYDROCARBONS

6.1 Introduction

The Pt metal is highly active for converting various hydrocarbons by the reaction
involving hydrogenation-dehydrogenation, cyclization, isomerization, and hydrogenolysis [1,2].
Among these metal catalyzed reactions, hydrogenolysis is structure sensitive and requires high
activation energy, as compared to others. It is always carried out at temperature higher than
350°C [3]. For hydrogenolysis, the platinum surface is able to adsorb hydrogen [3], not only the
gas phase H, but also the hydrogen atoms of the hydrocarbon molecules. Therefore, the C-H
dissociative adsorption of hydrocarbons, which leads to the formation of the akylidyne
intermediates, would be easily promoted. Such intermediate is further dissociated (C-C bond
breaking) to smaller akylidyne before combining with the surface hydrogen and leaving the
surface as smaller paraffinic hydrocarbons [4,5].

Platinum supported titania, in particular, has been reported to favor C-C bond
hydrogenolysis [4,5]. As a result of calcination or reduction temperature, the strong metal-support
interaction (SMSI) can be enhanced [6,7,8]. The SMSI readily modifies the chemical properties
of the Pt metal cluster and particularly reduces an ability of the Pt metal to absorb hydrogen [9,
10]. Therefore, the hydrogenolysis activity and selectivity of the Pt/'T i0, is largely dependent
upon the heat treatment.

In this chapter, the hydrogenolysis activity of Pt/T i0, is tested using n-pentane,
isopentane, and cyclopentane as modeled feeds. The effect of feed structure on the activity and
selectivity are discussed to validate an ability of PUTiO, for C, conversion. The effect of heat
treatments, i.., calcination and reduction, is examined and discussed. The nature of Pt active
species responsible to the observed activity is shown as well as the effect of contact time, reaction

temperature, and H, partial pressure.



162

6.2 Experimental

The commercial P25 (Degussa) TiO, was used as a support. The PY/T i0, catalyst was
prepared by incipient wetness impregnation of TiO, with an aqueous solution of H,CIPt, as
previously shown in Chapter 3. The sample was subsequently dried at room temperature, and then
calcined at 300°C, and 500°C for 5 h.

The metal loading was determined by XRF spectrometer (Siemens model SRS3400). The
surface areas (BET) of catalysts were determined by N, adsorption (Autosorb-1). The catalyst
structure and crystallinity are determined by an X-ray diffractometer (Siemens model D8). The
morphology was observed by TEM (JEOL model JEM-2010). Temperature programmed
reduction (TPR) and temperature programmed NH,/pyridine desorption experiments were
performed in a quartz micro-reactor. The H, consumption and NH,/pyridine desorption were
recorded by an on-line TCD detector (VICI model TCD2-NIFED). The electronic state of the Pt,
Cl and Ti were determined by X-ray absorption near edge structure (XANES) and electron spin
resonance (ESR) spectrometer. XANES Imeasurement was carried out at the beamline BL8 of the
Siam Photon Laboratory. Fluorescence iode XAS was performed to obtain Chlorine K-edge
spectra and Platinum M-edge spectra which were calibrated with potassium chloride (edge energy
at 2822 eV) and platinum foil (edge energy at 2122 eV), respectively. ESR is performed using an
X-band JEOL, model JES-RE2X spectrometer (frequency of 8.8-9.6 GHz). The sample
temperature is kept constant at about 77 K. The line position is calibrated with DPPH.

The n-pentane transformation was carried out at 300°C and ambient pressure. Before the
reaction, the catalysts were activated in air (13 ml/min) at corresponding calcination temperature
(300°C and 500°C). After that, the catalysts were reduced by H, (15 mV/min) at 300°C for 2 h.
The temperature was set at 300-550°C, and a saturated vapor of n-pentane (at -5 °C), isopentane
(at-5°C) or cyclopentane (at 3.5°C) was carried by hydrogen/helium (a total flow of 15 ml/min)
through a fixed bed reactor made with a quartz tube (O.D. = 8 mm). The products from the
reaction were analyzed by an on-line gas chromatograph (BUCK Scientific, Model 910) with FID
detector using HP-PLOT column (¢ =0.53 mm, L = 30 m).

For coke characterization, TPD-MS of the coked catalysts was performed in a quartz
reactor and the coke content was analyzed by TGA (Perkin Elmer model TGA Pryis 1). The

details of each experimental procedure are mentioned thoroughly in Chapter 3.
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6.3 Results and discussion
6.3.1 Catalyst characterization
6.3.1.1 Elemental analysis
The platinum content in the impregnated Pt/TiO, are determined by an XRF
spectrometer. It is found that the platinum loading is approximately 1 wt.%. Moreover, chlorine is
found to retain in the catalyst, as observed in Table 6.1. The chlorine content is decreased with an

increase in calcination temperature.

Table 6.1 The elemental analysis and surface area of Pt/TiO, used in this study.

Calcination Pt Cl BET surface area
Catalyst 2
temperature (°C) (wt.%) (wt.%) (m'/g)
TiO, - - - 52
PH/TiO, 300 0.98 2.23 50
PUTiO, 500 0.98 1.02 45

6.3.1.2 Surface area

Surface area of TiO, and Pt/TiO, catalysts are determined by nitrogen adsorption
technique using Brunauer-Emmet-Teller (BET) as model equation. The calculated surface area
for the PUTIO, calcined at 300°C and 500°C is also summarized in Table 6.1. All PYT i0,
catalysts possess surface area similar to that of the support (about 50 mZ/g).

6.3.1.3 Structure

The XRD patterns of TiO, and Pt/TiO, calcined at 300°C and 500°C are shown
in Figure 6.1. It is found that each sample exhibites strong sharp peaks of anatase at 25, 38, 48,
54, 55, 63, 69, 70, and 75° [11,12] and rutile at 27, 36 and 42° [13] suggesting the mixture of
such two phases. However, as the catalyst is calcined at higher temperature, a decrease in its
crystallinity is observed. This is presumably because the incorporation of Pt species creates defect
of TiO, support during calcination. No peaks corresponding to the PtO, and other Pt species are
observed in the P/TiO, catalysts suggesting that the small platinum species would be highly

dispersed on the TiO, support.
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Figure 6.1 XRD patterns of TiO, and Pt/TiO, catalysts.

After reduction at 300°C and 500°C, no peaks of metallic Pt are observed
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-‘WJ PY/TiO; calcined 300°C

w PY/TIO; calcined 500°C

(Figure 6.2) despite literatures suggest that Pt metal can be formed [6,9,13]. This suggests that

small Pt metal clusters may well be obtained. In addition, slightly lower crystallinity of the

support, as compared to the fresh support, is also observed after reduction at higher temperature.

This reveals that H, reduction would also promote the defect on the support.
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Figure 6.2 XRD patterns of Pt/T in calcined at 300°C and 500°C, reduced at 300°C and

500°C.
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In Figure 6.5, it is found that the reduction peaks are observed at 170°C and
600°C. The former peak is attributed to the reduction of the PtO, to metallic Pt [13,14] while, the
latter peak is attributed to the reduction of the support (Ti0,) [13,14], as shown by an ESR of the

Ti"" (g = 1.96 [12,15]) obtained when the support is reduced at 600°C (Figure 6.6).

Y, g = 1.96
— (au) |

T T g T T T T T v T
300 310 320 330 340 350 360

H (mT)

Figure 6.6 An ESR signal showing Ti’" obtained from reduction of TiO, at 600°C.

It can be seen in Figure 6.5 that reduction of the PtO, (170°C) obtained from
calcination at 300°C shows higher intensity than that of the calcination at 500°C. This reveals
that the amount of surface PtO_ in the catalyst calcined at 300°C is higher than that of calcined at
500°C. This corresponds to the literatures that the Pt precursor can be decomposed during
calcination to Pt ion, likely Pt specie [7] that can diffuse into the surface of TiO, support
[16,17]. As the catalyst is calcined at higher temperature (SOOOC), Pt species would be
proportionally more embedded [7]. Therefore, the surface PtO, is decreased (as seen by lower H,
consumption at 170°C) when the catalyst is calcined at 500°C. The embedded Pt species may be
reduced at high temperature, as observed as shoulder peak at 700°C (Figure 6.5).

The presence of Pt species also facilitates the reduction of the support [18, 19],
as observed higher reduction peak of support in the Pt/T i0, catalysts (Figure 6.5). This is because
Pt promotes H, spill over on the support. Corresponding to the XRD in Figure 6.2, the defect of

the support is enhanced after the Pt/T i0, is reduced at higher temperature.
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To examine the oxidation state of the Pt species in the catalysts, the Pt/T i0,
calcined at 300°C and 500°C are qualitatively examined by Pt M-edge XANE spectrometry. It is
found from the results shown in Figure 6.7 that the edge energy of the Pt in the catalysts calcined
at 300°C and 500°C are observed at 2128 eV. This number is exactly referred to the edge energy

of the Pt"". Therefore, it is likely that the surface PtO, are located on the TiO, surface.

2128

? (a) PUTiO3 calcined at 300°C
]
1

Derivative intensity (a.u.)

(b) PYTiO; calcined at 500°C

1 ' 1 v L M 1 M 4 1

2100 2120 2140 2160 2180
Energy (eV)

Figure 6.7 Pt M-edge XANE spectra of (a) P/TiO, calcined at 300°C, (b) PYTIO, calcined at
500°C.

6.3.1.6 The retained chlorine species

From the elemental analysis (Table 6.1), chlorine specie was retained in the
PYTi0, after calcination. As the catalyst is calcined at higher temperature, the lower chlorine
content is obtained. This corresponds to the TGA (in air) of the non-calcined PYT i0, shown in
Figure 6.8 that the weight losses presumably from the decomposition of the chlorine species are

observed at 300°C, 560°C, and 650°C.
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Figure 6.8 TGA (in air) of non-calcined Pt/T i0, (1 wt.%).

It has been reported that the Pt precursor (H,PtCl*6H,0) can be decomposed
during calcination to either PtO, or PtCl, species [13,14,20]. The latter is feasible at 25-280°C
[20] (Eq.(6.1)). The PtCl, is further decomposed at 280-350°C to PtCl, [20] (Eq.(6.2)) which can

be degraded at 350-530°C to the Pt metal (Eq.(6.3)).

H,P(Cl;-6H,0 ————% P{Cl,+ 2HCI + 6H,0 6.1)
PCl, ———% P{Cl, + Cl, (6.2)
PICl, ——=<% Pt+Cl, 6.3)

The C1,-TPD-MS experiment in the continuous flow of air of the Pt/TiO,
catalysts are examined, as shown in Figure 6.9. In consistent with TGA, it is found that the Cl,
desorption peaks of the non-calcined P/TiO, are observed at 300°C, 560°C, and 690°C.
Accordingly to Eq.(6.1)-(6.3), the Cl, desorption peaks at 300°C and 560°C (Figure 6.9) are
attributed from the decomposition of PtCl, (Eq.(6.2)) and PtCl, (Eq. (6.3)), respectively. The last
desorption peak at 690°C is presumably attributed from the decomposition of chlorine species

which strongly interacts with the support.
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Figure 6.9 MS signal of Cl, desorption from the oxidation of PtT i0, catalysts.

After calcination at 300°C and 500°C, there is no Cl, desorption peaks at
300°C and 560°C (Figure 6.9) supporting that the H,PtCl,, PtCl,, and PtCl, species can be
decomposed during calcination. However, the chlorine species can be retained in the catalyst [21]
shown as Cl, desorption peak at 690°C. As the catalyst is calcined at higher temperature (SOOOC)
lower content of chlorine species is retained, as compared to that of the calcination at 300°C
(Figure 6.9).

Effect of H, reduction (for creating the Pt metal as active site) on the retained
chlorine content are examined by Cl K-edge XANE spectrometry, as shown in Figure 6.10. It is
found that reduction at higher temperature can also reduce chlorine content in the catalyst
presumably by converting the retained chlorine species ( i.e., platinum-chlorine complex) to the
Pt metal and HC1 [20]. Moreover, the retained chlorine species shows the pre-edge resonance
(Figure 6.10) suggesting that such chlorine specie retained after reduction is located far apart

from each other. Consequently, the chlorine species would be highly dispersed in the catalyst.
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Figure 6.10 CI K-edge XANE spectra of PUTiO, calcined at 300°C and 500°C, reduced at
300°C and 500°C.

6.3.1.7 Acidity of the catalyst

The P/TiO, catalysts calcined at 300-500°C and reduced at 300-500°C are
subjected for pyridine TPD and the results are shown in Figure 6.11. It is found that the pyridine
desorption peaks are observed at 200°C and around 550°C. The former and the latter peaks
would be attributed from the desorption of pyridine on TiO, support and on the acid site created
by the retained chlorine species, likely in the form of PtCl_and/or TiCl,. The Pt/TiO, calcined at
300°C and reduced at 300°C whose possesses the highest chlorine content shows higher acidity,
as compared to that of the others. Therefore, as the high content of the chlorine species are
retained in the catalyst, high acidity would be proportionally obtained. However, with the highly
dispersed chlorine species (Figure 6.10) and highly dispersed Pt metal (Figure 6.4), there would
be the case for the adjacent sites between the chlorine species and Pt metal. Consequently, the Pt

metals presumably behave an electron deficient.
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Figure 6.11 Pyridine-TPD of the Pt/TiO, calcined at 300°C and 500°C, reduced at 300°C and

500°C.

The retained chlorine content is not significantly affected by the timing of

reduction period. In Figure 6.12, it can be seen that the acidity generated by the chlorine species is

almost similar whether the calcined Pt/TiO, is subjected to reduce by H, for 1.5 or 6 hours. This

reveals that after reduction the chlorine species are relatively stable in the catalyst.
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Figure 6.12 Pyridine-TPD of the Pt/T 10, calcined at 300°C, reduced at 300°C for 1.5 hand 6 h.

6.3.2 Activity testing

The catalytic activity of the Pt/T i0, calcined at 300°C and 500°C for n-pentane
hydrogenolysis at 300°C is shown in Table 6.2. It is found that the higher activity (23.93%) for
n-pentane hydrogenolysis is obtained when the PY/T 10, is calcined at 300°C, as compared to that
obtained from the Pt/T i0, calcined at 500°C (1.57%). As mentioned previously, some of Pt
species can be embedded into the support after calcination. With the higher calcination
temperature, the higher content of embedded Pt species is obtained. From TPR (Figure 6.5), the
available surface Pt metal (active site) of the Pt/T 10, calcined at 300°C is relatively high, as
compared to that of the PY/Ti0, calcined at 500°C. Consequently, the PY/TiO, calcined at 300°C
shows higher hydrogenolysis activity, as compared to that of the P/TiO, calcined at 500°C.
However, the same selectivity is observed (Table 6.2) suggesting that the surface Pt metal is still

the active site for converting n-pentane in both cases. It is noted that no activity at 300°C is

observed over bare TiO,.
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Table 6.2 Catalytic activity of Pt/TiO, calcined at 300°C and 500°C for n-pentane

hydrogenolysis at 300°C.

Calcination temperature (°C) 300 500
Reduction temperature °o) 300 300
Reaction temperature (°C) 300 300
Contact time (g h/mol) 271 271
Conversion (%) 239 1.57
Selectivity (%)
methane 25.7 25.5
ethane 224 23.6
propane 224 23.5
n-butane . 28.0 26.1
cyclopentane 0.31 0.30
isopentane 1.17 1.00

It can be seen in the Table 6.2 that the saturated hydrocarbons from C, to C, are observed
as products. Methane, ethane, propane and n-butane (light hydrocarbons) would be formed by
hydrogenolysis. Cyclopentane and isopentane would be formed by cyclization and isomerization,
respectively. The Pt/TiO, shows higher activity for hydrogenolysis, as compared to cyclization
and isomerization.

Effect of reduction temperature is shown in Table 6.3. It is found that Pt'TiO, reduced at
500°C shows lower activity (2.53%), as compared to that of the reduction at 300°C (23.9%). The
lower in activity after reduction at higher temperature (500°C) is not attributed from the
agglomeration of Pt metal (Figure 6.4), i.e., the similar Pt dispersion is obtained whether the
Pt/Ti0, is reduced at 300°C or 500°C. On the other hand, such lower activity may be attributed
from the lower of Pt metal surface due to strong metal support interaction (SMSI) that is normally
taken place after the Pt/TiO, is subjected to reduce at high temperature (~500°C) [22,23]. The
SMESI facilitate the reduction of the support to Ti" [8,10,18] generating film of TiO, covering the

Pt metal surface [18,19]. As the P/TiO, is reduced at higher temperature, the higher content of
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TiO, film is proportionally generated. Therefore, the available Pt metal sites obtained after
reduction at 500°C shows lower content, as compared to that of the reduction at 300°C.

Consequently, its catalytic activity is proportionally reduced, as observed in Table 6.3.

Table 6.3 Effect of reduction temperature of Pt/T i0, calcined at 300°C for n-pentane

hydrogenolysis at 300°C.

Reduction temperature (OC) 300 500

Calciﬁation temperature (°C) 300 300

Reaction temperature (OC) 300 300

Contact time (g h/mol) 271 271

Conversion (%) 23.9 2.53

Selectivity (%)
methane 25.7 6.23
ethane 22.4 6.33
propane 224 6.11
n-butane 28.0 6.09
cyclopentane 0.31 24.5
isopentane 1.17 50.8

The PY/TiO, reduced at 300°C shows a high selectivity to hydrogenolysis products, while
the reaction over Pt/TiO, reduced at 500°C gives isomerized and cyclized products. This reveals
that the different active site is presented after the catalysts are reduced at different temperature.
Reduction at 300°C would create the only Pt metal surface, while reduction at S00°C also creates
the TiO, film covering Pt metal surface, as schematically shown in Figure 6.13. For the latter
case, n-pentane can be readily hydrogenolyzed to light hydrocarbons over the available Pt metal
surface. On the other hand, over the TiO, film which is a Lewis acid, n-pentane can be
isomerized/cyclized to isopentane/cyclopentane. Therefore, it is found that its isopentane/
cyclopentane selectivities is higher than that of the reaction over Pt metal. However,

isomerization/cyclization is slower than hydrogenolysis. The catalyst with high content of TiO,
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film would show low n-pentane conversion. Consequently, the Pt/T i0, reduced at 500°C gives

lower conversion, as compared to that of the PUT i0, reduced at 300°C.

O
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(a) PYTIO; calcined at 300°C, (b) PYTIO; calcined at 300°C,
reduced at 300°C reduced at 500°C

Figure 6.13 Proposed active sites obtained after Pt/T: i0, calcined at 300°C is reduced at

(a) 300°C and (b) 500°C.

From the catalytic activity presented in Table 6.2 and 6.3, the Pt/T 10, calcined at 300°C
and reduced at 300°C is selected for testing hydrogenolysis of n-pentane. The effect of reaction
temperature, contact time, H, partial pressure, and feed structure are examined over this catalyst.

The results are given and discussed as followed.

6.3.2.1 Effect of reaction temperature

An effect of reaction temperature on n-pentane conversion over Pt/T: i0, is shown
in Figure 6.14. It is found that, as the temperature is increased (300-400°C), the higher
conversion of n-pentane is observed. This reveals that higher reaction temperature promotes
hydrogenolysis activity. However, a decrease of n-butane at higher reaction temperature may be
due to secondarily hydrogenolysis of the produced n-butane to methane-propane and/or two

ethanes, as seen by an increase in these product selectivities.



178

100
90 4
80 x
70 -
-~ }
g o
o ]
.S 504
5
g 407
6 1 *
30-: i
20
10
0 T T 1 T L]
—a— methane
35 —e—cthane
] —&— propane
—v— n-butane
304 —<¢—cyclopentane
—»—isopentane
e 54 —e&—cyclopentene
< ] —a— isopentene
4;- 2 —e— |-pentene
= . —&— cyclopentadiene
g T ——Cg¢
< 154
© J
10
5 -
4
0
300 350 400 450 500

Reaction temperature (°C)

Figure 6.14 Effect of reaction temperature for n-pentane conversion over Pt/T i0, (1 wt.%)

calcined at 300°C, W/F = 271 g h/mol.

However, as the reaction temperature is higher than 400°C (Figure 6.14), a
decrease in catalytic activity is observed. This is because the SMSI creates the TiO, covering the
Pt metal surface, as mentioned previously. In consistent with the previous results (Table 6.3), the
isomerization/cyclization selectivities are increased, while hydrogenolysis activity is decreased.
This is because, as the reaction is performed in H, at higher temperature, more TiO, film covering
the Pt metal surface would be generated promoting more isomerized/cyclized products.
Furthermore, the dehydrogenation to C, alkene over Pt metal can be promoted at higher

temperature despite such active site is almost covered by TiO,.
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It is noted that there is no significantly change in surface area of catalyst despite

the reaction is preformed at 500°C (~45 mZ/g) suggesting that a decrease in activity is not mainly

formed by the destruction of support.

6.3.2.2 Effect of contact time

An effect of contact time for n-pentane hydrogenolysis over Pt/T 10, at 300°Cis
shown in Figure 6.15. Over the Pt metal surface, methane, ethane, propane, and n-butane are
observed as main products despite the reaction is performed at low contact time. This reveals that
hydrogenolysis of #-pentane to these products takes place in parallel. As the contact time is
increased, all hydrogenolyzed products is increase with an increase in n-pentane conversion
suggesting that no further reaction of these products is taken place over the catalyst. However,

little of cyclopentane and isopentane are observed due to the slightly TiO, generating at the metal-

support interface.
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Figure 6.15 Effect of contact time for n-pentane hydrogenolysis over Pt/T i0, (1 wt.%) calcined

at 300°C, reduction/reaction temperature at 300°C.

In Figure 6.15, it is found that the yield of methane and n-butane are almost
similar. This is also the case for ethane and propane yield. Therefore, it is likely that these
products are produced from direct mono-molecular cracking of n-pentane. As seen in Figure 6.16,

the product selectivities of methane, ethane, propane and n-butane are almost 25 mol% suggesting
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that such hydrogenolysis of n-pentane over this catalyst is not selective. Therefore, the probability

for n-pentane hydrogenolysis to methane and n-butane is equal to that of producing ethane and

propane.
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Figure 6.16 Product selectivity from n-pentane hydrogenolysis over Pt/T i0, (1wt.%) calcined at

300°C, reduction/reaction temperature at 300°C.

The activation of n-pentane over PY/TiO, catalyst is shown in Figure 6.17. With
the small metal cluster (Figure 6.4) and high electron deficiency (Figure 6.11), the n-pentane
would be dissociatively adsorbed (C-H bond breaking) over the Pt metal in three possible
configurations (I, II, and III). Over limited surface or small Pt cluster, such intermediate would be
readily hydrogenolyzed to smaller akylidyne. The intermediate I can be hydrogenolyzed to ethane
and propane. The intermediate II gives either a similar product as intermediate I, or methane and
n-butane. While, the intermediate III can be only hydrogenolyzed to methane and
n-butane. From Figure 6.17, the probability for producing methane and n-butane is equal to that

for ethane and propane, as previously observed in Figure 6.16.
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6.3.2.3 Effect of H, partial pressure

An effect of H, partial pressure on n-pentane hydrogenolysis over PYTiO, is
shown in Figure 6.18. It is found that as the H, partial is decreased, lower n-pentane conversion is
obtained. This reveals that the H, is required for the reaction, likely to increase the electron
density of the Pt metal by its dissociative chemisorption. As the electron density of the Pt metal

surface is increased, the adsorption and activation of n-pentane would be enhanced.
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Figure 6.18 Effect of H, partial pressure for n-pentane conversion over Pt/T i0, (1wt.%) at
300°C, W/F = 271 g h/mol, reduction/reaction temperature 300°C. (Other products at 0%H, in

carrier gas : isopentene (~40%), 1-pentene (~5%), cyclopentene (~10%), cyclopentadiene

(~10%)).
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As seen in Figure 6.18, the product selectivity is altered from non-selective
hydrogenolysis to more selective ethane-propane hydrogenolysis, when the H, partial pressure is
decreased. This is because the lower H, partial pressure reduces the electron density of the Pt
metal surface. Therefore, adsorption accordingly to the intermediate I configuration, which
possesses the highest electron density is preferred. As the intermediate I is highly promoted,
hydrogenolysis to ethane-propane would be proportionally obtained.

In the absence of H,, all of n-pentane cannot be converted to hydrogenolyzed
products because of no available H atom on the Pt metal surface to combine with the akylidyne
intermediate. However, such intermediate can isomerize to isopentane and cyclopentane, as main
products.

The catalyst stability, when the reaction is performed at different H, partial
pressure, is shown in Figure 6.19.1t is found that full H,, as carrier gas, shows higher stability
than that of others. This is because the H, plays role for cleaning surface of Pt metal by
dissociative chemisorption and reacting with the adsorbed species to form certain less adsorptive
products. This provides available Pt sites for further coming hydrocarbon feed to be activated.
When the H, partial pressure is reduced, the products can be retained on the Pt metal surface and
subsequently oligomerized to the high molecular weight compounds or coke on the surface

causing lower stability, as observed in Figure 6.19.
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Figure 6.19 Conversion of n-pentane over PUTiO, (1 wt.%) at 300°C in various H, partial
pressures (W/F = 271 g h/mol).

In consistent with the observed stability, TGA of the used Pt/T i0, from the

reaction with different H, partial pressure is shown in Figure 6.20. It is found that higher coke
content is obtained when the H, partial pressure is decreased. There are three weight loss at 60°C,
200°C, and 600°C. The first peaks is attributed from water desorption. The second and the third
peaks may attribute from the desorption of the light and hard cokes, respectively. When the
reaction is performed at 100%H, in carrier gas, both cokes can be slightly formed (0.67 wt.%). As
the H, partial pressure is decreased, higher content of such cokes is observed. In the absence of H,
(0%H, in carrier gas), high content of light coke is formed and further oligomerized over Pt metal

surface to higher molecular weight coke. Therefore, it can be desorbed/decomposed at

temperature higher than 200°C.
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Figure 6.20 TGA (in air) of used Pt/TiO,.

The TPD-MS experiment of the used Pt/TiO, catalyst (30% H, in carrier gas) is
examined to speculate the existence of the light and hard cokes. As seen in Figure 6.21, the light
coke which is desorbed at 200°C shows the mass number mainly at 27 and 42 atomic unit. These
may be the fragment of n-pentane or isopentane which are parts of light coke. In consistence with
TGA, desorption at 600°C shows the mass number additionally at 53, 67, 76, 80, and 88 atomic
unit. This attributes to the aromatics fragment that is decomposed from the hard coke in the
catalyst. It is noted that the mass number at 35 and 36 atomic unit found especially from the
desorption at 600°C may be attributed to the desorption of chlorine species retained in the

catalyst.
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Figure 6.21 TPD-MS of coke formed over Pt/TiO, after n-pentane conversion at 30% H, partial

pressure.

6.3.2.4 Effect of feed structure

As known from the previous sections, the Pt/TiO, possesses high activity for
n-pentane hydrogenolysis to light hydrocarbons at 300°C. Other pentane isomers, i.e., isopentane
and cyclopentane are examined in this section to study the effect of feed structure on such
hydrogenolysis. The reaction is performed in H, as carrier gas for 4 hours, then H, is replaced by

flow of He. The results are shown in Figure 6.22.
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Figure 6.22 n-Pentane, isopentane, and cyclopentane conversion over P/TiO, (1 wt.%) calcined

at 300°C, reduction/reaction temperature 300°C, W/F =407 g h/mol.

It is found in Figure 6.22 that cyclopentane shows higher conversion (28%), as
compared to that of n-pentane (11%) and isopentane (0%). This is because cyclopentane can be
highly adsorbed over Pt metal surface. Cyclopentane that possesses the lower vapor pressure (250
mmHg @ 20°C) would be easily adsorbed on the Pt surface, as compared to that of n-pentane
(440 mmHg @ 20°C) and isopentane (570 mmHg @ 20°C). In case of isopentane, it is not able
to adsorb over the Pt metal surface, presumably due to its branch structure that is too steric to be
interacted with the small Pt metal cluster (Figure 6.4). Therefore, no conversion of isopentane is
observed.

After switching the carrier gas to He, both n-pentane and cyclopentane
conversion is markedly decreased. This is because the H, is required to promote the dissociative
adsorption of hydrocarbon on the Pt metal surface and cleaning the surface for the available Pt
metal site. Without H,, pentanes adsorption is not favored. Subsequently, it cannot be activated
and converted to products. Moreover, as the Pt metal cannot be cleaned, the accumulation of the

high molecular weight hydrocarbon would be taken place causing the catalyst deactivation, as

observed in Figure 6.22.
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The product selectivities of cyclopentane and n-pentane conversions are shown
- in Figure 6.23. It is found that cyclopentane is readily hydrogenolized to n-pentane with 100%

selectivity (Figure 6.23(a)). This suggests that the ring opening by C-C hydrogenolysis is mainly
activated for cyclopentane over Pt/T: 10, catalyst. However, the produced n-pentane cannot be
further reacted even if n-pentane can be also hydrogenolyzed over this catalyst to light
hydrocarbons (Figure 6.23(b)). This is because the produced n-pentane cannot be competitively
adsorbed with cyclopentane. As n-pentane is not able to adsorb and be activated, its conversion is
not facilitated.

After switching the carrier gas to He, cyclopentane is mainly converted to
cyclopentene, while n-pentane is mainly converted to C; olefins (isopentene, 1-pentene,
cyclopentene, and cyclopentadiene). Tl.lis cbrresponds to the proposed reaction pathway in Figure
6.17 that C-H dissociation is the primary step to create the akylidyne intermediate. The
hydrogenolysis of such intermediate is not facilitated in the absence of H, due to no available H
atom to combine and release out as hydrogenolyzed products. This leads to coke formation, as
mentioned previously. Moreover, for hydrogenolysis which is a structure sensitive reaction, such
coke can retard the C-C bond activation and further decrease hydrogenolysis activity. However,
the structure insensitive reaction, such as dehydrogenation (C-H activation) can still be promoted,

as observed by small amount of C; olefins.
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Figure 6.23 Products from (a) cyclopentane and (b) n-pentane conversion over Pt/TiO, (1 wt.%)

calcined at 300°C, reduction/reaction temperature 300°C, W/F =407 g h/mol.
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6.4 Conclusion

The PYTiO, catalyst shows high hydrogenolysis activity for converting n-pentane to light
hydrocarbons (methane, ethane, propane and n-butane) at 300°C. By impregnation method, Pt
species are highly dispersed over TiO, support causing small metal cluster after reduction. The H,
is required in the reaction to promote the electron density of the Pt metal surface and keep the Pt
metal surface to be clean by facilitating desorption of products. With the small metal surface, the
C-C rearrangement reactions (isomerization and cyclization) are not facilitated.

Some of platinum ions can diffuse into the TiO, framework after calcination at high
temperature (SOOOC). To obtain high available Pt metal surface, Pt/T' i0, calcined at low
temperature (300°C) is employed. However, after reduction or reaction (in H,) at high
temperature (SOOOC), the strong metal support interaction (SMSI) facilitates the formation of
TiO, film covering the Pt metal surface leading to the lower in hydrogenolysis activity. Therefore,
H, reduction and the hydrogenolysis reaction must be also performed at low temperature
(300°C). Nevertheless, the TiOx film can promote isomerization and cyclization of n-pentane but
its activity is lower than that of the hydrogenolysis activity of Pt metal surface.

The chlorine species can be retained in the catalyst, especially the Pt/TiO, calcined and
reduced at low temperature (300°C). Such species would make the Pt metal surface to be an
electron deficient (possesses acidity). Over this catalyst, non-selective hydrogenolysis of
n-pentane is promoted. However, the lower in H, concentration can improve the ethane and
propane selectivity because their intermediate can be more stabilized.

The feed structure plays important role on the activity and product selectivity. Isopentane
with its branch structure cannot adsorb over the small Pt metal surface. No conversion of
isopentane is observed at the condition studied. In contrast, cyclopentane can highly adsorbed and
be hydrogenolyzed to n-pentane. The n-pentane product cannot competitively adsorb with
cyclopentane; therefore its further reaction is not facilitated. In the absence of H,, the C-C
activation is prohibited but the C-H activation can be promoted converting n-pentane and

cyclopentane to 1-pentene and cyclopentene, respectively.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS

7.1 Conclusions

This thesis has studied the conversion of C hydrocarbons, i.e., n-pentane, cyclopentane,
and isopentane. Using a particular designated catalyst, such C; are readily converted to desired
products. Over GaZSM-5 and ZnZSM-5, pentanes can be catalyzed to aromatics (CHAPTER 4).
Over Pt/Si0O,, pentanes can be cyclized to cyclic olefins (CHAPTER 5). Over Pt/T iO,, pentanes
can be hydrogenolyzed to light hydrocarbons (CHAPTER 6). This section would summarize the
results obtained from each chapter as follow:

In CHAPTER 4, the aromatics can be obtained over the shape selective GaZSM-5 and
ZnZSM-5 catalysts at 500°C. With the pore restriction of HZSM-5, the activities are in the order
of cyclopentane (26%) > isopentane (13%) > n-pentane (10%). However, after Ga loading by
impregnation, the higher activity are obtained from the Ga active sites (GaO~ and GaH;) which
are located outside and inside the pore leading to isopentane (47%) > cyclopentane (37%) >
n-pentane (29%). With the dehydrogenation activity of GaO” and GaH;, n-pentane and
isopentane are primarily converted to branch hydrocarbon pool that is cracked to C,-C,. The
formed C,-C, are oligomerized to aromatics pool that are further cracked to BTX and C,, alkyl
aromatics. While, cyclopentane is primarily converted to cyclic hydrocarbon pool that is further
cracked to C,, indane derivatives. The formed C,, indane derivatives are further cracked to C,-C,
and BTX. Over ZnZSM-5, the reaction path way seems to be similar as over GaZSM-5 but the
loss of active site by evaporation is likely observed. The aromatics formation can be improved by
lowering the Si/Al ratio of the catalyst. However, the aromatics are decreased when the reaction is
operated at high temperature. Moreover, reduction of GaZSM-5 at 550°C creates the most active
gallium specie, i.e., GaO'" and GaH;. The product selectivity remains unchanged although the
different gallium active sites are employed suggesting that the reaction pathway over GaZSM-5
depends on the structure of C, irrespective to the type of gallium species. In addition, higher coke
formation is obtained in the reaction with low H, concentration.

In CHAPTER 5, the cyclic olefins, i.e., cyclopentene and cyclopentadiene can be
obtained from n-pentane conversion over Pt/SiO, catalyst at 500°C. Larger Pt metal cluster

obtained from H, reduction at 500-650°C promotes n-pentane adsorption and cyclization. The H,
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is required to enhance the electron density of the Pt metal surface. Moreover, the H, also keeps
the Pt metal surface clean by facilitating desorption of products. To obtain high available Pt metal
surface, the Pt/SiO, catalyst would be calcined at low temperature (300°C). This is because some
of PtO, can be embedded into the SiO, framework after calcination at high temperature. However,
after calcination and reduction some of chlorine species can be retained in the catalyst leading the
Pt metal surface to be an electron deficient and possess acidity. This acid site promotes undesired
reactions, such as isomerization and hydrogenolysis. Nevertheless, the chlorine species can be
decreased by reduction at higher temperature causing the suppression of any undesired reactions.
In the mechanistic point of view, cyclization, isomerization, hydrogenolysis, and dehydrogenation
of n-pentane take place in parallel. However, the hydrogenolysis can be avoided by keeping the
reaction temperature not higher than 500°C. The feed structure plays important role on the
activity and product selectivity. Isopentane shows lower adsorption over Pt metal surface, as
compared to that of n-pentane and cyclopentane leading to low conversion of isopentane: The
hydrogenolysis, isomerization and cyclization are not facilitated because the C-C bond activation
of isopentane is retarded by its branch structure. However, the dehydrogenation is the major
reaction for converting isopentane to isopentene via C-H bond activation. Cyclopentane is
feasibly adsorbed over Pt metal surface. The C-C bond activation is preferred leading to the ring
disclosure creating n-pentane as main product. In the absence of H,, all C-C bond activation
cannot be taken place. However, only C-H bond can be activated converting n-pentane,
isopentane, and cyclopentane to 1-pentene, isopentene, and cyclopentene, respectively.

In CHAPTER 6, hydrogenolysis of n-pentane to light hydrocarbon is a model reaction to
test the hydrogenolysis activity of PTiO,. By impregnation, Pt species are highly dispersed over
TiO, support causing small metal cluster after reduction. With the small metal surface, the
Pt/TiO, shows high hydrogenolysis activity at 300°C. In addition, the H, is required in the
reaction to promote the electron density of the Pt metal surface and keep the Pt metal surface to
be clean by facilitating desorption of products. It is found that some of platinum ions can diffuse
into the TiO, framework after calcination at high temperature (500°C). Therefore‘, to obtain high
available Pt metal surface, Pt/T: i0, calcined at low temperature (300°C) is employed. However,
after reduction or reaction (in H,) at high temperature (500°C), the strong metal support
interaction (SMSI) facilitates the formation of TiO, film covering the Pt metal surface leading to

the lower in hydrogenolysis activity. In addition, the chlorine species can be retained in the
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catalyst, especially the Pt/TiO, calcined and reduced at low temperature (300°C). Such species
would make the Pt metal surface to be an electron deficient. Over this catalyst, non-selective
hydrogenolysis of n-pentane is promoted. However, the lower in H, concentration can improve
the ethane and propane selectivity because their high stable intermediate can be facilitated. The
activity and product selectivity are affected by the feed structure of C,. Isopentane with its branch
structure cannot adsorb over the small Pt metal surface. No conversion of isopentane is observed.
In contrast, cyclopentane can highly adsorbed and be hydrogenolyzed to n-pentane. The n-
pentane product cannot competitively adsorb with cyclopentane; therefore its further reaction is
not facilitated. In the absence of H,, the C-C activation is prohibited but the

C-H activation can be promoted converting n-pentane and cyclopentane to 1-pentene and

cyclopentene, respectively.

7.2 Suggestions

7.2.1 In this thesis, the continuous flow experiment is performed to obtain the catalytic
activity of the catalyst. However, the pulse experiment should be incorporated. With the accurate
feed content in each pulse, the initial conversion over the fresh catalyst and the turnover number
are obtained. Moreover, the transient behavior of the active sites can be studied using this
technique.

7.2.2 Despite the flow experiment has attempted to determined the catalytic activity of
the active sites, there is lack of in situ studied. This system can exhibit their local catalytic activity
and a true active species may well be revealed. Thus, an in situ investigation of the nature of
metal species obtained at different temperature treatments (calcination and reduction) should be
studied using XPS and/or EXAFS techniques.

7.2.3 With the feed structure that can effect to the reaction pathway, other hydrocarbon
feeds, i.e., alkyl cyclopentane, larger linear and cyclic alkanes should be examined to generalize
the aromatization, cyclization and hydrogenolysis over the catalysts.

7.2.4 The biomass conversion to valuable hydrocarbons can be presumably applied using
the specified catalysts. The Pt/TiO, may well be suitable for elimination of oxygenated function
by C=O0 or C-O- hydrogenolysis to give the petrochemical grade paraffinic hydrocarbons. The
aromatics and cyclic olefins can be further obtained from aromatization and cyclization of such

hydrocarbons over the GaZSM-5 and Pt/SiO, catalysts, respectively.
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APPENDIX A
EXPLOSIVE LIMITS IN AIR
Lower Explosive Limit (LEL): The lowest concentration (percentage) of a gas or a vapor in air
capable of producing a flash of fire in presence of an ignition source (arc, flame, heat). Ata
concentration in air below the LEL there is not enough fuel to continue an explosion.
Upper Explosive Limit (UEL): The Highest concentration (percentage) of a gas or a vapor in air
capable of producing a flash of fire in presence of an ignition source (arc, flame, heat).

Concentration higher than UEL are "too rich" to burn.

Table Al Explosive limit of pentanes in air.

Name Toociog CF) Toouing CF)  LEL (vol%)  UEL (vol.%)
n-Pentane -201.51 96.93 1.4 7.8
Isopentane -255.82 82.11 1.4 7.6

Cyclopentane -136.91 120.65 1.4 9.4

Source: Carl L. Yaws, 1997. “Handbook of Chemical Compound Data for Process Safety.”

Elsevier Science & Technology Books.
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APPENDIX B

Standard X-ray diffraction pattern of ZSM-5 zeolite
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Figure B1 Standard X-ray diffraction pattern of ZSM-5

Source: http://izasc-mirror.la.asu.edu/cgi-bin/collectionl.py
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APPENDIX C

MOLECULAR DIAMETER OF SOME HYDROCARBONS

Table C1 Molecular diameter of some hydrocarbons.

Diameter
Name Structure . .
(AXA)
n-Pentane 6.92 X 3.07
Isopentane 5.63 X 3.17
Cyclopentane 426 X 4.26
!
Benzene 496 X 4.96
Toluene 5.88 X 4.29
m-Xylene 6.64 X 495
p-Xylene 6.95 X 4.29
Ethylbenzene 6.16 X 4.29




Diameter
Name Structure . .
(AXA)
1-ethyl-3-methyl-

6.88 X 5.50

Benzene

1,2,3-trimethyl-

6.75 X 5.41

Benzene

2-ethyl-1,3-dimethyl-

6.81 X 6.75

Benzene

2,3-dihydro-4-methyl-

6.72 X 5.92

1H-Indene

1,2,3,4-tetrahydro-
7.25 X494
Naphthalene

Naphthalene 6.75 X 4.98
1-methyl-Indane 7.33 X 5.46
Indane 6.73 X 4.99

200
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Note: These molecular diameters are derived from the optimized structure using the density
functional theory B3LYP calculation with 6-3 1G(d,p) basis set. All atoms in the model are
allowed to fully relax and the calculations are performed by using the Gaussian 03 program. The
details of the program are written in Frisch, M. J. T., G. W., Schlegel, H. B., Scuseria, G. E.,
Robb, M. A., Cheeseman, J. R., Montgomery, 1. A, Jr., Vreven, T., Kudin, K. N., Burant, J.C,
Millam, J. M., Iyengar, S. S., Tomasi, J., Barone, V., Mennucci, B., Cossi, M., Scalmani, G.,
Rega, N., Petersson, G. A, Nakatsuji, H., Hada, M., Ehara, M., Toyota, K., Fukuda, R.,
Hasegawa, J., Ishida, M., Nakajima, T., Honda, Y., Kitao, 0., Nakai, H., Klene, M., Li, X., Knox,
J. E., Hratchian, H. P., Cross, J. B., Adamo, C., Jaramillo, J., Gomperts, R., Stratmann, R.E,
Yazyev, O., Austin, A. J., Cammi, R., Pomelli, C., Ochterski, J. W., Ayala, P. Y., Morokuma, K,
Voth, G. A., Salvador, P., Dannenberg, J. J., Zakrzewski, V. G., Dapprich, S., Daniels, A. D.,
Strain, M. C., Farkas, O., Malick, D. K., Rabuck, A. D., Raghavachari, K., Foresman, J. B., Ortiz,
J. V., Cui, Q., Baboul, A. G,, Clifford, S., Cioslowski, J., Stefanov, B. B., Liu, G., Liashenko, A.,
Piskorz, P., Komaromi, I., Martin, R. L., Fox, D. 1., Keith, T., Al-Laham, M. A., Peng,C. Y.,
Nanayakkara, A., Challacombe, M., Gill, P. M. W., Johnson, B., Chen, W., Wong, M. W,

Gonzalez, C., Pople, J.A. 2004. Gaussian 03, reVision E.01, Gaussian, Inc.: Wallingford, CT.
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