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: Ethylbenzene disproportionation and ethylation over zeolite based
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The disproportionation and ethylation of ethylbenzene has been studied over
medium and large pore zeolite based catalysts in a fluidized-bed reactor. Focused is made
on the effects of zeolites pore structure and acidity on activity, selectivity and reaction
kinetics of EB disproportionation and ethylation. In this regard ZSM-5 with various Si/Al
ratio and mordenite are selected as a medium and as large pore zeolites, respectively. The
EB ethylation experiments are conducted using 1:1 EB to ethanol molar ratio and at
various temperature levels and different contact times. The product analysis shows that
diethylbenzene (DEB) is the main product. However, the large pore size mordenite
catalyst also produces a small amount of triethylbenzene. Among the five HZSM-5
catalysts, the sample with SiO2/Al2O3= 80 gives highest EB conversion and is more
selective to DEB although the p-DEB/m-DEB for the catalysts are comparable with other
samples. Phenomenological based kinetics models are developed based on the
experimental conversion and selectivity data for EB ethylation. The LangmuirHinshelwood mechanism with surface reaction control is considered for both the medium
and large pore zeolites. The analysis of the developed model suggests that a LangmuirHinshelwood mechanism with weakly adsorbed EB and strongly adsorbed ethanol and
product DEB fits the experimental data adequately. The kinetic analysis also shows that
the modenite requires significantly low activation energy (45.2 kJ/mol) as compared to
the ZSM-5 zeolite (112 kJ/mol). On the contrary, the estimated enthalpy of adsorption of
product DEB on mordenite (85.3 kJ/mol) is significantly higher than the value on the
ZSM-5 sample (67.7 kJ/mol). The enthalpy of adsorption of ethanol is found to be 32.4
and 52.4 kJ/mole on mordenite and ZSM-5 samples, respectively. In EB ethylation, the
HZSM-5 catalyst with SiO2/Al2O3= 80 requires lowest amount of activation energy
compare to other ZSM-5 samples; which is reflected in higher DEB selectivity of this
catalyst.
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ملخص الرسالة
االسم الكامل :مجاهد سيف الدين إدريس عثمان
عنوان الرسالة :تفاعالت اإليثيل بنزين عن طريق ال ( )disproportionationوال ( )ethylationبإستخدام
محفز الزيواليت :أثر بنية وحموضة الزيواليت.
التخصص :الهندسة الكيميائية
تاريخ الدرجة العلمية :أكتوبر 3102
يختص هذا البحث بدراسة تفاعالت اإليثيل بنزيي عز يقيز ال ( )disproportionationوال ()ethylation
بإستخدام الييواليت المحفي متوسط وكبيق المسام وذلك بإستخدام المفاعل المتطايق .تم التقكيي على دراسة آثزار مسزام
الييواليت و الحموضية على النشاي واالنتقائية وحقكيزة تفزاعالت ال ( )disproportionationوال (.)ethylation
لهزززذا الشزززإس تزززم لسزززتخدام المحفزززي ( )ZSM-5ذو نسزززخ مختلفزززة مززز السزززيلياات وا لومينزززات ( )Si/Alوالمحفزززي
( )mordeniteحيث يمثالس محفيي بمسامية متوسطة واخق بمسامية كبيقة .تفاعل الالة اإليثيزل بنزيي مزا اإليثزانول
تمت بإستخدام موال واحد م اإليثيل بنيي مقابل كزل مزول مز اإليثزانول ورزف مزقوف مختلفزة مز درازات الحزقارة
واليم  .تحليل المنتجات أمهقت أس الدي ليثيل بنيي هو المنتج القئيسف  .ولا لستخدام المحفي ذو المسامية الابيقة
أنتج أيضاً التقاي ليثيل بنيي كمنزتج ازانبف .العينزة التزف تحزوي نسزبة سزيلياات للزى ا لومينزات

 08أمهزقت أعلزى

نسبة تحويل لإليثيل بنزيي كمزا أنهزا ذات لنتقائيزة عاليزة للزداي ليثيزل بنزيي  .تزم تطزويق نمزوذس مفرزل لدراسزة حقكيزة
التفاعزززل مززز خزززالل التجزززار المنتقزززاة مززز المفاعزززل سيزززد الدراسزززة .تزززم لعتبزززار مياانيازززة التفاعزززل بإسزززتخدام نمزززوذس
( ) Langmuir-Hinshelwoodما رقضية حاكمية التفاعزل السزطحف لازل المحفزيات المسزتخدمة رزف هزذا الدراسزة.
مز التحاليززل والنمززوذس المطززور أستززق نمززوذس ( )Langmuir-Hinshelwoodلياززوس هززو ا كثززق مالئمززة مززا نتززائج
التجززار حيززث تبززي ضززع

لمترززاز اإلثيززل بنززيي و سززوة لمترززاز اإليثززانول والززداي لثيززل بنززيي علززى سززط

المحفيات .تحليل حقكية التفاعل أمهزقت أيضزا ً أس أمهزقت أس سيمزة ياسزة التفاعزل بإسزتخدام المحفزي ()mordenite
هززف أسززل مقارنززة مززا المحفززي ( .) ZSM-5رززف المقابززل سيمززة لنثززالبف اإلمترززاز للززداي لثيززل بنززيي علززى المحفززي
( )mordeniteأكبززق باثيززق مقارنززة مززا القيمززة المقززدرة علززى المحفززي  .))ZSM-5لنثززالبف اإلمترززاز لإليثززانول واززد
يسززاوي ( )and 52.4 kJ/mole 4..3علززى المحفززيات ( )mordeniteو ( )ZSM-5بالتقتيززخ .رززف تفاعززل ألالززة
xvi

اإليثيل بنيي ما اإليثانول واد أس المحفي الذي يحوي نسبة سزيلياات للزى ا لومينزات

 08يتطلزخ أسزل ياسزة تفاعزل

والتف لنعاست رف اإلنتقائية العالية للدي ليثيل بنيي بإستخدام هذا المحفي .وبالتالف المحفي الذي يحوي نسزبة سزيلياات
للى ا لومينات

 08يبدو أنه ا كثق كفائة لنشايه ولنتقائيته ا على للداي ليثيل بنيي .
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1 CHAPTER 1

INTRODUCTION
1.1.

Background

Alkylation, transalkylation, isomerization, and disproportionation are important
processes for the synthesis and the interconversion of alkylbenzenes. The chemical
reactions involved in these processes are catalyzed by acids. During the past three
decades, the main innovation in this field has been represented by the introduction of new
zeolite catalysts with the aim to improve the overall selectivity of the processes and to
comply with the requirements of the more stringent environmental legislation. Aromatics,
together with light olefins, are the most important building blocks on which a vast
petrochemical and organic chemical industry is based. They are

important

raw

materials for many commodity petrochemicals and valuable fine chemicals such as
monomers for polyesters, polyamides, and engineering plastics and intermediates for
detergents, pharmaceuticals, agricultural products, and explosives [1].
Alkylation of aromatics, an important acidic catalytic reaction, has gained a
tremendous interest in the petrochemical industry. High value common alkylaromatics
products such as diethylbenzene, xylenes, cumene, cymene and isopropyltoluene are
produced by catalytic alkylation of aromatics. Among these alkylaromatics para isomer
of diethylbenzene (p-DEB) is an important starting material for chemical and
petrochemical industries. It is commonly utilized as monomer for the production of ion
1

exchange resin and viscosity modifiers for lubricating oil [2]. A significant amount of the
produced p-DEB goes in producing divinylbenzene (DVB), an intermediate used as a
cross-linking agent in the manufacture of certain plastics [3]. p-DEB is employed as a
desorbent in UOP para-ex and IFP-eluxyl desorption processes [2,4]. It also works as an
additive in industrial heat transfer fluids. Accounting for all the after mentioned
applications, there is a constant demand for the routine make-up requirements of existing
operating units, with estimated consumption of 8000 tons/year. In addition, there are
requirements for new loads of p-DEB for grass root units, with estimated demand of
around 4000 tons/year. Therefore, the current worldwide demand for p-DEB is estimated
to 12000 tons per years, which is expected to grow further [3]. With the present market
prices of $4000/per metric ton, the annual sales volume is approximately around US$ 48
million dollars [3]. Considering the attractive price and increasing demand, in recent
years there are significant initiatives to increase the p-DEB productions.

2

1.2.

Diethylbenzene production

Conventionally, p-DEB is produced by reduction of diacetophenone. The other
alternative routes are, disproportionation of ethylbenzene (EB) and/or alkylation of EB
with ethanol, ethylene, or ethyl chloride [2, 4, 6] according to the following reactions:
Disproportionation of ethylbenzene:

Alkylation of ethylbenzene with ethanol:

One can see from the above alternative routes; alkylation of each mole of EB
gives one mole of DEB while the disproportionation of EB requires two moles of EB to
produce one mole of DEB. Also, disproportionation gives one mole of benzene per mole
of DEB produced. Therefore, the alkylation with an appropriate agent appears to be more
preferable. Among the after mentioned alkylation agents, ethanol is considered to be the
most economical due to its ample availability and relatively cheaper prices. From the
technical view point, ethanol is also desirable given that the water produced during
3

alkylation with ethanol helps suppressing the coke formation, resulting sustained catalyst
activity for longer period of time. To apprehend the advantages of EB alkylation with
ethanol there are significant research initiatives have been under taken around the world
to develop industrial scale EB alkylation technology.
A schematic flow diagram depicted in Fig. 1.1 for p-DEB selectivation process
using modified ZSM-5 by Si-CVD surface silylation method was successfully
commercialized by TSMC (Taiwan Styrene Monomer) in 1988. The commercial plant
that produced p-DEB with 96% purity began its operation in 1990 with an annual
production capacity of ca. 4000 tons/year. Recently, TSMC further upgraded their p-DEB
production purity to 99%; representative analysis resulted into two commercial grade
products. The TSMC process has a cycle length of over six months and its catalyst is
fully regenerable [3].

4

Figure. 1.1 Schematic flow diagram for p-DEB selectivation process
Recently, a few p-DEB processes utilizing the selective EB ethylation reaction
scheme have also been developed. For example, Halgeri et al. [7] reported a new process
that was developed by Indian Petrochemical, which utilized a modified ZSM-5 catalyst.
The fully regenerable catalyst has a cycle length of over four months and the p-DEB
purity increased with day-on-stream from 96% up to 99% at the end of cycle. The profile
of the process is presented in Table 1.1.

Table. 1.1 p-DEB manfucturing process by Indian Petrochemical [7]
5

1.3.

Scope and objectives of the thesis

The main objectives of this work are explained in the following sections.

1.3.1 Initiation of a novel fluidized bed process for ethylbenzene ethylation
and disproportionation
The main objective of this work is to initiate a fluidized bed process for ethylbenzene
ethylation and disproportionation to produce diethylbenzene over fluidizable zeolite
based catalysts using short reaction times. It is expected that the use of short contact
times can restrict undesirable secondary reactions like further diethylbenzene ethylation
and ethylbenzene cracking. In addition, it is believed that the use of short contact times as
a means of increasing the yield of diethylbenzene and the proportion of paradiethylbenzene (measured by P/O and P/M ratios) in the reaction product can serve as a
suitable alternative to repeated catalyst modification. Experiments will be carried out at
different reaction conditions (temperature and time) to determine the effects of these
reaction conditions on the following important variables


Ethylbenzene conversion.



Diethylbenzene yield.



Triethylbenzene yield.



P/O and P/M ratios.
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1.3.2. Study the effect of SiO2/Al2O3 ratio on ethylbenzene reactions
One of the main objectives of this study is to investigate the effects of acidity of
HZSM-5 catalyst on the conversion of ethylbenzene and DEB selectivity for both the
disproportionation and ethylbenzene alkylation with ethanol. In this regards, the HZSM5 zeolites will be modified to various SiO2/Al2O3 ratios (27, 55, 80, 150 and 280). ZSM-5
was chosen because of its remarkable shape selective properties which can be used to
enhance the proportion of para-diethylbenzene in the reaction product.

1.3.3. Study the effect of zeolites pore structure on ethylbenzene reactions
The size of the zeolite channels plays a significant role in catalytic reactions. The
pore size of the zeolite in combination with the sizes of the aromatic hydrocarbon and of
the alkylating agent is the parameters that determine the alkylation activity and
mechanism.
One of the goals of this study is to compare the behavior of a 10-ring pore member
zeolite such as ZSM-5 (medium pore size) with that of a 12-ring pore member such as
MOR zeolite (large pore size) on the activity, selectivity and mechanism of ethylbenzene
ethylation reaction.

7

1.3.4 Kinetic modeling
Key to any process development is the availability of important design parameters
such as the activation energy of the reaction, rate constants, etc.
Therefore kinetic modeling of ethylbenzene ethylation and disproportionation over all the
catalysts used forms a major part of this work. The modeling will be carried out as
follows:
I.

Proposing different possible reaction models (power low model and
phenomenological based model).

II.

Fitting experimental data into the proposed models to check the validity of the
models.

III.

Determination of models parameters; apparent activation energy, adsorption
enthalpies, apparent reaction rate constants and catalyst decay constants.

8

1.4.

Thesis Outline

Chapter 2 gives a detailed review about the present issues in the literature concerning
ethylbenzene alkylation and disproportionation reactions. General, mechanistic issues and
kinetics of this reaction as well as current theories concerning the acidity of zeolites and
its influence on catalysis are discussed.
Chapter 3 deals with the experimental section. Description of the equipment used for
the experimental set-up is given as well as the procedures adopted. This chapter also
explains the catalysts synthesis, characterization and evaluation.
Chapter 4 is dedicated to the experiments that were performed. The first part focuses
on characterization of the catalysts used. Discussion of the effects of reaction conditions
(temperature and time) are given in details. Effect of acidity and pore structure on
ethylbenzene reactions also are given in detailed. In addition, a detail kinetic modeling of
the reaction over all the catalysts is presented starting first with model formulation and
then estimation of the kinetic parameters using non-linear regression analysis.
Chapter 5 gives the summary of our contribution and conclusions.
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2 CHAPTER 2

LITERATURE REVIEW

2.1. Background
It was discussed in Chapter 1 that the favorable route for the production of DEB is
based on ethylbenzene alkylation with ethanol forming DEB in the presence of an acidic
catalyst, such as zeolites, under moderate reaction conditions.
The first step of the DEB production is the reaction between ethylbenzene and
ethanol forming DEB (Fig. 2.1a) and the DEB could further react with ethanol forming
TEBs (Fig. 2.1b). The later reactions are known as polyalkylation and the products of
these

reactions

are

polyethylbenzenes.

Subsequently,

the

transalkylation

of

polyethylbenzenes could take place until the thermodynamic equilibrium is reached (Fig.
2.1d and e). These typical acid catalyzed ethylbenzene alkylation reactions are followed
by a number of side reactions. The cracking of ethylbenzene and DEB and the
oligomerisation of light alkenes which is leads to the formation of larger alkenes and
these very reactive large alkenes could crack into smaller alkenes.

2.2. Catalysts for ethylbenzene transformation
The most widely used catalysts for ethylbenzene transformation reaction at
present are based on zeolites; a special class of microporous crystalline solids which
occurs naturally as minerals. Zeolites are also synthesized on a commercial scale for
applications like adsorption separation, purification of commercial waste water
10

containing heavy metals, and nuclear effluents containing radioactive isotopes. The
following sections give a brief insight into the different forms of zeolites and their
applications in ethylbenzene transformation.

2.2.1. Zeolites
Zeolites become one of the most important catalysts in hydrocarbon reactions
over the past 50 years due to their shape selective and environmentally friendly
properties. They are well-defined microporous

crystalline naturally occurring

aluminosilicate minerals with a three-dimensional framework built up by SiO4 and AlO4
tetrahedra. These tetrahedrals are structured such that the oxygen at each tetrahedral
corner is shared with an identical tetrahedron (Si or Al). The channels and cavities, which
contain water molecules along with cations, are necessary to balance the charge of the
framework [8, 9].
The general formula for a zeolite is:

where M is the non-framework metal ion, n is the valence of cation M, x and y are
integers with y/x ≥ 1, z is the number of water molecules in each unit cell [9].
Zeolites are widely involved in conventional chemical reactions because of their
unique properties. Zeolites are highly well structured, which give high products
selectivity, and are extremely thermally stable, that can be operated at moderate
temperature (250 – 300oC) [10, 11]. Zeolites are used as catalysts in various complex
hydrocarbon transformations because their acid-base properties can be modified during
their synthesis, or by post-synthesis treatments [11].They have great adaptability and can
11

function as carriers of redox components in well-dispersed form [11]. Highly-silica
zeolites such as ZSM-5 are attractive catalysts form any industrial processes because of
their shape selective, well-defined pore structure, hydrothermal and acidic stability, high
activity, and temperature and coke resistance properties [12, 13, 14].
On the other hand, the well-defined pore structure of zeolites limits the size of
synthesized molecules; hence the formation of large molecules via zeolite-based catalysts
is not favorable. Moreover, zeolites are highly sensitive to the deactivation caused by
coking. The access of the reactant to the active sites in zeolites can be blocked even by
small amount of coke [11].
The performance of zeolites in the synthesis of hydrocarbons within the zeolite
framework structures depends on the shape selectivity effects and the strong Brønsted
acidity of bridging Si-(OH)-Al sites generated by the presence of aluminum inside the
silicate framework [15, 16]. The shape selective properties of zeolite catalysts allow
molecules with critical kinetic diameter lower than the channel diameter to enter the
pores, to react on the acid sites or, to exit the channels, and to be recovered as the
products of the reactions [15]. Zeolites with pores less than 2 nm are categorized as
highly structured microporous inorganic solids [10]. The acid strength of the zeolite is
strongly connected to the Brønsted acid sites, i.e. catalyst protonation ability and bridging
hydroxyl groups. Many researchers have proved that the acid strength of the zeolite is
inversely proportional to the aluminum (Al) content [12, 13, 14]. It was shown that each
type of zeolites would approach the optimum acidity at a specific Al content [16].
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On the other hand, ‘real’ zeolite catalysts are usually pre-treated in various ways
and have imperfect crystalline structure, such as the extra-framework aluminum sites.
The presences of these sites are common and they either act as active sites or as sites that
hinder the molecular diffusion [15]. It is mentioned above, that the activity of the zeolite
acid catalysts is strongly affected by the catalyst framework and the acid strength. Hence,
the characterization of zeolite catalysts has been mainly focused on the chemical
properties, such as catalyst acidity, and the physical properties, such as pore size of the
zeolites.
ZSM-5 zeolite is widely applied in industrial scale production of alkylbenzene,
xylene and toluene [17]. ZSM-5 is medium-pore, 10-membered rings zeolite [17]. Figure
2.1 shows the pore structure of ZSM-5. The pore structure of ZSM-5 consists of one
vertical channel with elliptical shape (5.1Å × 5.6Å) interconnected with another,
sinusoidal near-circular channel (5.4Å × 5.6Å) [9, 10].
These pore structures form the unique shape-selective properties of ZSM-5. For
example, the pores of ZSM-5 are extremely efficient and selective to the diffusion and
desorption of para-diethylbenzene with respect to other isomers [17].

Figure 2.1. The channels and framework of ZSM-5 zeolite [17].
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The activity of zeolites is determined by the presence of Brønsted acid sites,
which originate from the creation of hydroxyls within the zeolite pore structure.
Hydroxyls are formed by ammonium or polyvalent cation exchange or direct exchange
with mineral acid for high-silica zeolites [11]. Hydroxyls are protons associated with
negatively charged framework oxygens associated with alumina tetrahedral, as shown in
Figure 2.2 below.

Figure 2.2. Bronsted acid sites in zeolites.
Dyer [9] illustrated that great mobility of protons are observed when the
temperatures exceeded 200oC and at 550oC these protons are lost as water forming Lewis
acid sites. Figure 2.3. illustrates this step.
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Figure 2.3. Conversion of Bronsted acid sites to Lewis acid sites.
The catalytic active sites exist in the pores, on the external surface and at the pore
mouth of the zeolite crystals. The active sites in the pores are responsible for the
formation of desired reaction products, while, the sites on the external surface and at the
pore mouth may favour the formation of the unwanted non-selective catalysis. The
unwanted non-selective reactivity could be avoided by limiting the external surface and
the extra-framework material, by producing large well crystallized zeolite crystals [15].
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2.2.2 Structure/Types of zeolites
Depending on the connections between the individual tetrahedra, channels of
microporous dimensions up to 1.0 nm and /or cavities can be formed. The diameter of the
channel window is governed by the number of tetrahedra forming these windows. In the
case of aluminosilicate molecular sieves, zeolites with windows consisting of 6, 7, 8, 9,
10, 12 and 14 member rings have been synthesized and described. It is evident that the
size and shape of these windows control the sieving effect of the zeolites that has
consequences for their adsorption and catalytic performance. Zeolites possessing
windows with odd-membered rings are divided into the following groups:
1) Medium-pore zeolites (10-membered rings up to 0.55 nm) e.g., ZSM-5, ZSM-11,
ZSM-35, MCM-22 (possessing 12-member ring pockets on the crystal surface)
and TNU-9. TNU-9 represents new 3D zeolites with 10-ring channels systems,
being rather similar to industrially the most frequently employed ZSM-5. The size
of the channels of TNU-9 is 0.52 x 0.60 and 0.51 x 0.55nm, thus, a slightly higher
compared with ZSM-5.
2) Large-pore zeolites (12-membered rings up to 0.75nm) e.g., zeolite X, Y, beta,
mordenite, ZSM-12 and SSZ-33. Zeolite SSZ-33 (CON topology) possesses a
channel system complied of intersecting 12-MR (member ring) and 10-MR pores;
it is the first synthetic zeolite having 4-4 = 1 SBU (secondary building unit) in the
structure [18].
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3) Extra-large-pore zeolites (14-membered rings with pore diameter smaller than 1.0
nm); only two zeolites (CIT-5 and UTD-1) with 14-membered rings are known
[19].
The most utilized structural types of zeolites for catalyzing aromatic reactions are shown
in Figure. 2.4.

Figure 2.4. Structure of zeolites. ZSM-5 (A), mordenite (B), Beta (C), MCM-22 (D),
zeolite Y (E), and zeolite L (F). (Taken from reference [19])

17

2.2.3 Advantages of zeolites over other solid acids as catalysts for aromatic
transformations
The main advantages of zeolite and zeotype catalysts compared to conventional solid
acids include.
1) Well-defined inorganic crystalline structures usually based on aluminosilicate (or
metallosilicate) and aluminophosphate matrices, with a variety of structures
differing in channels diameters, geometry, and dimensionality.
2) A precisely defined inner void volume providing high surface area up to 1200
m2/g for mesoporous molecular sieves.
3) The ability to absorb and transform molecules in the inner volume.
4) Isomorphism substitution of some trivalent cations into the silicate framework
enabling tuning of the strength and concentration of the acid sites.
5) Shape selectivity, given by the ratio of the kinetic diameters of the reactants,
intermediates, and products to the dimensions of the channels.
6) Environmental tolerance.
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2.2.4. Zeolite pore size and shape effects
The influence of pore size and shape on a reaction can be understood in terms of
shape selectivity and confinement. Shape selectivity can be divided into three, wellaccepted types:
1. Reactant shape selectivity: some reactants of the feed will fit into the zeolite pores
and will react; others, which are too large, will not.
2. Transition state shape selectivity: when a transition state between a certain
reactant and product is too large to be formed inside the pores, the corresponding
product will not be detected.
3. Product shape selectivity: when a product is too large to exit the pores once it is
formed, this product will also not be found.
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2.3. Use of zeolites in ethylbenzene ethylation and disproportionation
Conventionally aromatic alkylation is carried out over Friedel Crafts catalysts.
However, these types of catalysts have many technological and environmental impacts
due to their corrosive nature and difficulty in separation, recycling and disposal.7
Therefore, the current trend is to replace these catalysts by zeolites base catalyst, which
are less corrosive and show high activity and unique combination of stability and shape
selectivity in catalytic reactions. In the literature several types of zeolite base catalysts
such as mordenite, USY, Beta, MCM-22 and ZSM-5 have been reported for the
alkylation of ethylbenzene to produce p-DEB [20, 21]. According to these studies the
acidity and pore structure are the two important parameters of the catalyst that influence
the activity and product selectivity.
The main limitations of these catalysts is the low selectivity of p-DEB due to the
thermodynamic equilibrium with other DEB isomers (para:meta:ortho = 30:54:16) [2,
22]. Cracking of EB on the acidic sites is the other important issue related to the zeolite
base catalysts. It is not only consumes the EB feed to produce undesired products (mainly
benzene) but also responsible for catalyst deactivation by coke formation.
Modification of the catalyst is one of the most widely accepted ways to increase the
selectivity of p-DEB. There are two possible alternatives of modifying the zeolite based
catalysts:
1) Passivation of the external acidic sites, minimizing the secondary isomerization of
p-DEB (to form the m- or o-DEB) and cracking reaction and
2) Modifying the structure of the zeolite to facilitate the distinguishing diffusivities
among p-DEB, m-DEB and o-DEB. [22-25].
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The main challenge in the area of catalyst development for ethylbenzene ethylation
and disproportionation is the development of a catalyst which can:
1) Produce high para-diethylbenzene selectivity while maintaining reasonable levels
of ethylbenzene conversion.
2) Limit the major co-reactions like ethylbenzene cracking, diethylbenzene cracking
and ethanol decomposition which occur simultaneously with the main alkylation
reaction.
3) Resist quick deactivation.
Generally these may be achieved by modifying the physiochemical properties of
zeolite catalysts. The properties which are usually modified include the overall acidity of
the zeolite, the number of the external acid sites on the zeolite crystal, pore size and
crystal size. Na, Fe, Mn, Al, La2O3 and CeO2 are commonly used agents/metals to modify
the zeolites for EB alkylation [25, 26]. Nitridation of parent HZSM-5 zeolites with
flowing pure ammonia at high temperature can suppress the isomerization of para-DEB
and leading to enhancement of para selectivity due to the absence of strong acid sites
[24]. There are several studies reported the disproportionation and alkylation of EB on
different HZSM-5 catalysts, most of them deals with effects of conversion of EB and pDEB selective with various modified forms of HZSM-5. No attention has been paid to
systematic evaluation of HZSM-5 with various Si/Al ratios. Regarding the structure
modification, there are several alternatives controlling the pore sizes/structures of the
zeolites [27]. Pre-coking is usually helpful of adjusting the pore opening size to increase
the p-DEB selectivity [28]. However, studies show in addition to the positive impacts on
the catalysts, both the passivation and shape adjustments may affect the active sites in
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zeolite channels [27]. Therefore, both these techniques remain interesting topics for
researchers to develop a highly active and p-DEB selective catalyst. Further, the Si-CVD
surface treatment is an acid catalysis reaction during which the rate of deposition depends
strongly on the acidity of zeolites. The external acidity can be eliminated without
significantly changing the internal acidity by Si-CVD technique [29, 30].
In addition to ZSM-5 zeolite, a variety of other zeolites including mordenite and
MCM-22 have been studied for the disproportionation and ethylation of ethylbenzene.
Carrying out ethylbenzene disproportionation over MCM-22 and its dealuminated form at
low temperatures, show that among the diethylbenzene isomers, p-DEB form within the
micropore as the primary product. The m-DEB and o-DEB mainly produced via the
secondary isomerization of the para-isomer on the external surface of the MCM-22
catalyst. And the para -selectivity increase with the degree of de-alumination, because
this treatment preferentially removes the Brὅnsted acid sites on the external surface that
are responsible for the further isomerization of the para-isomer, rather than the acid sites
within the micro-pores [5]. The removal of Al from the framework of mordenites
essentially increases the catalytic activity and improves significantly the time-on-stream
behavior of mordenite in the disproportionation of ethylbenzene. The formation of very
strong acid sites caused by an increasing contribution from isolated (0-NNN) Al atoms in
the framework seems to be the reason for the enhanced catalytic activity of de-aluminated
mordenites. The changes in the micro-porosity created by de-alumination considerably
improve the stability of the catalytic activity [26].
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In addition to catalyst modification the contact time between the catalyst and the
reactant/product also have significant influence on the selectivity of p-DEB.

Short

contact time fluidized bed reactors are favorable to improve the p-DEB selectivity using
ZSM-based catalysts [2, 4, 31]. In fact, the alkylation of EB in fluidized bed offers three
important advantages over the fixed bed operations:
i.

Short contact time to minimize the further isomerization of p-DEB and reduces
cracking reactions maximizing the p-DEB selectivity.

ii.

Proper temperature control on the catalyst particles.

iii.

Continuous catalyst regeneration.

2.3.1. Modification of external surface acid sites
As the selective synthesis and transformation of alkyl aromatics take place on acid
sites located inside the zeolite channels, minimization or annihilation of the acid sites on
the crystal surface, where the reaction environment is not limited by the steric constraints,
is demanding. This can be achieved in two ways. By increasing crystal size of the zeolite,
the relative concentration of acid sites inside the channels is increased compared to that
on the crystal surface. However, due to the diffusional hindrance for alkyl aromatics
inside the channels, the use of large crystals (ca > 2µm) leads to a substantial decrease in
conversion values [19].
Another way of reduction of surface acid sites involves silylation of the crystal
surface. This can be achieved by using the silylation reaction, which can take place either
in solution or by the chemical vapor deposition (CVD) of chlorosilanes or alkoxysilanes
[19]. To silylate exclusively the surface sites of ZSM-5 zeolite, tetraethyl- or isopropyl23

orthosilicates can be advantageously used, i.e., molecules whose kinetic diameters do not
allow them to enter into the ZSM-5 zeolite pores, and the silylation reaction proceeds
only with the protonic sites on the crystal surface.
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2.4. Effect of Zeolite pore structure on ethylbenzene ethylation
In open literature there are several studies reported the alkylation of EB on
different zeolite based catalysts dealing with effects of conversion of EB and product
selectivity with various modified forms of zeolites. Surprisingly very less attention has
been paid to study the effects of the zeolites pore size on the performance ethylbenzene
ethylation reaction. The size of the zeolite channels plays a significant role in catalytic
reactions. Generally, zeolites can be classified according to the pore size openings
consisting of 8-, 10-, or 12- membered rings. Also, the pore system can be one, two or
three dimensional, which contain pores of different sizes, and consist of tubes and/or
cages.[32] The fact that the size of the channels is the same as the kinetic diameters of
many organic reactants and products is the characteristic feature that forms the basis of
the catalytic shape-selective behavior of zeolites [32]. In many aromatic alkylation, para
selectivity was found to be higher over medium pore zeolites compare to large pore
zeolites, medium pore zeolites have a channels with dimensions of about 0.55 nm which
led to shape selectivity in the aromatic alkylation [33]. Moreover, large pore zeolite
allows the formation of bulky products; while medium pore zeolite restricts the formation
of the large molecules [34]. Arsenova et al. [35] found that medium pore zeolite H-ZSM5 showed higher reactivity in the dealkylation of ethylbenzene due to its narrow channels
and stronger Brønsted acid sites. Moreover, it has been demonstrated that ethylbenzene
transformation reaction shows an induction period on large-pore zeolites and no
induction period on medium-pore zeolites [35, 36].
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2.5. Reaction mechanism and kinetic modeling
In ethylbenzene alkylation with ethanol over zeolite catalyst, DEB is initially
formed in the primary step and the DEB formed could be converted further by secondary
reaction steps. The EB reacts with ethyl carbenium ions via polyalkylation reactions,
forming DEBs and TEBs (Eq. 2.1 and 2.2) [37].

2.1

2.2

Ethylbenzene could be transformed via other side reactions include: the
isomerization of EB into xylene isomers (Fig 2.5a); the dealkylation of EB forming
benzene and ethylene (Fig 2.5b); the transalkylation of EB and xylene forming
ethyltoluene and toluene, or dimethylethylbenzene and benzene (Fig 2.5c); the
hydrogenolysis of EB producing toluene and methane (Fig 2.5d); and the
disproportionation of EB which leads to the formation of benzene and DEBs (Fig 2.5e)
[38]. Caeiro et al. [39] highlighted that ethylbenzene alkylation is thermodynamically
limited and the dealkylation reaction (reverse step) contributes to the high alkane
conversion, by forming significant amount of alkene that can be eventually transformed
into aromatics.
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Figure 2.5. Main reactions of ethylbenzene over zeolite catalysts: (a) isomerization, (b)
dealkylation, (c) transalkylation, (d) hydrogenolysis, (e) disproportionation (Taken from
Moreau et al. 2002)
Ivanova et al. [40] suggested that the disproportionation and the transalkylation
steps occur simultaneously. Three mechanisms are proposed in the literature for the
transalkylation and disproportionation of alkylbenzenes. One of the proposed
mechanisms is the direct shifting of the alkyl group from one aromatic ring to another
without intermediate formation of an alkyl carbenium ion. The second proposed
mechanism involves the formation of alkyl carbeniumions as intermediates. In the
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monomolecular mechanism, the alkyl group on the alkylbenzene undergoes C-C bond
cleavage on acid site forming alkyl carbenium ion and benzene. The alkyl carbenium ion
formed in the primary step alkylates another alkylbenzene producing dialkylbenzene
(Fig. 2.6a). The third suggested mechanism involves bimolecular intermediates, where
the aromatics rings are bridged by a carbon atom from the alkyl group. The bimolecular
intermediates would eventually dissociate into dialkylbenzene and benzene (Fig. 2.6b)
[40, 41, 42]. Santilli [40] highlighted that if the alkyl group of the reactant is small, the
bimolecular mechanism would appear to be the lower energy process due to resonance
stabilization of the carbonium ion intermediate. However, the carbonium ion intermediate
is large and therefore, its formation may be hindered in catalysts with small pore size,
such as ZSM-5.

Figure 2.6. Disproportionation and transalkylation reactions of ethylbenzene: (a)
molecular mechanism, (b) bimolecular mechanism [40, 41, 42]
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Kinetic investigation of ethylbenzene disproportionation over large pore zeolites
at low reaction temperatures evidenced that the reaction rate was strongly but reversibly
retarded by the formation of the product DEB. In contrast, no product inhibition occurred
over medium pore ZSM-5 [36]. In adsorption studies, o-DEB was shown to have
restricted access to ZSM-5 channels. The first step considered in the ethylation of
ethylbenzene is the formation of p-DEB inside the channels which isomerizes to a certain
extent to the meta and ortho isomers on the external acid sites. In addition, crystal size
was determined to have a very important role on the product distribution, with large
crystals producing higher yields of p-DEB than those of smaller crystals [43]. Catalytic
and sorption studies carried out by Arsonova-Hartel et al. suggest that the formation of oDEB within the pores of ZSM-5 at low temperatures (less than 249 οC) is almost
impossible. This suggests that o-DEB has restricted access to ZSM-5 channels. Recently,
Pai et al. conducted a kinetic study of ethylbenzene disproportionation in a mixture of
xylene over a modified HZSM-5 zeolite at temperatures of 573, 583, and 598 K. Based
on a simple first-order model that was similar to that proposed by Nayak and Riekert,
they were able to estimate the activation energy of the disproportionation reaction to be
∼26.27 kJ/mol.

Regarding the kinetic model there are several models used to describe the
catalytic alkylation of aromatics such as benzene ethylation, toluene methylation and
benzene isopropylation. For example, the alkylation of toluene with isopropyl alcohol to
form cymene has been described by a duel site Langmuir-Hinshelwood mechanism.18
Sridevi et. al. [44] and Mantha et. el. [45] have also proposed a similar models for

29

ethylation of benzene and for methylation of toluene, respectively. In these model studies
it was found that the large aromatic molecules have a tendency to interact strongly on the
active sites compared to the smaller molecules. There are some studies unsuccessfully
tried Eley-Rideal type model for alkylation of toluene with ethanol and ethylene over
HZSM-5 [46, 47]. On the contrary, the alkylation of benzene with propylene over zeolites
MCM-22 has been studied and the reaction mechanism proposed to follow Eley-Rideal
approach in which benzene competes for the active site, but its coverage is much lower
than that of propylene [48]. A kinetics study for the alkylation of benzene and toluene
with methanol and ethylene over ZSM-5 (medium pore size) and Beta zeolite (large pore
size) showed that the reaction mechanism follow Langmuir-Hinshelwood mechanism
over ZSM-5 and Eley-Rideal mechanism over Beta zeolite [49]. However, in the open
literature there are no research articles available reporting the phenomenological based
kinetic model for the ethylbenzene ethylation reaction.
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2.6. Thermodynamics of ethylbenzene reaction
The product distribution of DEB isomers in the reactions over ZSM-5 zeolites
catalysts is affected by the thermodynamic equilibrium, geometrical restrictions as well
as the diffusional limitation, i.e. the differences in the diffusivities of various product
molecules [50]. Generally, the fraction of para-isomer is expected to be enhanced while
the ortho isomer would be suppressed, since the formation of the smaller m/pdiethylbenzenes in the shape selective ZSM-5 zeolite catalyst is more favourable
compared to the formation of bulkier o-diethylbenzene. The distribution of DEB isomers
is also affected by thermodynamic equilibrium [51]. Table 2.2 shows the thermodynamic
equilibrium of DEB isomers at different temperatures.
Table 2.1. Thermodynamic equilibrium of DEB isomers [51].

Schumacher and Karge [50] pointed out that the diffusivity of para isomer in
ZSM-5 zeolite catalyst is of the same magnitude as those reported for monosubstituted
benzenes and benzene. Owing to the large differences of the transport velocities of
isomers, the para isomer produced primarily inside the zeolite diffuses much faster to the
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external surface than the other disubstituted isomers. As a result, the selectivity towards
the para isomer will be generally enhanced compared to other disubstituted isomers
produced in subsequent isomerisation reactions.
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2.7. Important variables in ethylbenzene transformation
The efficiency of ethylbenzene ethylation process is a function of the following
important variables:

2.7.1. Ethylbenzene conversion
This is the ratio of the amount of ethylbenzene transformed into products to the
amount originally present in the feedstock. Ethylbenzene conversion is usually expressed
in percentages and it is given mathematically as:

Conversion of EB, X EB 

wt%of ethylbenzene converted
 100%
wt%of ethylbenzene fed

2.7.2. Diethylbenzene selectivity
This is an indicator of how much of the converted ethylbenzene goes into
diethylbenzene. It is also expressed in percentages. Mathematically diethylbenzene
selectivity can be defined as:

Selctivity of DEB, SDEB =

wt%of DEBproduced
× 100%
ethylbenzene conversion

2.7.3. Para-diethylbenzene selectivity
This indicates the relative proportion of para-diethylbenzene in the mixture of
diethylbenzene (formed). Mathematically, para-diethylbenzene selectivity is defined as:

p-DEB selectivity =

wt% p-DEB produced
100%
wt% total-DEB produced
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Para-diethylbenzene selectivity is also commonly measured by the following important
ratios:


P/O ratio: This is the ratio of the amount of para-diethylbenzene to orthodiethylbenzene in the reaction product.



P/M ratio: This is the ratio of the amount of para-diethylbenzene to metadiethylbenzene in the reaction product.

2.8 Summery
The literatures reviewed clearly indicate that although several works have been
conducted with regards to ethylbenzene transformation over zeolite-based catalysts.
However, some aspects, such as the effect of alteration the acidity by different
SiO2/Al2O3 ratio of ZSM-5 and zeolites pore structure on the activity and product
selectivity of EB transformation have received less attention. Moreover, all the
previously reported kinetic studies on ethylbenzene disproportionation and ethylation
reaction have been conducted using fixed-bed reactors, which are known to have some
limitations of temperature and concentration gradients. Also there are no research articles
in the literature reporting a phenomenological based kinetic model for the ethylbenzene
ethylation reaction.
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3 CHAPTER 3

4 EXPERIMENTAL SECTION
The experimental section describes the equipment in the experimental set up and the
procedures adopted in carrying out this work. The major tasks carried out here include
catalyst preparation, characterization and evaluation.

3.1. Experimental Set-up
Experimental runs for ethylbenzene alkylation and disproportionation process
were carried out in a riser simulator reactor. The reactor was connected to a vacuum box
through a four-port valve.
The products were removed from the riser simulator at the end of the pre-set
reaction period. A time/actuator assembly linked to the feed injection system controlled
the four-port valve. The vacuum system was connected to a manually operated six-port
sampling valve. This sampling valve was connected on-line to the gas chromatograph.
Furthermore, the riser simulator reactor and the vacuum box were equipped with
pressure transducers to monitor the pressure during and after the reaction periods. Both
the reactor and the vacuum system were supplied by separated heating systems and both
were well insulated. The feed injecting system includes a gas tight syringe connected to
switches to control the timer/actuator assembly on the four port valve and the data
acquisition system. The data acquisition system allowed monitoring the change of
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pressure with time from both the reactor and the vacuum box. A four-port valve,
controlled by a timer/actuator assembly, was linked to the injection system. A vacuum
system was also connected to the manually operated six port sampling valve which
allows for sampling injections into the gas chromatograph. Both, the reactor and the
vacuum system are located in temperature controlled ovens. Connections between
components are accomplished using heated and well insulated lines. The unit was also
equipped with two pressure transducers which allowed for continuous pressure
monitoring during the reaction and post-reaction evacuation periods. A schematic
diagram of the experimental setup is given in Figure 3.1.
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Figure 3.1. Schematic diagram of the riser simulator experimental set-up
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3.1.1. Riser Simulator
This novel reactor was invented by de Lasa [52] and it was designed to provide
high gas phase circulation rates as well as intense catalyst mixing. In this respect, perfect
mixing with the absence of coke profiles and gas channeling can be obtained with all
catalyst particles being exposed to the same reaction environment. As mentioned by
Pruski et. al. [53], good fluidization is achieved under typical riser conditions and using
shaft spinning rates close to 7600 rpm. The riser simulator can be used for several
purposes: a) to test industrial catalysts at commercial conditions [54], b) to carry out
kinetic and modeling studies for certain reactions, c) to develop adsorption studies [53],
d) to use the data of this unit for assessing the enthalpy of cracking reactions. The riser
simulator consists of two outer shells, the lower section and the upper section, which
allow one to load or to unload the catalyst easily. The reactor was designed in such a way
that an annular space is created between the outer portion of the basket and the inner part
of the reactor shell. A metallic gasket seals the two chambers with an impeller located in
the upper section. A packing gland assembly and a cooling jacket surrounding the shaft
provide support for the impeller. Upon rotation of the shaft, gas is forced outward from
the center of the impeller toward the walls. This creates a lower pressure in the center
region of the impeller, thus inducing flow of gas upward through the catalyst chamber
from the bottom of the reactor annular region where the pressure is slightly higher. The
impeller provides a fluidized bed of catalyst particles as well as intense gas mixing inside
the reactor. A schematic diagram of the riser simulator is shown in Figure 3.2
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3.1.2. Gas Chromatograph (GC) System
The quantitative analysis of the reaction products were carried out online using an
Agilent GC equipped with Flame Ionization Detector FID (Agilent Chromatograph
Model 6890N), equipped with an HP-INNOWAX capillary column (Polyethylene glycol
(PEG)) (length 60 m x internal diameter 0.32 mm x film thickness 0.50 mm). Helium is
used as the carrier gas, while air and hydrogen gases are used for the FID detector.
Furthermore, liquid nitrogen is used to facilitate the initial cryogenic operation of the GC
temperature program. The liquid nitrogen cools the GC oven to -30 °C. The flow of
liquid nitrogen is administered by a solenoid valve actuated from the GC’s internal oven
temperature controller. The integrator allows strip chart recording as well as integration
of the GC detector signal. The integrator is connected to the GC via a HPIL instrument
network cabling system.
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3.2. Experimental procedure
3.2.1. Materials
The commercial zeolites used in this study was supplied by Zeolyst; ZSM-5
(CBV3024E, Nominal SiO2/Al2O3 = 27, NH4-form; CBV5524G, Nominal SiO2/Al2O3 =
55, NH4-form; CBV8014, Nominal SiO2/Al2O3 = 80, NH4-form; and CBV28014,
Nominal SiO2/Al2O3 = 280, NH4-form). HZSM-5 of nominal SiO2/Al2O3 = 150 (CT 412)
was supplied by Catal. International Ltd. (UK). Prior to testing, the as-received NH4form zeolites were calcined in standing air at 550 °C for 5 h (ramping rate of 3 °Cmin-1),
in order to get the H-form. These zeolites are hereafter referred as HZ-27, HZ-55, HZ-80,
HZ-150, and HZ-280, where the number represents the nominal SiO2/Al2O3 ratio.
Mordenite zeolite with silica to alumina ratio of 180 and 21 was obtained from Tosoh
Chemicals, Japan. High purity grade of ethylbenzene and ethanol were obtained from
Sigma-Aldrich.

3.2.2. Catalyst synthesis
All the Na-ZSM-5 and MOR samples were ion-exchanged with NH4NO3 to
replace the Na+ with NH4+. The samples were converted into the proton-exchanged form
by calcination for 2 h at 600°C.

3.2.3. Catalyst characterization
Several techniques had been used for characterization of the catalyst samples used
in this study include: X-ray power diffraction (XRD), BET surface area measurements to
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understand the textural properties of the catalysts and FTIR Spectroscopy of pyridine
adsorption to determine the types of available acid sites.
Atomic Absorbance: The chemical compositions were determined by atomic absorption
spectroscopy, using the Perkin-Elmer equipment (Model AAS 1100B).
Brunauer-Emmett-Teller (BET) Surface area Measurements: The textural properties
of all zeolite samples were characterized by N2 adsorption measurements at 77 K, using
Quantachrome Autosorb 1-C adsorption analyzer. Samples were outgassed at 220 °C
under vacuum (10-5 Torr) for 3 h before N2 physisorption. The BET specific surface
areas were determined from the desorption data in the relative pressure (P/P0) range from
0.06-0.3, assuming a value of 0.164 nm 2 for the cross-section of the nitrogen molecule.
X-Ray Diffraction: The high-angle powder X-ray diffraction (XRD) patterns were
recorded on a Shimadzu powder diffraction system using CuK radiation (K1 =
1.54051Å, 45 Kv and 35 mA). The XRD patterns were recorded in the static scanning
mode from 1.2 - 60 (2) at a detector angular speed of 0.01 /s and step size of 0.02.
NH3-Temperature-Programmed Desorption: Temperature-programmed desorption of
NH3 (NH3-TPD) was carried out using Quantachrome Autosorb 1-C/TCD equipped with
a mass spectrometry detector (Cirrus 2, mks, spectra products). Samples were pretreated
at 450 °C in a flow of helium (25 ml min−1) for 2 h. This was followed by the adsorption
of ammonia (5 vol.% in helium) at 100 ºC for 30 min. Samples were then purged in a He
stream for 2 h at 120 ºC in order to remove loosely bound ammonia (i.e. physisorbed and
H-bonded ammonia). Then, the samples were heated again from 100 to 700 ºC at a
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heating rate of 10 ºC/min in a flow of helium (25 mlmin-1) while monitoring the evolved
ammonia using TCD.
FTIR Spectroscopy: Infrared spectroscopy of adsorbed pyridine was used to determine
the types of available acid sites (i.e. Brönsted and/or Lewis acid sites). The measurements
were carried out using a Fourier transform infrared using Nicolet FTIR spectrometer
(Magna 500 model). The samples in the form of a self-supporting wafer (ca. 60 mg in
weight and 20 mm in diameter) were obtained by compressing a uniform layer of
powder. The wafer was then placed in an infrared vacuum cell equipped with KBr
windows (Makuhari Rikagaku Garasu Inc., JAPAN), and pretreated under vacuum (ca.
10-3 Torr) at 450 C for 2 h. The adsorption temperature of pyridine was 150 °C. For a
quantitative characterization of acid sites, the following bands and absorption coefficients
were used: pyridine (PyH+) band at 1545 cm-1, ε = 0.078 cm /μmol-1; pyridine (PyL)
bands at 1461 and 1454 cm-1, ε = 0.165 cm/μmol-1 [2, 3].

3.3.

Catalysts evaluation
The disproportionation and ethylation of ethylbenzene experiments were

conducted using 0.80 g of catalysts with particle size of 60 µm. For the
disproportionation reaction, pure ethylbenzene was as feed while 1:1 ethylbenzene to
ethanol molar feed ratio was used as feed for the ethylation experiments. Before the
actual runs, the catalyst was thermally activated at 620 °C for 15 min in the presence of
Ar. Regarding the temperature variation, the experiments were performed at different
temperature levels ranging between 200-400 ºC and atmospheric pressure before
injection of the feed. After the injection, reactor pressure increased given the system is
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operated in batch mode. The reaction time (contact time) was varied from 5 to 20 sec.
After each run the product gas samples were analyzed three times by automatic injection
into a GC. The standard deviations at each run were found in the range of ±2%. The GC
analyzed data were further processed to calculate the conversion and selectivity using the
following equations:

Conversion of EB, X EB 

wt%of ethylbenzene converted
 100%
wt%of ethylbenzene fed

Selctivity of product i, Si =

p-DEB selectivity =

wt%of product i
× 100%
ethylbenzene conversion

wt% p-DEB produced
100%
wt% total-DEB produced
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CHAPTER 4

5 RESULTS AND DISCUSSIONS
This section presents and discusses the results of ethylbenzene ethylation and
disproportionation over ZSM-5 and mordenite zeolite based catalyst. The effects of
acidity and pore structure of the zeolite on the activity, selectivity and mechanism of EB
reactions are discussed in details. The effect of reaction conditions (temperature and
time) on important variables such as ethylbenzene conversion, diethylbenzene yield, the
para-diethylbenzene selectivity are also discussed. In addition a detailed kinetic modeling
of the reaction over all zeolite based catalyst carried out in this study is presented starting
first with model formulation and then model parameters determination using non-linear
regression analysis.

4.1. Effect of Si/Al ratio on ethylbenzene disproportionation and
ethylation over ZSM-5 based catalyst:
4.1.1. Physicochemical properties of the catalysts
The specific surface area and pore volume determined by nitrogen physisorption
for the HZSM-5 with different SiO2/Al2O3 samples are listed in Table 4.1. The BET
surface area of the samples compared well with the value given by the supplier. After
ion-exchange, the surface area of all the samples significantly varied with the variation of
the SiO2/Al2O3 ratios. The specific surface area of HZSM-5 samples increased with the
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increase of SiO2/Al2O3 ratios (Table 4.1).

The pore volumes of the samples are

calculated to be 0.25, 0.25, 0.28, 0.26 and 0.23 for the SiO2/Al2O3 ratio of 27, 55, 80, 150
and 280, respectively. Min and Hong [55] also reported similar behavior of HZSM-5
samples with SiO2/Al2O3 varied between 21 and 36.

Table 4.1: Textural properties of MFI microporous aluminosilicate of different Si/Al
ratios
Samples

SiO2/Al2O3a

SBET

Smeso

Vmicro

Vmeso,N2

(m2g-1)

(m2g-1)

(cm3/g)b

(cm3/g)c

HZ-27

25.0

357

44.0

0.15

0.10

HZ-55

52.0

376

74.0

0.15

0.10

HZ-80

82.0

451

51.0

0.19

0.09

HZ-150

131.0

435

69.0

0.17

0.09

HZ-280

283.0

443

23.0

0.21

0.02

a

: by Atomic Absorbance Spectroscopy (AAS); b: obtained from t–plot,
c
: pore volume in the range of 4-100 nm derived from N2 adsorption.

The XRD patterns of all the HZSM-5 zeolite samples with different SiO2/Al2O3
indicate that the structure of the zeolite remained intact even with the significant variation
of the SiO2/Al2O3 ratios (Figure 4.1). Thus, the variation of the SiO2/Al2O3 of the HZSM5 zeolites affects only the acidity of the zeolite, without destroying the parent HZSM-5
structure.
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Figure 4.1 XRD patterns of MFI microporous aluminosilicate of different SiO2/Al2O3;
A) 27, B) 55, C) 80, D) 150, and E) 280.

The NH3-TPD experiments shows that the HZSM-5 samples contain both low and
high temperature peaks, corresponding to weak and strong acid sites, respectively (Figure
4.2a). The range of weak and medium strength acid sites were set at 200 – 300 °C, 300 –
450 °C, respectively. The acid sites appeared above 450 °C is considered as strong acid
sites. Table 4.2 summarizes the amount and percentage of various types of acid sites.
One can see in Table 4.2, with increasing SiO2/Al2O3 ratios the total acidity of HZSM-5
samples decreased while the percentage of strong acidic sites (>450 °C) increased. The
presence of Brönsted and Lewis acid sites were confirmed by the pyridine FTIR
characterization (Figure 4.2b). The amount and percentages of each of Brönsted and
Lewis type acid sites are also presented in Table 4.2. As it can be noticed that up to
48

SiO2/Al2O3 = 80, the Brönsted acidic sites were decreased with increasing the SiO2/Al2O3
ratio after that it started increasing slightly. On the other hand the Lewis acid sites were
increased then decreased again with increasing the SiO2/Al2O3 ratio. It is interesting to
note that among the HZSM-5 samples, the sample with SiO2/Al2O3 ratio of 80 shows a
good balance between Brönsted and Lewis acid sites. An appropriate balance between
the strong acidic sites with keeping the Brönsted acidic sites in the higher level is
desirable for EB transformation reaction [56-58].

(E)

(D)
(C)
(B)
(A)
100

200

300

400

500

600

700

800

Temperature / °C
Figure 4.2a. NH3 TPD profiles of MFI microporous aluminosilicate of different
SiO2/Al2O3; A) 27, B) 55, C) 80, D) 150, and E) 280.
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Figure 4.2b. FTIR of chemisorbed pyridine of MFI microporous aluminosilicate of
different SiO2/Al2O3; A) 27, B) 55, C) 80, D) 150, and E) 280 (B: Brönsted, L: Lewis
acid sites)

Table 4.2: Acid sites characteristics of MFI microporous aluminosilicate of different
Si/Al ratios
NH3-TPD (mmolg-1)a

FTIR-chemisorbed Pyr. (mmolg-1)

L.T.

H.T.

(weak),

(medium- strong),

Zeolites
Tb

200 - 300 °C

300 - 450 °C c

460 – 575 °C d

Tb

B

L

HZ-27

0.730

0.484 (67%)e

0.226 (31%)

0.02 (2%)

0.751

0.650 (87 %)

0.101 (13 %)

HZ-55

0.458

0.261 (57%)

0.177 (39%)

0.02 (4 %)

0.300

0.290 (97 %)

0.01 (3 %)

HZ-80

0.354

0.194 (55%)

0.120 (34%)

0.04 (11%)

0.143

0.08 (56 %)

0.063 (44 %)

HZ-150

0.210

0.040 (19%)

0.120 (57%)

0.05 (24%)

0.130

0.079 (61 %)

0.051 (39 %)

HZ-280

0.094

0.025 (27%)

0.019 (20%)

0.05 (53%)

0.016

0.011 (69 %)

0.005 (31 %)

a

: L.T. and H.T. correspond to low- and high-temperature NH3 desorption peak, respectively; b: total
number of acid sites, c,d: strong acid sites of Brönsted and Lewis nature, respectively; and e: number in
parenthesis corrosponds to % of acid sites.
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4.1.2. Disproportionation versus Ethylation of ethylbenzene
As mentioned in the experimental section, both the disproportionation and
ethylation of EB experiments were conducted in a CREC Riser Simulator under fluidized
bed conditions. In order to compare products compositions between disproportionation
and ethylation, all the catalytic runs were carried out using same amount of EB feed.
Table 4.3 presents the product analysis results of the disproportionation of EB over the
HZSM-5 samples after 20 seconds of reaction at three levels of reaction temperatures
(250, 300 and 350 °C). One can see that at all temperature levels diethylbenzene (DEB)
and benzene were the main products. Among the DEB isomers p-DEB and m-DEB were
dominant while a small amount of o-DEB was also detected under the present
experimental conditions. The gaseous product predominantly ethylene but their overall
composition is very low. The other hydrocarbon products such as triethylbenzene,
toluene and gaseous hydro-carbons are negligible.
In disproportionation of EB the origin

of benzene could

be

both

disproportionation and cracking reactions [2, 4]. In this study at all temperature levels
the HZSM-5 catalysts samples produced highest amount of benzene. This observation
might lead one to speculate about the possibility of cracking especially for catalyst with
high acidic site concentration. One way to confirm the occurrence of cracking is the
product gas analysis which is also originated from the cracking reaction. As it can be
seen in Table 3, the amount of product gas is minimal even at high EB conversion. This
suggests that the benzene is mainly produced via the disproportionation reaction.
Previously, the present research group demonstrated that higher reaction temperature (>
400 °C) favors the cracking reaction that produces undesired product benzene [4, 31]
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using a USY catalyst. In the present study the catalytic runs were conducted well below
400 °C, as a result the cracking reaction is limited.

Table 4.3: Product distribution (wt%) of ethylbenzene disproportionation on HZSM-5
with different Si/Al ratio at 20 s reaction time.

Catalysts

HZ-27

HZ-55

HZ-80

HZ-150

HZ-280
a

Product Yield (%)

Temp
(°C)

EB
conv.
(%)

Benzene

200
250
300
350
200
250
300
350
200
250
300
350
200
250
300
350
200
250
300
350

7.07
15.8
41.01
47.57
4.35
14.7
38.4
48.5
2.40
9.37
27.53
42.17
1.41
5.83
26.06
35.91
0.30
0.78
3.97
18.78

4.42
8.95
22.2
27.9
2.54
7.3
19.8
27.35
1.73
5.18
13.04
20.45
0.92
3.11
12.3
18.15
0.16
0.49
1.94
8.41

pDEB
1.18
2.73
3.73
1.94
0.48
2
4.22
2.66
0.28
1.34
4.13
4.95
0.20
0.92
4.03
3.94
0.14
0.19
1.08
5.01

mDEB
1.44
3.64
6.44
3.48
0.88
3.93
9.2
5.75
0.36
2.56
8.40
10.44
0.29
1.65
7.92
8.10
0.00
0.00
0.46
3.60

oDEB
0.07
0.18
0.46
0.35
0
0.17
0.9
0.77
0.00
0.10
0.90
1.23
0.00
0.0
0.53
0.69
0.00
0.00
0.00
0.00

TotalDEB
2.69
6.55
10.6
5.77
1.4
6.1
14.3
9.2
0.64
4
13.43
16.62
0.49
2.57
12.48
12.73
0.14
0.19
1.54
8.62

Othersa
0.36
4.18
7.33
0.35
1.12
0.48
1.3
0.30
0.97

xylenes, Toluene and ethyltoluenes.

Table 4.4 reports the product distribution for ethylation of EB with ethanol over
HZSM-5 samples being investigated in this study. The ethylation experiments were
conducted using 1:1 EB to ethanol molar ratio and at different reaction temperatures and
contact times. The analysis shows that the products are still the same as observed during
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disproportionation, only the conversion of EB and the product compositions are
significantly changed in case of the EB ethylation with ethanol. A small amount of
triethylbenzene was found in disproportionation runs. No such product was detected in
the EB ethylation with ethanol. The following sections present the effects of SiO 2/Al2O3
ratios along with temperature and contact time on conversion and product selectivity
during both the disproportionation and ethylation of EB.

Table 4.4: Product distribution (wt%) of ethylbenzene ethylation reaction on HZSM-5
with different Si/Al ratio at 20 s reaction time.

Catalysts

HZ-27

HZ-55

HZ-80

HZ-150

HZ-280

a

Product Yield (%)

Temp
(°C)

EB
conv.
(%)

Benzene

200

7.47

250

mDEB
2.37

oDEB
0.13

TotalDEB
6.08

Othersa

1.48

pDEB
3.58

21.14

5.26

5.68

5.49

0.34

11.51

2.27

300

34.80

10.25

5.32

6.04

0.34

11.71

6.09

350

35.72

13.92

3.06

4.42

0.36

7.85

8.04

200

15.21

1.05

5.14

10.72

0.71

16.58

0.94

250

28.80

4.25

6.40

12.86

0.94

20.20

2.91

300

38.30

8.52

5.03

10.66

1.13

16.82

5.59

350

44.08

15.10

2.39

4.88

0.96

8.23

9.07

200

17.41

0.59

6.24

9.60

0.69

16.54

0.52

250

29.25

2.02

8.07

15.44

1.21

24.72

1.45

300

40.57

4.86

8.90

18.13

1.80

28.83

2.98

350

43.76

6.88

7.95

16.90

2.02

26.87

4.20

200

11.57

0.29

5.31

4.54

0.33

10.17

0.43

250

26.30

1.61

8.20

13.09

0.70

21.99

1.41

300

36.15

4.49

8.02

15.09

1.02

24.13

3.37

350

34.11

9.59

3.86

8.19

0.96

13.01

6.16

200

1.30

0.00

1.06

0.11

0.00

1.17

-

250

5.00

0.00

3.22

0.71

0.00

3.94

-

300

14.71

0.61

12.28

4.80

0.00

17.08

0.59

350

27.20

3.51

8.32

6.84

0.19

15.35

2.28

xylenes, Toluene and ethyltoluenes.
53

0.64

4.1.3 Conversion of Ethylbenzene (EB)
Figure 4.3 compares the EB conversions over various SiO2/Al2O3 containing
HZSM-5 catalysts at 250 °C in the CREC Riser Simulator. One can see that both in
ethylation and disproportionation, the EB conversion on HZ-280 catalyst was much lower
compared to the other catalyst samples which is mainly due to the very low acidity of this
catalyst sample. For all the five HZSM-5 samples the EB conversion in ethylation was
much higher than disproportionation.

(a)

(b)

HZ-27

HZ-55

HZ-80

HZ-150

HZ-280

Figure 4.3 EB conversion at temperature of 250 οC and 20 sec contact time for
a) EB disproportionation and b) EB ethylation over different catalysts.
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When the EB conversions were plotted against temperature, it clearly shows that with
increasing reaction temperature the conversion of EB increased (Figure 4.4).

At

temperatures higher than 300 °C the EB conversion in both the disproportionation and
ethylation are comparable. This suggests that above 300 °C temperature higher amount
of EB adsorbs on the on the Brönsted acid sites which favors the disproportionation [56,
57]. As a result, the overall conversion of EB in the disproportionation is increased and
reached to the level of EB ethylation. For the same reason the HZSM-5 samples with
higher acidity (lower SiO2/Al2O3 ratios) displayed higher EB conversion in the
disproportionation reaction runs than those of the lower acidic catalyst samples. The
proportional relationship between the temperature and the EB conversion also suggests
that under the studied range both disproportionation and ethylation reactions were away
from the thermodynamic equilibrium.
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(a)

(b)

Figure 4.4. Variation of EB conversion with temperature at 20 s contact time,
comparison between different catalysts for a) EB disproportionation reaction and b) EB
ethylation reaction.
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Figure 4.5 displays the comparison of the EB conversions at different reaction
times and at constant temperature of 300 ºC. As expected, both the disproportionation and
ethanol alkylation reactions, shows increasing trend with increasing the contact time.
When compared among the different HZSM-5 catalysts, the higher acidic catalyst
(SiO2/Al2O3 = 27 and 55) displays higher conversion in disproportionation reaction
compare to the other lower acid catalysts, while for ethylation reaction the EB conversion
for high acid catalyst shows lower EB conversion than low acidic catalysts. Excessive
acid sites and the absence of the competition for active sites between ethanol and EB
favor this higher EB conversion during disproportionation. Again, due to very low acidity
the HZ-280 sample shows very low EB conversion.
When compared the performance of three HZSM-5 catalysts in ethylation, the
sample with SiO2/Al2O3 = 80 displays superior activity. This is possibly due to the
appropriate balance between the availability of strong acidic sites (11 %) along with the
total acidity (0.354 mmol/g) as found in the NH3-TPD study (Table 4.2). The sample,
SiO2/Al2O3 = 27 with higher total acidity (0.73 mmol/g) contains only small percentage
of strong acidic sites (2 %), while with SiO2/Al2O3 = 280 sample, 53 % of the total sites
are strong acidic sites but the total acidity is very low (0.094 mmol/g). Consequently,
this catalyst SiO2/Al2O3 = 80 shows better performance as compared to the other HZSM5 samples considered in this investigation.
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(a)

(b)

Figure 4.5. Variation of EB conversion with contact time at 300 οC, comparison between
different catalysts for a) EB disproportionation reaction and b) EB ethylation reaction.
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4.1.4 Selectivity of DEB and BZ
Figure 4.6 displays the selectivity of total DEB for both the disproportionation
and ethylation of EB reactions using three HZSM-5 catalysts and at constant 25 % EB
conversion and 300 °C temperature. HZ-280 sample is not included in Figure 4.6 given
very low conversion (much less than 25 %) and negligible product yields. One can see
that the DEB selectivity with all the catalysts for the ethylation reaction is almost double
the selectivity in the disproportionation reaction. Among the four catalysts, the HZ-80
shows highest DEB selectivity while HZ-27 shows lowest DEB selectivity. This
observation indicates that the surface acidity for the HZ-80 catalyst is suitable as compare
to the other three catalysts.

(a)

(b)

Figure 4.6 a) DEB selectivity and b) BZ selectivity for different catalysts at 25 % EB conversion
and 300 οC, comparison between EB disproportionation reaction and EB ethylation reaction.
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Figure 4.7 shows the DEB selectivity as function of temperature. For all catalysts
the total DEB selectivity were increased with increasing reaction temperature. This trend
was expected given all the experiments were conducted relatively at lower temperature
(350 ºC maximum). Previous studies demonstrated that at high reaction temperature
(above 400 ºC) the selectivity of DEB start to decrease due to the secondary cracking of
product DEB. Al-Khattaf [59] showed that with increasing reaction temperature the
selectivity of DEB reaches to maximum point then starts to decrease. The decrease in
selectivity of DEB at high temperature was due to the increasing role of other reactions
such as cracking and transalkylation at higher temperatures. Similar behaviors for DEB
selectivity with temperature was reported by Halegeri and Das [60] and Sharnappa et al.
[61, 62]. As reaction temperature increases, EB conversion and benzene selectivity
increase while DEB selectivity decreases. This finding can be further confirmed by
comparing the benzene (BZ) selectivity during the disproportionation and ethylation of
EB. Expectedly, the benzene selectivity was drastically decreased in presence of ethanol
during the ethylation of EB as the benzene selectivity was very high in the
disproportionation reaction. Therefore, ethylation, is more favored, due to the nature of
the disproportionation reaction where 2 mol of EB disproportionate to give 1 mol each of
DEB and Benzene. Effects of contact time on the DEB selectivity is reported in Figure
4.8. For all catalysts the DEB selectivity increased with the increase of contact time.
However, increments with the SiO2/Al2O3 = 80 catalyst is significantly higher than the
other HZSM-5 catalyst samples.
When the DEB/BZ ratios were calculated for different temperature and 20 s
contact time, it was noticed that depending on the reaction temperature the DEB/BZ
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ratios varies between 0.4 and 0.7. The lowest value was found for the HZSM-5 sample
containing highest acidity (Si/Al = 27). Although, ideally the DEB/BZ molar ratio should
be equal to 1, the discrepancy is mainly due to the cracking reaction which produces
excess benzene as reflected by the lowest value for the catalyst with highest acidity. Also,
the presence of some minor side products (such as toluene, xylene, and triethylbenzene)
that are not included in the ratio contributed to the error.

Figure 4.7 Variation of DEB yield with temperatures for a) EB disproportionation
and b) EB ethylation at 20 sec, comparison between different catalysts.
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Figure 4.8 Variation of DEB yield with contact time at 300 οC for a) EB
disproportionation and b) EB ethylation, comparison between different catalysts.
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4.1.5 Selectivity of p-DEB
Figure 4.9 shows the p-DEB selectivity (% p-DEB/total DEB) for different
HZSM-5 samples at various EB conversions and 300 °C temperature. The selectivity of
HZ-280 sample was not included in Figure 4.9 given its very low product yields and low
EB conversions at 300 °C. One can see in this figure especially at high temperature (also
in Table 4.3 and Table 4.4) that the distribution of DEB isomers m-DEB/p-DEB/o-DEB
is approximately 6:3:1, respectively. Asrenova-Hartel et al. [36, 43] reported similar
observations using a H-Y zeolite catalyst. It is interesting to see that low acidity catalysts
HZ-55, HZ-80 and HZ-150, regardless of disproportionation and ethylation of EB the pDEB selectivity is almost constant at all conversion level. The stable p-DEB selectivity
was also due to the lack of excessive acid sites with these catalysts. It is hypothesized
that the available acid sites are just sufficient to produce p-DEB (which is the first
product) and there are no further isomerization or cracking over this catalysts especially
with low temperature and small contact time. For HZ-280 catalyst high p-DEB selectivity
was observed (Table 4.3, 4.4) because of its low acidity lead to minimize the
isomerization of p-DEB to m-DEB. On the contrary, the p-DEB selectivity for high acid
catalyst (HZ-27) decreases with increase the conversion in both disproportionation and
ethylation of EB.

The major reason for the decreasing p-DEB selectivity is the

isomerization of the para isomer to meta isomer at high conversion. Also, the secondary
cracking of p-DEB to produce benzene could be another reason for the decreasing p-DEB
selectivity.

In the case of disproportionation with the high acidic HZ-27 catalyst,

availability of abundant acidic sites at the outer surface of the catalyst helps for
isomerization of p-DEB as well as cracking of both the reactant EB and product DEB. As
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a result, the p-DEB selectivity was decreased with conversion. However, in the case of
ethylation with ethanol, the isomerization of the p-DEB is most likely the main reason for
decreasing the p-DEB selectivity using the HZ-27 catalyst given the fact the benzene
selectivity is very low indicating minimal cracking of feed and product. This result
further indicates the significance of the ethyl group transfer.

Figure 4.9. Variation of p-DEB selectivity with EB conversion at 300 οC for a) EB
disproportionation and b) EB ethylation, comparison between different catalysts.
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According to previous studies acidity and MFI crystal size are two important
parameters that influence p-DEB selectivity over HZSM-5 catalysts [34]. Generally, low
acidity and larger crystal sizes (longer diffusion length) favor the p-DEB selectivity. In
the context of the present study the sample were modified to vary the acidity keeping the
crystal size almost same. Therefore, the low acidic catalysts showed better and stable pDEB selectivity. Mishin et al [26] showed that formation of very strong acid sites caused
by an increasing contribution from isolated Al atoms in the framework seems to be the
reason for the enhanced catalytic activity of dealuminated zeolite samples. W.-H. Chen et
al. [27] reported the effects of surface modification on the para-selectivity of modified
HZSM-5 samples. They concluded that during the disproportionation of EB a substantial
inactivation of surface active sites is inevitable in provoking substantial relative increase
in para-DEB selectivity. X. Guan et al [24] also reported improved and stable p-DEB
selectivity with modified (acidity) HZSM-5 samples. It was showed that very high
selectivity to p-DEB (>90%) can be achieved by controlling the concentration of very
strong acid sites [63, 64].
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4.1.6 Kinetic modeling
Reaction kinetics of both ethylbenzene transformation and ethylation reactions are
presented in this section. Mathematical models representing the rates of chemical
reactions are developed based on the main product distributions observed for both
reactions. As seen in section 4.1.2, under the studied reaction conditions in the context of
the present study both the disproportionation and ethylation of EB in the CREC Riser
Simulator gives DEB and BZ as major products containing the aromatic ring. The
gaseous product predominantly ethylene but their overall composition is very low.
Considering all the facts the developed model equations are based on proposed reaction
schemes 1 and 2 for ethylbenzene transformation and ethylation reactions, respectively.

EB

+ EB

p-DEB

k1

k2

k -3

Bz + Gases

+

Bz

k 3 = K3 * k -3

m-DEB

Scheme 1.Reaction network of ethylbenzene transformation

EB + EtOH

k1

p-DEB

k2

k -3

Bz + Gases

+

H2O

k 3 = K3 * k -3

m-DEB

Scheme 2. Reaction network of ethylation of ethylbenzene with ethanol
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In formulating the kinetic models, we assumed the ethylation reaction follows a
simple second-order kinetics and a pseudo-first order reaction kinetic was assumed for
disproportionation and cracking reactions. Catalyst deactivation is assumed to be a
function of time on stream (TOS) and a single deactivation function was defined for all
reactions. Isothermal operating conditions can also be assumed given the design of the
riser simulator unit and the relatively small amount of reacting species. It is important to
mention here that in model formulation the each of the DEB isomers is considered as
separate products. However, given its very low yields (Table 4.3, Table 4.4) the
contribution of o-DEB has been neglected. This assumption is consistent to the published
literature articles, especially when the disproportionation and ethylation of EB reactions
are conducted at low temperature (below 350 °C) [2, 4, 35].

 Model development for ethylbenzene transformation
Based on the observed product distribution, reaction scheme 1 is proposed to
represent the main reacting species of the transformation reaction. Using power law
model, the rate of reaction for each reacting species can be written as:
Rate of reaction for ethylbenzene
(

)

(

)

(4.1)

Rate of reaction for benzene
(

)

(

)

(4.2)

Rate of reaction for p-DEB
(

)

(

)
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(4.3)

Rate of reaction for m-DEB
(

where

(

)

)

(4.4)

is molar concentration of each species in the system,

reactor,

is the mass of the catalyst,

species, while

is time in seconds,

is the volume of the

is the rate constant of each

is the catalyst deactivation constant.

 Model development for ethylation of ethylbenzene
Reaction scheme 2 takes into consideration the main products of the alkylation of
ethylbenzene with ethanol. The reaction network is used to develop the model equations
for the kinetics of the reaction. Thus, we have:
Rate of reaction for ethylbenzene
(

)

(

)

)

(

(4.5)

Rate of reaction for p-DEB
(

)

(4.6)

Rate of reaction for m-DEB
(

(

)

)

(4.7)

Rate of reaction for benzene
(

)

(

)

(4.8)

Due to the negligible amount of benzene in the reaction product on HZ-80 and HZ-150,
and

.
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The molar concentration

can be expressed in terms of weight fraction of each

species , which are the measurable variables from the chromatographic analysis, hence,
(4.9)
where

is the weight of feedstock injected into the reactor,

is the molecular

weights of the species.
The rate constant was represented with the temperature dependence form of the
Arrhenius equation given as:
[
where

(

(4.10)

)]

and Ei are the pre-exponential factor and activation energy of the reaction i

respectively.

is referred to as the centering temperature which is the average of all the

temperatures for the experiment in order to reduce parameter interaction.
In order to ensure thermodynamic consistency at equilibrium, the rate constant for the
isomerization reaction (p-DEB to m-DEB) in the above equation are expressed as
follows:

K2 

k 2  CM 


k 2  CP eq

(4.11)

where K2 are temperature-dependent equilibrium constant for the isomerization reaction.
However, an average value was computed for K2, because the thermodynamic
equilibrium concentrations of the DEBs remain fairly constant within the temperature
range of this work.
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The above models were evaluated considering that the both the disproportionation
and ethylation of ethylbenzene over HZSM-5 catalyst samples were free from transport
limitations. This assumption is reasonable given the fact the HZSM-5 sample has small
crystallite sizes of 0.5 × 10−6 m to 2 × 10−6 m [65]. For this crystal size ranges, one can
expect that the value of effectiveness factor to should be close to one. Considering this
fact, the effect of diffusion has not been incorporated in the kinetics analysis. Recently,
Marin et al [66] also reported the kinetic modeling ethylbenzene dealkylation over Pt
promoted H-ZSM-5 zeolite catalysts by considering negligible contribution of the
diffusion resistance.

 Model Parameter Evaluation
The mole balance equations (Eqs. 4.1-4.11) incorporating the Arrhenius relation
(Eq. 4.10) were evaluated by a least square fitting of the kinetic parameters using the
experimental for both the disproportionation and ethylation of EB reactions data obtained
from the CREC Riser Simulator. The data points were taken at various reaction times
ranging from 5-20 sec at different temperature levels. The models were evaluated by
using MATLAB (ODE 45-4th order Runge-Kutta method and LSQCURVEFIT) least
square fitting of the kinetic parameters. The centering temperature in the Arrhenius was
taken equal to 275 C. The optimization criteria are that all the rate constants had to be
positive, the activation energies for reaction positive, all consistent with physical
principles.
The parameters were determined at 95% confidence limit. Total one hundred and
twelve (112) for disproportionation and one hundred and twelve (112) for ethylation of
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EB reactions data points were taken for parameter estimation.

Thus, total nine

parameters, the degree of freedom for the model exceeded 103 and 104 (number of data
points  number of parameters to be estimated), respectively. This shows that
considerable experimental data were used to optimize the model parameters.
The models were discriminated based on their coefficient of determination (R2), lower
SSR (sum of the squares of the residuals, Lower cross-correlation coefficient (γ), and
smaller individual confidence intervals for the model parameters. The values of the
model parameters along with their corresponding 95% confidence limits (CLs) and the
resulting cross-correlation coefficients are shown in Table 4.5. One should remember that
the power law model as developed in Equation 1-8 are not based on the mechanism of the
surface reaction. Therefore, the estimated activation energies are apparent activation
energies which have combined effects various steps (adsorption of reactant-surface
reaction-desorption of products) involved in the catalytic reaction.

It is noticed from Table 4.5, that in EB transformation the estimated activation
energies for the cracking reaction forming benzene over all the HZSM-5 catalyst are
found to be slightly higher than those for the formation of the desired product p-DEB.
This result indicates that in EB transformation using HZSM-5 catalysts the cracking
reaction is comparable with the desired disproportionation reaction having slight edge.
This observation is consistent to the experimental selectivity data as obtained from the
fluidized bed reaction runs, which shows that all the HZSM-5 catalysts are equally favors
both the cracking and disproportionation to produce benzene and the desired product pDEB. Among the five catalysts being investigated in the study, the estimated activation
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energy for HZ-27 is the lowest which is in line with the highest benzene selectivity as
shown in Table 4.3. When compared the activation energy for the disproportionation
forming p-DEB, the HZ-27 catalyst requires the least amount of activation energy as
compare to the other HZ-80 and HZ-150. This is also consistent as the acidity of this
catalyst is highest among the five HZSM-5 catalysts being investigated.

Table 4.5: Estimated kinetic parameters (at 95 % confidence limit) for disproportionation
and ethylation of EB over HZSM-5 catalysts with different SiO2/Al2O3 ratios

Parameters

EB disproportionation

EB ethylation with ethanol

HZ-27

HZ-80

HZ-150

HZ-27

HZ-80

HZ-150

k01*

2.5 ± 0.2

2.1 ± 0.1

2.3 ± 0.1

2.6 ± 0.3

4.9 ± 0.6

4.8 ± 0.4

k02

330 ± 16

530 ± 98

470 ± 17

2.2 ± 0.6

146 ± 22

8.6 ± 0.4

k03

0.87 ± 0.2

0.36 ±0.1

0.38 ± 0.1

0.01 ± 0.002

-

-

E1

19.5 ± 7.0

38 ± 4.5

43 ± 5.3

25.6 ± 3.8

22.5 ± 4.4

38.4 ± 3.3

E3

40 ± 4.4

40 ± 4.0

50 ± 8.0

78.8 ± 12.8

-

-

k01, k02,k03: 1 ×103m3/kgcat.s
E1, E1, E1: kJ/mol
*
(for ethylation: k01: 1 ×102 m6/kgcat.s)

The scenario is completely different during the ethylation of EB with ethanol than
that was observed in EB transformation (Table 4.5). As noticed in the product analysis
(Section 4.1.2, Table 4.4), the majority of the EB converted into DEB and only small
amount of benzene was produced. The estimated activation for the cracking reaction was
very high (78.8 ± 12.8) which is consistent to the very low selectivity of benzene during

72

the ethylation of EB with ethanol. Therefore, in presence of ethanol, the contribution to
either DEB or benzene via disproportionation (as shown in scheme 2) can be considered
negligible. The much lower activation energy (Table 4.5) for the ethylation route is also
consistent to the above explanation. The catalyst with SiO2/Al2O3 = 80 requires the least
amount of activation energy forming p-DEB compare to HZ-27 and HZ-150. This
finding is also consistent to the product analysis results, which shows that highest p-DEB
yield with the SiO2/Al2O3 = 80 containing HZSM-5 catalyst.

The estimated kinetic parameters for the fitted parameters substituted into the
developed the mole balance equation and equations were numerically solved using
fourth-order-Runge-Kutta routine. Figure 4.10 and Figure 4.11, are the reconciliation
plots for the EB conversion during disproportionation and ethylation, respectively. The
model predicted and experimental EB conversion and products yield are compared in
Figure 4.12. Both the predicted conversions and yield data fit the experimental data in an
excellent manner.
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Figure 4.10. EB disproportionation reaction: Influence of reaction temperature and time on
ethylbenzene conversion on HZSM-5 samples with: A) SiO3/Al2O3 = 27, B) SiO3/Al2O3 =
80 and C) SiO3/Al2O3 = 150. Experimental data: data points, model prediction: continuous
line
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Figure 4.11. EB ethylation reaction: Influence of reaction temperature and time on
ethylbenzene conversion on HZSM-5 samples with: A) SiO3/Al2O3 = 27, B) SiO3/Al2O3 =
80 and C) SiO3/Al2O3 = 150. Experimental data: data points, model prediction: continuous
75line
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Figure 4.12. Reconciliation plot between model predictions and experimental data.
Experimental data: data points, model prediction: continuous line
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4.2. Effect of zeolite pore structure on ethylbenzene ethylation:
4.2.1. Physicochemical properties of the catalysts
X-ray powder patterns of all zeolites under study showed good crystallinity and
characteristic diffraction lines (not shown here). The specific surface area and pore
volume determined by nitrogen physisorption for the ZSM-5 and mordenite samples are
listed in Table 4.6. The pyridine FTIR characterization confirmed the presence of
Brönsted and Lewis acid sites. The amount and percentages of each of Brönsted and
Lewis type acid sites are presented in Table 4.6. The crystal sizes of all zeolites used in
this study were between 0.5 and 1 μm.

Table 4.6: Characteristics of the catalysts under study.
ZSM-5

Mordenite

Si/Al ratio

150

180

Channel dimensions (Å)

5.1×5.5 and 5.3×5.6

6.5×7.0 and 2.6×5.7

Pore topology

3D, 10-rings

1D, 12 and 8-rings

BET area (m2/g)

435

420

Pore volume (Vmicro cm3/g)

0.17

0.27

Lewis sites (mmol/g)

0.05 (39%)

0.002 (6%)

Bronsted sites (mmol/g)

0.08 (61%)

0.030 (94%)
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4.2.2. Ethylation of ethylbenzene
As mentioned in the experimental section, ethylation of EB experiments were
conducted in a CREC Riser Simulator under fluidized bed conditions. The ethylation
experiments were conducted using 1:1 EB to ethanol molar ratio and at different reaction
temperatures and contact times. Table 4.7 presents the product distribution of the
ethylation of EB over the HZ-150 and MOR-180 samples after 20 seconds reaction time
at three levels of reaction temperatures (250, 300 and 350°C). One can see that at all
temperature levels diethylbenzene (DEB) are the main products. A small amount of
triethylbenzene (TEB) was observed using MOR-180 catalysts. No such product was
detected in the EB ethylation over HZ-150. Among the DEB isomers p-DEB and mDEB were dominant while a small amount of o-DEB was also detected under the present
experimental conditions. A small amount of benzene was also detected over both
catalysts as a result of EB disproportionation. The other hydrocarbon products such as
toluene and gaseous hydrocarbons are negligible. The following sections present the
effects of zeolites pore size along with temperature and contact time on conversion and
product selectivity during EB ethylation.
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Table 4.7: Product distribution (wt%) of ethylbenzene ethylation over HZ-150 and
MOR-180 at different temperature level and 20 s reaction time.
Product Yield (%)

EB
Temp
Catalysts

conv.
(°C)

m-

MOR-180

a

o-

Total-

Benzene
(%)

HZ-150

p-

TEB
DEB

DEB DEB

DEB

Gases Othersa

250

26.30

1.61

13.09

8.20

0.70

21.99

0.00

1.24

1.45

300

36.15

4.49

15.09

8.02

1.02

24.13

0.00

4.04

3.48

350

34.11

9.59

8.19

3.86

0.96

13.01

0.00

5.24

6.27

250

30.89

1.36

11.51

4.87

2.21

18.59

8.19

1.83

0.93

300

41.31

1.92

15.23

6.93

2.13

24.29

10.91

2.76

1.43

350

42.82

5.52

12.69

5.84

1.80

20.33

4.73

5.88

6.36

xylenes, Toluene and ethyltoluenes.
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4.2.3 Conversion of ethylbenzene (EB) and ethanol (EtOH)
Ethylbenzene alkylation with ethanol can be considered as an electrophilic
substitution on the aromatic ring, and over acidic zeolites it is commonly considered as
proceeding via a carbonium ion-type mechanism [33]. Figure 4.13 compares the
conversions of EB and EtOH during the ethylation reaction over medium and large pore
zeolite samples at different temperature level. One can see that in both HZ-150 and
MOR-180, EtOH conversion was much higher compared to EB conversion at any
temperature although equal molar amount of EtOH and EB was injected as feed. The
main reason for the higher EtOH conversion is the primary and secondary alkylation
reactions which consumes the additional EtOH molecules. Figure 4.13 also shows that
EtOH conversion was almost in the same higher level over both the HZ-150 and MOR180 samples.

Figure 4.13. Effect of temperature on the ethylbenzene and ethanol conversions in the
ethylation of ethylabenzene over medium pore zeolite (HZ-150) and large pore zeolite
(MOR-180).
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4.2.4 Products yield and selectivity
Figure 4.14 displays the products yield for ethylation of EB for the two catalysts
at various temperatures and at 20 second contact time. One can notice that over all
catalysts with increasing reaction temperature the yield of DEB reaches to maximum
point at 300οC then starts to decrease. The decrease in yield of DEB at high temperature
is due to cracking and secondary alkylation at higher temperatures. Similarly, TEB yield
increase with temperature until reach to the maximum then decrease at high temperature.
A similar observation for DEB selectivity with temperature was reported by Halegeri and
Das [60] and Sharnappa et al. [61, 62] EB conversion and benzene selectivity increases,
while DEB selectivity decreases with reaction temperature. On the other hand benzene
yield was increased with increasing the reaction temperature for both catalysts. This
observation suggests that at high temperature a favorable condition attains for EB
disproportionation to benzene and DEB, especially with the medium pore zeolite HZ150.
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Figure 4.14. Product yield for the ethylbenzene ethylation over MOR-180 and HZ-150
catalyst at different temperature and 20 s contact time.

Figure 4.15 summarizes the products selectivity of the alkylation of ethylbenzene
with ethanol over medium and large pore zeolite catalysts at similar level of conversion
(EB conv. = 20%). One can see that products selectivity is comparable over the two
catalysts. Diethylbenzene was the main product observed over both catalysts which might
be attributed to its ease of diffusion without steric hindrance through the pores of the
catalysts. The primary alkylation reaction forms DEB, while the secondary alkylation led
to formation of TEB. Triethylbenzene (TEB) was formed only over MOR-180 as shown
in Figure 4.15 and Figure 4.16 and no TEB was observed over HZ-150 catalyst. This
result is not surprising, since HZ-150 is medium pore size (∼ .6 nm) restrict the
formation of large molecules such as TEB due to steric restrictions, on the other hand, the
large pore size MOR-180 (∼ .7 nm) favors secondary alkylation reactions which is
allow the formation of TEB without diffusional resistance. Regarding benzene selectivity,
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one can see in Figure 4.15 very low selectivity of benzene in ethylation of ethylbenzene.
Comparing the two samples HZ-150 shows higher benzene selectivity. The effect of
contact time on DEB yield is reported in Figure 4.17. For all catalysts DEB yield
increased with the increase in contact time. However, increment with HZ-150 catalyst is
slightly higher than the MOR-180 especially at low temperature.

Figure 4.15. Comparison of the product selectivity in the ethylbenzene ethylation over
medium pore zeolite (HZ-150) and large pore zeolite (MOR-180) (T = 300οC, EB
conversion = 20%).

Figure 4.16. Effect of temperature on the yield of DEB and TEB for ethylbenzene
ethylation. Comparison between medium and large pore zeolites (contact time = 20 s).
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Figure 4.17. Effect of contact time on the yield of DEB in the ethylbenzen ethylation.
Comparison between medium and large pore zeolites (T = 250 οC).

The results show that HZ-150 gave higher value of p-DEB selectivity compare to
MOR-180 especially at low temperature. This can be explained by the difference between
the structures of the two zeolites; because medium pore zeolites exhibiting channels with
dimensions of about 0.55 nm have led to shape selectivity in the processing of
alkylaromatic, particularly with respect to para isomer of diethylbenzene, while over
large pore zeolite most of the p-DEB selectivity was closed to the thermodynamic
equilibrium value. This is because MOR allows the isomers to freely move without
diffusional constraints.
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4.2.5. Kinetic mechanism of ethylbenzene ethylation
In this section the details of the kinetic mechanism of ethylbenzene alkylation
with ethanol over medium and large pore zeolites are presented. As seen in section 4.2.2,
under the studied reaction conditions in the context of the present study ethylation of EB
over HZ-150 and MOR-180 in the CREC Riser Simulator gives DEB and TEB as major
products while a small amount of benzene was also obtained. The other possible products
such as toluene, gaseous hydrocarbons and xylenes are negligible. Benzene can be
produced through cracking or disproportionation of EB. However, given that ethylation
reactions are conducted at low temperature level and the amount of cracking gas in the
products was found as small amounts; this suggests that the benzene is mainly produced
via the disproportionation reaction. Considering all the facts following reaction scheme is
considered in the kinetic modeling:

Reaction network of alkylation of ethylbenzene with ethanol
In formulating the kinetic models, we assumed a lumped model (all DEB isomers
as one product), given that DEB isomers are at equilibrium (m-DEB/p-DEB/o-DEB =
6:3:1) in ethylation of ethylbenzene reactions. This assumption allowed us to estimate the
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set of kinetics parameters which successfully predicted the DEB selectivity. Using the
equilibrium ratios one can easily determine the selectivity of the various DEB isomers.
In the open literature there are many kinetic models have been used to describe the
catalytic alkylation of aromatics, most of these models are based on LangmuirHinshelwood or Eley-Rideal mechanisms. The kinetic study of Corma et al [48] on
alkylation of benzene with propylene over zeolites MCM-22 show that the reaction
follows Eley-Rideal mechanism; propylene adsorbed on the catalyst surface while
benzene react from the gas phase. A similar reaction mechanism was considered for
toluene methylation and studied by Sotelo et al. [67] Another example is the alkylation of
benzene with methanol in the work of Smirniotis et al. [49] It was found that the reaction
mechanism follows Langmuir-Hinshelwood mechanism over medium pore zeolite and
Eley-Rideal mechanism over large pore zeolite. Over large pore zeolites Smirniotis et al.
[49] suggested that the aromatic molecule can easily diffuse in the zeolite pores and react
from the gas phase with the adsorbed alkylating agent. The rate determining step in most
of these models is the reaction between the adsorbed alkylating agents and the aromatics
on the gas phase.
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 Model development for ethylbenzene ethylation
Based on the above discussion and the analysis of the kinetic data Langmuir–
Hinshelwood mechanism with surface reaction control has been proposed for ethylation
of ethylbenzene over medium and large pore zeolites according to the following scheme:
Adsorption of ethanol (EtOH)
( )

Adsorption of ethylbenzene (EB)
( )

Surface reactions

Desorption of products
( )
( )
( )
( )

Accordingly for the proposed reaction scheme the reaction rates were formulated as
follows:

r1  k1  EB  Et

(4.12)

r2  k2  DEB  Et

(4.13)
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r3  k3  EB 2

(4.14)

and the fractional coverage of ethylbenzene, ethanol, and diethylbenzene can be
expressed as:

 EB 

K EB CEB
( 1  K Et CEt  K DEB CDEB  K EB CEB  KTEB CTEB  K Bz CBz )

(4.15)

 Et 

K Et CEt
( 1  K Et CEt  K DEB CDEB  K EB CEB  KTEB CTEB  K Bz CBz )

(4.16)

K DEB CDEB
( 1  K Et CEt  K DEB CDEB  K EB CEB  KTEB CTEB  K Bz CBz )

(4.17)

 DEB 

It is important to note here that the adsorption of water is negligible. Hence, KH2O equals
to zero in the above surface coverage expressions.
The mole balance of the reactant and product species during the ethylbenzene
ethylation in the fluidized CREC Riser Simulator provides the direct relation among the
intrinsic reaction rates of the individual reaction steps and the concentrations of involved
species. In mole balance, the following assumptions were considered:
i.

The ethylation reaction is irreversible.

ii.

The contribution of thermal reaction considered to be negligible. This validity of
the assumption was confirmed by conducting thermal runs without catalysts.

iii.

Isothermal reaction conditions can be assumed given the amount of reactant
injected in each run is very small. Therefore, the contribution of heat of reaction is
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very little. This is confirmed by the negligible temperature change observed
during the reaction runs.
iv.

A single effectiveness factor was considered for ethylbenzene, diethylbenzene and
triethylbenzene.

v.

The effectiveness factor η was assumed to be unity. This assumption was made
based on the fact that ZSM-5 sample have crystallite sizes of 0.5×10−6 m to
2×10−6 m [65]. For this crystal size ranges, one can consider negligible
contribution of the diffusion resistance. A similar consideration was made by
Marin and his co-workers [66], showed that the mordenite with a larger pore
opening should not have any diffusion limitations.

Taking into account of the above assumptions the mole balance of various species gives
the following set of differential equations:
Rate of disappearance of ethylbenzene (EB)


V dCEB
   r1  r3  
WC dt

(4.18)

Rate of formation of diethylbenzene (DEB)
V dCDEB
   r1  r2  r3  
WC dt

(4.19)

Rate of formation of triethylbenzene (TEB)

V dCTEB
  r2 
WC dt

(4.20)

where Ci is molar concentration of each species in the system, V is the volume of the
reactor, Wc is the mass of the catalyst, t is time in seconds, φ is the apparent deactivation
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function, η is an effectiveness factor. The molar concentration Ci can be expressed in
terms of weight fraction of each species yi, which are the measurable variables from the
chromatographic analysis, hence,
Ci 

yi Whc
MWi V

(4.21)

where Whc is the weight of feedstock injected into the reactor, MWi is the molecular
weights of the species. The intrinsic rate constant can be expressed according to
Arrhenius equation:

 E 
k  k0 exp 

 RT 

(4.22)

Previous studies suggests that the intrinsic mathematical structure of this equation
introduces a very strong dependence between the parameters k0 and E; called parameter
correlation, makes the estimation of the correct values of the model parameters very
difficult [68]. In order to reduce the correlation between the parameters the reaction rate
constant was represented with the temperature dependence using the following
reparameterization form of Arrhenius equation:


 1 1 
ki  exp  Ai  Bi    
 T To  

where A  ln[ k0 ] and B 

(4.23)

E
,
R

Conventionally, the temperature dependence relations of the adsorption equilibrium
constants can be expressed according to the following thermodynamic relations: [69, 70]
0
 Gads

,i

K i  exp  
RT 


(4.24)
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0
where, Gads
,i is the Gibbs free energy for adsorption of species i at standard conditions
0
(298 K and 1 atm) which is further related to the change of enthalpy H ads
,i and change
0
of entropy S ads
,i of adsorption as follows:
0
0
0
Gads
,i  H ads,i  TS ads,i

(4.25)

Combining Eq. (4.24) and Eq. (4.25) gives,
0
0
 S ads

H ads
,i
,i

K i  exp 

RT 
 R

(4.26)

Alternatively, the above Equation (4.26) can be represented with the centered
temperature form as:


 1 1 
Ki  exp  Di  Fi    
 T To  

where D 

(4.27)

Sads
H ads
and F 
.
R
R

Finally, the possible effects catalyst deactivation has been taken into account by
considering a time on stream deactivation function as described in Equation (16) [71].

  exp(  t )

(4.28)

where, α is a constant and t is the time the catalyst is exposed to reaction.
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 Parameter evaluation and model discrimination
The mole balance equations incorporating with Langmuir-Hinshelwood models
for the individual reaction steps, Arrhenius relation, the temperature dependence form of
the equilibrium adsorption constants and deactivation function were evaluated by a least
square fitting of the kinetic parameters using the experimental data for EB ethylation
reaction obtained from the CREC Riser Simulator. The experimental conversion and
selectivity data points were taken at various reaction times ranging from 5-20 sec at
different temperature levels. The differential equations were solved by Runge-Kutta
method (MATLAB ODE 45 subroutine). On the other hand the Modified Marquad
method technique (MATLAB LSQCURVEFIT subroutine) was employed for parameter
estimation. The optimization criteria for the model evaluation are that all the rate
constants, adsorption equilibrium constants, the activation energies and the heat of
adsorption had to be positive, all consistent with physical principles. The minimum sum
of squares of the residuals was set as optimization criteria which was defined by:

SS 

 C
N

i 1

i ,exp

 Ci.th 

2

(4.29)

It was considered that the model is conversed the model function changed less than the
specified tolerance of 10-8.
In model discrimination, the coefficient of determination (R2), lowest sum of the squares
of the residuals (SSR), least value of the cross-correlation coefficient (γ), and minimum
individual confidence intervals for the estimated model parameters.
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Based on Langmuir-Hinshelwood approach along with the reaction scheme and
the experimental data, the proposed model had been tested and due to the negligible
amount of TEB in the reaction product on HZ-150, k2 ≈ 0. The initial model evaluation
showed that the estimated equilibrium constant for EB was very small. In addition,
ethanol has more tendencies to adsorb on the catalysts sites as compared to ethylbenzene.

On the active sites the adsorbed ethanol transformed into surface ethoxy groups. These
ethoxy groups interact with lightly adsorbed ethylbenzen to form diethylbenzene.
Consequently, KEB CEB << KEt CEt, hence KEB CEB can be dropped from the denominator
of the specific reaction rate equations (Eq. 4.15, 4.16 and 4.17). A similar trend was
observed for alkylation of toluene with isopropyl alcohol studied by Barman et. al [72].
In which, the estimated adsorption constants for the proposed model was found to be in
the following order Kcy>>KIPA>>KTo which reflect the adsorption strength of those
molecules, the large aromatic molecule strongly adsorbed on the catalyst sites compare to
the small one. On the other hand given the low concentration of triethylbenzene and
benzene in the product, one can expect that their adsorption equilibrium constant cannot
be estimated accurately. Therefore, they are not considered in the model evaluation.
Accordingly for the proposed the reaction scheme the reaction rates were reduced to the
following expression:

r1 

k1 K EB K Et CEB CEt
( 1  K Et CEt  K DEB CDEB )2

(4.30)

r2 

k2 K DEB K Et CDEB CEt
( 1  K Et CEt  K DEB CDEB )2

(4.31)

k3 ( K EB CEB )2
r3 
( 1  K Et CEt  K DEB CDEB )2

(4.32)
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After dropping of the less prominent parameters, the models were further
evaluated by using equation (19) and (20). The values of the model parameters along
with their corresponding 95% confidence limits (CLs) are shown in Table 4.8 and Table
4.9. The Arrhenius and van’t Hoff plots for the model parameters are shown in Figure
4.18 and 4.19, respectively, and it can be observed that the figures follow the expected
Arrhenius and van’t Hoff relationships. The activation energies for EB ethylation and
heat of adsorption of EtOH and DEB for the two samples are reported in Table 4.8. The
estimated activation energy for the formation of DEB over MOR-180 was found to be
much smaller (45.2 kJ/mol) than the formation of DEB over HZ-150 (112 kJ/mol). These
results are expected since MOR-180 catalyst is more favorable for the alkylation reaction
of aromatics to a higher extent than HZ-150. This can be explained by the difference of
the pore structure of the two samples, while HZ-150 is a medium pore zeolite containing
two types of intersecting channels, near circular (0.53-0.56 nm) zigzag channels and
elliptical (0.51-0.55 nm) straight chain channels and MOR-180, a one-dimensional large
pore zeolite with a nominal free diameter of 0.67-0.70 nm [34].
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Table 4.8: Estimated activation energies and adsorption enthalpies for ethylbenzene
ethylation over HZ-150 and MOR-180.

Parameters
MOR-180

HZ-150

E1

45.2 ± 6.5

112 ± 7.5

E3

88.7 ± 10

163 ± 13

- ΔHEt

32.4 ± 7.3

52.4 ± 7.3

- ΔHDEB

85.3 ± 10.2

67.7 ± 7.5

(kJ/mol)

Table 4.9: Estimated Adsorption constants for ethylbenzene ethylation over MOR-180
and HZ-150.

Temperature

MOR-180

HZ-150

(K)

KDEB

KEt

KDEB

KEt

600

0.452

0.745

0.534

0.617

623

0.240

0.586

0.324

0.419

650

0.121

0.452

0.188

0.275

673

0.071

0.368

0.123

0.198
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One may be interested to make a comparison between the estimated parameters
with values available in the open literature. Unfortunately, there are no such data
available in the open literature that can be directly compared with our results of the
activation energies and adsorption enthalpies for EB ethylation reaction. However, there
are similar studies on different aromatic alkylation. For example, Bhandarkar et. al. [46]
showed that the activation energy of toluene ethylation over ZSM-5 catalyst is 61.78
kJ/mole and the heat of adsorption of ethanol is 34.66 kJ/mole which is close to the
results of this work. Also, a work presented by Sridevi. et al. [44] on the kinetics of
benzene ethylation over AlCl3-impregnated 13X catalyst, found that the activation energy
for EB formation was 60.03 kJ/mole which is slightly higher than the value obtained
from this study using mordenit catalyst (45.2 kJ/mole).
The estimated adsorption constants for ethylbenzene ethylation are reported in
Table 4.9. One cans see that adsorption constant of ethanol is slightly higher compared to
the adsorption constant of diethylbenzene over both catalyst samples. On the other hand,
the estimated adsorption enthalpies reported in Table 4.8 shows that on both HZ-150 and
MOR-180 catalysts, the enthalpies of adsorption of EtOH are lower than the enthalpies of
adsorption of DEB. The model results address that EtOH and DEB both are adsorbed on
the active sites. The estimated adsorption enthalpies and adsorption constants gave an
indication for their comparable adsorption strength.
Finally, the estimated kinetic parameters for the fitted parameters substituted into the
developed model equations and numerically solved using fourth order Runge-Kutta
routine. The model predicted and experimental EB conversion and DEB yield are
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compared in Figure 4.20. Both the predicted conversions and yield data fit the
experimental data in an excellent manner.

Figure 4.18. Arrhenius plot – ethylation reaction rate constant ln(k) vs 1/T data.

Figure 4.19. Van’t Hoff plot – Equilibrium constants ln(K) vs 1/T data.
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Figure 4.20. Reconciliation plot between model predictions and experimental data.
Experimental data: data points, model prediction: continuous line.
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6 CHAPTER 5

7 CONCLUSIONS

5.1 CONCLUSIONS
A novel fluidized bed process for the production of diethylbenzene through
ethylbenzene ethylation and disproportionation over zeolite based catalysts was
successfully investigated. The study was carried out using fluidizable catalysts based on
ZSM-5 and mordenite based catalyst. Unlike previous studies which lay much emphasis
on catalysis design, this work brings into consideration a new perspective which is aimed
at improving the overall efficiency of the process by studying the effects of fluidization
and the use of short contact times on ethylbenzene ethylation. As expected, fluidization
led to a more uniform product distribution in comparison to fixed bed processes where
temperature gradients in the reactor can negatively affect the product quality. It was also
found that significant ethylbenzene conversion was achieved using short contact times (020 sec.) owing to fluidization.

5.1.1. Effect of zeolites acidity on ethylbenzene activity:
The physicochemical characterization of HZSM-5 catalysts with five different
SiO2/Al2O3 ratios, reaction and kinetics study of EB disproportionation and EB ethylation
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with ethanol using these catalysts has been carried out. The following conclusions were
drawn from the study:
i.

The physicochemical characterizations results shows that the variation of
SiO2/Al2O3 ratios mainly affected the acidity of the catalysts while the specific
surface area and the crystal structure and crystal sizes remain almost unchanged.

ii.

Low temperature favors the EB ethylation reaction while higher temperature is
favorable for both disproportionation and cracking reactions. In both the
reactions, the EB conversion increases significantly with the increase of reaction
temperature.

iii.

In EB ethylation the DEB selectivity is almost the double of DEB selectivity in
EB disproportionation while the benzene selectivity just opposite. The formation
of benzene in ethylation is much lower.

iv.

The amount of benzene in the reaction product increased as the temperature and
reaction time were raised, showing that cracking reaction is favored at higher
temperature and contact time.

v.

The HZSM-5 catalyst with SiO2/Al2O3= 80 seems to be the most effective giving
superior activity and selectivity towards DEB.

vi.

P-DEB selectivity is very high using HZ-280 catalyst, because of its low acidity
lead to minimize the isomerization of p-DEB to m-DEB; however EB conversion
and the products yield for this catalyst is comparable to the other catalysts in this
study.

vii.

Kinetic analysis of the reactions shows that during the EB disproportionation, the
value of the activation energy for EB cracking is comparable to the activation
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energy of EB disproportionation which is consistent to the high benzene
selectivity in this route. On the other hand, during the EB ethylation with ethanol,
a small amount of benzene was formed via the cracking of EB, which has been
reflected by higher activation energy of the EB cracking reaction. The kinetics
analysis also confirms that during EB ethylation the disproportionation of EB is
negligible.
viii.

In EB ethylation, the HZSM-5 catalyst with SiO2/Al2O3= 80 requires lowest
amount of activation energy to form p-DEB which was reflected in higher p-DEB
yield of the catalyst.

ix.

Although, the DEB yield of the SiO2/Al2O3 = 80 catalyst is high, the p-DEB
selectivity with such catalyst is comparable to the other catalysts studied in this
study.

5.1.2 Effect of zeolites pore structure on ethylbenzene activity:
Phenomenological kinetics modeling of ethylbenzene alkylation with ethanol over
ZSM-5 (medium pore zeolite) and mordenite (large pore zeolite) catalysts has been
carried out. The following conclusions were drawn from the study:
i.

Diethylbenzene is the main product during EB ethylation which is ethylated
further to triethylbenzene over large pore zeolite indicates that large pore zeolite
is more favorable for alkylation reactions than medium pore zeolite.

ii.

DEB yield increase with increasing the reaction temperature reach to maximum
point at 300οC then start to decrease, indicate the increase of cracking and
secondary alkylation reactions at high temperature.
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iii.

Large pore zeolite favors the formation of large molecules while the medium pore
zeolite restricts there formation due to diffusional restriction.

iv.

The kinetic analysis shows that EB ethylation reaction over both catalysts follows
Langmuir-Hinshelwood mechanism where EB weakly adsorbed on the catalyst
site compare to ethanol and DEB.

v.

Large pore zeolite requires lowest amount of activation energy to form DEB
compare to medium pore zeolite, which is reflect the ease of EB ethylation over
large pore zeolite.
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