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The production of para-ethyltoluene (p-ET) from two alkylation routes; toluene with
ethanol and ethylbenzene (EB) with methanol was investigated over MFI zeolites with
varying Si0,/Al,0O; ratio (80, 280, and 2000) and zeolites with different pore dimensions
in a batch fluidized-bed reactor at a temperature range of 250-400 °C, reaction times of 5-
20 s and molar feed ratio of 1:1. For the MFI zeolites study, the product distribution
exhibited ethyltoluenes as major product with a maximum yield of 26% over MFI-80
with para-ET selectivity of 100% over MFI-2000 compared with 27% and 48% over
MFI-80 and MFI-280, respectively. The high para-selectivity over MFI-2000 was
attributed to the combined effects of higher SiO,/Al,O3 ratio, very weak acid sites and
larger crystal size (longer diffusion length). In the alkylation route and zeolite pore
dimension studies, toluene ethylation gave higher yield and selectivity to ethyltoluenes
over all the zeolites compared to ethylbenzene methylation. The maximum ET yield
achieved for toluene ethylation was 13.7 wt.% using IM-5 and ZSM-5 whereas 12.5 wt.%
was obtained in EB methylation over SSZ-33. SSZ-33 also gave the highest ET-

selectivity of ~50 % due to the combine effect of its 3-D topology and 12- membered ring
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(MR) channels. In contrast to ET selectivity, para-ET (p-ET) selectivity obtained was
almost the same, ~26 %, irrespective of the zeolite topology or alkylation route. Kinetic
studies of toluene ethylation reaction over the zeolites were conducted using power law
coupled with Time-on-Stream (TOS) deactivation model. The correlation between the
modelled result and experimental data was satisfactory and the activation energy of the
various zeolites used for the alkylation of toluene to ET were IM-5 (58.2 kJ/mol) > SSZ-
33 (39.7 kJ/mol) > TNU-9 (27.3 kJ/mol) > MOR-18 (20.2 kJ/mol) > ZSM-5 (17.0

kJ/mol).
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND INFORMATION ON ETHYLTOLUENE

The alkylation of monoalkylbenzenes (toluene/ethylbenzene) with alcohols
(ethanol/methanol) have generated great attention within the last decade considering the
vast number of publications on this topic especially the alkylation of toluene with ethanol
[1-5]. This can be attributed to the industrial value of the major alkylation product;
isomers of ethyltoluene (ET), the para- in particular, which on dehydrogenation forms p-
methylstyrene (p-MS), a monomer used in the production of poly-p-methylstyrene (poly-
PMS) that can serve as a better substitute for poly-styrene due to its superior properties
[2, 4]. Ethyltoluene (ET) is a colourless, flammable liquid with a petrol-like odour which
is insoluble in water and belongs to a group of compounds called volatile organic

compounds (VOCs).

Most of the world’s styrene is synthesized by a two-step process as shown in Fig 1.1. The
first step involves alkylation of benzene with ethylene using an acid catalyst to form
ethylbenzene (EB) followed by dehydrogenation under vacuum, over an iron oxide

catalyst at elevated temperature.



CH,
-H,
+ H,C=CH, —— — Qi) Polystyrene
=CH,

Benzene Ethene EthylBenzene  Styrene

Figure 1.1 Conventional polystyrene production route



1.2 Need for P-ET

The conventional route of styrene synthesis faces numerous reaction limitations such as
high cost of feedstock, enormous amount of energy required and emission of greenhouse
gases (GHGs) coupled with recent ban on food containers made from poly-styrene in
more than 100 major cities due to its classification as carcinogenic by the U.S department
of health. Efforts geared towards minimizing these limitations by process optimization
and catalyst modification have not yield significant impact thus the need for an
alternative to both polystyrene and the reaction route could be found in poly-PMS

obtained using toluene/ethylbenzene and ethanol/methanol.

The advantages of poly-PMS over polystyrene are its lower density, giving a 4%
reduction in weight required to fabricate a desired product in addition to providing an
extra margin of safety for higher temperature use and storage, decrease in moulding cycle
time, better mold fill properties, higher melt strength and the fact that its monomer i.e.
methylstyrene has not been classified as carcinogenic. The alternative alkylation
approach via p-ET opens up a cost effective means compared to styrene due to the
utilization of cheaper raw materials and reduction in severe reaction conditions. In order
to meet up the world’s demand for benzene, about 10% of toluene end use is consumed
thus a direct production of p-ET from toluene will eliminate this step from styrene

manufacture [6].

For the alternative route to be commercially viable, high p-ET selectivity is desired in

contrast to the equilibrium composition which favours the meta- isomer as shown in



Table 1.1. It is also preferable because the boiling points of these isomers are very close

and this will give rise to an expensive and complex purification steps.



Table 1.1: Equilibrium composition of ethyltoluene isomers at different temperatures [7]

Equilibrium composition of isomers (%)

Temperature (°C)

p-ET m-ET o-ET
200 34 53 13
250 33 52.7 14.3
300 32 523 15.7
350 31.8 51.4 16.8
400 31 51 18




1.3 Chemistry of Alkylbenzene Alkylation with Alcohols

Ethyltoluenes are diakylbenzenes derived from benzene with replacement of two
hydrogen atoms by methyl and ethyl groups and they have a molecular formula CoHj>.
The structure of the different isomers of ethyltoluene depending on the position the alkyl

group is attached to is shown in Fig. 1.2

Ethyltoluenes can be obtained by three basic methods, i) acid-catalyzed alkylation of
toluene with ethylene or ethanol [1-4, 8-12], ii) acid-catalyzed alkylation of ethylbenzene
with methanol [13], iii) in small quantity by base-catalyzed side-chain alkylation of
toluene with methanol [13]. Only the first two will be investigated in this research work
because the third route mainly produces styrene/ethylbenzene. The alkylation of
toluene/ethylbenzene with ethanol/methanol produces a wide range of hydrocarbon
products which include C;-C4; gases (mostly obtained from dehydration and
disproportionation), xylenes, mixture of ethyltoluene isomers and secondary alkylation

products such as diethylbenzenes and trimethylbenzenes



CH, CH,
CH,
CH,
Hy
p-ethyltoluene m-ethyltoluene o-ethyltoluene
Toluene ()
CH,
Ethanol

methylstyrene

+ H,c” NoH
\ Poly-p-
CH, —> —

=CH,

+ H3C—OH p-methylstyrene

Ethylbenzene Methanol

Figure 1.2:  Different (a) structures of ET isomers (b) alternative alkylation route to

polystryene



14 Zeolites

Zeolites are porous polycrystalline solids with a defined framework, usually multi-
dimensional containing silicon, aluminium and oxygen. They have found wide
applications in chemical process industries due to their ability to act as molecular sieves
based on their pore sizes, ability to preferentially adsorb certain gaseous molecules in gas
separation and difference in the diffusion rates of competing molecules within their
channel system. More than 200 different zeolite frameworks have been established so far
and about 40 occur naturally. The zeolites that are of industrial importance are

synthesized because natural zeolites are hardly pure and contaminated by other minerals.

Zeolites can be classified into four types based on their pore sizes; (1) small-pore zeolites
containing 8- membered rings (such as zeolite A), (2) medium-pore zeolites having 10-
rings in its channel system (e.g. ZSM-5, TNU-9), (3) large-pore zeolites with 12-rings
(mordenite, zeolite X and Y) 4) those with 14-rings in their structure called extra-large
pore zeolites. The zeolites used in this work are ZSM-5 with different Si/Al ratios, SSZ-

33, TNU-9, IM-5, and MOR-18;

SSZ-33 with CON topology has an intersecting 12- and 10- ring channel system,
conferring on it some unique characteristics like large void volume and ease of bulky
intermediate formation. Its activity in toluene disproportionation and methylation has
been studied likewise during xylene isomerization [14]. The structural difference between
SSZ-33 and ZSM-5 has also been used to explain the observed product distribution

during toluene alkylation with alcohols of varying carbon atoms [14].



TNU-9 (TUN) has a large unit cell size and contains 24 tetrahedral atoms [15] with 10
rings in its intersecting channel systems. It shows some similarity to ZSM-5 (MFI)
although the channel intersections in TNU-9 are larger as compared with ZSM-5.

IM-5 (IMF) consists of complex 3-D channel systems, whose structure took a long time
before it was disclosed using the enhanced charge flipping technique [16] and with pore
dimensions smaller than the 10 rings in ZSM-5. It is a thermally stable catalyst that has
been tested in hydrocarbon cracking [17], isomerization of 1-butene [18], for reduction of
NO [19, 20] and methanol conversion to hydrocarbons [21].

MOR belongs to large pore zeolites having 12-ring channels (diameter 0.65 x 0.7 nm)
and intersecting 8-ring channels (diameter 0.34 x 0.48 nm). It is classified as uni-
dimensional because there is no connection between the 12-rings and the pore-width of
the 8-rings are too small for most organic molecules to enter [22]. Due to its porosity, it
has found wide application in separation of gas mixtures [23] and alkylation reactions
[24, 25].

1.5  Aim and Objectives

The aim of this thesis is to selectively produce p-ET from the alkylation reactions of
mono-alkylbenzenes (toluene/ethylbenzene) and alcohols (ethanol/methanol). The

objectives of this study are to;

1. Modify ZSM-5 (MFI) zeolites or other suitable zeolites for p-ET with improved
conversion, yield and selectivity.

2. Evaluate the zeolites performance for the alkylation reactions in a riser simulator
(a bench scale fluidized bed reactor).

3. Analyze the effect of zeolite pore structure on p-ET selectivity.

9



4. Investigate the best alternative alkylation route ie. toluene with ethanol or
ethylbenzene with methanol in terms of p-ET selectivity.
5. Carry out kinetic modelling of the reactions involved in order to build technology

knowledge for possible alkylation catalyst scale up.

1.6 Scope of Study

This thesis work will study various zeolites in a bid to understand the relationship
between their properties i.e. strength and amount of acid sites, pore structure on p-ET
selectivity in the reaction involving toluene/ethylbenzene and ethanol/methanol. The
kinetics of the reactions will also be studied using different suitable models i.e. power

law and Langmuir Hinshelwood models

10



CHAPTER TWO

LITERATURE REVIEW

2.1 BACKGROUND

Ethyltoluenes are usually produced via alkylation of toluene with ethanol or ethylene, but
another route that has not been reported much in the open literature is via alkylation of
ethylbenzene with methanol. In a bid to find a common point for product yield,
selectivity and aromatic conversion, several workers have studied conditions that favors
formation of ET over different zeolites. At present, no commercial process for the
production of p-ET by alkylation of monoalkylbenzenes (toluene/ethylbenzene) with
ethanol (ethanol/methanol) exists mainly because of low toluene conversion while
maintaining high p-ET selectivity. This attractive route, however, has potential for
industrial application if it can be made to selectively form p-ET which can be

dehydrogenated to p-methylstyrene.

2.2 Alkylation over ZSM-5 Zeolite

Medium-pore zeolites ZSM-5 has been reported as the most selective catalyst in reactions
involving alkylation due to its high activity and low coke formation. In alkylation of
toluene with ethanol, ZSM-5 allows the reactant molecules to access the zeolite pores
thereby forming a wide range of hydrocarbon products such as C;-C4 gases, xylenes,

ethyltoluenes, diethylbenzenes (DEB) and trimethylbenzenes (TMB) [4,5,10]. No para-
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selectivity was observed over conventional (unmodified) MFI zeolite, instead, the

alkylation reaction produces near thermodynamic mixture of ET isomers [1, 26].

Toluene ethylation over ZSM-5 gives a thermodynamic equilibrium composition of ETs:
0-ET=16.3%; m-ET= 49.9%, and p-ET = 33.7% at 327 °C [27]. This composition
changes with reaction temperature, structural and morphological properties of the zeolites
used [8, 28]. 0-ET is the largest amongst the three isomers in terms of molecular size and
thus, steric effect is more pronounced which obstructs its diffusion out of the zeolite
pores. This explains why the yield of o-ET is the least amongst the ET isomers observed
on ZSM-5. Neither of the methods described in the literature produces high purity p-ET.
Purification requires expensive and complicated separation from two close boiling point
components, m-ET and o-ET. Thus, the technical challenge in producing p-ET is

technology development to enhance para-selectivity.

Para-selectivity of ZSM-5 has been reported to depend on the nature and strength of the
available acid sites, pore size, specific surface area, reaction temperature and toluene to
ethanol ratio. The optimal conditions for toluene ethylation were derived using high-silica
MFTI zeolite and the analysis of empirical process models showed that it was impossible
to obtain high selectivity as well as high toluene conversion by change of the process

conditions only [5].

2.3 Modified ZSM-5 (by Compounds)

In a bid to improve para-selectivity, several workers have modified ZSM-5 with metal
oxides such as Mn, Mg, Cd, P, and Si. Kaeding et al. [29] modified ZSM-5 by
impregnation with solutions of phosphorus alongside Magnesium, boron and manganese.
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They observed that para-selectivity of ET increased up to 98% with elimination of the o-
isomer and a significant decrease of the m-isomer. Modification by metals also showed
that the external Brensted acid sites were reduced, hindering the undesired isomerization
of p-ET diffusing out from active sites within the pores. In another study, the acid
properties of metals such as Al, B, Fe isomorphously substituted on MFI zeolites
decreased as Al > Ga > Fe > B which were reflected in the activity for toluene conversion

[30].

Wang et al. [27] modified ZSM-5 with different contents of Mg and Si by chemical
vapor-phase deposition (CVD). The change in the performance of the modified catalyst is

shown in Table 2.1.
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Table 2.1: Activity results of modified ZSM-5 [27]
Performance of HZSM-5 modified by impregnation method

Conditions unmodified HZSM-5 4% Mg/HZ5M-5 10% S1/HZSM-5
Temperature (“C) 300 360 51
{WHSV) C.H, 0.26 (.40 0.43
{Toluene /C.H. ) mole 9.3 9.8 9.2
{.H, conversion { %) 93.3 2.3 THA4
ET selectivity {% ) T1.0 81.1 BT.D
Distribution of ET isomera

{equilibrium value at 327°C)

p-ET (33.7) (%) 32.1 2.5 43.1
m-ET (49.9) (%) 65.4 27.3 oB.9
o-ET (16.3) (%) 2.5 0.2 0
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It was also reported that the method of modification could affect catalyst performance.
ZSM-5 modified by impregnation of a magnesium solution showed high ET selectivity
(Fig 2.1) compared to the unmodified catalyst but it lost its activity after regeneration
which makes it not to have any commercial value. A better method of modification is by
CVD and the amount of Si needed to be deposited in order to achieve 99% para-
selectivity depends on the crystal size. In a related study, it was discovered that the
incorporation of B into ZSM-5 partly filled its porous structure and changed its acidity.
The selectivity to p-ET reached 90.80% at 22.92% conversion and the stability of the

modified catalyst was also satisfactory.
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Figure 2.1:  Effect of Mg content on reaction activity and selectivity of ZSM-5 to p-ET
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Wichterlova and coworkers [31] studied the use of Fe, Mn and Al ion-exchanged H-
ZSM-5 zeolites exhibited high para-selectivity during ethylation of toluene. They
concluded that metal cations could alter the rates of competitive reactions but did not
have a significant influence on the stearic hindrances, which is very noticeable with

heavier diethylbenzenes.

Ban et al. [32] compared the performances of Ti-ZSM-5, H-ZSM-5 and Mg-ZSM-5 for
toluene alkylation using ethanol. The highest p-ET yield was obtained at 350 °C with
higher toluene to ethanol ratio and short contact time so as to suppress side reactions. Ti-
ZSM-5(with 1% Ti) prepared using Ludox silica showed better para-selectivity compared
to pure ZSM-5 and more gave higher resistance to deactivation caused by carbonaceous
deposit. The presence of titanium in the ZSM-5 framework significantly reduced both
amount and strength of the available acid sites resulting in improved p-ET selectivity as
shown in Fig. 2.2. Platinum-exchanged ZSM-5 have also been studied during toluene
alkylation using ethane as the alkylating agent but the competing reaction between
dehydroalkylation and disproportionation caused a low yield despite high toluene

conversion.
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24 Modified ZSM-5 (External Surface)

From the findings that available acid sites on the external surface area might be
responsible for isomerization of p-ET into the other isomers, various researchers have
looked into passivating of ZSM-5 zeolite using bulky organosilicon compounds on the
external surface so as to enhance para-selectivity. Some of the post synthesis
modification methods include both vapor and liquid chemical deposition (CVD/CLD) of
silica on the outer surface of ZSM-5. Silylation usually give rise to reduction in the pore
size by deposition of tetra-ethoxysilane (TEOS) molecules in the pore entrance and also
covering the available acid sites on the external surface. CVD of TEOS molecule covers
the non-selective active sites at the external surface, while the internal structure remains
unaltered. It was concluded that alkylation of toluene using ethanol over ZSM-5 modified
by CVD of silica showed superior activity to that modified by the conventional

impregnation with Mg or Si [33].

Cejka et al. [34] have studied the effects of post-synthesis silylation and coke deposition
on toluene conversion and product selectivity. The effect of coke deposition apparently
showed a rise in p-ET selectivity but when compared at isoconversion of toluene, the p-
ET was seen to be lower. Under extreme reaction conditions when coking caused a
substantial decrease in toluene conversion, nearly no increase p-ET selectivity was
noticed. Contrary to the observation made using coke deposition, silylation on the other
hand showed a significant increment in p-ET selectivity. This was attributed to a
reduction in the rate of transport for ortho- and meta-isomer. Fig. 2.3 depicts the result

obtained with parent and silylated ZSM-5.

19



HZSM-5 (R) and silylated HZSM-5 (@)

80+
60+
40+

o . L B A |
0 50 100 150 200
Time-on-stream (min)

Toluene conversion (%)

P-ethyltoluene selectivity (vol.%)

100

@
o
1

»
o
A

A

n
o
A

n
o
A

L '—H—+_.
T o T v Y. S
0 50 100 150 200

Time-on-stream (min)

Figure 2.3 TOS dependence of tolunene and para-selectivity for parent and silylated

HZSM-5 [34].

20




2.5 Other Catalyst Systems

Apart from ZSM-5, other zeolites that have been investigated in the literature for
alkylation of toluene with ethanol and reaction between EB and methanol are given

below with some of their findings;

2.5.1 X and Y Zeolites

Coughlan et al. [35] carried out toluene ethylation over NaY zeolite subjected to different
extent of cation exchange. They discovered that the number of carbon atoms present in
the alkylation agent could alter the degree of unwanted side-reactions and that the extent
of cation-exchange did not change the m-ET selectivity. Their findings also indicated that
at ion-exchange of about 70 %, the degree of catalyst deactivation and secondary
reactions were suppressed and the selectivity to the desired product depends on contact
time, calcination and reaction temperature among other factors. They finally concluded
that ammonium exchanged Y-type zeolites restricts the diffusion of other aromatics in the

product distribution by coke deposition thus enhancing the p-ET selectivity to 65 %.

In another study using USY zeolites and sulfated zirconia (S/ZrO2) at liquid, near-critical
and supercritical conditions with propane as co-solvent, only alkylation reaction was
observed over S/ZrO2 catalyst but competing reactions of alkylation and
disproportionation occurred on USY. Working close to or above the critical conditions

enhanced product selectivity but severe deactivation was noticed over both catalysts [3].

The alkylation of EB with methanol over X and Y type zeolites was studied under

atmospheric pressure and temperature of 400-500 °C. It was observed that ring and side-
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chain alkylation took place resulting in the formation of other products such as styrene
and methylstyrene, a condition favored by basic zeolites respectively. Over KX, it is

believed that the alkylation reaction proceeds by carbonium ion mechanism [13, 36].

2.5.2 Beta Zeolite

For large-pore beta zeolites, it is expected that the extent of stearic hindrance which
occurs to bulky molecules over medium-pore zeolites will defer. This is evident in the
product distribution over beta zeolite comprising of tri- and tetraalkylderivatives but for
ZSM-5, the substituted products are only mono- and di-alkylbenzenes. The catalytic
performance of beta zeolite was quite different from that observed over ZSM-5,
Romannikov and Ione [7] showed that the ET mixture obtained over beta zeolite

contained higher proportion of 0-ET.

2.5.3 Hydrotalcites (HTs) and Aluminophosphates (AIPOs)

Hydrotalcite-like compounds contain layered double hydroxides in their structure. They
possess anion exchange capabilities due to the weakly bound interlayer anions and this
gives them their catalytic properties. Manivannan and Pandurangan [11] studied the
performance of calcined hydrotalcites (CHT) substituted with various divalent and
trivalent cations such as Al, Mg, Ni, Cu, Co, and Zn in side-chain ethylation of toluene
with ethanol at 300-450 °C. MgAI-CHT yielded side-chain alkylated propylbenzene,
while over Co, Ni, Cu, and Zn-CHT, side-chain as well as ETs were observed. It was
concluded that the combined participation of acidic and basic sites of the CHT-like
compounds were found to be crucial for both side chain and ring alkylation of toluene
with ethanol.
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Aluminophosphates (AIPOs) belong to the group of microporous crystalline materials
with neutral frameworks made up of alternating set of AlO,” and PO,". The principal
product obtained during vapor phase toluene ethylation over mesoporous
aluminophosphate (AIPO) and silicoaluminophosphate (SAPO) molecular sieves was p-
ET [37]. This study indicated more free uncondensed -OH groups in pure AIPO that was
synthesized using ordered array of cetyltrimethylammonium bromide as structure-
directing agent at room temperature. In another study [38], the catalytic performance of
isomorphous substitution of Mn(II), Ni(I) and Zn(Il) in AIPO-31 molecular sieves
(MAPO-31, NAPO-31 and ZAPO-31) was studied for toluene alkylation with ethylene at
300-450 °C. The results showed high toluene conversion over all metal-substituted
molecular sieves with m-ET as major product in addition to benzene, styrene, and
diethylether. Maximum conversion was achieved at a reaction temperature of 350 °C and
a toluene/ethylene ratio of 2. Toluene conversion and m-ET selectivity increased with
catalyst acidity, which depended on the structure and the nature of the isomorphously

substituted metal ion [39].

2.6  Reaction Mechanism and Kinetic Analysis

Possible reaction mechanisms for alkylation of alkylbenzenes with alcohols have been
proposed by different workers [40-42]. Mechanism for toluene ethylation could be

suggested as shown in Fig 2.4.
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From the theory of electrophilic substitutions, the electropolar nature of the alkyl group
present in an aromatic ring usually determines the position of any incoming substituent
group. Those with alkyl groups conferring acidic properties i.e. electronegative groups,
directs the new substituent to meta-position while the groups that intensify basic
properties such as neutral or electropositive or weakly electronegative groups, directs to
ortho- and para- positions [7] but different works on alkylation reactions have shown
deviations from the theory of electrophilic substitution in the aromatic ring, with the
isomer distribution of products depending on zeolite type, its acidity and reaction

conditions [8].

The reaction between toluene and ethanol on ZSM-5 surface needs the alkyl group from
the alkylating agent to attach to the aromatic ring instead on the methyl functional group.
The methyl group at the aromatic ring activates its ortho- and para-positions for
alkylation. However, due to the space restriction within the channels, ethylation occurs
mainly at the para-position and p-ET is formed as the primary product which isomerizes
to the meta- and ortho-isomers if strong acid sites are available on the external surface

[10].

Lee and Wang [27] conducted kinetic analysis of toluene ethylation in a fixed-bed
integral reactor at 200-300 °C and atmospheric pressure. It was reported that a
noncompetitive model with ethylene adsorption step controlling interpreted the kinetics
acceptably well. The activation energy was found to be 18.0 kcal/mol and the heat of
adsorption of ethylene was -21.5 kcal/mol. The reaction mechanism proposed from this

kinetic study suggested that steric hindrance must be considered in a reaction where large
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and small molecules are strongly adsorbed on solid surfaces, especially for the ZSM-5

zeolite with the absence of super cages.

Also, Bhandarkar and Bhatia [43] reported on kinetic study on the selective formation of
p-ET was conducted over modified HZSM-5 zeolites in a fixed-bed reactor in the
temperature range 300-500 °C and atmospheric pressure in the presence of H,. The
experimental data obtained fitted well with the Langmuir-Hinshelwood mechanism
compared to the Eley-Rideal model. The modification of HZSM-5 increased its activation
energy from 61.78 kJ/mol (unmodified) to 97.03 kJ/mol (Mg-HZSM-5). The increase
was as a result lower acid strength and not to decreased number of acid sites responsible

for the alkylation reaction.

Other workers have also investigated the kinetic modelling of toluene ethylation over
MFI, proposing that Eley-Rideal and Langmuir-Hinshelwood-Hongen-Watson models
gave good fits for the reaction. The heat of adsorption for toluene and ethanol was
reported at 56 kJ/mol and 35 kJ/mol, respectively, with surface activation energy of 62
kJ/mol [35]. The adsorption of ethylene over MFI zeolite showed an activation energy of
75 kJ/mol and heat of adsorption of ethylene as 22 kJ/mol [13]. Parikh [30] reported the
kinetics of the ethylation reaction using a monolith reactor on which MFI (Si0,/ALOs =
24) was wash-coated. A rate expression was proposed which indicates p-ET to be the
primary product of the alkylation reaction. o-ET was not considered due to negligible
quantities while the net rate of m-ET formation was a result of the total rate of toluene

consumption to form p-ET and the subsequent isomerization rate of p-ET to m-ET.
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2.7  Findings from Literature Review

From the literature review, the following useful points could be derived:

e Selective production of p-ET by alkylation of mono-alkylbenzenes with alcohols
offers several advantages: (i) it produces a negligible quantity of undesired co-

products and (ii) cheaper and more abundant feedstocks are used.

e (atalyst used for toluene ethylation with high toluene conversion and p-ET
selectivity has not been reported up to now and improving the design of such type
of catalysts can expand feed sources for p-methylstytene and strengthen

significantly process economics for the production of poly (p-methylstyrene).

e The key to achieving high p-ET is to eliminate any strong acid sites which is
located on the external surface of the zeolite to be used thereby limiting the
isomerization reaction of the p-ET formed in the pores to meta- and ortho-
isomers.

Alkylation of toluene with alcohols consists of two successive reactions: dehydrogenation
of alcohol to form aldehyde and aldol-like reaction of formaldehyde with toluene. Both

reactions are catalyzed reactions.
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CHAPTER THREE

EXPERIMENTAL SECTION

3.1 MATERIALS

Two of the ZSM-5 zeolites used in this thesis work were procured from Zeolyst; ZSM-5
(CBV8014, NHs-form) and ZSM-5 (CBV28014, NHs-form). ZSM-5 with a SiO,/Al, O3
02000 (MFI-2000) was prepared using hydrothermal technique, in a typical synthesis of
this sample, 4.26 g tetrapropylammonium bromide, 0.7407 g ammonium fluoride and
0.075 g hydrated aluminum nitrate was dissolved in 72 ml of water and stirred well for 15
min. 12 g silica (381276 Aldrich) was also added and the resulting mixture was well-
stirred until a homogenous gel was formed. The obtained gel was autoclaved and kept at
200 °C for 2 days. The molar composition of gel was 1 SiO: 0.08 (TPA) Br: 0.10 NH4F:
0.0005 ALOj: 20 HO. The solid product obtained was washed with water and dried at 80
°C overnight and the template was removed by calcination in air at 750 °C for 5 h. These
zeolites were then referred to as MFI-80, MFI-280 and MFI-2000, where the number
represents the nominal Si0,/Al,O3 ratio. Silicalite-1 was synthesized by the same
procedure as MFI-2000 but without addition of aluminium source i.e. aluminium nitrate.
ZSM-5 with nominal SiO,/Al,O3 = 27 and mordenite zeolites used in this study was
supplied by Zeolyst. The TNU-9, IM-5 and SSZ-33 with their characterization were

obtained from the J. Heyrovsky Institute of Physical Chemistry, Prague, Czech Republic.

Prior to catalyst testing, the zeolites were calcined in standing air at 550 °C for 5 h

(ramping rate of 3 °C min-1), in order to get the H-form.
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All the chemicals used such as toluene, ethylbenzene, ethanol, methanol,
tetracthoxysilane, tetrapropylammonium bromide, ammonium fluoride, aluminium
nitrate, silica were obtained from Sigma-Aldrich and no further attempt was made to
purify them.

3.2 Catalyst characterization

The textural and acid site characteristics of all the zeolites used were analyzed by

performing the following methods;
3.2.1 Brunauer-Emmett-Teller (BET) specific surface areas

Among the key parameters in characterizing porous materials e.g. zeolites, are the
specific surface area and pore volume. Textural properties were characterized by N»
adsorption-desorption measurements at 77 K, using Quantachrome Autosorb 1-C
adsorption analyzer. Samples were outgassed at 220 °C under vacuum (10~ Torr) for 3 h
before N, physisorption. The Brunauer-Emmett-Teller (BET) specific surface areas were
determined from the desorption data in the relative pressure (P/Py) range from 0.06-0.3,
assuming 0.164 nm” for the cross-section of the N, molecule. Contribution of micropore
and mesopores was derived from the #-plot method according to Lippens and de Boer
[20]. Whereas, the mesopore size was calculated using the Barret-Joyner-Halenda (BJH)
pore size model applied to the adsorption branch of the isotherm [44].

3.2.2 X-ray Diffraction

XRD can be used to obtain various information about zeolite samples such as the average
degree of crystallinity which can be calculated from the relative intensities of the peaks
produced, the crystallite sizes from the peaks width, presence of amorphous materials

using the background of the pattern and the framework of the zeolite when the diffraction
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is compared to that of a standard sample. Powder X-ray diffraction (XRD) patterns were
recorded on a Shimadzu powder diffraction system using Cu Ka radiation (A = 0.154 nm,
45 kV and 35 mA). The XRD patterns were recorded in the static scanning mode from
1.2-60 ° (20) at a detector angular speed of 0.01 °/s and step size of 0.02 °.

3.2.3 SEM Images

The morphology and crystal sizes of the MFI zeolites were determined using a scanning
electron microscopy (SEM) by Nova NanoSEM FEI with an accelerating voltage of 30

kV.
3.2.4 NH; temperature-programmed desorption (TPD)

NH;-TPD was carried out using Quantachrome Autosorb 1-C/TCD to determine total
acid sites on the catalysts. The curve obtained usually consists of two peaks; a low-
temperature peak (LT) and a high-temperature peak (HT) representing ammonia
desorption from physisorbed (weakly adsorbed) and chemisorbed (strongly adsorbed)
acid sites respectively. Samples were pretreated at 450 °C in a stream of helium (25 ml
min ") for 2 h. This was followed by the uptake of ammonia (5 vol. % in helium) at 100
°C for 30 min. The samples were then subjected to flow of helium for 2 h at 120 °C so as
to remove loosely bound ammonia (i.e. physisorbed ammonia). After that, the samples
were heated from 100-700 °C at a rate of 10 °C/min in a flow of helium (25 ml min")

while monitoring the evolved ammonia using TCD.
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3.2.5 Pyridine FTIR

Infrared spectroscopy of adsorbed pyridine was used to determine the types of available
acid sites (i.e. Bronsted 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 the powdered samples. The
wafer was then mounted in an infrared vacuum cell equipped with KBr windows
(Makuhari Rikagaku Garasu Inc., Japan), and preheated under vacuum (ca. 10 torr) at
450 °C for 2 h. The adsorption temperature of pyridine was 150 °C. The IR cell was then
cooled down to ambient temperature and placed in an IR beam compartment while under
vacuum and transmission spectra were recorded. Desorption of pyridine was also carried
out at 350 and 450 °C in order to evaluate the strength of Breonsted and Lewis sites. For a
quantitative characterization of acid sites, the following bands and absorption coefficients
were used: pyridine (PyH") band at 1545 cm™', € = 0.078 cm pmol'; pyridine (PyL)
bands at 1461 and 1454 cm™', £ = 0.165 cm pmol ™' [45-46].

3.3  Catalytic Reactions

Toluene alkylation with ethanol and ethylbenzene with methanol were investigated in a
Chemical Reaction Engineering Centre (CREC) fluidized bed reactor (Fig. 3.1) invented
by de Lasa [47] using all the zeolites. The reactor consists of two enclosed chambers with
a space800 mg of each catalyst was used with feed molar ratio of 1:1, equivalent to 67:33
wt. % and 77:23 wt. % for toluene/ethanol and ethylbenzene/methanol feedstock
respectively, at different temperature levels and time ranging from 200 — 350 °C and 5 —

20 s. Before the commencement of each set of runs, the catalyst was activated for 10 min
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at 610 °C in a stream of air followed by reduction of the temperature to the desired
reaction level. At the reaction temperature, the impeller fitted to the reactor to cause
fluidization was started with a speed of 5500 rpm and 200 ml of the feedstock was
injected into the reactor for a desired reaction time. Once the reaction time elapse, the
four-port valve opened automatically to ensure termination of the reaction and the
product was sent through the pre-heated vacuum box to the gas chromatograph for

analysis.
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Schematic diagram of the Riser simulator and experimental set-up
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The product distribution (wt. %) was obtained by multiplying the peak areas from the gas
chromatograph with the individual response factors for each component. The response
factors were obtained as the slope of calibration curves prepared using different mixtures
of known amounts containing compounds present in the products. Each run was repeated
to ensure the results can be reproduced with typical deviation in the range of +2%. The

conversion, product yield and selectivity were determined using the following relations:

] ) wt.% of aromatic converted
Aromatic conversion = - * 100%
wt.% of aromatic fed

) wt.% of ethyltoluene
Yield, % = - * 100%
wt.% of aromatic consumed

0]
ET Selectivity,% = wt. % of ethyltoluene *100%
wt.% of aromatics in product

ard — selectivity. % = wt.% ofpara — ethyltoluene (p — ET) £ 1009
P Y7 wt.% of ethyltoluene °

Measurement of exact amount of each product is difficult in the reaction of (ethanol +
toluene) because sensitivities of ethanol and water are different from those of
hydrocarbons, and the reaction is accompanied by volume change. The conversion and
yield defined above were determined by measuring the gas chromatographic peak areas
and using the correction factor on the assumption that the sampling space is constant and

the sampling pressure is proportional to the reactor pressure.

34



CHAPTER FOUR

ALKYLATION OF TOLUENE WITH ETHANOL TO PARA-

ETHYLTOLUENE OVER MFI ZEOLITES

4.1 INTRODUCTION

In a bid to make toluene ethylation with ethanol commercially attractive for the
production of p-ET, several researchers have investigated various parameters that could
enhance activity and para-selectivity. Parikh et al. [30] studied the effects of crystal size
and acidity on para-selectivity over A1-MFI and B-, Fe-, Ga-isomorphously substituted
zeolites of MFI structure with Si/metal ratios between 50 to 64. They reported that an
increase in MFI crystal size results in a reduction in the active sites available on the
external surface thereby inhibiting the isomerization of p-ET formed in the pores to other
isomers. This is in conformity with the reaction mechanism proposed by Paparatto et al.
[28] using MFI (SiO,/AlLO; = 25, 58, 63) and MEL (SiO»/AL,O3 = 40, 80). They
concluded that p-ET is initially formed in the zeolite channels but undergoes
isomerization if there are available acid sites on the external surface [8]. A similar trend
on the effect of crystal size on para-selectivity was also observed during the methylation
of toluene to p-xylene over MFI [48]. Wichterlova and Cejka [31] studied para-selectivity
from the view point of the diffusion coefficient and coke deposition. It was observed that
coke deposition did not influence para-selectivity, however, surface silylation with

tetraethylorthosilicate (TEOS) could enhance p-ET due to pore narrowing.

Another important factor that could enhance para-selectivity is the external surface area.

A correlation has been established between the crystal size and external surface area of
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MFI with SiO,/Al,O; ratios of 22 to 600 [31, 49-50]. An increase in the crystal size
translates to a reduction in the external surface which enhances the para-selectivity by
impeding isomerization into meta and ortho isomers. Further improvement of para-
selectivity over MFI can be achieved by impregnation of the zeolite channels with metal
or non-metal oxides [30, 43, 51-52]. Modification of MFI (SiO,/Al,Os; = 50) with
different inorganic additives such as phosphorus, boron and magnesium showed an
increase in para-selectivity to p-ET [43]. The best selectivity exhibited by the modified
MFI was attributed to a decrease in the strength of the Bronsted acid sites resulting in an
increase in the activation energy from 62 to 97 kJ/mol. Chandavar et al. [52] proposed
that the addition of P, B and organic bases enhances para-selectivity mainly by
suppressing the further isomerization of p-ET to meta-isomer on the strongest acid sites

situated at channel intersections.

Most of the zeolites reported in the literature that showed high para-selectivity for toluene
ethylation were subjected to post-synthesis steps either by modification of zeolite
channels or deactivation of external surface. Consequently, the aim of this section is to
present aspects related to the development of a para-selective MFI-zeolite for toluene
ethylation to p-ET without the need to modify either the zeolite pore channels or external
surface. It deals with the effects of Si0,/Al,O; ratio, crystal size and reaction temperature
on p-ET formation. The study also focuses on development of a kinetic model accounting

for all reaction steps i.e. adsorption, surface reaction and desorption.

4.2 Kinetic modeling

Phenomenological based kinetic model demonstrating the alkylation of toluene with

ethanol is developed based on Fig. 4.1 and the observed data obtained from the fluidized-
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bed reactor at different reaction temperatures and varying reaction times. Isothermal
reactor condition was assumed given that the amount of the reacting species is relatively

small and the contribution of heat of reaction can be considered negligible.
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Within the experimental conditions, the alkylation reactions were considered to be free
from internal and external mass transfer limitations. This assumption is reasonable given
the fact that the MFI sample used in this study has small crystallite sizes of 0.5 um to 2
um. Mentzel et al. [53] also showed similar crystallite size for MFI used in their study.
For this crystal size range, one can expect that the value of the effectiveness factor should
be close to one. Considering this fact, the effect of diffusion has not been incorporated in
the kinetics analysis. Recently, Marin and co-workers [54] reported the kinetic modeling
of ethylbenzene dealkylation over Pt promoted MFI catalysts by neglecting the

contribution of the diffusion resistance.

Langmuir-Hinshelwood mechanism with surface reaction controlling was proposed as
possible kinetics of the reaction of toluene with ethanol. The proposed model considers
only the adsorption of ethanol and ethyltoluenes on the catalyst sites, the adsorption of
toluene and other products are negligible as compared to ethanol and ethyltoluenes.
Ethanol has strong tendency to adsorb on the catalysts’ site thereby transforming into
surface ethoxy groups which further interacts with lightly adsorbed toluene to form
ethyltoluenes [8]. According to the proposed reaction scheme, the rate of toluene

disappearance and the rate of ethyltoluene formation can be written as:

Rate of disappearance of toluene (To)

_ V dCTo _ kl KEtOH K EtTol CEtOH CEtTol
2
WC dt (1 + KEtOH CE[OH +K EtTol CEtTol )

¢ (1)
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Rate of ethyltoluenes formation (EtTol):

V dCEtTol _ k1 KE[OH KEtTol CEtOH CEtTol 2
W, dt (14 K o Cron + K iy Cor ) @
C EtOH ~ EtOH EtTol ~ EtTol

where C; is molar concentration of each species in the system, V' is the volume of the
reactor, W, is the mass of the catalyst, # is time in seconds, ¢ is the apparent deactivation
function, k; is the apparent rate coefficient and K; is the adsorption coefficient of each

species on the catalyst.

The reaction rate constant was represented with the temperature dependence using the

following form of Arrhenius equation:
-E 1 1
k=k,exp| —(——— 3
0 PL R ( T )J 3)

where kj is pre-exponential factor at the average temperature 7, and E is apparent

activation energy of the reaction.

The adsorption equilibrium constants with the temperature dependence can be expressed

according to the following thermodynamic relations [55, 56]:

ASS.. AH) 1 1
Kl- zexp[ I;ds,t _ Ieads,t (?_F) (4)

Where AHSdY’i is the change of enthalpy andAS° .is the change of entropy of the

ads i

adsorption.

The effects of catalyst deactivation has been taken into account by considering a time on

stream deactivation function as described in Equation (5) [57].
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p=exp(—-at) (5)
Where, o is a constant and ¢ is the time the catalyst is exposed to reaction.

A nonlinear regression algorithm (MATLAB, ODE 45-4" order Runge-Kutta method and
least-square curve fitting "lsqcurvefit" routine) was used to solve the model equations and
to obtain the kinetic parameters. The optimization criteria for the model evaluation are
that all the rate constants and the activation energies had to be positive and consistent

with physical principles. The details of the regression analysis are described in Waziri et

al. [58].
4.3  Results and Discussion
4.3.1 Catalyst Characterization

Table 4.1 shows the Si0,/Al, O3 ratio for the MFI zeolites obtained by AAS analysis. The
results showed that MFI-80, MFI-280 and MFI-280 have SiO,/Al,O; ratio of 86, 295 and
2130, respectively. The nitrogen adsorption isotherms results of the MFI zeolites and
silicalite-1 are presented in Fig. 4.2. The textural parameters calculated from the nitrogen
sorption isotherms are compiled also in Table 4.1. The surface area of silicalite-1 is 363
m’/g, which is lower than that of other MFI zeolites. The incorporation of Al atoms in the
framework increased the pore volume as well as surface area of the material [59]. The
total pore volume of MFI-2000 was similar to that of silicalite-1 due to the very low

concentration of Al present in MFI-2000.

The XRD patterns of catalyst samples are presented in Fig. 4.3. The patterns of all
samples exhibit XRD reflections that conform with the characteristic of MFI structure in

the ranges between 8-9° and 22-25° [60, 61]. The intensity of the peaks in the range 22-
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25° slightly decreased with an increase in SiO,/Al,Os ratio showing a slight decrease in

crystallinity [62].

The SEM micrographs of the three MFI zeolites are shown in Fig. 4.4. MFI-80 has a
crystal size of about 0.5-1 pm and MFI-280 has 2-3 pum size, whereas MFI-2000 has a
large crystal size of about 30-35 um. The formation of uniform crystallite for MFI-2000

was also observed.

TPD profiles of desorbed ammonia for the three MFI are presented in Fig. 4.5. The peaks
appeared at 300-550 °C correspond to the ammonia desorbed from the acid sites of
zeolites whereas the peaks at lower than 300 °C were assigned to ammonia molecules
adsorbed either on NH,4" species formed on Bronsted acid sites or on Na cations [63].
From the areas of the peaks, the numbers of acid sites were estimated and presented in
Table 4.2. The number of acid sites increased with a decrease in Si0,/ALL O3 ratio of MFI
zeolites, which was expected. Pyridine adsorption by FT-IR spectroscopy was carried out
to evaluate the strength and types of acid sites. Table 2 presents the amount of Lewis and
Brensted acid sites in the MFI zeolites. For MFI-80 and MFI-280, the presence of both
types of acid sites was observed, whereas in the case of MFI-2000 and silicalite-1 these
sites were very weak and were not detected by FT-IR spectra recorded after the

adsorption of pyridine and subsequent evacuation at 150 °C.
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Table 4.1

Physico-chemical properties of zeolite samples

N3 sorption
Zeolite S10,/A1L,05
Sample ratio dspacing SBET V Smeso
(A)° (m?/ (cm’/g) (m’g™)
g) ¢

MFI-80 86 3.861 425 0.28 (0.19) 68
MFI-280 295 3.856 400 0.23 (0.21) 33
MFI-2000 2130 3.833 367 0.19 (0.18) 5.0
Silicalite-1 00 3.824 363 0.19 (0.18) 3.0

® AAS analysis; ° evaluated by XRD,

corresponds to micropore volume calculated using the t-plot; °

mesoporous and external surface area

¢ total pore volume; ¢ number in parenthesis
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Table 4.2
Acid sites characteristics and pyridine sorption data for zeolite samples

NH;-TPD (mmolg™) Pyridine FT-IR (mmolg™)®
Zeolite
Sample
Total L.T. H.T. Total Brensted Lewis
Acidity <300°C  300-550°C  Acidity Sites Sites
MFI-80 0.16 0.09 0.07 0.14 0.08 0.06
MFI-280 0.07 0.05 0.02 0.02 0.01 0.01
MFI-2000 0.01 0.004 0.006 n.d. n.d. n.d.
Sﬂicf lite- n.d. n.d n.d n.d. n.d. n.d.

* Absorptivity ratio €455/ €1545= 1.33 was used to calculate the acidity, TA = total acidity;
B = Bronsted acidity; L = Lewis acidity; nd= not detectable; L.T. = Low temperature;
H.T. = High temperature, ; n.d. = not detected.
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4.3.2 Catalytic activity

Table 4.3 presents the catalytic performance of MFI zeolites for toluene ethylation with
ethanol at different temperatures. The results comprise toluene conversion, product
yields, and selectivity to ethyltoluenes, p-ET, m-ET, and o-ET. In toluene ethylation over
MFI-2000, it is evident that the major product at all temperatures studied was p-ET with
trace amount of EB, xylene and benzene indicating a negligible degree of other side
reactions such as disproportionation and dealkylation. This is attributed to the low acidity
of the catalyst due to its low Al content [25]. The selective formation of p-ET over MFI-
2000 may be attributed to the combined effect of acid sites, absence of external acid sites
and crystal size. P-ET is formed within the zeolite pores being smaller in size than other
isomers and its ease of diffusing over large crystal size in the range of 35-40 um. The
meta- and ortho- isomers are bulkier than p-ET and stearic hindrance within the zeolite
pore could be expected. P-ET undergoes isomerization at the external surface, subject to

availability of Bronsted acid sites, to meta and ortho isomers [8].
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Table 4.3

Catalytic performance of MFI-80, MFI-280 and MFI- 2000 in toluene ethylation with
ethanol at 20 s reaction time and 1:1 toluene:ethanol molar ratio

Catalyst MFI-80 MFI-280 MFI-2000
Reaction Temp. (°C) 300 350 400 300 350 400 300 350 400
Toluene conversion (%) 29.0 29.0 22.2 18.6 22.3 23.8 1.5 8.0 14.2
Product yield (%)
p-ET 7.3 6.3 3.6 9.4 11.2 8.5 1.5 7.7 13.5
m-ET 16.0 14.2 8.2 4.5 11.1 13.0 - - -
o-ET 2.8 3.2 2.1 - 0.3 1.0 - - -
Total-ET 26.1 23.7 13.9 13.1 226 225 1.5 7.7 13.5
Gases 3.9 4.5 7.4 2.5 2.3 2.1 10.8 8.8 7.9
Benzene 0.2 0.8 2.5 0 0 0.2 0 0.04 0.1
Ethylbenzene 0.9 1.5 1.8 0.3 0.6 0.9 0.03 0.1 0.3
Xylenes 0.9 2.0 3.36 0.1 0.5 1.1 0 0.2 0.3
DEBs + TMBs 0.9 0.9 0.7 0.6 0.4 0.3 0 0 0
ET selectivity (%)
p-ET 27.8 26.4 25.9 67.6 49.6 378 100 100 100
m-ET 61.4 59.9 59.3 324 49.0 577 - - -
o-ET 10.8 13.7 14.8 - 1.4 4.5 - - -

DEBs = diethylbenzenes, TMBs = Trimethylbenzenes
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The formation of m-ET and o0-ET isomers over MFI-280 was noticed at the reaction
conditions studied. The product distribution over MFI-280 showed a higher quantity of
disproportionation products than over MFI-2000. The observed diethylbenzenes (DEBs)
over MFI-280 can be attributed to the availability of more Bronsted acid sites (Table 4.2).
Over MFI-80, the product distribution became wider indicating significant presence of
side reactions such as toluene disproportionation and isomerization yielding benzene,

ethylbenzene, xylenes, DEBs and trimethylbenzenes (TMBs).

Ethanol conversion was much higher compared to toluene conversion at all temperatures
although the same molar amount of ethanol and toluene was injected as feed. The main
reason for higher ethanol conversion is attributed to the alkylation and dehydration
reactions which consume additional ethanol molecules. The water molecules formed in
alkylation of toluene by ethanol are adsorbed on Lewis acid sites to form protonic acid
sites, and on the strong protonic acid sites to form hydronium ions which are weaker acid
than the bridged OH groups. Therefore, water molecules might change the type of acid

sites (Lewis acid to protonic acid) as well as weaken the protonic acid sites.

4.3.2.1 Effect of temperature

As shown in Fig. 4.6, there is an increase in toluene conversion with the increase in
temperature from 300 to 400 °C at 20 s reaction time except that for MFI-80 which
showed a reduction in toluene conversion from ~29 % to ~22%. Comparing MFI-80 and
MFI-280 at 400 °C, the amount of C;-C, gases for MFI-80 is 3 times more than that of
MFI-280. Since these gases are produced from the decomposition of ethanol, it indicates

that there is less amount of ethanol available for alkylating toluene to ethyltoluenes over
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MFI-80 as shown in Fig. 4.7 (a) and Table 4.3. At 400 °C, the yield of ethyltoluenes over
MFI-80 was 13.9% compared with 22.5 % over MFI-280. A similar trend was also
observed by Bhandarkar and Bhatia [43] over MFI (SiO,/Al,O3 = 50) who attributed it to
the decomposition of the alkylating agent and the possibility of reversible reaction within
300-400 °C. However, the increase in the yield of gases with the increase in reaction
temperature over MFI-80, contrary to the behavior of MFI-280 and MFI-2000, may be
attributed to the high amount of Brensted acid sites in MFI-80 [7]. In order of strong acid
sites, MFI-80 >> MFI-280 > MFI-2000 so the amount of gases is actually supposed to be
in the same order because Bronsted acid sites are known to aid toluene disproportionation
and alcohol decomposition but the formation of secondary alkylation products i.e. TMB
and DEB and ethylbenzene in the order MFI-80 > MFI-280 > MFI-2000 means some of
the gases are being consumed as methyl and ethyl groups. The product distribution for
MFI-2000 does not show presence of TMB and DEB thus a significant amount of gases
product does not further go into secondary alkylation unlike MFI-80 and MFI-280 which

explains why the gases over MFI-2000 is higher at all the temperatures studied.

As the reaction temperature was increased from 300 to 400 °C, the amount of C;-Cy4
gases produced over MFI-2000 dropped from 10.8 % to 7.9 %. This may be due to the
partial consumption of these gases as shown in the product distribution in Table 3. Over
MFI-2000, there was an increase in toluene conversion with the increase in temperature
at different reaction times but the rapid increase was at a temperature of 400 °C. The
maximum toluene conversion obtained was 14 % at 400 °C and a reaction time of 20 s.
As the reaction time increased from 5 to 20 s, toluene conversion over MFI-2000

increased drastically especially at 400 °C as shown in Fig. 4.7 (b).
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4.3.2.2 Effect of SiO,/Al, 05 ratio

The products that will be focused on are benzene and xylene from toluene
disproportionation and the desired alkylation product i.e. ethyltoluene. Other products are
in trace amounts and they don’t affect the main reaction much. MFI-80 was started with
primarily because of its successes that have been reported in selective production of para-
diethylbenzene but the disproportionation products were high and the ethyltoluene
isomers obtained were similar to the non-selective equilibrium distribution as shown in

Fig. 4.8.

The influence of SiO,/AL,O; ratio on the selectivity to p-ET over MFI zeolites is
presented in Fig. 4.9 at 400 °C and constant toluene conversion of 14%. The para-
selectivity to p-ET for over MFI-2000 was 100% compared with 27% and 48% over
MFI-80 and MFI-280, respectively. A similar trend was observed by Al-Khattaf and co-
workers [64] after studing the effect of Si0,/ALO; ratio in diethylbenzenes synthesis over

MEFT and reported the same phenomenon for para-diethylbenzene selectivity.

It seems that irrespective of the reaction and product obtained over MFI zeolite, an
optimum Si0,/Al, O3 ratio generally favors para-selectivity [30]. Bhandarkar and Bhatia
[9] obtained 56% para-selectivity at a toluene to ethanol ratio of 4:1 over MFI with
Si0,/ALL O3 of 50, while Paparatto et al. [8] reported 57% para-selectivity with similar
feed ratio using MFI with SiO,/AL,O; of 25. The selectivity of the equilibrium mixture
obtained over MFI-80 (p-ET 26.4 %, m-ET 59.9 %, o-ET 13.7 %) were in agreement
with those reported by Wang et al. over MFI with Si0,/A1,03 of 90 (p-ET 33.7 %, m-ET

49.9 %, 0-ET 16.3 %), keeping in mind that the conditions were slightly different [26].
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For MFI-80 and MFI-2000, which have high and low concentration of acid sites
respectively, variation in temperature did not show any appreciable alteration to their
para-selectivity. To elucidate the effect of Si0,/Al,0; ratio, silicalite-1 (Si0,/Al,O3 = )
was tested for toluene ethylation. It was confirmed that neither activity nor selectivity
was observed. At 300 °C and 20 s, toluene conversion was less than 0.4% and yield of
ethyltoluenes was 0.2%. From the patterns observed over the three MFI zeolites, it is
concluded that optimum SiO,/Al,Os ratio and large crystal size are necessary for
maximum para-selectivity to p-ET. However, low SiO,/ALOs ratio is required for high

catalyst activity in the ethylation of toluene.

The results obtained in this study is unique because the toluene to ethanol ratio used was
1:1 in contrast to what is reported in the literature, where high para-selectivity can only

be achieved by using higher toluene to ethanol ratio.
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4.3.2.3 Effect of crystal size

The high para-selectivity observed over MFI-2000 could also be attributed to its large
crystal size of 30-35 um [39]. Beschmann and Riekert [48] investigated the isomerization
of xylenes over MFI and concluded that there exists a linear relationship between crystal
size and para-selectivity which is pronounced in MFI-2000 zeolite. Arsenova-Hartel et al.
[65] proposed an inverse relationship between the rate of isomerization and crystal size of
the catalyst in their EB disproportionation study over MFI. They found that high content
of p-DEB was noticed over large crystals than smaller ones due to the absence of
diffusion limitation. Comparing the product distribution obtained over MFI zeolites, both
MFI-80 and MFI-280 yielded appreciable amount of meta and ortho isomers due to their
small crystal sizes (short diffusion length) meaning high active sites could be obtained on
the external crystal surface. The absence of isomerization over MFI-2000 with higher

crystal size gives strength to this assertion.

The effect of crystal size on toluene ethylation showed that the shape selectivity over
MFI-zeolites falls under configurational diffusion-controlled selectivity. Chen et al. [66]
explained that the differences between transition-state shape selectivity and
configurational diffusion selectivity are the factors on which each of them depends, for
configurational diffusion selectivity, it is affected by channel diameter and crystal size

[67].
4.4  Kinetic model evaluation
Kinetic modeling of the toluene ethylation reaction has been developed based on Figure

4.1 and the equations presented in section 4.2. Langmuir-Hinshelwood model equations

(Eq. 1-2) incorporating with the Arrhenius relation, the temperature dependence form of
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the equilibrium adsorption constants and deactivation function were simultaneously
solved using a nonlinear regression analysis. The details concerning the criteria used for
parameters estimation and for the regression analysis are described in the experimental

section.

The estimated kinetic parameters and their 95 % confidence limits are shown in Table
4.4. The apparent activation energy (E) obtained from the regression analysis for toluene
ethylation over MFI-2000 is more than double (65 kJ/mol) that of toluene ethylation over
MFI-280 (30 kJ/mol). This may be attributed to both acidity and diffusion effects. The
apparent rate constant for the MFI-2000 is smaller than that of MFI-280 due to the
difference in external surface area. This has led to lower activation energy for MFI-280
compared to MFI-2000 [68]. Furthermore the acidity of MFI-280 is about seven times
that of MFI-2000 which also has led to a lower activation energy for MFI-280 (30

kJ/mol) compared with MFI-2000 (65 kJ/mol).
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Table 4.4
Estimated kinetic parameters for toluene ethylation over MFI-280 and MFI-2000

Parameter MFI-280 MFI-2000
ko1 (m’/kgcat.s) 0.32+0.01 0.26 £ 0.01
E, (kJ/mol) 30.2+8.2 65.2+9.3
- AHgion (kJ/mol) 19.1+6.2 29.1+5.1
- AHgror (kJ/mol) 32.7+9.5 21.1+42
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Al-Khattaf and co-workers showed similar trend for the activation energy for EB
ethylation over MFI with varying SiO,/ALO; ratio [64]. Bhandarkar and Bhatia [9]
reported an activation energy of 62 kJ/mol for toluene ethylation over MFI catalyst which
is comparable with the results of our study. The estimated adsorption enthalpies for
ethanol and ethyltoluenes are also reported in Table 4.4. The results provide an indication
for their comparable adsorption strength over both MFI-2000 and MFI-280. Comparing
the experimental data with the model predictions, it can be seen from Fig. 4.10 (a) that
toluene and ethyltoluenes concentrations predicted by the proposed model fit with the
experimental data in an excellent manner. Also for toluene conversion and ethyltoluenes
yields shown in Fig. 4.10 (b), accurate match between experimental values and model
predictions was obtained. The kinetic study results clearly show that MFI zeolites with
different Si0,/ALL,O; ratios have a significant impact on the mechanism of toluene

ethylation with ethanol.
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CHAPTER FIVE

ZEOLITIC EFFECT IN PARA-ETHYLTOLUENE PRODUCTION

USING DIFFERENT ALKYLATION ROUTES

5.1 INTRODUCTION

Ethyltoluenes (ETs) are diakylbenzenes that found a wide use in the petrochemical and
chemical industries. In particular is para-ethyltoluene (p-ET), used in the synthesis of
poly (p-methylstyrene) which is expected to replace the more carcinogenic polystyrene
[69]. The alkylation reaction is usually carried out on medium pore zeolites ZSM-5, to
favor para-selectivity, the most desired isomer.

To improve the activity and selectivity of ZSM-5 zeolite, impregnation of the zeolite
external surface with metal or non-metal oxides [24, 51, 70] and/or siliceous materials
[34, 71] or by carbonaceous material in form of coke deposits [4, 49, 72] have been
investigated. Cejka and Witcherlova [49] pointed out the effect of restricted transition-
state selectivity during alkylation of toluene with ethylene, which explains how products
with smaller intermediates could be favored compared to those with bulky intermediates
depending on the pore size of the zeolite. Yao et. al. [72] also established that zeolite
topology could play a great role in promoting product selectivity and reaction rates due to
the constraints they place on certain molecules and the varying interactions between the
pore walls and reactant molecules. Several other factors that can affect activity and
selectivity of zeolites have also been studied by different workers such as crystal size

[30], amount and strength of acid sites [31, 49-50].
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In this section, zeolites with different topology such as SSZ-33, TNU-9, IM-5, ZSM-5
having three-dimensional pore system and MOR-18, possessing large pores are studied in
the alkylation of toluene or ethylbenzene with ethanol or methanol respectively to gain an
insight to the underlying differences between them.

This section aims to understand the effect of zeolite structures and properties related to
the acid-catalyzed formation of ethyltoluenes via two different reaction routes; alkylation

of toluene with ethanol and the less reported alkylation of ethylbenzene with methanol.

5.2 Results and Discussion

5.2.1 Zeolites Characterization

The characteristics of all the zeolites used in this study such as pore sizes, Si/Al ratio
from chemical analysis, BET area, pore volume and acid sites concentration are shown in
Table 1.

The XRD patterns are shown in Fig. 5.1 with the reflections indicating good crystalline
structures of the zeolites under study. The SEM images shown in Fig. 2 reveal the
morphology of the zeolites and they all have similar crystal sizes in the range of 0.1 — 1.5
pum. As acid sites density is of utmost importance for acid catalyzed reactions,
quantitative evaluation of pyridine FTIR spectra showed the Bronsted sites follow the

order; MOR-18 > ZSM-5 > TNU-9 > IM-5 > SSZ-33.
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Table 5.1 Characteristics of the zeolites under study.

IM-5 TNU-9 SSZ-33 MOR-18  ZSM-5
1ZA® code IMF TUN CON MOR MFI
Si/Al ratio 214 24.4 14.3 24.8 25

Channel 4.8x5.5 5.4x5.5 59x7.0  3.4x48  5.1x55
dimensions (A) 5.3x5.6 6.0x5.2 6.4x7.0 6.5%7.0 5.3x5.6
3D, 12 1D, 12 3D, 10-
Pore topology 3D, 10-rings 3D, 10-rings and 10- and 8- rings
rings rings
BET area (m’/g) 336 420 506 455 357
b
Pore volume 0.14 0.19 0.20 0.21 0.15
(Vmicro cm /g)
Lewis sites 0.10 0.12 0.32 0.07 0.10
(mmol/g)
Bronsted sites 0.33 0.35 0.19 0.93 0.65
(mmol/g)

® International Zeolite Association;° obtained from #—plot
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Figure 5.2 SEM images of (a) IM-5 (b) TNU-9 (¢) SSZ-33 (d) ZSM-5
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5.2.2 Catalytic activity

5.2.2.1 Ethylation of toluene

The dependence of toluene conversion on temperature is shown in Fig. 5.5 for the
alkylation of toluene with ethanol on TNU-9, SSZ-33, MOR-18, IM-5 and ZSM-5. As
expected, increase in temperature caused a rise in conversion over all the zeolites and the
order of toluene conversion was TNU-9 > IM-5 > SSZ-33 > MOR-18 > ZSM-5 at the
reaction conditions studied. The fact that the order didn’t change significantly with
reaction conditions depict that it is the zeolite characteristics that confers the degree of
aromatic conversion. These characteristics could be the nature and strength of the acid
sites or the ease with which the toluene molecules gain access into the channel system of
the zeolites but from what is obtainable in the literature, it appears not only one but a
combination of these factors are responsible. Odedairo et. al. [25] commented on toluene
conversion during its disproportionation that it does not necessary go in line with the
order of the zeolite’s channel sizes and dimensionality, a point that was also strengthened
by Zilkova et. al. [73]. The most unusual behavior observed was over MOR-18, one
would think that its 12-MR will make it offer unhindered access to the toluene molecules
thus to have the highest conversion but since it is unidimensional unlike the 3D nature of
the other zeolites, any pore blocking caused by coke deposition results in a severe loss of
activity in MOR-18 structure.

The total ET yield showed different behavior over the zeolites when studied with
temperature and time as shown in Table 5.2, Table 5.3 and Fig. 5.6 respectively. For
TNU-9 and IM-5 with similar channel dimensions in addition to MOR-18 with large

pores, ET yield decreased with increase in temperature in contrast to SSZ-33 and ZSM-5,
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which showed an increase at lower temperature, reached a maximum value at 300 °C
then decreased with temperature. The decrease in ET yield at higher temperature over all
the zeolites could be attributed to the decomposition of ethanol and disproportionation of

toluene into benzene and xylenes.
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Figure 5.5 Effect of temperature on toluene conversion over TNU-9 (¢), IM-5 (m), SSZ-
33 (A), ZSM-5 (e) and MOR-18 (k) at reaction time of 20 s.
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Table 5.2

Product distribution for toluene alkylation with ethanol at 20 s reaction time and 1:1
toluene: ethanol molar ratio for TNU-9, SSZ-33 and IM-5 zeolites

Catalyst TNU-9 SSZ-33 IM-5
Reaction Temp. (°C) 250 300 350 250 300 350 250 300 350
(Tozl)“ene COMVEISION 33 ¢ 366 328 109 312 342 298 337 362
Product yield (%)
p-ET 20 13 07 22 39 28 37 31 22
m-ET 47 32 18 39 90 67 83 71 52
0-ET 09 07 04 26 23 17 17 16 13
Total-ET 76 52 29 86 152 112 137 118 86
Benzene 84 08 25 02 21 41 29 55 86
Ethylbenzene 51 15 1.8 06 44 47 47 50 45
Xylenes 101 20 336 1.0 67 109 66 96 125
DEBs + TMBs 23 09 07 05 28 34 19 19 20
ET selectivity (%) 227 141 87 789 486 328 460 349 239
P-ET selectivity 563 950 249 251 258 252 273 265 253

(%)
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Table 5.3

Product distribution for toluene alkylation with ethanol at 20 s reaction time and 1:1
toluene: ethanol molar ratio for ZSM-5 and MOR-18 zeolites

Catalyst ZSM-5 MOR-18
Reaction Temp. (°C) 250 300 350 250 300 350
Toluene conversion (%) 6.7 18.0 20.2 21.1 23.0 23.8
Product yield (%)
p-ET 2.0 4.2 3.9 2.6 2.2 1.3
m-ET 33 8.4 7.8 6.5 5.5 3.2
o-ET 0.3 1.2 1.2 1.8 1.4 0.8
Total-ET 5.6 13.7 12.9 10.9 9.1 53
Benzene 0.1 0.6 1.4 1.5 2.6 4.2
Ethylbenzene 0.4 1.5 2.0 2.8 32 2.7
Xylenes 0.3 1.6 33 4.2 6.7 10.0
DEBs + TMBs 0.2 0.6 0.5 1.7 1.4 1.5
ET selectivity (%) 84.5 76.2 64.1 51.8 39.6 22.5
p-ET selectivity (%) 35.1 30.5 30,0 241 24.2 243
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Figure 5.6 Effect of time on Ethyltoluene (ET) yield during toluene ethylation
over TNU-9 (¢), IM-5 (m), SSZ-33 (A), ZSM-5 (®) and MOR-18 (k) at
Temperature = 300 °C.
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The results obtained for toluene ethylation at different temperatures over all the five
zeolites are detailed in Table 5.2 and 5.3. The observed product distribution consist
mainly of ET isomers, benzenes and xylenes from toluene disproportionation, and some
amounts of secondary alkylation products ie. diethylbenzenes (DEB) and
trimethylbenzenes (TMB) were obtained especially over zeolite with intersecting 12-MR;
SSZ-33. This can be attributed to the restriction offered to these bulkier di- and tri-alkyl
benzenes in zeolites with 10-rings. MOR-18 might have given more amounts of DEB and
TMB but its high Brensted sites could have enhanced their transformation into simpler
aromatics. It is believed that alkylation reaction involving aromatic compounds is
governed by carbenium ion type mechanism with the direct attachment of the alkylation
agent to ortho-para position on the benzene ring followed by isomerization [11]. The
strong (Brensted) acid site of the zeolite sample adsorb and protonates an ethanol
molecule to form ethyl oxonium ion before it is transformed to ethyl cation. This can then
attach to toluene at either of ortho- or para- to form ET because of the available methyl
group in toluene and depending on the channel size of the zeolite used.

Fig. 5.7 presents the ET selectivity during toluene ethylation over TNU-9, SSZ-33, IM-5,
MOR-18 and ZSM-5. The zeolites showed similar trend in behavior towards ET
selectivity and follow the order ZSM-5 > MOR-18 > SSZ-33 > IM-5 > TNU-9. MOR-18
and SSZ-33 with larger pore sizes than others showed more amount of 0-ET, which is the
largest in terms of diameter among all the isomers of ET, in their product distribution
thus contributing to the observed ET-selectivity. For p-ET selectivity, ZSM-5 showed the

highest due to its known shape-selectivity which occurs in the zeolite pore channels [28]
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forming p-ET and then it undergoes isomerization to the other isomers on the available

external surface acid sites.
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Figure 5.7 Effect of temperature on Ethyltoluene (ET) Selectivity during toluene
ethylation over TNU-9 (¢), IM-5 (m), SSZ-33 (A), ZSM-5 (e) and MOR-18 (k)
at reaction time of 20 s.
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5.2.2.2 Methylation of ethylbenzene

The alternative path to producing ETs that was also carried out was alkylation of EB with
methanol. This will provide us with information about the possible effect of increasing
the alkyl substituent on the aromatic ring as well as reducing the size of the alkylating
agent in contrast with toluene ethylation. For EB conversion as shown in Fig. 5.8, ET
yield in Fig. 5.9 and ET selectivity in Fig. 5.10, it could be observed that the zeolites
showed the same order of activity as in toluene ethylation although EB conversion was
higher compared to toluene conversion except over MOR-18. This could show that the
bulkier the alkyl group on the aromatic ring becomes, the more active it will be in
alkylation reactions because of the relative ease with which it could be substituted.

EB methylation gave a vast distribution of products similar to toluene ethylation on all
the zeolites studied with a higher proportion of secondary alkylation products such as
DEB and TMB. The entire products are shown in Table 3. Ko and Huang [13] in their
related study, proposed a possible reaction pathway for the EB-methanol reaction. They
assert that the primary reactions are disproportionation and methylation of EB to give
DEB/benzene and ET respectively with the observed benzene and toluene arising from
the dealkylation of EB and ET due to temperature effect. Some of the benzene can then
react with methanol to give more toluene and the presence of xylene could suggest that
some of the toluene subsequently undergoes disproportionation reaction. These multiple
reactions occurring during alkylation of EB with methanol leads to a wide range of alkyl
aromatics and results in a reduced formation of the product of interest i.e. ET thus
making this reaction route not as selective to ET as alkylation of toluene with ethanol.

This is evident in that the highest ET- selectivity obtained for the reaction was 40.1 %
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over ZSM-5 compared to 84.5 % over the same ZSM-5 for toluene alkylation with
ethanol. The kinetics section of this present work therefore will be focused on toluene

ethylation and not EB-methanol reaction.
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Figure 5.8 Effect of temperature on Ethylbenzene conversion over TNU-9 (#),
IM-5 (m), SSZ-33 (A), ZSM-5 (e) and MOR-18 (k) at reaction time of 20 s.
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Figure 5.9: Effect of time on Ethyltoluene (ET) yield during ethylbenzene
methylation over TNU-9 (¢), IM-5 (m), SSZ-33 (A), ZSM-5 (e) and MOR-18 (k)
at Temperature = 300 °C.
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Figure 5.10 Effect of temperature on Ethyltoluene (ET) Selectivity during
ethylbenzene methylation over TNU-9 (¢), IM-5 (m), SSZ-33 (A), ZSM-5 (e)
and MOR-18 (k) at reaction time of 20 s.
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Fig. 5.11 and 5.12 compares the ET-selectivity and p-ET selectivity for all the zeolites at
~30% aromatic conversion respectively via both toluene ethylation and EB methylation
reactions. Alkylation of toluene with ethanol showed higher ET-Selectivity compared to
Ethylbenzene methylation but p-ET selectivity was almost same irrespective of the
alkylation route or zeolite channel type. Taking ZSM-5 as a case-study, its p-ET
selectivity for both alkylation reactions was almost 27%, which is quite close to the
equilibrium composition [1]. Similar trend of alkylation reaction influencing ET yield
was also observed in the zeolite samples as well. This could be attributed to the
difference in the stability of the attacking alkyl group. Ethyl cation could be formed
easily from ethanol than methyl cation from methanol. This could provide another
explanation why higher ET-selectivity could be obtained from alkylation of toluene with

ethanol.
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Figure 5.11 ET-Selectivity for different alkylation route at ~30% aromatic conversion
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Figure 5.12 p-ET Selectivity for different alkylation route at ~30% aromatic conversion
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Over TNU-9, the most abundant products were benzene and xylene. It is unclear if this is
due to its acidity or channel system perhaps a combination of both because nearly the
same result would have been expected over ZSM-5 if it were due to its channel system
alone. SSZ-33 gave more of the bulky products such as DEB and TMB when compared
to the other 3-D zeolites. This is due to the higher diffusion coefficient of DEB and TMB,

a condition favored by the wider channels of SSZ-33.

5.3 Kinetics of Toluene alkylation with ethanol

The kinetics involved in the reaction between toluene and ethanol in a riser simulator was
studied using mathematical models that represent the rate expressions for the reactants
consumption and products formation, taking into consideration all the possible limitations
that usually accompany any catalytic process. The operating conditions were assumed to
be isothermal based on the design of the reactor unit and the relatively small amount of
reactants used in the study. The rate expressions for toluene ethylation were assumed to
obey second-order kinetics and a pseudo-first order reaction kinetic was used for all
components involved in the reaction. Catalyst deactivation is taken to be a function of
reaction time, and a single deactivation function was defined for all reactions. Using the
design equation for a batch reactor with the power law rate equation, the rate of chemical

reaction can be written as:

Vv dc,
W, dt

= r; exp(—at)

where 1; and C; are the reaction rate and molar concentration of the species in the system,

V is the volume of the riser simulator, W, is the mass of the catalyst used, t is time in
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seconds and exp(—at) is the catalyst deactivation function (Time on Stream model)
which accounts for catalytic activity loss and a is known as the catalyst decay constant.
Molar concentration, C;, can be expressed in terms of weight fraction of each species y;,
which are the measurable variables from the chromatographic analysis, we have:

— inhc
MW,V

Ci

where W), is the weight of reactant injected into the reactor, MW, is the molecular
weights of the species.

The reaction rate, r;, is a function of the rate constant and the concentration of the
reacting species. The temperature dependency of rate constant, k;, is given in terms of

Arrhenius equation as:

where k;, is the pre-exponential factor of reaction i and E; is the energy of activation of
the reaction i. T is referred to as the centering temperature, obtained as the average of all
the temperatures used in the experiment to reduce parameter interaction as stated by
Agarwal and Brisk [74].

5.3.1 Reaction Mechanism

A simplified reaction path for toluene alklylation with ethanol to products is represented
as shown in Figure 5.13 based on the product distribution observed over the zeolites.
DEB and TMB were not accounted for because their amount is relatively small compared
to other products and accounting for them will unnecessarily complicate the modelling by

adding more parameters that needs fitting.
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Figure 5.13 Simplified Reaction path for toluene ethylation
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Rate of Toluene consumption

-V dCT 2
W? = T](klcTCE + kZCT - k—ZC‘BZC'X)eXp(_Oc t)
Cc

Rate of Ethyltoluene formation

AT, = Nk,CrCrexp(—t)
Rate of Benzene formation
V dCg,

= N(kyCr® — k_,C5,Cx)exp(—x t)

W, dt
Rate of Xylene formation

V dCy )
AT = N(kCr” —k_,Cp,Cx)exp(—x t)

Like any catalytic process, alkylation of toluene with ethanol also involves the bulk
diffusion of reactants to the external surface of the catalyst, pore diffusion to the active

sites, and reaction on the catalytic surface. Any of these steps could be the limiting step

and as such must be accounted for in modelling the entire process.

To check if bulk transport limitation occurs during the reaction, Frossling’s correlation

[75] could be employed

Sh =2+ 1.15c%33Re%6

_ Sh DTol,Ar
=g,
p
AC — C _ C — _r”tol,obs
- tol,b tol,s —

ke
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Where Sh is Sherwood number, Sc is Schmidt number, Re is Reynolds number, d, is
particle diameter, Cyp is toluene concentration in the bulk, Cy ¢ is toluene concentration
at the catalyst surface, k. is mass transfer coefficient, D, is diffusivity of toluene in

argon

The diffusivity of toluene in argon can be estimated using either the Fuller, Schettler and

Giddings correlation or by that provided by Bird et al. [76].

The Frossling’s correlation can be evaluated with the assumption that the shear stress
over the catalyst is negligible because the average particle size of the catalysts is small
(30 wm). This literally corresponds to the highest film resistance obtainable and the

Froessling correlation can be approximated to Sh = 2.

The observed rate of reaction for toluene can be calculated using the expression

17, N tolOXtol
T totobs = T
ex
Niolo 1s the initial number of moles of toluene, X is the conversion of toluene, W is the
weight of catalyst, t is the time taken for the reaction and Sy is the external surface area

per gram of catalyst.

Once the observed rate and mass transfer coefficient have been calculated, the change in
concentration from the bulk to the surface of the catalyst can be evaluated then judgement

can be taken if mass transfer limits the process.

For internal diffusion limitation, it can be evaluated by using the Weisz-Prater criterion.

Internal diffusion can be ignored if the condition is satisfied
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C _ _rtol(obs)ppRzp
wp —
DeCtol,s

<1

From Table 4 and Table 5, the value of ACgim and CWP obtained at the various operating
condition are very small. A small ACg, means that there is no appreciable concentration
gradient from the bulk to the surface of the catalyst i.e. no external diffusion limitation
and CWP showed that internal diffusion does not hinder the reaction. Since it has been
established that neither external nor pore diffusion limits the reaction, the effectiveness
factor can be given a value of 1 and the kinetics can accurately be predicted by the rate

expressions.

The reaction schemes contains several parameters which were determined by using non-
linear regression (MATLAB LSQCURVEEFIT) to fit the experimental data into the rate

expressions and their values with 95 % confidence limits are given in Table 5.
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Table 5.4:

Evaluating effect of external diffusion limitation

Temperature Dot Ar ~T'tol(obs) Ciolb ACim
ke (m/s)  Time (s)
°C) (m?/s) (mole/m’s)  (mol/m’) (mol/m’)
250 2.15x107° 1.43 20 5.15x 107 26.1 3.59x 107
300 2.54x107° 1.69 20 5.83x 107 26.1 3.44x 107
350 2.95x107° 1.97 20 6.26 x 107 26.1 3.18x 107
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Table 5.5:

Evaluating effect of internal diffusion limitation

Temperature Detr ~Ttol(obs) Cols
Time (s) CWP
(°0) (m*/s) (mole/kg.s) (mol/m”)
200 2.15x107° 20 18.4 26.1 1.05x 107
250 2.54x107° 20 20.8 26.1 7.33x 10°
300 2.95x107° 20 22.3 26.1 8.07x 10°
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5.3.2 Model parameter evaluation
The kinetic parameters (ko;, Ei, o) for the alkylation reaction of toluene with ethanol were
estimated by non-linear regression analysis coupled with fourth order Runge-Kutta in the
integration of the rate expressions numerically. The models provide approximate
estimates of all the kinetic parameters which are detailed in Table 5.6. The proposed
reaction mechanism was tested by comparing the experimental data with the results
predicted by the model using the fitted parameters and a good correlation was obtained
with the R* value close to unity (0.98).

It can be observed that based on the activation energies of the zeolites used in this study,
IM-5 (58.2 kJ/mol) > SSZ-33 (39.7 kJ/mol) > TNU-9 (27.3 kJ/mol) > MOR-18 (20.2
kJ/mol) > ZSM-5 (17.0 kJ/mol). Most kinetic studies that have been reported for toluene
ethylation in the literature are over ZSM-5 zeolite thereby limiting the scope of
comparison but similar reactions could also be used. Odedairo et. al. [25] reported
activation energy of 17.1 kJ/mol during toluene disproportionation and 33.9 kJ/mol
during toluene methylation over TNU-9. They also worked on SSZ-33 and MOR zeolites
for alkylation reaction between toluene and methanol. Lee and Wang [27] used ZSM-5
(Si0,/AlL,03 = 90) for alkylation of toluene with ethylene and obtained a value of 75
kJ/mol. It would be expected that the ZSM-5 used in this study should have a lower
apparent activation energy due to its lower SiO,/Al,Oj3 ratio because apparent activation
energy is half the summation of intrinsic and diffusion activation energies, i.e. E

app—

- [77]. The intrinsic activation energy of a catalyst depends on the acid strength

which could be indicated by its Si0,/Al,O; ratio.
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Table 5.6

Estimated kinetic parameters for toluene ethylation on different zeolites

Parameters MOR-18 ZSM5 TNU-9 SSZ-33 IM-5
ko; * 10% 0.662 +
(m hgeat.s) 0.237 +£0.1 0.146 £ 0.02  0.849 +0.03 007 0.129+ 0.06
E; 202+9.7 17.0 £ 6.0 273+0.73  39.7+9.1 582+163
kos * 10% 0.947 +
(" hgeat.s) 0.327+£0.09  0.479+0.03  0.52+0.17 0.07 0.26 + 0.04
E; 8.4 +0.73 26.1+ 1.0 103+1.1 46.0+113 202+1.4
Je-p2 * 10° 29.145.1 3.840.1 5524087 0254009 27.7+2.6
(' hgeat.s) . . . . . . . . . .
E-, 422 +66 443 +7.9 442 + 6.3 39.84+38  53.5+45
o 0.15 +0.03 0.21 +0.07 0.14+£0.03 0.07+0.01 0.04+0.01
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions from MFI comparative study

The ethylation of toluene with ethanol over MFI-zeolites of varying Si0,/Al,O5 ratio and

crystal size has been investigated with detailed kinetic modeling. The following

conclusions could be drawn:

1.

The activity of MFI zeolites for toluene ethylation is a function of concentration
and strength of acid sites, highest activity was observed over MFI-80 with more
strong acid sites, while para-selectivity is associated with both crystal size and
Si0,/Al, O3 ratio, displayed by MFI-2000. No catalytic activity or selectivity was

observed over silicalite-1.

MFI-2000 yielded the highest p-ET selectivity (100%) due to its low-acidity and

external surface area thus preventing the isomerization of p-ET into m-ET.

Benzene and xylenes, which are products of toluene disproportionation, were
observed over MFI-80 and MFI-280 but not over MFI-2000 due to the presence

of Bronsted acid sites aiding toluene disproportionation.

Based on Langmuir-Hinshelwood mechanism for toluene ethylation, a model with
both ethanol and ethyltoluenes adsorbed on the catalyst surface sites best fits the

experimental data.
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5. MFI-280 required the lowest amount of activation energy to form p-ET which is
attributed to its higher acidic content and higher activity compared with MFI-

2000.

6.2 Conclusions from different zeolites and alkylation routes
Five zeolites with different channel systems and pore sizes (TNU-9, IM-5, SSZ-33,
MOR-18, and ZSM-5) were used in studying the alkylation reactions involving
toluene/ethylbenzene and ethanol/methanol respectively using a fluidized bed reactor.
Their activity was found to follow the order; TNU-9 > IM-5 > SSZ-33 > MOR-18 >
ZSM-5, without any significant change with reaction conditions and alkylation route.
Methylation of EB in comparison with ethylation of toluene under the same reaction
conditions resulted in a lower selectivity to ET although p-ET selectivity was almost the
same irrespective of the nature of zeolite and reaction used.
Kinetics of the toluene alkylation reaction modeled by power law is well represented by
the two-step reaction mechanism. The activation energies for ET formation were found in
the order; IM-5 (58.2 kJ/mol) > SSZ-33 (39.7 kJ/mol) > TNU-9 (27.3 kJ/mol) > MOR-18
(20.2 kJ/mol) > ZSM-5 (17.0 kJ/mol). These values do not correspond with the order of
pore dimension of the catalysts.
6.3 Recommendation
Sequel to the results obtained in this thesis work, the following recommendations could
be made;

e Further work should be done on ZSM-5 so as to improve the p-ET yield. This

work has achieved 100 % selectivity but the amount produced is another critical

factor if it is to gain the much needed industrial success.
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e Modification of SSZ-33 should be carried out because it showed high ET
selectivity. There is possibility of attaining better yield of p-ET if the

isomerization occurring in the SSZ-33 can be minimized.
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NOMENCLATURE

G concentration of specie i in the riser simulator (mol/m’)

CL confidence limit

E; apparent activation energy of the ith reaction (kJ/mol)

K; adsorption equilibrium constant of component i

ki apparent rate constant for the ith reaction (m’/kg of catalyst .s)
koi pre-exponential factor for ith reaction after re-parameterization

MW; molecular weight of specie i

R universal gas constant (kJ/kmol K)

t reaction time (s)

T reaction temperature (K)

T, average temperature of the experiment (K)
V volume of the riser (45 cm’)

W. mass of the catalyst (0.81 g)

Wi  total mass of the hydrocarbon injected the riser (0.162 g)

AS?, . entropy for adsorption for componenet i
AH, . enthalpy for adsorption for componenet i
Greek Letters

7 apparent deactivation function
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o catalyst deactivation constant (Time on stream model)
Abbreviations

DEB diethylbenzene
EB  ethylbenzene

ET  ethyltoluenes
EtOH ethanol

m-ET meta-ethyltoluene
MOR mordenite

TMB trimethylbenzene
p-ET para-ethyltoluene
o-ET ortho-ethyltoluene

IZA  International Zeolite Association
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