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CHAPTER |

INTRODUCTION

Over the past years, the global environment has been impacted from
combustion emission and conventional gasoline’s evaporation. An oxygenated
compound is a key component to be added to gasoline for pollution reduction and
improvement of combustion efficiency, thereby reducing carbon monoxide, CO
content and hydrocarbon emission from exhaust pipe. Therefore, the use of
oxygenated compounds has increased rapidly. Nevertheless, it has been known that
oxygenated compounds can generally increase the emission of oxides of nitrogen
(NOy) which are the significant cause of acid rain and photochemical smog. For this
reason, the oxygen content in the gasoline for automobile engines is limited to control
NOx emission.

Oxygenate compounds can be divided into two groups: alcohols, e.g. methanol
(MeOH), ethanol (EtOH), and tertiary amyl alcohol (TAA) and ethers, e.g. methyl
tertiary butyl ether (MTBE), ethyl tertiary butyl ether (ETBE) and higher tertiary
ethers. Although MTBE has been widely used in many countries, it can contaminate
the underground water because of its high water solubility. Furthermore, it was found
to be hardly degraded in both of aerobic (Stefan et al. 1997; Mo et al. 1997; Salanitro
et al., 1994) and anaerobic condition (Yeh and Novak, 1994). Therefore, other
oxygenated compounds-such as-ETBE, higher tertiary-ethers, e.g. 2-methoxy-2-
methylbutane (tert-amyl methyl ether, TAME) and 2-ethoxy-2-methylbutane (tert-
amyl ethyl ether, TAEE) have been of interest nowadays. Even-though, researches of
ETBE have rapidly increased in recent years, its structure seems to be quite similar to
MTBE, and should encounter the same problems soon. Higher tertiary ethers such as
TAME and TAEE have been attractive because they have lower water solubility and
lower blending Reid vapor Pressure (bRvP) than MTBE. The low bRvp of TAME
(1.5 psi) and TAEE (1.2 psi) as less bRVP than 7.8 psi (Cunill et.al, 1993) are

required for some hot places during summer or some topical countries, like Thailand.



TAEE seems to be more interesting than TAME as ethanol, one of the
reagents for TAEE synthesis, can be produced from renewable sources such as sugar,
corn and molasses. The other reagent for TAEE synthesis can be either tertiary amyl
alcohol (TAA) or isoamylene (IA). However, most of previous works have been
focused on the use of IA which is found mainly in the Cs fraction of FCC gasoline and
in the product streams of an ethane cracker including a product from dehydrogenation
of isopentane. TAA is an alternative reagent instead of IA. It can directly react with
ethanol, or indirectly dehydrated to 1A and then react with ethanol. Furthermore, TAA
is a major product of fusel oil from biomass fermentation process (Aiouche and Goto,
2003a); therefore, the synthesis of TAEE from TAA and ethanol is derived from
renewable sources absolutely.

Conventionally, ether synthesis is carried out in liquid phase system catalyzed
by many strong acid catalysts; i.e. homogeneous catalysts such as sulfuric acid and
heterogeneous catalysts such as strong acidic ion exchange resin and acidic zeolite.
However, the homogeneous catalysts are sensitive to the present of water in a feed
solution and the desired product is difficult to be separated from a product solution.
Therefore, the heterogeneous catalysts are a favorable choice. There are a number of
works considering the TAEE synthesis using various acidic heterogeneous catalysts,
e.g. Amberlyst 16 (Rihko and Krause,1993; Rihko et al.;1994,1997,1998; Linnekoski
et al., 1999; Palalkkolnen et al.,1998), Amberlyst 15 (Kitchaiya and Datta,1995;
Aiouache and Goto, 2003a, 2003b; Sahapatsombud et al., 2005), and Dowex M32
(Rihko and Krause,1993).

Reactive distillation (RD), a multifunctional process which combines two
conventional processes of reaction and separation,-has received much attention. It is
suitable for many reactions particularly those limited by chemical equilibrium. The
most important benefit of reactive distillation is a reduction in capital investment and
energy consumption. Reactive distillation was first used by the chemical and
petrochemical industry in esterification processes such as methyl acetate synthesis,
ethyl acetate synthesis (Bessling et al., 1998; Okur and Bayramoglu, 2001) to separate
reaction products from reactants and to increase product yields (Venkataraman et al.,
1990). In 1980s, reactive distillation was carried out for the processes of
etherification; MTBE synthesis (Thiel et al., 1997; Eldarsi and Douglas, 1998;



Collignon et al., 1999; Baur et al., 2000), ETBE synthesis (Matouq et al., 1996; Tian
and Tade, 2000) and TAME synthesis (Mohl et al.,1997; Thiel et al., 1997). Recently,
the study of a hybrid process of reactive distillation and pervaporation membrane
reactor (PVR) was performed to reach higher chemical conversion and selectivity in
direct TAEE synthesis by Aiouche and Goto (2003b). Presently, reactive distillation
has been widespread and achieved for several applications of chemical processes
beyond the estherification and etherification; for example, hydrogenation,
hydrodesulphurization and isomerization.

Apart from experimental studies, there are many studies focusing on
simulation of reactive distillation in order to investigate the effect of operating
conditions and design parameters on the performance of reactive distillation. A
number of works on the simulation of ether synthesis have been published. Young and
Lee (2003) studied the simulation of synthesis ETBE in reactive distillation to design
the optimal process. Moreover, Quitian et al. (1999b) proposed a process for
industrial production of ETBE by using ASPEN PLUS program. Another simulation
of reactive distillation column for ETBE was introduced by Yang et al. (2001). They
developed a mathematical model of continuous reactive distillation. For the
simulation of TAEE, there are limited numbers of works to study the effect of the
operating factors on the column performance. Aiouche and Goto (2001b) studied the
synthesis of TAEE from TAA and ethanol in a hybrid column of reactive distillation
packed with Amberslyst 15 and pervaporation module. More detailed studies are
required to further improve the performance of reactive distillation for the synthesis of
TAEE. Then, Sahapatsombud et al. (2005) used Aspen Plus program to simulate
TAEE synthesis from TAA and ethanol in reactive distillation by using Amberlyst 15

as catalyst. The effects of various operating parameters were also investigated.



Although TAEE seems to be an attractive oxygenated compound for future
use, there are still very limited works on the synthesis of TAEE using reactive
distillation. This research focuses on the application of reactive distillation to produce
TAEE from TAA and ethanol and the objectives are;

1. To screen the best catalysts for the synthesis of TAEE from TAA and

EtOH.
2. To study the reaction kinetic for the synthesis of TAEE from TAA and
EtOH with the selected catalyst.

3. To study the effect of operating conditions on the performance of a
reactive distillation for the synthesis of TAEE.



CHAPTER Il

THEORY

This chapter provides some background information necessary for
understanding the synthesis of TAEE from TAA and ethanol in reactive distillation by
the various acid catalysts. Some detail of oxygenates compound, TAEE, catalysts (ion
exchange resin and zeolite), reactive distillation, and Aspen Plus Program are provide

in the following section.

2.1  Oxygenated Compound

Oxygenates are compounds containing oxygen in a chain of carbon and
hydrocarbon atoms. Their structure provides a reasonable anti-knock value, thus they
can be utilized to replace aromatics in gasoline. In addition, the advantage of using the
oxygenate agents is to reduce smog-forming tendencies of the exhaust gases.
Generally, oxygenates used in gasoline can be classified into two groups; alcohols
(Cx-O-H) or ethers (C«-O-Cy), which contain 1 to 6 carbon atoms. Alcohols have been
used in gasoline since the 1930s while MTBE was first used in commercial gasoline
in Italy in 1973 and in the US by ARCO in 1979. In 1996, over 95% of gasoline used
in California was blended with MTBE. Oxygenate can be derived from fossil fuels
such as methanol (MeOH), methyl tertiary butyl ether (MTBE), tertiary amyl methyl
ether (TAME), or from biomass such as ethanol (EtOH), ethyl tertiary butyl ether
(ETBE) and tert amyl ethyl ether (TAEE). They have significantly different physical
properties compared to hydrocarbons ‘as shown in Table 2.1." Oxygenates are
beneficial to gasoline function in two ways. Firstly, they have higher blending octane
number, so they can replace high octane aromatics in the fuel. These aromatics are
responsible for disproportionate amounts of CO and HC exhaust emissions. This is
called the “aromatic substitution effect”. Oxygenates can also be used in engines
without sophisticated engine management systems to move to the lean side of

stoichiometry, thus reducing emission of CO (2% oxygen can reduce CO by 16%) and



HC (2% oxygen can reduce HC by 10%). However, on vehicles with engine
management systems, the higher fuel volume is require is required to bring the
stoichiometry back to the preferred optimum setting. Oxygen in the fuel cannot
contribute energy and consequently the fuel has less energy content. For the same
efficiency and power output, more fuel has to be burnt, and the slight improvements
in combustion efficiency that oxygenates provide on some engines usually do not

completely compensate for the oxygen.



Table 2.1 Physical properties of oxygenated compounds®

Properties

Ethers

Alcohols

ETBE TAME

TAA MeOH  EtOH

CAS No.
RON®

MON®

Mol. Wt.
BP(°C)

Density (g/mL)

Water Solubility (mg/l)

Blending RVP (psi)
Neat RVP (psi) 100 °F
Oxygen(%w)

1634-04-4

43,000 -54,300

637-92-3  994-05-08

118 112
101 98
102.18 102.18
67 86
0.752 0.764
26,000 20,000
4.7 1.5
4 2.5
15.7 15.7

75-85-4 67-56-1 64-17-5

NA 133 129
NA 105 102
88.15 32.04 46.07
102 64.6 78.3

0.805 0.791 0.795
120 Miscible Miscible
NA 40 18
NA NA 2.3

18.15 49.9 34.8

a: Multiple sources; The Handbook of MTBE and Other Gasoline Oxygenates, Mealey’s MTBE Conference.

b: RON = Research Octane Number simulates fuel performance under low severity engine operation with engine speed 600 rpm.

¢: MON = Motor Octane Number simulates: more severe operation that might be incurred at high speed or high load with engine speed 900 rpm.

d: Reid Vapor Pressure, RVP
NA = Not available
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Tertiary-amyl ethyl ether (TAEE) is produced by reaction of a branched Cs
olefin called tertiary-amylene with ethanol. TAEE has a higher boiling point, lower
octane value than MTBE, and is fully compatible with gasoline hydrocarbon blends.
Typical properties of TAEE are listed in Table 2.2 and its molecular structure is given

below.

CHs
CHj3-CH,-0- (I: CH,- CH3
CH,
Figure 2.1 Molecular structure of TAEE

Table 2.2 Physical, chemical and thermal properties of TAEE

Molecular formula C7H160
Molecular weight 116
Elemental analysis
Carbon content, wt% 724
Hydrogen content, wt% 13.8
Oxygen content, wt% 13.8
C/H ratio 4.5
Specific gravity, g/cm? 0.70
Reid vapor pressure at 25°C, mmHg 1.2
Boiling point at 760 mmHg, ° C 101
Solubility of TAEE in water at 20 ° C, wt% 0.4
Blending octane number ?
RON 105
MON 95
(RON+MON)/2 100

& Obtained by adding 10 vol% TAEE to a base gasoline having RON clear = 94.3 and
MON clear = 84.3



2.3 lon Exchange Resin

An ion exchange resin is an insoluble polymeric matrix or support structure,
usually supplied as white or yellowish bead (shown in Figure 2.2) and with
electrically charged sites at which one ion may replace another in a process called ion

exchanging.

Figure 2.2 lon exchange resin beads.

2.3.1 Physical Structure of Resin

Generally, ion exchange resin can be manufactured from a material which has
basic requirements of ion exchange bead. It must be insoluble under normal operating
condition, and must be uniform dimension form of Sphere. The swelling and
contraction of resin bead during exhaustion and regeneration must not cause the bead
to burst. In addition, the active site must be permanently attached to the bead. Usually,
there are two physical structures of resin; i.e. micro porous and macro porous resin.

Micro porous resin (also called gel resin) is generally -a translucent and
homogenous crosslink polymer. It does not have permanent pore structure. Therefore,
it has no measurable porosity, generally considered to be quite small, usually less than
30 °A and referred as gellular pore or molecular pores. The pore structure is
determined by the distance between the polymer chains and crosslinks which depends
on the % crosslinkage of the polymer, the polarity of the solvent, and the operating
condition. Normally, it has higher operating efficiencies and lower cost than macro

porous resin.
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Macro porous resin (also called macroreticular resin) is a large multichannel
porous structure and it can be made of two continuous phases; a continuous pore
phase and a continuous gel polymeric phase which is structurally composed of small
spherical micro gel particles agglomerated together to form cluster, which are
fastened together at the interfaces and form inter-connecting pore. It not only has high
effective surface area to facilitate ion exchange process and to give access to the
exchange site for large ion but also give better physical stability, primarily because of
its sponge like structure which gives more stress relief, and better oxidation
resistance. Unfortunately, the multi-channel porous structure like sponge allows the
active portion of the bead to contain a high level of DVB crosslinking without
affecting the exchange Kkinetics; it means that it has a lower capacity because the
beads contain less exchange sites. The “pore” can take up to 10 to 30 % of the
polymer which is the reason to reduce the ion exchange capacity proportionately.

Usually, synthetic ion exchange resins are cast as porous beads with
considerable external and pore surface where ions can attach. Whenever there is a
great surface area, adsorption plays a role. If a substance is adsorbed to an ion
exchange resin, no ion is liberated. While there are numerous functional groups that
have charge, only a few are commonly used for principle ion exchange resins. These

are:

1. Strongly acidic; sulfonic acid groups -SOsH which is strongly ionized to
-S04

2. Strongly basic; -NR3" that has a strong, permanent charge. (R stands for
some organic group)

3. Weakly acidic; carboxylic acid groups -COOH which is weakly ionized to
-COO -

4. Weakly basic; -NH; that weakly attracts protons to form NHs", -secondary
and tertiary amines that also attract protons weakly

These groups are sufficient to allow selection of a resin with either weak or

strong positive or negative charges.
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2.3.2 Chemical Structure of Resin

Commonly, there are two basic types of chemical structures; styrene and
acrylic matrix material while divinylbenzene (DVB) is still used as a crosslinker in
these matrixes.

The acrylic based material is straight chained hydrocarbons based on
polyacrylate and polymethacrylate. The active exchange site of acrylic differing from
the styrene is part of the physical structure. The acrylic based material is
advantageous in application where organics are presented because it does not foul
nearly as much as a styrene based material. However, when an acrylic resin
chemically degrades, which is the weak link beyond the physical structure.
Furthermore, when an acrylic resin oxidizes, it will swell and become mushy,
therefore is usually limited to industrial application. Presently, most ion exchange
resins are manufactured by using styrene as the matrix material.

lon exchange resin based on the copolymerization of styrene and DVB the
most commonly used in the world today has been developed since 1944 by an
American scientist, D’ Alelio and is referred to as being gellular in structure. DVB is
the cross linking agent, link together the back bone of styrene polymer contributed to
three dimension of the network, fashion it insoluble and determines to what extent the
resin is free to swell and shrink. The term “Cross linkage” in a styrene — DVB resin
refers to the fraction of DVB. For example, 8 percent crosslinkage means that it
contain 92 percent of styrene and 8 of percent DVB. Resins are available today with a
DVB content of from 2 to 20% or higher. Higher DVB content gives the bead
additional strength but the additional crosslinking can hinder kinetic by making the
bead too resistant to the shrinking when in contact with non polar solvent and to
swelling when charging from one ionic form to another form, during normal

operating.
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2.3.3 Physical and Chemical Properties of lon Exchange Resins

Since ion exchange resin is the copolymer of styrene and DVB, it has most of
ideal network properties consisting of a structure resistant to breakage, mechanical
wear, oxidation or reduction, uniform of shape in small spheres with good hydraulic
properties and insoluble in solvents. However, the properties of resin depend on three
main factors; the crosslinkage of styrene and DVB, the particle size of resin, and the
pressure drop. These factors are important parameters to describe several properties;
that is, moisture content, capacity, equilibration rate, selectivity for various ions,

porosity, and flow rate of solution and physical stability.
2.3.3.1. Crosslinkage

The amount of crosslinking depends on the proportions of different
monomers used in the polymerization step. Practical ranges are 4 % to 16 %. Resins
with very low crosslinking tend to be watery and change dimensions markedly
depending on which ions are bound. Properties that are interrelated with crosslinking

are:
1. Moisture Content

A physical property of the ion exchange resins that varies with changes
in crosslinkage is the moisture content of the resin..For example, sulfonic acid groups
attract water, and this water is tenaciously held inside each resin particle. The

quaternary ammonium groups of the-anion resins behave in a similar manner.

2. Capacity

The total capacity of an ion exchange resin is defined as the total
number of chemical equivalents available for exchange per some unit weight or unit
volume of resin. The capacity may be expressed in terms of mole-equivalents per unit

mass of dry resin or in terms of mole-equivalents per unit volume of wet resin.
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Generally, the resins have the higher crosslinked, the more difficult to
introduce additional functional groups. Sulfonation is carried out after the
crosslinking has been completed and the sulfonic acid groups are introduced inside
the resin particle as well as over its surface. Likewise, the quaternary ammonium
groups are introduced after the polymerization has been completed and they also are
introduced both inside the particle as well as on its surface. Fewer functional groups
can be introduced inside the particles when they are highly crosslinked and hence the
total capacity on a dry basis drops slightly.

This situation is reversed when a wet volume basis is used to measure
the capacity on a resin. Although fewer functional groups are introduced into a highly
crosslinked resin, these groups are spaced closer together on a volume basis because
the volume of water is reduced by the additional crosslinking. Thus the capacity on a

wet volume basis increases as cross-linking increases.

3. Equilibration Rate

lon exchange reactions are reversible reactions with equilibrium
conditions being different for different ions. Crosslinkage has a definite influence on
the time required for an ion to reach equilibrium. An ion exchange resin that is highly
crosslinked is quite resistant to the diffusion of various ions through it and hence, the
time required for reaching equilibrium is much longer. In general, the larger ion or
molecule diffusing into an-ion exchange particle, or the more highly crosslinked the
polymer, the longer the time is required to reach equilibrium conditions.

Copolymers of styrene containing low amounts of divinylbenzene (1-
4%) ‘are characterized as having high degree of permeability, large amount of
moisture, and high rate to reach equilibrium, but poor physical stability, and
selectivity. However, ability to accommodate larger ions is increased. Copolymers of
styrene containing high amounts of divinylbenzene (12-16%) exhibit characteristics in

the opposite direction.
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2.3.3.2 Particle Size

The physical size of the resin particles is controlled during the
polymerization step. Screens are used to sieve resins to get a fairly uniform range of
sizes. Mesh sizes in Table 2.3 refer to U.S. standard screens. A higher mesh number

means more and finer wires per unit area and thus a smaller opening.

Table 2.3 Diameter of particles related to mesh range

Mesh Diameter of Particles Diameter of Particles

Range (Inches) (Micrometers)
20-50 0.0331-0.0117 840-297
50 - 100 0.0117-0.0059 297-149
100 - 200 0.0059-0.0029 149-74
200 - 400 0.0029-0.0015 74-38
minus 400 <0.0015 <38

1. Equilibration Rate

The particle size of an ion exchange resin influences the time required
to establish equilibrium conditions. There are two types of diffusion that must be
considered in-an ion-exchange equilibrium. The first is-called film diffusion or the
movement of ions from a surrounding solution to the surface of an ion exchange
particle. The second is called-internal diffusion-which is the movement of ions from
the surface to the interior of ‘an ion exchange particle. Film diffusion-is usually the
controlling reaction in dilute solutions whereas internal diffusion is controlling in
more concentrated solutions. The particle size of an ion exchange resin affects both
film diffusion and internal diffusion. A fine mesh particle presents more surface area
for film diffusion and also contains less internal volume through which an ion must
diffuse. A decrease in particle size thus shortens the time required for equilibrium

condition.
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2. Flow Rate

lon exchange processes are usually carried out in columns with the
resin resting on a suitable support. Liquids may be processed either up-flow or down-
flow through such columns. The spherical particles of ion exchange resin resist the
flowing of a liquid through or around them. The smaller particle size, the greater this
resistance is. This resistance goes up very rapidly when particles smaller than 100

mesh are employed.

2.3.2.3 Pressure Drop

Usually, the resins accede in 1 bar of pressure drop across a bed. The
pressure drop is directly proportional not only to the flow rate and the viscosity of the
feed, but also the depth of the resin bed, nevertheless is inversely proportional to the
square of the diameter of the resin beads. Furthermore, when the resin bed is severely
compressed or under high pressure drop (typically beyond 2 or 3 bars depending on
the type of resin), the mechanical stress makes the resin likely to be deformed,
flattened and ultimately fragmented. Therefore, an operating pressure drop below 1

bar is recommended.
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2.4 Zeolite

Zeolites are crystalline aluminosilicates with fully cross-linked open
framework structures made up of corner-sharing SiO4 and AlO, tetrahedra. The first
zeolite, stibnite, was discovered by Cronstedt in 1756, who found that the mineral
loses water rapidly on heating and thus seems to boil. The name “Zeolite” comes from
the Greek words zeo (to boil) and lithos (stone). A representative empirical formula of
zeolite is My;,.Al,03.xSi0,.yH,0O, where M represents the exchangeable cation of
valence n. M is generally a group | or Il ion, although other metal, non-metal and
organic cations may also balance the negative charge created by the presence of Al in
the structure. The framework may contain cages and channels of discrete size, which
are normally occupied by water. In addition to Si* and AI**, other elements can also
be present in the zeolitic framework. They do not need to be isoelectronic with Si**
and AI**, but must be able to occupy framework sites. Aluminosilicate zeolites

display a net negative framework charge.

2.4.1 Structure of Zeolite

The framework of a zeolite is based on an extensive three-dimensional
network in which the polyhedral sites, usually tetrahedral, are linked by oxygen
atoms. The crystalline framework contains cages and channels of discrete size and 3-
30°A in diameter. The primary building unit of a zeolite is the individual tetrahedral
unit. The T atom (T = Si or Al) belonging to a TO, tetrahedron is located at each
corner, but the oxygen is located near the mid-points of the lines joining each pair of
T atoms. The topology of all known zeolite framework types can be described in
terms of a finite number of specific combinations of tetrahedral called “secondary
building units”(SBU’s). A zeolite framework is made up of one type of SBU only.

Description of the framework topology of a zeolite involves “tertiary” building
units corresponding to different arrangements of the SBU’s in space. Various
alternative ways have been proposed. The framework may be considered in terms of
large polyhedral building blocks forming characteristic cages. For example, sodalite,

zeolite A and zeolite Y can all be generated by the truncated octahedron known as the
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beta-cage. An alternative method of describing extended structures uses two-
dimensional sheet building units. Sometimes various kinds of chains can be used as

the basis for constructing a zeolite framework.

2.4.2 Properties of Zeolite

The most important application of zeolite is used a catalyst. Zeolites combine
high acidity with shape selectivity, high surface area, and high thermal stability and
have been used to catalyze a variety of hydrocarbon reactions, such as cracking,
hydrocracking, alkylation and isomerisation. The reactivity and selectivity of zeolites
as catalysts are determined by the active sites brought about by a charge imbalance
between the silicon and aluminium atoms in the framework. Each framework
aluminium atom induces a potential active acid site. In addition, purely siliceous and
AIPO4 molecular sieves have Brgnsted acid sites whose weak acidity seems to be
caused by the presence of terminal OH bonds on the external surface of crystal.

Shape selectivity, including reactant shape selectivity, product shape
selectivity or intermedia shape selectivity plays a very important role in zeolite
catalysis. The channels and cages in a zeolite are similar in size to medium-sized
molecules. Different sizes of channels and cages may therefore promote the diffusion
of different reactants, products or intermedia species. High crystallinity and the
regular channel structure are the principal features of zeolite catalysts. Reactant shape
selectivity results from the limited diffusivity of some of the reactants, which cannot
effectively enter and diffuse inside the crystal. Product shape selectivity occurs when
slowly diffusing product molecules- cannot rapidly escape from the crystal, and
undergo secondary reactions. Restricted intermedia shape selectivity is a kinetic effect
arising from the local environment around the active site: the rate constant for a
certain reaction mechanism is reduced if the necessary intermedia are too bulky to
form readily.

Zeolites are selective, high-capacity adsorbents because of their high
intracrystalline surface area and strong interactions with adsorbates. Molecules of
different size generally have different diffusion properties in the same molecular

sieve. Molecules are separated on the basis of size and structure relative to the size
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and geometry of the apertures of zeolite. Zeolites adsorb molecules, in particular those
with a permanent dipole moments, and exhibit other interactions not found in other
adsorbents. Different polar molecules have a different interaction with the zeolite
framework, and may thus be separated by a particular zeolite. This is one of the major
uses of zeolites. An example is the separation of N, and O in the air on zeolite A, by
exploiting different polarities of the two molecules.

Zeolites with low Si/Al ratios have strongly polar anionic frameworks. The
exchangeable cation creates strong local electrostatic fields and interacts with highly
polar molecules such as water. The cation-exchange behaviour of zeolites depends on
(1) the nature of the cation species - the cation size (both anhydrous and hydrated) and
cation charge, (2) the temperature, (3) the concentration of the cationic species in the
solution, (4) the anion associated with the cation in solution, (5) the solvent (most
exchange has been carried out in aqueous solutions, although some works have been
done in organics) and (6) the structural characteristics of the particular zeolite.

2.4.3 Solid Heterogeneous Catalyst: Beta Zeolite

Beta zeolite is an old zeolite discovered before Mobil began the “ZSM”
naming sequence. As the name implies, it was the second in an earlier sequence.
Beta zeolite was Initially synthesized by Wadlinger et al. (1995) using

tetraethylammonium hydroxide as an organic template.

The chemical composition of beta zeolite is:
(TAE,Na),0.Al,03.5-100Si0,.4H,0

Beta zeolite is a large pore, high silica and crystalline aluminosilicate. The
framework and the pore structure of the zeolite have several unique features. It is the
only large pore zeolite to have chiral pore interactios. The high silica zeolites are
attractive catalytic materials because of their thermal and hydrothermal stabilities,
acid strength, good resistance for deactivation and hydrophobicity. The pore structure
of beta zeolite consists of 12 membered rings interconnected by cages formed by the
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interaction of channels. The dimension of pore opening in the linear channel is 5.7 °’A
X 7.5 °A. The tortuous channel system consists of the interactions of two linear
channels of approximate dimensions of 5.6 °A x 6.5 °A. Beta zeolite has a total pore
volume around 0.2 ml/g. The above characteristics make beta zeolite a potential
candidate for a variety of hydrocarbon conversion reactions. The framework

structures of beta zeolite are shown in Figure 2.3.

(c) tortous channel (d) straight channel

Figure 2.3 Structure of beta zeolite
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25 Reactive Distillation

A chemical reaction and multistage distillation can be carried out
simultaneously. The combined unit operation, called reactive distillation, especially
suits for chemical reactions where reaction equilibrium limits the conversion in a
conventional reactor to a low-to-moderate level. By continuously separating products
from reactants while the reaction is carried out, the reaction can proceed to much
higher level of conversion. Reactive distillation operations are generally used in

chemical and petrochemical industry processes to increase product yield.

2.5.1 Reactive Distillation Configurations

A conventional configuration for a chemical process usually involves two
steps of chemical reaction and subsequent separation. In the chemical reaction step,
reactants are brought into contact with solid catalysts at appropriate process
conditions in one or more reactors. The stream leaving the reactor section then goes to
one or more separation steps where unconverted reactants are separated from the
products of the reaction and the inerts. The unconverted reactants, in some cases, may
be recycled to the reaction section. When a substantial amount of inerts are present in
the system, at least two separation units for separation of high purity product and for
separation of the unconverted reactants from the inerts are required. The separation
process in distillations is typically chosen.

A conventional “process” configuration is. shown ‘in Figure 2.4 where a
distillation is used for separation. In the case, a reaction product is less volatile than
reactants and inert. The flow diagram of the application of reactive distillation to this
process is shown in Figure 2.5 The middle section of the column is the reactive
distillation section. For a non-azeotopic chemical system, separation of the inerts
takes place in the rectification section of the column and the purification of the

product takes place in the stripping section.
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Figure 2.4 Conventional process involving reaction followed by separation
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Figure 2.5 Application of reactive distillation for low volatility product process

In the other configuration, the reaction and distillation proceed in alternating
steps. The reactive distillation column contains both the catalyst contact device and
the distillation device. A reaction occurs in the catalyst contact device and then the

reacting phase passes to the distillation device for vapor/liquid contact and separation.
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These two steps occur alternately. By making the steps of infinitely small size, this
configuration becomes equivalent to the first one. For both configurations, a
rectification section may be located above the reactive distillation section of the
column and a stripping section may be located below it, depending upon purity

specifications.

2.5.2 Advantages of Reactive Distillation

Applications of RD to a catalytic chemical reaction using solid catalysts offer

many advantages compared to a conventional process; for example,

1. Two process steps, i.e., separation and reaction, can be carried out in the

same device. This integration leads to lower costs in pumps, piping and instrument.

2. The heat released from the reaction can be used for vaporization of liquid.

This leads to savings of energy costs by the reduction of rebolier duties.

3. The maximum temperature in the reaction zone is limited to the boiling
point of the reaction mixture, so that the danger of hot spot formation on the catalyst

is reduced significantly. A simple and reliable temperature control can be achieved.

4. Product selectivity can be improved due to a fast removal of reactants or
products from the reaction zone. By this, the probability of consecutive reactions,

which may occur in the sequential operation mode, is lowered.

5. If the reaction zone in the RD column is placed above the feed point,
poisoning of the catalyst can be avoided. This leads to longer catalyst lifetime

compared to conventional systems.
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2.6 Aspen Plus

Aspen Plus is one of the components in the Aspen Engineering Suite. It is an
integrated set of products designed specifically to promote best engineering practices
and to optimize and automate the entire innovation and engineering workflow process
throughout the plant and across the enterprise. It automatically integrates process
models with engineering knowledge databases, investment analyses, production
optimization and numerous other business processes. Aspen Plus contains data,
properties, unit operation models, built-in defaults, reports and other features. Its
capabilities develop for specific industrial applications, such as petroleum simulation.

Aspen Plus is easy to use, powerful, flexible, process engineering tool for the
design, steady-state simulation and optimization of process plants. Process simulation
with Aspen Plus can predict the behavior of a process using basic engineering
relationships such as mass and energy balances, phase and chemical equilibrium, and
reaction Kinetic. Given reliable thermodynamic data, realistic operating conditions
and the rigorous Aspen Plus equipment models, actual plant behavior can be
simulated. Aspen Plus can help to design better plants and to increase profitability in
existing plants.

2.6.1 Features of Aspen Plus

1. Utilize the latest software and engineering technology to maximize
engineering productivity. through its- Microsoft Windows. graphical interface and its

interactive client-server simulation architecture.

2. Contain the engineering power needed to accurately model the wide scope
of real-world applications, ranging from petroleum refining to non-ideal chemical

systems containing electrolytes and solids.

3. Support scalable workflow based upon complexity of the model, from a
simple, single user, process unit flow sheet to a large, multi-engineer developed,

multi-engineer maintained, plant-wide flow sheet.
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4. Contain multiple solution techniques, including sequential modular,
equation-oriented or a mixture of both, and allow as quick as possible solution times

regardless of the application.

2.6.2 Benefits of Aspen Plus

1. Proven track record of providing substantial economic benefits throughout
the manufacturing life cycle of a process, from R&D through engineering and into
production.

2. Allow users to leverage and combine the power of sequential modular and
Equation-oriented techniques in a single product, potentially reducing computational
times by an order of magnitude while at the same the increasing the functionality and
suability of the process model.

3. Complete effectively in an exacting environment to remain competitive in
process currently industries it is necessary to do more, often with smaller staffs and

more complex process.



CHAPTER I

LITERATURE REVIEWS

Presently, tertiary ethers have become an important additive in gasoline. They
are used as octane-enhancing component in gasoline to improve the combustion
property of gasoline. Although 2-methoxy-2-methyl propane (methyl tertiary - butyl
ether, MTBE) is currently being produced in large scale, the potential risk on the
environment and human healthy makes MTBE unattractive. Thus other higher tertiary
ethers such as 2-methoxy-2-methylbutane (tertiary-amyl methyl ether, TAME) and 2-
ethoxy-2-methylbutane (tertiary-amyl ethyl ether, TAEE) have been of present
interest, particularly TAEE. TAEE synthesis is an equilibrium limited reaction and,
therefore the conventional reaction and separation processes in single unit operation
as reactive distillation has received increasing attention to improve the TAEE
synthesis.

The following sections are the literature reviews on production of TAEE from
IA and EtOH, and from TAA and EtOH. In addition, application of reactive
distillation for the productions of octane-enhancing ether was provided.

3.1 Production of Tertiary-Amyl Ethyl Ether

The challenges for new routes in the production of higher oxygenate such as
ETBE, TAME, and TAEE have been of present interest. However, it is expected that
ETBE will face the same problem found in- MTBE since-it has a-similar molecular
structure. For this reason, other higher tertiary ethers, e.g. TAME and TAEE are been
recently considered to be used as octane enhancing components in gasoline instead of
lower ethers. Both of them have lower value of blend Reid vapor pressure; however,
the use of TAEE is a more favorable choice compared to TAME. This is attributable
to that (1) TAEE has a lower blending Reid vapor Pressure (1.2 psi) than TAME
(1.4 psi), (2) the reactants for the production of TAEE can be produced from

renewable sources such as cellulose, biomass or other farm products while TAME is
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produced from MeOH which seems to be more expensive because it is produced from
nonrenewable source, and (3) TAEE does not contaminate in underground water.
Generally, TAEE can be produced from two routes are; i.e. from IA and EtOH, and
from TAA and EtOH

3.1.1 Production of TAEE from IA and EtOH

The reactions for the synthesis of TAEE via IA and EtOH consist of
simultaneous etherification (Egs.3.1 and 3.2), hydration (Egs. 3.3 and 3.4) and
isomerization (Eq.3.5) of the both of isomers of IA; 2 Methyl 1Butene (2M1B) and 2
Methyl 2 Butene (2M2B) as follows:

Etherification of 2M1B: EtOH + 2M1B ——— TAEE (3.2)
Etherification of 2M1B: EtOH + 2M2B ———= TAEE (3.2)
Hydration of 2M1B: HO + 2M1B. =———= TAA (3.3)
Hydration of 2M2B: H,O + 2M2B =——— TAA (3.4)
Isomerization of IA: 2M1B =——— 2M2B (3.5)

Several reports for-the production of TAEE have focused on commercially
liquid phase synthesis from EtOH and isoamylene (1A) in many reactors such as;
continuous stirred tank reactor, CSTR-(Linnekoski et al., 1997, 1998, 1999; Kiviranta-
Paakkinen et al., 1998; Oktar et al.,1999b), semi batch reactor (Rihko et al., 1994;
Kitchaiya and Datta, 1995; Linnekoski et al., 1998), fixed bed reactor (Boz et al.,
2004), plug flow reactor, PFR (Rihko and Krause, 1993). Normally, this etherification
can be catalyzed by a strongly acidic macro porous cation-exchange resin, e.g.
Amberlyst 15 (Kitchaiya and Datta, 1995; Oktar et al.,1999a, 1999b; Boz et al., 2004
and 2005), Amberlyst 16 (Rihko and Krause, 1993; Rihko et al., 1994, 1997;
Linnekoski et al., 1997, 1998, 1999), and Dowex M32 (Rihko and Krause, 1993).

These ion exchange resins are formed as an assemble of gel like micro spheres having
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macro pores between these micro spheres diffusion resistances. Both in the macro
pores and within the gel like micro gains may have significant influence on the
observed rate (Oktar et al.,, 1999a and Dogu et al., 2003). Relative diffusion
resistances among macro pores and micro pore are strongly dependent on the state
(vapor or liquid) of the reactant. In the liquid phase major diffusion resistance was
reported to be in the macro pore (Dogu et al., 2003). However, in vapor phase macro
pore and micro pore diffusion resistances are equally significant. Lastly, activity of
ion exchange resin, having different hydrogen exchange capacities ranging between
1.3 to 5.1 meq H'/kg for TAEE synthesis from IA and EtOH was tested in fixed bed
reactor (Boz et al., 2004). Amberlyst 15 was prepared with different duration of time
for heat treatment at 220 °C. It was observed that even though TAEE production from
2M2B increased linearly with an increasing hydrogen ion exchange capacity of
catalyst, it became insignificant over a hydrogen ion exchange capacity of 2.8 meq
H*/kg for TAEE production from 2M1B because of its strong influence of diffusion
resistance on reaction rate. Furthermore, the diffusion resistances may play an
important role on observed rate of TAEE synthesis (Oktar et al, 1999b). As a result,
the reaction order concentration based of TAEE synthesis from 2M1B and 2M2B was
not unity, it was 0.93 and 0.69, respectively.

Several research groups have investigated the TAEE synthesis from IA and
EtOH. Rihko and Krause (1993) published the report for the reactivity of 1A with
EtOH. It was found that 2M1B was more reactive than 2M2B which is good in
agreement with other researches (Oktar et al., 1999b and Boz et al., 2004). Then a
number of warks have been performed to determine the reaction equilibrium constant
and rate expression of the TAEE synthesis from IA and ethanol. The equilibrium of
TAEE synthesis reaction has been studied by Rihko et al. (1994). Likewise, Kitchaiya
and Datta, (1995) provided a thermodynamic analysis for equilibrium of simultaneous
IA etherification and isomerization reaction. It was found that the observed
equilibrium constant corresponded with the thermodynamic value. After that,
Linnekoski et al. (1997) studied the simultaneous etherification and hydration of 1A
and reported that Langmuir-Hinshelwood (L-H) was the best fitted kinetic model
among three kinetic models; L-H, Pseudo-Homogeneous, and Eley-Rideal.

Subsequently, Linnekoski et al. (1998) published the report of the simultaneous
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etherification and hydration reaction of IA. They also focused on water adsorption
effect for TAEE formation by using an azeotropic mixture of ethanol and water as
reagent using the L-H model as a kinetic model. It was observed that water is the
essential inhibitor of TAEE formation. A slight amount of water can largely retard the
IA conversion. Then, Linnekoski et al. (1999) studied simultaneous etherification and
hydration reaction of IA again with various types of alcohol (i.e. methanol, ethanol,
and propanol). It was observed that the different kinds of alcohol only affected the
isomerization rate but not the etherification rate. Both of the reaction rates are equal
until the lowest initial EtOH/2M1B mole ratio reaches 0.2. Whilst, the effect of the
alcohol concentration on the side reactions; dialkyl ether formation such as dimethyl
ether (DME) and diethyl ether (DEE) were investigated under the temperature varied
between 323 and 363 K by Paakkonen et al. (1998). It was found that the dialkyl ether
formation was preferably performed at high temperature and high alcohol
concentration; particularly, DME was formed more than DEE at higher temperature.
Moreover, the water produced from dehydration can be further reacted with IA to
convert TAA. Recently Boz et al. (2005) investigated the mechanism of TAME and
TAEE synthesis with diffuse-reflectance FTIR analysis. Although the L-H type model
is based on single site adsorption of every component, with the surface reaction being
the rate determining step, adsorption equilibrium constant of alcohol was about two
order of magnitude greater than IA and TAEE over Amberlyst 15, thus EtOH has
significant effect on observed rate when water is absent in this system. The IA
hydration has been investigated since 1961 by Odioso et al. It was reported that an
30% of conversion of IA to produce TAA as obtained in a fixed bed reactor with a
stoichiometric excess of water up to-350%. The result showed astrong equilibrium
limitation and also very large mass transfer resistances between the agqueous and
organic phases. Subsequently, Delion et al. (1987) studied the reaction in an acetone
medium, with a large excess of water (about 400%) and Amberlyst-15 catalyst
(strongly acidic macroporous resin). A pseudo-first-order dependency of the reaction
rate on isoamylene concentration was proposed to fit the data. However, no kinetic or
mechanistic interpretation was given. Gonzalez and Fair (1997) determined the best
kinetic model from four Kkinetic models for 1A hydration; simple PL model, L-H

model, Eley-Rideal, and modified L-H model which considered only water adsorption



29

over Amberlyst 15. Both forward and backward reactions of the hydration of 1A were
investigated. It was observed that modified L-H model is the best model to fit the
experimental result. Furthermore, it gave the equation of both equilibrium constant
and kinetic equation in the expression of Arrhenius’s equation and Van’ t Hoff
equation, respectively which can be employed for kinetic study of TAA dehydration
in TAEE synthesis from TAA and EtOH also.

According to the above reports, most of kinetic models take into account the
non-ideality of the liquid phase by expression both the reaction equilibrium and the
kinetic rate as a function of component activities instead of component
concentrations. Thermodynamic calculations were employed to estimate the activity
coefficient. The UNIFAC method has been frequently used in the synthesis of TAEE
(Paakkinen et al., 1998; Linnekoski et al., 1997, 1998, 1999; Gonzalez and Fair, 1997)
compared to the UNIQUAC method (Rihko et al., 1994).

3.1.2 Production of TAEE from TAA and EtOH

Tertiary-amyl alcohol (TAA), one of the major products of fusel oil which is
obtained from biomass fermentation, is used as an alternative reactant instead of 1A
for the synthesis of TAEE (Aiouache and Goto, 2003a). 1t is the significant choice to
reduce economic cost. The reactions are derived from simultaneous etherification
(Eq.3.6) and dehydration (Eq.3.7) of TAA converted into TAEE and IA, respectively,
while simultaneously, etherification and isomerization of 1A can be occurred as

showed in Eqgs.3.8 and 3.9, respectively.
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Etherification of TAA: TAA + EtOH ——— TAEE +H,;0 (3.6)
Dehydration of TAA: TAA —— IA +H0 (3.7)
Etherification of IA: IA+EtOH =——— TAEE +H,0 (3.8)
Isomerization of 1A: 2M1B =———— 2M2B (3.9

However, it was found that only a few works have been studied for the
synthesis of TAEE from TAA and EtOH. For example; Aiouache and Goto (2003a
and 2003b) studied the kinetic model of etherification of TAEE from TAA and EtOH
catalyzed by Amberlyst 15 with the focus on a sorption effect. The results showed
that even though the L-H model is more suitable for describing the kinetic of the
etherification than simple Power Law model (PL) similarly with TAEE synthesis
from 1A and EtOH, the PL model was useful for modeling of TAEE synthesis in
reactive distillation using Aspen plus program as simulator in which the PL model
based on mole fraction or concentration was required for simulation of RACFRAC
column. The study also investigated the effect of feed location and reflux ratio on the
performance of reactive distillation inserted by a zeolite Na membrane. After that
Sahapatsombud et al (2005) further studied the system of Aiouache and Goto (2003b).
The effects of design variables and other operating variables on the performance of
reactive distillation were ‘simulated by using Aspen plus program. It was found that
the reactive distillation with no rectifying section, 4 stages of reaction section and 8
stages of stripping section is the optimum configuration for TAEE synthesis. Further,
the reflux ratio and operating pressure are significant factors to operate reactive

distillation.
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3.2 Application of Reactive Distillation for Octane Enhancing Ether Production

Reactive distillation, an alternative to conventional reactive-separation
processes, has received increasing attention in recent years due to its several
advantages. For instance, chemical equilibrium limitations can be overcome, higher
selectivity can be achieved, heat of reaction can be used in-situ for distillation,
auxiliary solvent can be avoided, and azeotropic solutions can be more easily
separated. In addition, the most important benefit of reactive distillation is a reduction
of capital investment since both chemical reaction and distillation are carried out in
the same vessel; one process step is eliminated, along with the associated pumps,
piping and instrument (De Garma et al., 1992). The application of the reactive
distillation has been implemented for several reactions for esterification and hydration
reaction especially for etherification reaction to produce fuel ethers such as MTBE,
ETBE, TAME or TAEE because these reactions are suffered from a chemical-
equilibrium limitation (Thiel, et al., 1997).

The first simple reactive distillation was developed in 1921 for the production
of methyl acetate. Nowadays, methyl acetate formation in a reactive distillation
column is often used to study basic phenomena of the reactive distillation (Bessling et
al., 1998). Other esterifications have been studied, such as the esterification of butyl
acetate in reactive distillation using Aspen Plus program as simulator by Hanika et al.
(1999). It was found that the experimental results are corresponding with simulation
results very well. The use of good efficiency of stripping section of the column (at
minium 20 theorectical stage) was achieved to purify butyl acetate from acidic acid.
In addition, the result showed that the lower feed rate, the higher conversion.

Recently, reactive distillation is increasingly applied for liquid phase synthesis
of octane-enhancing ether. A number of works have investigated the production of
MTBE (De Garmo et al.,1992; Jacobs and Krishna, 1993; Nijhuis et al., 1993; Isla
and Irazoqui, 1996; Hauan et al.,1997; Eldarsi and Douglas, 1998; Higler et al., 1999),
the most widely used octane booster for reformulated gasoline, in a RD column.
Higler et al. (1999) proposed a non-equilibrium RD model for MTBE synthesis,
which was considered as advancement over the pioneering equilibrium model of
Jacobs and Krishna (1993).
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Recently, there is a pending legislation of the use of MTBE in a number of
states in the US due to its tendency to pollute underground water. ETBE is another
important oxygenates to replace MTBE. It also shows better blending properties than
MTBE. The several researches have been also studied ETBE synthesis in reactive
distillation. It was investigated on using reactive distillation for production ETBE
from both of direct method by using IB and EtOH as reagents and direct method by
using TBA and EtOH as reagents. Almost, many researches focused on EtOH at a
concentration low grade until about 2.67 mole% in aqueous phase as low as that
obtained from the fermentation of biomass as reported by Roukas (1995). Matouq et
al. (1996) studied batch reactive distillation for ETBE synthesis from TBA and low
grade alcohol and catalyzed by potassium hydrogen sulfate (KHSQO,). It was observed
that ETBE could be produced from these reagents, and reactive distillation was a good
choice to separate ETBE from the reagent mixture. Furthermore, Pervaporation was
combined with reactive distillation to remove water from the residue product. As a
result, the amount of water in the distillate product can be reduced also (Yang and
Goto, 1997). Subsequently, Quitain et al. (1999a) studied application of reactive
distillation for the ETBE synthesis from TBA and bioethanol (2.5 mol% EtOH in
aqueous solution). It was demonstrated that the system could produce 60 mole%
ETBE in distillate product while the residue product consisted of mostly water.
However, the side reaction of the dehydration of TBA to IB was significant, causing
IB-rich gaseous distillate product and low selectivity of ETBE (36 mole %). In
addition, they improved the overall selectivity of ETBE by simulating two reactive
distillations (Quitain, 1999b). The IB-rich gaseous distillate product from the first
reactive distillation column was used-to react with-pure EtOH in the second reactive
distillation column. Certainly, it could increase not only the overall ETBE selectivity
up to 99.9%, but also overall conversion of TBA up to 98.9%.

Besides, a dynamic simulation was performed for the ETBE synthesis in the
reactive distillation column consisting of 20 stage and five components. The
simulations were performed to determine the optimal process condition by using
MATLAB simulator (Young et al., 2003).

Although, currently TAEE has gained an increased attention because of its

better properties than others there are very limited studies in reactive distillation.
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A few reports have been published as Aiouache and Goto (2003b) and
Sahapatsombud et al. (2005) have investigated reactive distillation for TAEE
synthesis from TAA and EtOH. Furthermore, Varisli and Dogu (2005) considered the
simultaneous production of TAEE and TAA from IA-EtOH-water mixtures in a batch
reactive distillation. The result was observed that the TAA selectivity is higher than
TAEE selectivity. It was due to the higher adsorption equilibrium constant of water
than of EtOH over Amberlyst 15. However, when water was not present in system,
the 2M2B conversion to TAEE was increased.

Apart from a large number of experimental works on reactive distillation with
various reaction systems as mentioned above, modeling and simulation of reactive
distillations are a topic of interest over the past years. Many studies have been carried
out using a commercial simulation package, e.g., Aspen Plus, Pro/ll, HYSYS and
SpeedUp. Venkataraman et al. (1990) described an inside-out algorithm for
calculation in the RADFRAC module of Aspen Plus program. The inside-out methods
involves the introduction of new parameters into the model equations and these
parameters are used as primary iteration variables. Four case studies reported in their
work demonstrated that the RADFRAC can be applied to a wide variety of reactive
separation processes with either equilibrium reactions or kinetic-limited reactions.
The RADFRAC module has been used to simulate the behavior of a reactive
distillation by many authors. For examples, Quitain et al. (1999a) simulated a small-
scale reactive distillation column in the ETBE production from bioethanol. Later,
Quitian et al. (1999b) used RADEFRAC module to model the reactive distillation in
the industrial-scale production of the same process. In addition, Hanika et al. (1998)
carried out a simulation work on a butylacetate synthesis via catalytic distillation.
Furthermore, Smejkal et al., (2001) studied the simulation of 2—Methylpropylacetae
synthesis in a system of equilibrium reactor and reactive distillation column. It is
noted that all of these studies compared the simulation results computed using Aspen
Plus against experimental results and good agreement between experiment and the

simulation results was observed.



CHAPTER IV

EXPERIMENT

This chapter describes the experimental procedure for synthesis of the TAEE
from TAA and ethanol in both semi batch reactor and reactive distillation. It is
divided into three parts; catalyst screening, kinetic studies of the dehydration and
etherification of TAA, and reactive distillation studies (both experiment and

simulation by using Aspen Plus program). Details are given in the following sections.

4.1 Catalyst Screening

4.1.1 Semi Batch Reactor Apparatus

The Autoclave type reactor is cylindrical shape with outside and inside
diameter of 5 and 4 cm, respectively and 8 cm of height. It can stand operating
pressure as high as 30 atm. The turbine for mixing and valve for liquid sampling
including the thermocouple are installed at the top. The mixture was stirred at the
maximum speed of 1163 rpm in all the runs to minimize the external mass transfer
resistance. Figure 4.1 shows the semi batch reactor apparatus. The experiments
carried out at high pressure to ensure all reaction components were always in liquid

phase.
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Figure 4.1 Schematic diagram of the catalyst selection experimental set-up

4.1.2 Chemical Materials

The chemicals used in this study consist of standard grade chemicals with
purify higher than 99.5% for gas chromatograph calibration and reagent grade

chemicals for major experiments. Table 4.1 provides details of the levels of purity and

suppliers.

Table 4.1 Details of chemicals use-in the study

Chemical materials Purity (%) Supplier

Standard grade

TAA >99.6 Chemika Fluka
1A >99.5 Chemika Fluka
TAEE 90 Laboratory
Reagent grade
TAA 96 Chemika Fluka

EtOH >99 SR lab




4.1.3 Catalysts
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Various commercial catalysts were used in the study as summarized in Table

4.2. 1t can be divided into 2 types; strong acid ion exchange resin and beta zeolite.

Strong acid ion exchange resin can be divided into macrorecticular pore and micro

pore with styrene-DVB matrix base. The catalysts were dried overnight in an oven at

383 K hefore use. Furthermore, for beta zeolite with Si/Al ratio of 13.5, it must be ion

exchanged to proton form before use (see details in appendix A).

Table 4.2 Various commercial catalysts

Catalysts

Supplier

lon exchange capacity
(meq H'/kg Catalyst)

lon exchange Resin

Macrorecticular Pore
Amberlyst 15
Amberlyst 16
Amberlyst 36
Amberlyst 131
Micro Pore
Dowex50wx8

Zeolite
B-zeolite with Si/Al = 13.5 (Na* Form)
B-zeolite with Si/Al = 40 (H" Form)

Chemika Fluka
Chemika Fluka
Aldrich
Aldrich

Chemika Fluka

Tosoh (Japan)
Taosoh (Japan)

4.7
5.0
5.4
4.8

4.8

ND
ND

ND = Not Determined
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4.1.4 Experimental Procedure

1. 0.6 mol of TAA, 0.6 mol of EtOH and 2g of catalysts were added into the
reactor together at room temperature because it did not reacted at room temperature
(Rihko et al., 1998).

2. The solution was pressurized by N, gas to 8 atm to prevent vaporization
of liquid solutions and heated to the desired reaction temperature (353 K) and stirred
at about 1163 rpm.

3. Liquid samples (0.5 cm®) were taken for analysis at 0, 0.25, 0.5, 1, 2, 4, 6,
8, 10, 12 hours. It was noted that, approximately about 1 cm® of sample was drained

before sampling because it had some residue in the sampling part.
4.1.5 Analysis

The analysis was carried out using gas chromatography (GC). The operating
condition of the GC is shown in Table 4.3.

An 1x10° cm?® of sample was injected into the GC and the raw data of
chromatograms were modified by using calibration curve (see detail in Appendix B)
and were calculated conversion, selectivity and yield to screen the best catalyst for the
synthesis TAEE. It should be noted that for experiment with beta zeolite, a sample
must be centrifuged before use in order to separate residue catalyst which can damage

the GC column.
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Table 4.3 Operating conditions of gas chromatography

Gas Chromatography Shimadzu GC8A

Operating Conditions Intergration Parameter
Detector TCD Width (sec) 5 Slope (UV/min)
Carrier Gas He (99.98 %) Drift (uV.min) 0 T. DBL (min)
Carrier Gas Flow rate . . A
(cm3/min) 30 Stop Time (min) 35  Atten 2°X mV)
Packed Column Gaskuropack 54  Speed (mm/min) 2
Length of Column (m) 265 Quantitative Parameters
Mesh size of Packing 60/80 Method (0-8) 1 Curve (Calib. Fit

Type)

Injection temperature (K) 443 Cal. Levl (0-15) 1 Min.Area (count)
Column temperature (K) 473 \é\ggd)Band Qyin 1: 0 Window (%)
Detector temperature (K) 473 Spl. Wt 100 IS. Wt
Current (A) 80 Dilfact 1

30

1000

100

4.2 Kinetic Study

The major reactions involving in the TAEE synthesis from TAA and EtOH,

can be shown below.

TAA + EtOH TAEE + H,0 (4.1)
TAA 2 IA + H,0 (4.2)
A+ EOH | )= TAEE (4.3)

TAA etherification (Eq. 4.1) is the major reaction. Simultaneously, TAA can be
dehydrated to IA and H,O according to Eq. 4.2. IA can react with EtOH to produce
TAEE (Eq.4.3). The TAA dehydration was investigated first to determine the kinetic
parameter of TAA dehydration (k;) then the TAA etherification was carried out to
find the other kinetic parameters. Kinetic was studied on using the same reactor used
in the catalyst screening test.
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4.2.1 Experimental Procedure of TAA dehydration

1. 0.9 moles of TAA and 2g of selected catalyst were placed into the reactor.

2. The system was pressurized by N, gas to 810.4 kPa and heated to the
desired temperature of reaction (333, 343 and 353 K) and then stirred at about 1163 rpm.

3. A sample (0.5 cm®) was taken for analysis by GC 8A at 0, 0.25, 0.5, 1, 2,
4, 6, 8, 10, and 12 hours. Approximately 1 cm® of sample was drained before

sampling because it had some residue in the sampling part.
4.2.2 Experimental Procedure of TAA etherification

1. 0.6 moles of TAA and EtOH and 2g of selected catalyst were placed into
the reactor.

2. The system was pressurized by N gas to 810.4 kPa and heated to the
desired temperature of reaction (333, 343 and 353 K) and then stirred at about 1163 rpm.
A sample (0.5 cm®) was taken for analysis by GC 8A at 0, 017, 0.33, 0.5, 0.67, 0.83,
1, 2, 4, 6, 8, 10, 12 hours. Approximately 1 cm® of sample was drained before

sampling because it had some residue in the sampling part.
4.2.3 Analysis

The analysis was carried out using a gas chromatography (8A) equivalent to

the catalyst screening.
4.3 Reactive Distillation Study
Reactive distillation study is divided into 2 parts; reactive distillation

experiment in laboratory and reactive distillation simulation by Aspen Plus Program.

The standard operating conditions can be summarized in Table 4.4.
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Table 4.4 Standard operating conditions of reactive distillation

Condition of Feed Column specification
Temperature (K) 298 Rectifying section (m) 0
Feed flow rate (mole/s) 8.33x 10°  Reaction section (m) 0.19
TAA [ EtOH ratio 1 Stripping section (m) 0.31
Mole fraction Heat duty (watt) 67.5
EtOH 0.5 Catalyst weight (kg) 0.016
TAA 0.5 Reflux ratio 10
Pressure (kPa) 800 Feed stage 2

4.3.1 Reactive Distillation Apparatus

Figure 4.2 shows a schematic diagram of the reactive distillation set-up. It has
a four-neck round bottom flask with a mantle heater served as a reboiler. The heat
duty at the reboiler was controlled by a valiac. A vacuum-insulated column (inside
diameter = 3.5 cm, height = 60 cm) was connected to the central opening of the flask.
The column is divided into two sections of reaction and stripping sections. Number of
rectifying section is included according to the best column configuration suggested by
previous works (Aiouache and Goto, 2003b and Sahapatsombud et al., 2005). About
16 g of catalysts packed in the stainless steel mesh in a shape like tea sack (60 mesh,
width = 3 cm; length =4 cm) were placed inside the column (height = 19 cm) to allow
simultaneous reaction and separation of products. Stainless steel mesh saddles (48
mesh,-diameter =-3 mm;, height = 6. mm) were used-as packing materials in the
stripping section of the column (height = 31 cm). Six thermocouples were connected
along the column height to measure the temperature profiles inside the column. Water
at a temperature of 283 K served as a coolant was circulated in the condenser located

at the top. The reflux ratio was controlled by the solenoid valve with a multi-timer.



41

Vents

Multi-timer

.
9

2/

e

N
~/

Distillate

_
&

Feed

Reactive

Section

Thermocouples

Stripping

Section

0000

0000

)
c
@
-
p —
ur
O 5
o =
c 'c
@ O
@
L=
I
=
=)
>
o
/,ww /1o
o
([ \ | ©
o
|
I
o
‘=
)
S|
o
=i
+—
S T R3]
o Q O.w
ol o] ....U.O
mn o =
_n_lul mn Ao

Heating Mantle

Figure 4.2 Schematic diagram of reactive distillation system
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Figure 4.3 shows the configuration of RADFRAC column type reactive
distillation for simulation in Aspen Plus program. It consists of 10 stages including
the total condenser (stage 1) and the partial reboiler (stage 10). The reaction stage is in
the top of column represented by stages 2-5. The feed mixture was fed into the 2™
stage. In the simulation, a property option set PSRK based on the predictive Soave-
Redlich-Kwong equation of state was used. The simulation input to Aspen Plus was
mainly based on experimental operating condition. The definition of the reflux ratio
(L/D) is ratio based on standard volume.

Total condenser
Stage 1

Reflux ratio = L/D
Feed

| ¥ Liquid distillate, D
Reaction
section
Stripping
section
Stage 9
: Heat duty, Q
Reboiler )
@ ) Residue, R
Stage 10

Figure 4.3 Schematic diagram of RADFRAC reactive distillation column
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4.3.2. Experiment Procedure of Reactive Distillation

4.3.2.1. Reactive distillation Experiment in laboratory

1. The standard condition of the reactive distillation column was set up.

2. A mixture of 50 cm® EtOH was placed inside the bottom flask and
heated up to boiling point.

3. When first drop of distillate appeared at the top, equimolar feed
mixture of TAA and EtOH at room temperature and atmosphere was introduced to
the highest part of the reaction section by using a peristaltic pump.

4. Liquid from the reboiler was withdrawn by another peristaltic pump
while the distillate was controlled by the reflux ratio. Then, continuous operation was
started.

5. The liquid level in the reboiler was maintained by adjusting the tip of
the withdrawing pipe connected to the pump.

6. The experiment was conducted for about 12 hours. The distillate and
the residue were collected, weighed and analyzed.

7. All steps were repeated with changes in the condition of reflux ratio of
6 and 12, and heat duty of 56 and 93 watt, respectively whereas the other conditions
are maintained at the standard conditions to investigate the effect of these parameters.

4.3.2.2. Reactive distillation Simulation by Aspen Plus Program.

1. Set the data of standard condition into program including the kinetic
parameters of reaction and run program.

2. Vary input parameters to study the effect of operating parameters on
performance of reactive distillation (e.g. reflux ratio, location of feed stage and

reaction section, catalyst weight, heat duty, and operating pressure).
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4.3.3. Analysis

Reactive distillation performance was considered in terms of conversion of
TAA (Xtaa), selectivity of TAEE (Staee) and yield of TAEE (Ytage) as follows;

differencein molar flow rate of inlet and outlet of TAA x100

X = 4.4
TAA Molar feed flow rate of TAA (44)
S _ Total Molar flow rate of TAEE in residue and distillate x100 (4.5)
TARE difference in molar flow rate of inlet and outlet of TAA '
X
Yiage = Kran X Stace. (4.6)

100



CHAPTER V

RESULTS AND DISCUSSION

This chapter describes the results and discussion for the synthesis of TAEE
from TAA and ethanol in both of semi batch reactor and reactive distillation. It can be
divided into three sections; catalyst screening, Kinetic study, and reactive distillation
study. Details are given in the following section.

5.1 Catalyst Screening

The catalyst screening experiments were carried out at the following
condition; i.e. catalyst weight =2 g, T = 353 K, P = 810.4 kPa, maximum turbine
speed = 1163 rpm and the initial amount of EtOH and TAA = 0.6 and 0.6 mol,
respectively. The reactions taking place in the direct etherification of TAA and EtOH

can be summarized as follows;

TAA+EIOH === TAEE + H,0 (5.1)
TAA k:Z IA + H,0 (5.2)
IA+EOH  —m— TAEE (5.3)

Dehydration of TAA to isoamylene (1A) is a major side reaction; however, 1A
can further react with EtOH to form TAEE. The catalysts; Amberlyst 15, Amberlyst
16 wet, Amberlyst 36 wet, Amberlyst 131 wet, Beta Zeolite with silica alumina ratio
of 13.5 and 40 with H™ form were screened. The mole to area ratio method and
conservative of mass were used for quantitative analysis. TAA conversion and TAEE
yield profiles were shown in Figure 5.1(a) and (b), respectively. Their values at 12"
hours were summarized in Table 5.1. It was observed that beta zeolite with Si/Al ratio
of 13.5 gave the highest conversion (65.6%) while Amberlyst 16 showed the highest
selectivity (49.8%) and yield (31.2%). Although a catalyst with high activity and
selectivity is a favorable choice for most reactors including reactive distillation,



46

simultaneous reaction and separation taking place in the reactive distillation allows
the system to operate more efficiently and therefore a catalyst with moderate activity
can be acceptable. From the obtained results Amberlyst 16 was selected as a suitable
catalyst for later investigations in reactive distillation because its selectivity is the

highest and its activity is also comparable with that of beta zeolite with Si/Al ratio of
13.5.
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Figure 5.1 Performances of various catalysts: (a) conversion of TAA, (b) yield of TAEE.
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Table 5.1 Summary of performance for various catalysts at 12" hours

% Selectivity of % Conversion of % Yield of

Catalysts TAEE TAA TAEE
Amberlyst 15 31.8 53.9 17.1
Amberlyst 16 49.8 62.7 31.2
Amberlyst 36 26.9 61.4 16.5
Amberlyst 131 26.8 62.9 16.9
Beta Zeolite with Si/Al ratio of 13.5 32.7 65.6 21.5
Beta Zeolite with Si/Al ratio of 40 39.7 46.8 18.5
Dowex 50WX8 39.5 62.9 24.9

5.2 Kinetic Study
5.2.1 Development of Mathematical Models

The results from the Kkinetic study were fitted to two kinetic models;

Langmuir-Hinshelwood (L-H) and Power Law model (PL) based on activities (a,),

abbreviated as L-H.A and PL.A, respectively. The L-H model is based on the
following assumptions; all-components adsorb on-the single site of the catalyst and
the surface reaction is the rate determining step. According to the previous work of
Aiouache and Goto (2003a) it was found from the kinetic study of the same reaction
on Amberlyst 15 that the adsorption effect of H,O and EtOH are stronger than other
components. This is also observed by other investigators (Gonzalez and Fair, 1997;
Linnekoshi et al., 1997, 1998). As a result, the rate law of all reaction can be

expressed in term of activities as

_ _ kl,a (a'TAAaEtOH _(1/ Keq,la )aTAEEaHZO ) 5.4
M2 = Teterification of TAA = ( )c (54)
1+ KHZO,aaHZO + KEtOH,aaEtOH




48

_ _ kz,a (a’TAA B (1/ Keq,za )aHZOaIA)
r2,a - rDehydration of TAA — — ( )C (55)
1+ KHZO,aaHZO
k3 a (aIAaEtOH B (1/ Ke )a )
s q,3a /" TAEE
r-:«)‘,a = etherification of 1A = — c (56)

(1+ KHZO,aaHZO + KEIOH,aaEtOH)

0 for PL model
2 for L-H model

where k; is the reaction rate constant of reaction j (j = 1, 2, and 3) , &, is an activity of

species i, Kgon,and K, o, are the EtOH and H2O inhibition parameters, and K., ,, is

the equilibrium constant of reaction j expressed as;
M Vi:

Keq,ja = l_A[aieIJ (57)
i=1

The following expressions of K, ,, and K, ,, are adopted from the previous

works (Gonzalez and Fair,1997 and Rihko et al., 1994, respectively.)

Keq2a =€XP(10.06-3187.4/T) (5.8)
Keqa = XP(-9.358 + 3283.6/T) (5.9)
Keq,la = Keq,2a * Keq,3a (510)

By performing the material balance for semi batch reactor, the following

equations are obtained.

d”T =m,Q,(-r,—r,) (5.11)
d”T —mQ,(r-r) (5.12)
dnTAEE - _ dnEtOH (513)

dt dt
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Mo __ o, (5.14)
dt dt

anA — dnEtOH _ dnTAA (515)
dt dt dt

where m; is weight of catalyst and Q, is ion-exchange capacity, for Amberlyst 16 is
5.0 meg-H"/kg-dry resin.

The activity can be calculated from the following relation.
& =7i% (5.16)

where x; is mole fraction of species i in the liquid mixture and y, is the activity

coefficient, can be estimated by using UNIFAC method (see detail in Appendix C).

The reaction rate expressions in term of mole fraction can be defined as follows;

_ _ kl,x (XTAA Xeton — (1/ Keq,lx )XTAEE Xn,0 ) 517
r-1,x - rEtherification of TAA — ( )C ( . )
1+ KHZO,X Xuo T K iom,x Xeom

k2,x(XTAA = (1/ Keq,2x )XHZOXIA)

r-2,x = r-Dehydra'[ion of TAA = (1+ K X )C (518)
H,0,x ~*H,0
kS,x (XIA Xeton — (1/ Keq,3x )XTAEE )
r3,x = Tetherification of 1A = — C (519)
(1"‘ KHZO,X Xy,0 F KEtOH,x Xeton )
where kl,x = kl,a *(Vewon?7a8) )
kz,x = kz,a *(V1an)
k3,x = k3,a *(71a7Eon) > (5.20)
Moo
Keq,jx El_jl[XieIJ J
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However, since the activity coefficient of each component is mainly
dependent on temperature but less dependent on its composition, the Kinetic
parameters based on mole fraction can be modified following by the method
described in Appendix D.

The temperature dependent rate constant and the chemical equilibrium
constant of both models can be expressed by the Arrhenieus’s equation (Eq.5.21) and

the Van’t Hoff equation (Eq.5.22), respectively

-E
k. =A ex a 5.21
i =A D[RQTJ (5.21)
-AH AS
K . =exp(-A,G/R T)=ex e A 5.22
i = OP(-AG/R,T) p{ 7 RQJ (5.22)

where E, is the activation energy (kJ/mole), A, H is the standard enthalpy change of
the reaction, A S is standard entropy change of the reaction and R is the gas

constant.

5.2.2 Kinetic Parameter Determination

5.2.2.1 TAA Dehydration

TAEE synthesis is a complex reaction. It can be directly produced from TAA
etherification with EtOH or indirectly from TAA dehydration to 1A which further
reacts with EtOH to produce TAEE. In this study, the TAA dehydration is firstly
investigated to determine the kinetic parameter of this reaction (k). Then the TAA
etherification is carried out to find the rest kinetic parameters (k; and ks). The reactant
of TAA of 0.9 mol was added into the reactor for the TAA dehydration study. The
Kinetic parameter determination was investigated in the same semi batch reactor used
for the catalyst screening at three temperatures 333, 343, and 353 K. Amberlyst 16
(2 g) was used as catalyst. Amberlyst 16 purchased from Fluka has mesh range of 20-

50 mesh equivalent to mean particle size diameter of 0.55 mm. According to the
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previous work (Rihko et al., 1997), the effect of internal mass transfer can be
neglected when using the average particle sizes of Amberlyst 16 of 0.35-0.65 mm
while the effect of external mass transfer could be neglected when using the speed of
mixing above 300 rpm. The effects of internal and external mass transfer in this study
should be small as the catalyst size was in the range reported earlier and the
experiments were carried out at high mixing speed (1163 rpm). A MATLAB program
was employed to find the best-fitted kinetic parameters which minimize the relative

root mean square deviation (RMSD) values expressed by Eq.5.23.

RMSD. :i i (Xi,k _Xi,exp,k) 2 (5 23)
I M K=1 (Xi,exp,k ) .

Figures 5.2. (a), (b) and (c) show the mole profile of each component in the
TAA dehydration experiments at 333 343 353 K, respectively. The solid and dashed
lines represent the best-fitted simulation results of the L-H.A and PL.A model,
respectively. The simulation results of both Kinetic models can represent the
experimental results quite well. However, the L-H.A model provides better fitting
than the PL.A model as also demonstrated by the RMSD values at several
temperatures shown in Table 5.2.

The reaction rate constants at different temperatures were plotted following
the Arrhenius’s equation as shown in Figure 5.3. The expression of the rate constant

and the activation energy for different kinetic models are summarized in Table 5.3.

Table 5.2 RMSD value of kinetic model in each temperature of TAA dehydration

reaction
RMSD
Model
333K 343K 353K
LH.A 0.012 0.0117 0.0119

PL.A 0.0644 0.0576  0.0368
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Figure 5.2 Mole profile of TAA dehydration reaction component (P = 810.4 kPa,
m, =2 g, Niaa= 0.6 mole, n., =0.6 mole): (a) at 333 K, (b) at 343 K, (c) at 353 K

(symbols: experiment results, solid lines: L-H.A model, dashed lines: PL.A model)
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Figure 5.3 Arrhenius’s plot of TAA dehydration

Table 5.3 Kinetic constant and activation energy of TAA dehydration

Activation Energy, E,

Model Rate constant
(mole/(s*meq HY) (kd/mole)
L-H.A ko = exp(20.4-7840/T) 65.2
ko = exp(20.77-8840.3/T) 73.5

PL.A
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Besides, the sorption equilibrium constant of H,O as a function of temperature
can be determined by Van’t Hoff plot (Figure 5.4) and the expression of Eq.5.23 was
obtained. It was found that the value of sorption equilibrium of H,O decreased with
the increase of temperature. This is a conventional behavior observed in most

adsorption processes.

K0 = €Xp(-2.24+1179/T) (5.23)

InK
HO

0 1 | 1 |
2.8 2.9 3

1000/T (K%

Figure 5.4 Sorption equilibrium constant of H,O at different temperature

It should be noted that the obtained kinetic parameters of the TAA dehydration
were consequently used in the determination of the rest kinetic parameters in the TAA
etherification.

5.2.2.2 TAA Etherification
TAA etherification experiment were investigated by using the same semi

batch reactor described in the previous TAA dehydration study except that both TAA
(0.6 mole) and EtOH (0.6 mole) were reactants.
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Figures 5.5 (a), (b) and (c) show the experimental results of mole profile of
each component in the TAA etherification at 333, 343 and 353 K, respectively,
together with the simulation results from the best-fitted L-H.A, PL.A, and PL.X
models. It was found that the experimental results agree well with the simulation
results of both kinetic models. As shown in Table 5.4 summarizing the RMSD values
of different models, the L-H.A model can describe the rate of TAA etherification
better than PL.A model which was also reported by other researches (Linnekoshi et
al., 1997, 1998; Gonzalez and Fair, 1997; Aiouache and Goto, 2003a)

Furthermore, the PL model based on mole fraction (PL.X) was considered in
this study as it is in a compatible form for use in ASPEN PLUS program. The kinetic
parameters of the model can be calculated from the parameters of the activity-based
model and average value of activity coefficient for each component. An example of
the calculation is given in Appendix D. It was found that the PL.X model can describe
the TAA etherification as good as the PL.A model as also shown in Figures 5.5(a), (b)
and (c).

Table 5.4 RMSD value of kinetic model in each temperature of TAA etherification

reaction

RMSD
Model

333K 343K 353K

LHA 0.028 0.016 0.016
PLA 0036 - 0.024 = 0.024

PLX 0036 0.023 0.023
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Figure 5.5 Mole profile of TAA etherification reaction component (810.4 kPa,
m. =29, Naa= 0.6 mole, ngo, =0.6 mole): (a) at 333 K, (b) at 343 K, (c) at 353 K
(symbols: experiment results, solid lines: L-H.A model, dashed lines: PL.A model,

and dash dot lines: PL.X madel)
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The temperature dependent rate constants and sorption equilibrium constants
were determined by plotting the relationships according to the Arrhenius’equation
(Figure 5.6) and Van’t Hoff’s equation (Figure 5.7). The expressions of the rate
constants and activation energy for different models are summarized in Table 5.5
while the expressions of the sorption equilibrium constants, adsorption enthalpy and

adsorption entropy are given in Table 5.6.
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Figure 5.6 Arrhenius’s plots (symbols: @ = k;, A =k, m = k3, dashed lines: PL.A
model, solid lines: L-H.A model, and dash dot lines: PL.X model)
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Figure 5.7 Van’t Hoff plots for sorption equilibrium constant of H,O and EtOH

Table 5.5 Reaction rate constants and values of activation energy

Model Rate Constant (mol/s*meq H)  Activation Energy, Ea (kJ/mole)

L-HA ki = exp(32.4-12200/T) 101.4
k. = exp(20.4-7840/T) 65.2
ks = exp(33.1-12400/T) 103.1
PLA ki =exp(35.8-14050/T) 116.8
k. = exp(20.77-8840.33/T) 735
ks ‘= exp(33-14900/T) 123.9
PL.X- ki =exp(36.154-14142/T) 117.6
k, = exp(20.746-8825.7/T) 73.4
ks = exp(33.577-14690/T) 122.1

58
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Table 5.6 Sorption equilibrium constant and values of the adsorption enthalpies and
adsorption entropies of H,O and EtOH

Sorption Equilibrium Enthalpies, AH  Entropies, AS
Constant (kd/mole) (J/mole*K)
Ko =exp(-2.24+1179/T) -9.8 18.6
Keion = exp(-6.0+2370/T) -19.7 49.9

This comparison of the value of activation energy in all reactions of the TAEE
synthesis reported in this work and the literature (Kitchaiya and Datta, 1996;
Gonzalez and Fair, 1997; Linnekoshi et al., 1998; Paakkonen et al., 1998; Aiouache
and Goto 2003a) is shown in Table 5.7. It was found that the estimated values of
activation energy are in acceptable range. A small deviation is due to the difference in
reactants and catalyst type.

The sorption equilibrium constant of H,O and EtOH obtained in this work
were compared with that from other researches. It was found that the adsorption
enthalpies are similar, but the adsorption entropies are different as shown in Table 5.8.
Although our adsorption entropy of EtOH was not equivalent to Linnekoshi et al.
(1998), was equivalent to value of Paakkonen et al. (1998) and Aiouache and Goto
(2003a).
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Table 5.7 Comparison the value of activation energy with other researches

Activation Energy, Ea (kJ/mole)

Model Rate constant This work Gonzalezand ~ Paakkonen etal. Juhaet al. Aiouache and
(mole/s*meq H+) Fair (1997) (1998) (1998) Goto (2003a)
(Amberlyst 16)  (Amberlyst 15)  (Amberlyst 16)  (Amberlyst 16) (Amberlyst 15)
L-H.A Kia 101.4 3 - - 45.1
Kza 65.2 96.3 - 1211 45.7
Ksa 103.1 - 95.9 117.7 74
PL.A Kia 116.8 - - - 52.6
Kza fis"> 105.1 - - 51.9
Ksa 123.9 ] . - 76.6

Table 5.8 Adsorption entropies of H,O and EtOH and values from literature.

Adsorption entropies

Reference (J/(mole K)
H,O EtOH
This work (Amberlyst 16) 19.6 49.9
Linnekoshi et al. (1998) (Amberlyst 16) 25.8 15.2
Aiouache and Goto (2003a) (Amberlyst 15) 29.9 67.3
Paakkonen et al. (1998) (Amberlyst 16) - 46.4

5.3 Reactive Distillation Study

Both experiment and simulation by using Aspen plus program were carried
out to investigate the TAEE synthesis from TAA and EtOH in the reactive distillation.
Various operating parameters; i.e. reflux ratio, location of feed stage and reaction
section, catalyst weight, heat duty and operating pressure were investigated. The rate
expressions obtained from the previous study were important input data for the
program. The performance of reactive distillation at standard operating condition was

described and then the influence of each operating parameter was discussed.
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5.3.1 Performance of Reactive Distillation at Standard Condition

An experiment was carried out at the standard operating condition shown in
Table 4.4. The distillate product consists of main reaction product of 1A (90 mole%)
and small amount of EtOH (7 mole%) and H20 (1 mole%) while the bottom product
consists of the main composition of EtOH (44 mole%), TAA (39 mole%), H,O
(13 mole%), and small composition of TAEE (4%).Table 5.9 compares simulation
and experimental results of the distillate and bottom compositions. The program can
predict the reactive distillation performances well as good agreement between those
results were observed. Figures 5.8 and 5.9 show the mole fraction profiles and
temperature profiles of distillate and bottom products, respectively. The dashed lines
showed the simulation results from the program. From experimental results, it took
around 10 hours to achieve the steady state condition. The corresponding conversion
and selectivity at the standard condition were 26.5% (24.7%) and 65.1 % (66.6%),

respectively. The values in the parenthesis are those from the simulation.

Table 5.9 Comparison of experimental and simulation results

Distillate (mole fraction) Bottom (mole fraction)
Components
experimental ~ simulation  experimental  simulation

TAEE 0.00 0.00 0.04 0.08
TAA 0.00 0.02 0.39 0.37
EtOH 0.07 0.10 0.44 0.42

IA 0.92 0.85 0.01 0.00

H,O 0.01 0.02 0.12 0.13

T (K) 314 311 361 357
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Figure 5.8 Mole fraction profiles and temperature of distillate at standard operating

condition (weight of catalyst to feed flow rate ratio = 3.2 kg/(mol/min),

reflux ratio = 10, and molar ratio of TAA:EtOH = 1:1)
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Figure 5.9 Mole fraction profiles and temperature of bottom at standard operating

condition (weight of catalyst to feed flow rate ratio = 3.2 kg/(mol/min),

reflux ratio = 10, and molar ratio of TAA:EtOH = 1:1)
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Figure 5.10 shows the mole fraction and temperature profiles along the
column height. The 1% stage is a condenser and the 10" stage is a partial reboiler.
Symbols represent the data from experiment. It can be seen that a decrease of TAA
mole fraction in the reaction section indicates that the TAA is dehydrated in the upper
stage of reaction section (2" stage) to produce 1A while EtOH reacts the etherification
reaction in the lower stage of reaction section to convert to TAEE as shown by the
slightly increasing mole fraction profile.
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Figure 5.10 Mole fraction and temperature profiles at standard operating condition
change with stages (weight of catalyst to feed flow rate ratio = 3.2 kg/(mol/min),
reflux ratio = 10, and molar ratio of TAA:EtOH = 1:1)

5.3.2 Effect of Operating Parameters

Aspen Plus program was employed as a main tool to simulate the performance
of reactive distillation at various operating parameters. The effects of the reflux ratio,
location of feed stage and reaction section, catalyst weight, heat duty and operating
pressure were investigated. Due to limitation of the equipment, only some
experiments were performed and their results were provided for the main purpose of

validation of the simulation results.
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5.3.2.1 Effect of Reflux Ratio

Figure 5.11 shows the effect of reflux ratio on the performance of the reactive
distillation. The ratio was varied between 2 and 14 while the other operating
parameters remained the same as the standard condition. It was found that
when the reflux ratio is increased, it does not significantly affect the yield of
TAEE; however, it has quite pronounced effect on the conversion of TAA and
selectivity of TAEE. The experimental results (symbols) show good
agreement with the simulation results, indicating that the Asplen Plus program
can simulate the TAEE synthesis in the reactive distillation accurately. When
the column is operated at high reflux ratio, more liquid distillate was recycled
back to the column and, therefore, the reactant especially ethanol and the
product 1A can further react within the column. This results in the high
selectivity of TAEE. However, because the concentration of reactants in liquid
phase decreases with the increasing reflux ratio and the column temperature

slightly decreases (not shown), the conversion of TAA becomes smaller.
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Figure 5.11 Effect of reflux ratio on conversion of TAA, selectivity and yield of

TAEE (catalyst = Amberlyst 16, catalyst weight to feed flow rate = 3.2
kg/(mole/min), heat duty = 67.5 W, pressure = 101.3 kPa and molar ratio of
TAA: EtOH =1:1)
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5.3.2.2 Effect of Location of Feed Stage and Reaction Section

Table 5.10 shows the effect of the location of feed stage and reaction section
on the reactive distillation performance. It is noted that F1 is the simulation result at
standard condition where the reaction section is represented by stage 2-5, while the
feed is introduced at the top of the reaction section (stage 2). By comparing the
location of the feed stage (F1-F4), it was found that feeding reactants at the top of the
reaction section gives the best reactive distillation performance in terms of the TAA
conversion and TAEE selectivity. This may be caused by the decreased residence
time of the reactants (TAA and EtOH) as the location of feed is far away from the
reaction section. When changing the location of the reaction section (R1-R5), the
result showed that the conversion of TAA is increased and the selectivity of TAEE is
decreased if the reaction section is more toward the bottom of reactive distillation
column. This can be explained by higher temperature in the reaction section; the
dehydration of TAA, which is an endothermic reaction, to produce IA is more
pronounced; compared to the etherification of TAA to produce TAEE. In addition,
although more IA is generated, most of it is in vapor phase because of its lower
boiling point and cannot react. As a result, the increased TAA conversion and the
decreased TAEE selectivity are observed.



Table 5.10 Effect of location of feed stage and reaction section on conversion of TAA and selectivity of TAEE and composition in

bottom
Runs  locationof  Reaction  %6Conversionof  %Selectivity of Composition in bottom

feed stage section TAA TAEE TAEE TAA EtOH A H,0
F1 2 2-5 24.7 66.56 0.08 0.37 0.42 0 0.13
F2 4 2-5 18.88 42.19 0.04 0.4 0.45 0.01 0.1
F3 6 2-5 10.51 17.39 0.01 0.44 0.49 0 0.06
F4 8 2-5 2.07 13.02 0 0.5 0.49 0 0.02
R1 2 3-6 25.54 66.22 0.08 0.37 0.41 0 0.13
R2 2 4-7 27.55 64.74 0.09 0.36 0.41 0.01 0.14
R3 2 5-8 31.57 61.46 0.09 0.33 0.39 0.02 0.16
R4 2 6-9 38.97 54.25 0.1 0.29 0.37 0.04 0.19
R5 2 7-10 54.68 38.78 0.09 0.2 0.35 0.11 0.25
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5.3.2.1 Effect of Catalyst Weight
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Figure 5.12 shows the effect of catalyst weight on performance of reactive

distillation, while the other parameters are kept at the standard operating condition. It

was found that when the catalyst weight is increased, it does not significantly affect

the yield of TAEE; nevertheless, it has an obvious effect on conversion of TAA and

selectivity of TAEE. This can be explained that as the catalysts accelerate the TAA

etherification reaction to produce TAEE and H,O, the selectivity of TAEE increases

with catalyst weight. However, because of more H,O occurred in the system, TAA

dehydration is shifted backward and therefore, the conversion of TAA was slightly

decreased. Although, the increasing of the amount of catalyst weight has a positive

effect on the performance of the reactive distillation, other factors, e.g., cost of

catalyst and capacity of column, should also be considered in selecting the appropriate

amounts of catalyst in the reaction section.
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Figure 5.12 Effect of catalyst weight on conversion of TAA, selectivity and yield of
TAEE (catalyst = Amberlyst 16, heat duty = 67.5 W, pressure = 101.3 kPa

and molar ratio of TAA:EtOH = 1:1)



5.3.2.2 Effect of Heat Duty
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Figure 5.13 shows the effect of heat duty on the performance of reactive

distillation. The heat duty does not show significant effect on the yield of TAEE at

least within the range of study (45-95 W). As the heat duty increases, the conversion

of TAA slightly decreases and then increases whereas the selectivity of TAEE

decreases from 72.7% to 55.8%. The experimental results (symbols) are in good

agreement with the simulation results. At high heat duty, the column is operated at

higher vapor-liquid load and temperature. When the reflux ratio is kept unchanged,

more reactant especially ethanol is lost from the column as the distillate, leading to

the decrease of the selectivity of TAEE. The change in the conversion is mainly

governed by the temperature and the liquid concentration in the reaction section

which are influenced by the change of heat duty.
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Figure 5.13 Effect of heat duty on conversion of TAA, selectivity and yield of

TAEE (catalyst = Amberlyst 16, catalyst weight to feed flow rate = 3.2

kg/(mole/min), heat duty = 67.5 W, pressure = 101.3 kPa and molar ratio of

TAA: EtOH = 1:1)
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5.3.2.5 Effect of Operating Pressure

The operating pressure is a main factor influencing performance of reactive
distillation because it has effect on several properties, for example; the column
temperature, reaction temperature system, shifting of boiling point and vaporization of
substances including interaction of each component. Figure 5.14 shows the effect of
operating pressure on conversion of TAA, selectivity and yield of TAEE. It was
observed that operation at 202.6 kPa shows the highest the selectivity and yield of
TAEE. When operating pressure is higher than 202.6 kPa, the conversion of TAA
increases but the yield of TAEE decreases because the more pronounced decrease of
the selectivity of TAEE. As shown in Figure 5.15, operating pressure significantly
influences the column temperature profiles. The conversion of TAA increased with
the increased operating pressure due to the higher column temperature. Increasing the
pressure improves the selectivity of TAEE initially but it becomes worse at higher
value. Considering the values of the activation energy of the reactions as shown in
Table 5.7, it is expected that the higher operating temperature should improve the
reaction selectivity due to the high activation energy of the TAEE synthesis reactions
(Egs. 5.1 and 5.3) compared to that of the TAA dehydration (Eq.5.2). The lower
selectivity of TAEE at high operating pressure may be due to the change in vapor-
liquid phase equilibrium which is altered by the difference in the column temperature
profiles. From this study, the column pressure of 202.6 kPa is the most appropriate
condition for the TAEE synthesis.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The application of reactive distillation for production of tert- Amyl Ethyl
Ether (TAEE) from tert- Amyl alcohol (TAA) and ethanol (EtOH) was studied in this
thesis. The liquid phase reaction taking place in the reactor systems can be

summarized as follows;

k
TAA + EtOH k:1 TAEE + H,0 (6.1)
TAA k:2 IA + H,0 (6.2)
IA + EtOHf  Y—m— TAEE (6.3)

The study can be divided into three parts; catalyst screening, Kinetic study, and
reactive distillation study. The following conclusions can be drawn from the

investigations.

6.1.1 Catalyst screening

From the catalyst screening tests using the semi-batch reactor operated at 353
K and 800 kPa. It was observed that Amberlyst 16 is the most attractive catalyst
among various tested catalysts (Amberlyst 15, Amberlyst 16, Amberlyst 36,
Amberlyst 131, Dowex 50WX8 and beta Zeolite with Si/Al ratio of 13.5 and 40) as it
provides the highest selectivity and yield. It was therefore employed in the subsequent

studies.
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6.1.2 Kinetic study

Amberlyst 16 was employed to study kinetics of TAA dehydration and
etherification reaction in the semi-batch reactor at 800 kPa and three temperatures
(333, 343, and 353 K). The reactor was operated at the maximum agitation speed
(1163 rpm) to avoid the external mass transfer effect and the particle size of catalyst
between 0.3-0.8 mm was used in the study. The experimental results were fitted with
two activity based kinetic models, Langmuir-Hinshelwood (L-H.A) and Power Law
(PL.A). The UNIFAC method was used to estimate the activity coefficient. The L-H
model, which is based on single site adsorption of all components and the surface
reaction being the rate determining step, is the best kinetic model to fit the
experimental data. In addition, PL model based on mole fraction (PL.X) was
determined for use in the Aspen Plus program for simulating reactive distillation
performance. The model provides equivalent results as calculated by the PL.A model.
The Arrhenius ‘s equations of kinetic rate constant and activation energy for both

kinetic models were expressed as;

Model Rate Constant (mol/s*meq H") Activation Energy, E, (kJ/mole)

L-HA ki = exp(32.4-12200/T) 101.4
k. = exp(20.4-7840/T) 65.2
ks =exp(33.1-12400/T) 103.1
PLA ki = exp(35.8-14050/T) 116.8
k» = exp(20.77-8840.33/T) 735
ks = exp(33-14900/T) 123.9
PLX ki =exp(36.154-14142/T) 117.6
k, = exp(20.746-8825.7/T) 73.4

ks = exp(33.577-14690/T) 122.1
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In addition, the Van’t Hoff equation for chemical equilibrium constant of TAA
etherification and sorption equilibrium constant of water and EtOH based on activity

can be expressed as;

Chemical Equilibrium Constant ~ Standard Enthalpies (kJ/mole)

Keqr = exp(0.702+96.22/T) 0.8
Keqz = exp(10.06-3187.4/T) 26.5
Kegs = eXp(-9.358+3283.62/T) 27.3

Sorption Equilibrium Constants ~ Sorption enthalpies (kJ/mole)

Kuo =exp(-2.24+1179/T) 9.8
Keton = exp(-6.0+2370/T) 19.7

6.1.3 Reactive distillation study

Experiments and simulations by using Aspen plus program were carried out to
investigate the TAEE synthesis from TAA and EtOH in the reactive distillation. The
mole fraction-based PL. model obtain from the kinetic-study was used to describe the
rate expression for TAEE synthesis in Aspen Plus. Various operating parameters; i.e.
reflux ratio, location of feed stage and reaction section, catalyst weight, heat duty and
operating pressure were investigated.

The result demonstrated that both experiment and simulation results are in
good agreement. The distillate product consists of main reaction product of 1A 92
mole% (85 mole%) and small amount of EtOH 7 mole% (10 mole%) and H20
1 mole% (2 mole%) while the bottom product consists of the main composition of
EtOH 44 mole% (42 mole%), TAA 39 mole% (37 mole%), H,O 12 mole% (13

mole%), and small composition of TAEE 4 mole% (8 mole %). From experimental
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results, it took around 10 hours to achieve the steady state condition. The
corresponding conversion and selectivity at the standard condition were 26.5%
(24.7%) and 65.1 % (66.6%), respectively. The values in the parenthesis are those

from the simulation.

Simulation studies of the reactive distillation using Aspen Plus showed that
operating pressure and reflux ratio have significant effect on the performance of
reactive distillation. From this study, when the reflux ratio is increased, the selectivity
of TAEE, also increases, but the conversion of TAA decreases, while when operating
pressure are higher than 202.6 kPa, the conversion of TAA increases but the yield of
TAEE decreases because of the more pronounced decrease of the selectivity of
TAEE. However, the column pressure of 202.6 kPa is the most appropriate condition
for the TAEE synthesis

6.2 Recommendations

From experiments of a reactive distillation for the synthesis of TAEE, it was
observed that under operating pressure of 101.3 kPa, low selectivity of TAEE was
obtained since most TAA was dehydrated to IA and then 1A was further reacted with
EtOH to produce TAEE. To achieve higher yield of TAEE, the operation of the
reactive distillation at higher pressure is preferable. As seen from the simulation
studies using the Aspen Plus program; increasing the pressure improved the yield of
TAEE. Furthermore, the addition of a pervaporation or membrane system should be
alternative route to increase the performance of reactive distillation by separating
water, which is the main of inhibitor for this system, promising resulting in higher

efficiency TAEE synthesis in reactive distillation.
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APPENDIX A

PRETREATMENT PROCEDURE OF BETA ZEOLITE WITH
Si/Al RATIO OF 13.5

1. Ammonium lon-Exchange

The ion-exchange step was carried out by mixing the Na' beta Zeolite with
Si/Al ratio of 13.5 in 2 M NH,NO; (ratio of catalyst and solution is 1g:30 cm®) using a
stirring hot plate at 353 K for 1 hour. The mixture was cooled down to room
temperature. Then, the ion-exchanged crystals were washed twice with de-ionized
water by using a centrifugal separator. After that, the ion-exchanged crystals were
dried at 383 K for at least 180 minutes in the oven. The dried crystals (NH4- beta
zeolite) were obtained.

2. Second Calcination

The removable species, i.e. NH3 and NOx were decomposed by thermal
treatment of the ion-exchanged crystals in a furnace by heating them from the room
temperature to 773 K in 1 hour in air stream and maintained at this temperature for 2
hours. After this step, the obtained crystals were H'-beta zeolite which was used for

Kinetic study.



APPENDIX B

CALIBRATION CURVE

The calibration curves of all components involving in the reaction system
were prepared. The thermal conductivity detector, gas chromatography Shimadzu
model 8A equipped with gaskuropack 54 column was used to analyze the quantity of
all components. The chromatograms of all components; TAA, EtOH, IA, H,O and
TAEE are demonstrated in relationship between area and retention time as showed in
Figure B.1 and the calibration curves of all components in relationships between mole

and area are obtained as Figure B.2.

Figure B.1 Chromatograms of all components in TAEE synthesis system
(integration parameters: width = 5 sec, stop time = 35 min, speed = 2 mm/min,

slope = 30 uV/min, atten =5 mV, min. area = 100 count)
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Figure B.2 Calibration curves of all components in TAEE synthesis system
(@) TAA, (b) EtOH, (c) 1A, (d) H,0 and (e) TAEE




APPENDIX C

UNIFAC METHOD

Basic Background

The UNIFAC (UNIQUAC Functional-group Activity Coefficients) method for
estimation of liquid-phase activity coefficient is based on the concept that a liquid
mixture may be considered as a solution of the structural units from which the
molecules are formed rather than a solution of the molecules themselves. These
structural units are called subgroups, and some of them are listed in the second
column of Table C.1. A number, designated k, identifies each subgroup. The relative
volume Ry and relative surface area Qi are properties of the subgroups, and values
are listed in column 4 and 5 of Table C.1. When it is possible to construct a molecule
from more than one set of subgroups, the set containing the least member of different
subgroups is the correct set. The great advantages of the UNIFAC method are;

1. Theory is based on the UNIQUAC method.

2. Parameters are essentially independent of temperature.

3. Size and binary interaction parameters are available for wide range of types

of functional groups.

4. Prediction can be made over a temperature range of 275 to 425 K and for

pressure up to a few atmospheres.

5. Extensive comparisons with experimental data are available.

Activity coefficients depend not only on the subgroup properties R¢ and Qy, but
also on interactions between subgroups. Here, similar subgroups are assigned to a
main group, as shown in the first two columns of Table C.1. The designations of
main groups, such as “CH,”, “ACH?”, etc., are descriptive only. All subgroups
belonging to the same main group are considered identical with respect to group
interactions. Therefore parameters characterizing group interactions are identified
with pairs of main groups. Parameter value ay for a few such pairs are given in
Table C.2.
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The UNIFAC method is based on the UNIQUAC equation which treats

g =GF /RT as comprised of two additive parts, a combinatorial term g to account

for molecular size and shape differences, and a residual term g® to account for

molecular interactions:

g=g°+g~ (C-1)

The function g© contains pure-species parameters only, whereas the function

R

g~ incorporates two binary parameters for each pair of molecules. For a multi-
component system,
g° =Xx Inﬁ+52qixi Inﬁ (C-2)
X 9
and
gR =-20% In(zngji) (C-3)
where
pad
f=—1t (C-4)
X.r
0707
and
6, = (C-5)
Xiqi i
Subscript 1 identifies species, and j is a dummy index; all summations are over
all species. Note that 7;; = 7;;; however, when i=j, thenz; =z;,=1. In these

equations, r; (a relative molecular volume) and q; (a relative molecular surface area)
are pure-species parameters. The influence of temperature on g enters through the

interaction parameters z ;; of Eq. (C-3), which are temperature dependent:

T = eXpw (C-6)



85

Parameters for the UNIQUAC equation are therefore values of (u; —uj).

Calculation of Activity Coefficient

An expression for Iny,is applied to the UNIQUAC equation for g [Egs. (C-1)

through (C-3)]. The result is given by the following equations:

Iny, =Iny° +Inyf~ (C-7)
- J. J.
Iy =1-J,+InJ,=5¢, @~ T++In-) (C-8)
and
G
Iny® =ql-Ins ->06, (C-9)
Sk
J
where
r
) =Zhs (C-10)
2XT,
L=—3 5 (C-11)
X0
=267 (C-12)

Again, subscript i identifies species, and j and | are dummy indices. All
summations are over all species, and zj;=1 for i=]. Values for the parameters (uj - ;)
are found by regression of binary VLE data.

When applied to a solution of groups, the activity coefficients are calculated by:

Iny, =Iny° +Iny’ (C-13)



when

InyS =1-J,+InJ. -5q, (1—%+In%)

and
In 7/iR =q[1- (6 &_eki Inﬁ)]
Sy S,

The quantities J; and L; are given by:

Xid;
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(C-14)

(C-15)

(C-16)

(C-17)

In addition, the following definitions of parameters in Eqgs. C-14 and C-15 are

applied:

O
ri_vk Rk

g = Vlsi)Qk

_Q,
q;

B =BTk

0, = X9 €

m “ mk

-a,
Tk = exp(?k)

(C-18)

(C-19)

(C-20)

(C-21)

(C-22)

(C-23)

(C-24)
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Subscript i identifies species, and j is a dummy index running over all species.
Subscript k identifies subgroups, and m is a dummy index running over all subgroups.
The quantity v’ is the number of subgroups of type k in a molecule of species i.
Values of the subgroup parameters Ry and Qx and of the group interaction parameters,
amk come from tabulation in the literature. Tables C.1 and C.2 shown some parameter

values.



Table C.1 UNIFAC-VLE subgroup parameters'

Main group Subgroup Group name Rk Qk
1 1 CH; 0.9011 0.848
1 2 CH, 0.6744 0.540
1 3 CH 0.4469 0.228
1 4 C 0.2195 0.000
2 5 CH,=CH 1.3454 1.176
2 6 CH=CH 1.1167 0.867
2 7 CH,=C 1.1173 0.988
2 8 CH=C 0.8886 0.676
2 9 C=C 0.6605 0.485
3 10 ACH 0.5313 0.400
3 il AC 0.3652 0.120
4 12 ACCH; 1.2663 0.968
4 13 ACCH, 1.0396 0.660
4 14 ACCH 0.8121 0.348
5 15 OH 1.0000 1.200
6 16 CH50OH 1.4311 1.432
7 17 H20 0.9200 1.400
8 18 ACOH 0.8952 0.680
9 19 CH,CO 1.6724 1.488
9 20 CH,CO 1.4457 1.180
10 21 CHO 0.9980 0.948
11 22 CH5;COO 1.9031 1.728
11 23 CH,COO 1.6764 1.420
12 24 HCOO 1.2420 1.188
13 25 CH50 1.1450 1.088
13 26 CH,O 0.9183 0.780
13 27 CH-O 0.6908 0.468
13 28 FCH,O 0.9183 1.100
14 29 CH3NH; 1.5959 1.544
14 30 CH3NH; 1.3692 1.236
14 31 CHNH, 1.1417 0.924
15 32 CH3NH 1.4337 1.244
15 33 CH;NH 1.2070 0.936
15 34 CHNH 0.9795 0.624
16 35 CH;3N 1.1865 0.940
16 36 CH:N 0.9597 0.632
17 37 ACNH, 1.0600 0.816
18 38 CsHsN 2.9993 2.113
18 39 CsHN 2.8332 1.833
18 40 CsH3N 2.6670 1.553
19 41 CH;CN 1.8701 1.724
19 42 CH,CN 1.6434 1.416
20 43 COOH 1.3013 1.224
20 44 HCOOH 1.5280 1.532
21 45 CH.CI 1.4654 1.264
21 46 CHCI 1.2380 0.952
21 47 CCl 1.0060 0.724

T Adapted from xLUNIFAC Version 1.0
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Table C.2 UNIFAC-VLE group interaction parameters, an, in Kelvins'
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Amk k 1 2 3 4 5 6 1 8 9 10 11 12 13 14 15 16 17 18 19 20
m Name CH, C=C ACH ACCH, OH CH;OH H,0O ACOH CH,CO CHO CCOO HCOO CH,O0 CNH, CNH, (C);N ACNH, PYRIDINE CCN COOH
1 CH; 0 86.02 61.13 76.5 986.5 697.2 1318 1333 476.4 677 232.1 741.4 2515 391.5 225.7 206.6 920.7 287.7 597 663.5
2 c=C -35.36 0 38.81 74.15 524.1 787.6 270.6 526.1 182.6 448.8 37.85 449.1 2145 240.9 163.9 61.11 749.3 0 336.9 318.9
3 ACH -11.12 3.446 0 167 636.1 637.3 903.8 1329 25.77 347.3 5.994 -9255 3214 161.7 122.8 90.49 648.2 -4.449 2125 537.4
4 ACCH; -69.7 -1136  -146.8 0 803.2 603.2 5695 884.9 -52.1 586.6 5688 115.2 213.1 0 -49.29 235 664.2 52.8 6096 603.8
5 OH 156.4 457 89.6 25.82 0 =137.1 48535 -259.7 84 4418 101.1 193.1 28.06 83.02 42.7 -323 -52.39 170 6.712 199
6 CH;0OH 16.51 -12.52 -50 -44.5 249.1 0 -181 -101.7 23.39 306.4 -10.72 193.4 -128.6 359.3 266 53.9 489.7 580.5 36.23 -289.5
7 H,O 300 496.1 362.3 377.6 -229.1 289.6 0 324.5 -195.4  -257.3 72.87 0 540.5 48.89 168 304 -52.29 459 1126 -14.09
8 ACOH 275.8 2175 25.34 2442 -451.6  -2652  -601.8 0 -356.1 0 -449.4 0 0 0 0 0 119.9 -305.5 0 0
9 CH,CO 26.76 42.92 140.1 365.8 164.5 108.7 472.5 -133.1 0 -37.36  -213.7  -38.47  -103.6 0 0 -169 6201 165.1 481.7 669.4
10 CHO 505.7 56.3 23.39 106 -4048  -340.2 232.7 0 128 0 -110.3 1131 304.1 0 0 0 0 0 0 0
11 CCOO 114.8 132.1 85.84 -170 2454 249.6 200.8 8672 372.2 185.1 0 3729 -235.7 0 -73.5 0 4755 0 494.6 660.2
12 HCOO 90.49 -62.55 1967 2347 191.2 155.7 0 0 70.42 35.35 -261.1 0 0 0 0 0 0 0 0 -356.3
13 CH;O 83.36 26.51 52.13 65.69 237.7 238.4 -314.7 0 T9F -7.838  461.3 0 0 0 141.7 0 0 0 -18.51 664.6
14 CNH, -30.48 1.163 -44.85 0 -164 -481.7  -330.4 0 0 0 0 0 0 0 63.72 -41.11  -200.7 0 0 0
15 CNH; 65.33 -28.7 -22.31 223 -150 -500.4  -448.2 0 0 0 136 0 -49.3 108.8 0 -189.2 0 0 0 0
16 (C):N -83.98 -25.38  -2239 109.9 28.6 -406.8  -598.8 0 2253 0 0 0 0 38.89 865.9 0 0 0 0 0
17 ACNH; 1139 2000 2475 762.8 -17.4 -118.1  -367.8  -253.1  -450.3 0 -294.8 0 0 -15.07 0 0 0 0 -281.6 0
18 PYRIDINE -101.6 0 31.87 49.8 -1323  -378.2 -3329 -3416  -51.54 0 0 0 0 0 0 0 0 0 -169.7  -153.7
19 CCN 24.82 -40.62  -2297 -1384  -1854 157.8 242.8 0 -287.5 0 -266.6 0 38.81 0 0 0 777.4 1343 0 0
20 COOH 3153 1264 62.32 268.2 -151 1020 -66.17 0 -297.8 0 -256.3 312 -338.5 0 0 0 0 -3135 0 0

T Adapted from xLUNIFAC Version 1.0
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Subgroup Classification for TAEE Synthesis System

To calculation activity coefficient of each component in synthesis of TAEE

from liquid phase of TAA and EtOH, the subgroups of the relevant species are as

follows.

EtOH : 1CHs 1CH, 10H TAA . 3CH32CH, 1C,10H
TAEE : 4 CHs, 1CH,, 1C, 1 0OCH, Water : 1H,0

2M1B : 2 CHs;, 1 CH, 1 C =CH; 2M2B : 3CH;, 1C=CH

The parameters used in the UNIFAC calculation for this system are summarized
in Table C.3 and Table C.4.

Table C.3 UNIFAC-VLE subgroup parameters (for TAEE system)'

Group Main Group Subgroup (k) Rk Qk
CH3 1 1 0.9011 0.848
CH2 1 2 0.6744 0.540
C 1 4 0.2195 0.000
CH2=C 2 7 1.1173 0.988
CH=C 2 8 0.8886 0.676
OH 5 15 1.0000 1.200
H20 i 17 0.9200 1.400
OCH2 13 26 0.9183 0.78

Table C.4 UNIFAC-VLE interaction parameters, ank, In Kelvins (for TAEE

synthesis system)'

Main S
Group Group CH3 CH2 C CH2=C CH=C OH H20 OCH?2
1 1 1 2 2 5 7 13
CH3 1 0 0 0 86.02 86.02 986.5 1318 251.5
CH2 1 0 0 0 86.02 86.02 986.5 1318 251.5
C 1 0 0 0 86.02 86.02 986.5 1318 251.5
CH2=C 2 -35.36 -35.36 -35.36 0 0 524.1 270.6 214.5
CH=C 2 -35.36 -35.36 -35.36 0 0 524.1 270.6 2145
OH 5 156.4 156.4 156.4 457 457 0 353.5 28.06
H20 7 300 300 300 496.1 496.1 -229.1 0 540.5
OCH2 13 83.36 83.36 83.36 26.51 26.51 237.7  -314.7 0

T Adapted from xLUNIFAC Version 1.0



APPENDIX D

MODIFIED KINETIC PARAMETERS OF TAEE SYNTHESIS
FOR APPLICATION IN ASPEN PLUS PROGRAM

Since it is not allowed to use the activity-based parameters in the ASPEN
PLUS simulator, the kinetic parameters of PL model based on activity, shown in
Table D.1, are converted to mole fraction forms by multiplying with average activity
coefficient estimated from UNIFAC method (see Appendix C for details). Table D.2
shows the average activity coefficients that are calculated by using MATLAB. The
modified kinetic parameters are obtained by calculating the rate parameters at several
temperature levels (333 343 and 353 K).

Table D.1. The values of kinetic constant and activation energy in activity-based PL

model

Kinetic Parameter of Activation Energy,
PL.A model Ea (kJ/mole)
Ky.a= exp(35.8-14050/T) 116.8
K.ga=exp(35:1-14146.2/T) 117.6
ko.a= exp(20.77-8840.3/T) 735
Ko.a= exp(10.7-5652/T) 47.0
ks.a = exp(33-14900/T) 123.9
k.s..= exp(42.358-18183.6/T) 151.2

Keqra = €Xp(0.702+96.2/T)
Keqz.a = €xp(10.06-3187.4/T)
Kegz.a = €Xp(-9.358+3283.6/T)
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Table D.2. Average activity coefficient calculated by MATLAB

Temperature Activity coefficient (average)
(K) H20 EtOH TAA  TAEE 1A
333 3.01 1.06 1.02 1.94 3.16
343 2.99 1.07 1.02 1.79 3.06
353 3.03 1.08 1.02 1.81 2.99

The input rate expressions for Aspen Plus are in the following equations:

I« = Vetherification of TAA = kl,xXTAAXEtOH + k-l,xXTAEEXHZO (D-1)
Ir2,>< = rDehydratio n = kZ,XXTAA + k—2,><XH20XIA (D'Z)
I3« = Tetherification of 1A = ks,xXIAXEtOH + ka,XXTAEE (D'3)

The following example shows how to convert the kinetic parameters based on
activity form to those based on mole fraction form. For the reaction rate of EtOH in

activity form, as given in Eq. (D-4),

I1 2 = Veterification of TAA = kl,aaTAAaEtOH + k—l,aaTAEEa‘HZO (D-4)
The relationship of activity and mole fraction is given in the Eq. (D-5)
a; =7iX (D-5)

Substituting the activity of each component (a;), shown in Eq. (D-5), in Eq. (D-4), the
following expression is obtained
I1a = Tetherification of TAA = kl,a * (¥ erom V1an) X7aa Xeon + k—l,a * (Vraee yHZO)XTAEEXHZO (D-6)

and rearranging the kinetic parameters, we obtain
Ky x :kl,a*(?/EtOH Yan) (D-7)
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K=Ky, * (7TAEE7H20) (D-8)

Next, the new value of the modified Kinetic parameters based on average

activity coefficients (Table D.2) is calculated at several temperature levels as follows.

AtT=333K, Ky :kl,a*(J/EtOH Y1an)
kLX = exp(35.8-14050/333) = (1.06*1.02)
kl’x =0.0045

With the same method of calculation as shown above, the new value of the

kinetic parameter, k;(new), at various temperature is obtained:

AtT =333 Kk, =0.0018
ALT =343 k,, =0.0063
AtT =353 k,, =0.02

Then, the Arrhenius plot (Ink, versus 1/T ) as shown in Figure D.1 is made to

find the new rate expression of the kinetic constant , ki(new).

From Figure D.1, we obtain the rate expression of k, (new) as follows,

k,, = exp(36.154-14142/T)

and the activation energy is

E, =14142*8.314/1000 =11756.6 (J/moale)
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Figure D.1 Arrhenius’s plot of k; , inIn scale

Table D.3 summarizes other modified kinetic parameters which are based on

rate expression in mole fraction form and used in ASPEN Plus.

Table D.3. Modified kinetic constant and activation energy for this study

Kinetic Parameter based on Activation Energy,

mole fraction (mole/s*meq H") Ea (kJ/mole)
Kyx= exp(36.154-14142/T) 117.6
K1 x= exp(35.601-13731/T) 1142
Ko x= exp(20:746-8825.7/T) 73.4
k2= exp(12.079-5359.5/T) 44.6
ks x= exp(33.577-14690/T) 122.1
k.3x= exp(41.691-17745/T) 147.5

Keq1,x =€Xp(0.553-411.2/T)
Kegox = exp(8.667-3466.2/T)
Kegax = €Xp(-8.114+3055/T)
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