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A pervaporative membrane reactor for the synthesis of ethyl tert-butyl ether (ETBE)
from a liquid phase reaction between ethanol (EtOH) and tert-butyl alcohol (TBA) was
investigated. The study was divided into 3 main parts: kinetic study of supported B-zeolite,
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CHAPTER|
INTRODUCTION

Since lead compounds are being eliminated from fuels for reasons of public
health and of environmental protection, oxygenates are gaining importance as
gasoline blending components, not only as gasoline extenders and as octane enhancer
but also as key ingredients for reducing the emissions of CO and VOCs (volatile
organic compound). The U.S. Clean Air Act Amendments of 1990 increased the
severity of the emission limits of vehicles and required the manufacture of clean fuel,
including reformulated and oxygenated gasoline. The specification for reformulated
gasoline must contain 2.7 wt% oxygen during the winter in the CO nonattainment
areas of the United States.

The two main classes of competing oxygenates at present are alcohols and
ethers, both possessing the desired characteristics of octane enhancement and CO
emission reduction. In general, ethers are preferred over alcohols because of their
fungibility, or blending characteristic, as they are more like conventional gasoline
hydrocarbon constituents. Alcohols are substantially more polar than ethers and other
gasoline hydrocarbons and, consequently, can result in phase separation in the
presence of any water in the gasoline distribution system. Further, in spite of their low
individual vapor pressure, the alcohols tend to produce a higher blending Reid vapor

pressure (bRvp) and, thus, more volatile organic compound emissions.

Methy! tert-butyl ether (MTBE) synthesized commercially by the exothermic
liquid phase reactor of methanol and isobutylene over an acid ion exchange resin
catalyst was introduced as gasoline additives-in-1979 and are currently the most
frequently used gasoline additive. However the price of methanol mostly derived from
natural gas goes up and recently, the investigation revealed that it has tendency to
pollute underground water. As a result, there is pending legistation in a number of
states in the U.S. banning MTBE (Parkinson, 1999).



Tert-amyl methyl ether (TAME) and tert-amyl ethyl ether (TAEE) were
synthesized from tert-amyl acohol (TAA) and methanol or ethanol, respectively.
Although TAME and TAEE have better characteristic than MTBE such as lower

bRvp, TAA isrelatively expensive and, hence, it isless attractive to produce them.

Ethyl tert-butyl ether (ETBE) which is the major component of our interest
may be a good alternative because, from the viewpoint of environmental protection,
ETBE is derived from ethanol (EtOH) which can be obtained from renewable
resources like biomass (Quitain et al.,1999). It is expected in France that 5% of fuel
used in transportation should be produced from renewable energy by 2005 (Poitrate,
1999). In addition, ETBE has lower bRvp (4 ps) than MTBE (8-10 psi), which alows
ETBE to be used successfully in obtaining gasoline with less bRvp than 7.8 psi as
required in some hot places during summer (Cunill et al., 1993). A review on
oxygenate fuels - market expansion and catalytic aspect of synthesis was given by
Ancilloti and Fattoro (1998).

Since the synthesis of tertiary ethers is a typica example of equilibrium-
limited reaction that produces by-product H2O, the presence of H,O has a strong
inhibition effect on the catalytic activity (Cunill et al., 1993) and the conversion is
generaly low due to limits imposed by thermodynamic equilibrium. A combined
process of separation and chemical reaction in a single unit operation which is one
type of multifunctional reactors has attracted much attention for overcoming the
equilibrium conversion. For this type of reaction, it is customary to remove H,O from
the reaction system because it does not only shift the forward reaction but also
suppress water inhibition effect found in many catalysts. There are a number of
processes proposed to improve etheryield, for examples, reactive distillation, reactive
distillation with an externa pervaporation unit and pervaporative membrane reactor.
However, the pervaporative membrane reactor is a relatively new process and has

drawn a number of attention from researchersin recent years.



From the above reasons, this research focused on the use of pervaporative
membrane reactor to improve the yield of ETBE. The objectives of the study were to
investigate

1. the performance of (3-zeolite compared with the commercial Amberlyst-15

for the synthesis of ETBE from EtOH and TBA;

2. thekinetics of the reaction catalyzed by p-zeolite;

3. the permeation of H,O, EtOH, TBA and ETBE through a polyvinyl

alcohol membrane;

4. pervaporative membrane reactor performance both from experiment and

mathematical simulation;

5. the effect of operating conditions such as temperature, feed molar

composition, amount of catalyst and the ratio of membrane area to mass of
feed mixture.



CHAPTERII

THEORY

This chapter provides some background information necessary for
understanding the synthesis of ethyl tert-butyl ether (ETBE) from ethanol (EtOH) and
tert-butyl alcohol (TBA) by [B-zeolite in a pervaporative membrane reactor. The
details on membrane definition, membrane reactor, pervaporation process,
pervaporative membrane reactor, B-zeolite catalyst and supported catalyst for the

pervaporative membrane reactor are provided in the following sections.

2.1 Membrane definition

A membrane is an interface between two bulk phases. It controls the exchange
of mass with differing chemical and physical properties between them. The membrane
phase can be one or a combination of the followings: a nonporous solid, microporous
or macroporous solid with a fluid in the pores, a liquid phases with or without a
second phase. Exchange between the two bulk phases across the membrane is caused
from the presence of a driving force. The most common ones are chemical potential,
such as pressure and concentration gradients, and electrical potential.

2.2 Membranereactor

Membrane - reactor . offers. the. advantage over- conventional reactors of
combining separation and chemical reaction into a single unit. Membrane reactor can
be classified into two types, i.e. inert membrane reactor and catalytically active
membrane reactor. For the inert membrane reactor, membrane provides a medium for
separation of product(s) formed within the catalyst pellets. For the catalytically active
membrane, the catalyst is attached to the membrane surface or membrane pores. This
membrane is inherently catalytically active. Catalysts can be contained in the
membrane pores or on the membrane surface by several impregnation and adsorption
techniqgues commonly used for conventional catalyst preparation. Therefore, the

membranes serve as both a separator and a catalyst.



The major advantages of membrane reactor are for improving reactor
performance, energy management and reducing intensity of operating condition. The
following sections provide details of the membrane reactor by dividing into 2

subsections according to the types of applications of the membrane reactor.

2.2.1 Yidd-enhancement of eguilibrium-limited reactions

The most common application opportunity of membrane reactor lies in the
circumvention of a chemical equilibrium so as to achieve higher per-pass conversions
by selective permeation, through the membrane, of at least one of the reaction
products. Most often are the removal of hydrogen in dehydrogenation reactions and
the removal of water in esterification or etherification as shown in Figure 2.1a
Product removal may be selective (i.e., H, permeation through a composite Pd-
ceramic membrane), or preferential (i.e, preferential permeation of H,O than
alcohol).

Equilibrium displacement can be enhanced through reaction coupling. Figure
2.1b shows the coupling of reactions at the opposite side of the membrane. In this
case, on both sides of the membrane complementary processes are run using either the
permeated species (chemical coupling, e.g., dehydrogenation/hydrogenation, or
dehydrogenation/combustion reactions), or the heat generated in the reaction (thermal
coupling, exothermic/endothermic processes). The reactions often use different
catalysts, which would be packed on opposite sides of the membrane tube.



@)

(b)
W
selective membrane —>  Fastreaction
Porous support — —»  Slow reaction

Figure 2.1 Application opportunities of inorganic membrane reactor (yield
enhancement): (a) selective permeation of a reaction product of an

equilibrium limited reaction; (b) coupling of reactions.



2.2.2 Selectivity enhancement

The improvement of reaction selectivity is a second field of application of
membrane reactors on which most attention of the scientific community is nowadays
addressed. In this context, considering consecutive reaction pathways, a permselective
membrane could allow permeation of an intermediate product while rejecting either
reactants or other undesired products (Figure 2.2a). As a result, subsequent reactions
which consume the intermediate product can be suppressed. However, intermediate
products (e.g. partially oxidized hydrocarbons) are larger than the complete reaction
products (e.g. CO,) or the reactants themselves (e.g. O,). This requires the
imaginative use of some unconventional permeation mechanisms (e.g. capillary
condensation, surface diffusion or multi-layer diffusion), which is rather complex and

strongly depends on the particul ar reaction and membrane considered.

Another way to increase selectivity is controlled addition of a reactant along
the reactor, through either a permselective or a non-permselective membrane as
showed in Figure 2.2b. In the recent year, the increasing of research is in this field
because the membrane permselectivity is a less urgent need (if any) for this kind of
applications. The permeation of reactant (e.g. O, Hy) through membrane to the
reaction zone is control the partial pressure in the reaction zone to low that isincrease
the selectivity of intermediate product. Examples of reaction in this case are partial

oxidation, oxidative coupling and oxidative dehydrogenation.



A+ B—>C + B——> D
\J J g
(a) B e
::::::::::::::::::::::::::::::::::':2:::::::::::::::::::::::::::::::::
)
C
(b)
Sy
Hydrocarbon Product

mﬂﬂﬂﬂﬂﬂmmmmﬂmmmm Inorganic membrane —> Fastreaction

D Porous support — —» Slow reaction

Figure 2.2 Application opportunities of inorganic membrane reactor
(selectivity enhancement): (a) selective permeation of an intermediate,
desired product; (b) dosing areactant through the membrane.



2.3 Pervaporation process

Pervaporation is one of important membrane separation processes. It enables
the separation of a liquid mixture with close boiling points, azeotropic mixtures,
isomers, and mixtures consisting of heat-sensitive compounds by partly vaporizing it
through a dense membrane. The transport mechanism can be described by the solution
diffusion model involving 3 main steps of 1) sorption of liquid into the membrane at
the feed side 2) transport through the membrane and 3) desorption into the vapor
phrase at the permeate side of the membrane (Lee and Hong, 1997; Sentarh et
al.,1998).

The liquid mixture is in contact with the upstream side of the membrane and
the product permeating through the polymeric membrane is removed as a vapor at the
downstream side by creating a low partial pressure. Figure 2.3 shows a schematic
diagram of a typical pervaporation system. It comprises a pervaporation module, a

condenser, and a vacuum pump.

Treated Effluent
—>

Pervapor ation
Module

Feed

Condenser
Vacuum

Pump

Condensate

Figure 2.3 Schematic of atypica pervaporation system.
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The separation of liquid mixtures by using pervaporation method can be
classified into three fields;

1) dehydration of water/organic solvents

2) removal of organic solvent for ageous solutions and

3) separation of organic/organic solvent mixtures.

The performance of the pervaporation process depends not only upon the
physicochemical properties of the polymeric materials and the structure of membrane
but also upon the operating conditions, e.g. temperature, downstream pressure and
composition of mixture. The followings summarize the effects of various factors on

the performance of the pervaporation process.

1. Physico-chemical properties.

The permeation of solvents through a non-porous membrane usually can be
described in terms of sorption and molecular diffusion. The extent of sorption (also
called swelling) as well as the sorption selectivity are therefore determined by
chemical nature of polymer and that of the solvents.

2. Feed composition.

A change in feed composition directly affects the sorption phenomena at the
liquid-membrane interface. The sorption selectivity depends obviously on the power
of interaction between components. The extent of swelling as well as the sorption
selectivity depends on the structure of polymer network. The lower affinity to the
membrane can penetrate into the swollen system, and contribute to better swelling.

3. Feed concentration

According to Fick’ s law, the permeation is proportional to the activity gradient
across the membrane. Since the feed concentration directly affects the membrane
activity, the increased feed concentration increases the driving force and the
permeation flux through the membrane.

4. Operating temperature

The variation of permeation rate follows from the operating temperature can
be correlated with the Arrhenius equation.

Jo=Joexp(-E,/R;T) (2.2)
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where J, is the permeation rate, J,is the pre-exponential factor, Eis the apparent

activation energy of permeation, and Ry and T are the gas constant and temperature,
respectively.

5. Downstream pressure

Pervaporation process controls downstream pressure by pumping the permeate
from downstream interface in the vapor form to provide the driving force. The
decreased vapor pressure in downstream compartment is equivalent to an increased
driving force for component transportation.

The values of partial vapor pressure, which directly control the transport of
solvents, result from a dynamic equilibrium between the transport flux of the

permeates and the pumping rate.

2.4 Pervapor ative membrane reactor

A pervapoarative membrane reactor is one of the membrane reactors for yield-
enhancement of equilibrium-limited reactions. The concept was firstly proposed by
Jenning and Binnings in 1960. While a reaction takes place in liquid phase, a by-
product (usually water) is removed through a polymeric membrane in the permeate
stream. The downstream pressure is kept below the vapor pressure of permeating
species. The downstream side is evacuated by a vacuum pump or at least using an

inert sweep gas asillustrated in Figure 2.4a and 2.4b respectively.
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Figure 2.4 Schematic of atypical pervaporative membrane reactor:
(a) using vacuum pump

(b) using inert carrier gas.

2.5 B-Zeolite catalyst

-Zeolite is an old zeolite discovered before Maobil began the “ZSM” naming
sequence. As the name implies, it was the second.in an earlier sequence. B-Zeolite
was Initially synthesized by Wadlinger et al. (1995) using ' tetraethylammonium
hydroxide as an organic template. The structure of [-zeolite was only recently
determined because the structure is very complex and interest was not high until the
material became important for some dewaxing operations. From studies of Treacy and
Newsam (1988), and Higgins et al. (1986), B-zeolite is an intergrowth hybrid of two
distinct but closely related structures that have tetragonal and monoclinic symmetry.



13

In both systems, straight 12-membered ring channels are present in two
crystallgraphic directions perpendicular to [001], while the 12-membered ring in the
third direction, paralel to the c axis, is sinusoidal. The sinusoidal channels have
circular openings (5.5 A), and the straight channels have elliptical openings. The only
difference between the two polymorphs is in the pore dimension of the straight
channels. In tetragonal system, the straight channels have elliptical openings. In
tetragonal system, the channels have openings of 6.0x7.3 A, whereas in the
monoclinic system they are 6.8x7.3 A.

This zeolite may offer interesting opportunities as a catalyst, since it combines
three important characteristics. large pores (12-membered oxygen ring), high silica-
to-alumina synthesis ratio and tridirectional network of pores. In addition, the
dimensions of one type of pores (5.5 A) can give a certain level of size and shape
selectivity. This has been shown to apply to isomerization of C4-C; hydrocarbons to
gasoline fractions with increasing octane value, to transalkylation of xylenes, and to
condensation of benzene and formaldehyde (Panichsarn et al., 1999).

2.6 Catalyst support for the pervapor ative membrane reactor

At the Delft University of technology, technology has been developed to
prepare binderless films of catalytically active zeolite crystals on metal and ceramic
supports. In short, the preparation procedure consists of immersing the support
structure in an aqueous solution containing the reactants for zeolite synthesis, after
which the system is heated and zeolite crystals grow on the surface of the support
(Oudshoorn et al., 1999).

However, the commercial ceramic supports, ceramic monaliths, have large
pores and low surface areas, S0 it is necessary to deposit a high surface area carrier,
which is subsequently catalyzed, onto the channel wall. The catalyzed coating is
composed of a high surface area materials such as Al,Os; which will be subsequently
impregnated with a catalytic component such as Pt. This referred to as the catalyzed
washcoat, illustrated in Figure 2.5. The washcoat depends primarily on the geometry

of the channel and the coating method. The pollutant-containing gases enter the
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channels uniform and diffuse to the catalytic sites where they are converted
catalytically to harmless products.

Monoliths offer a number of design advantages that have led to their
widespread use in environmental applications such as catalytic converter used for
automotive emissions control. However, the most important advantage is the low
pressure drop with high flow rates. The monolith which has a large open frontal area
and with straight parallel channel offers less resistance to flow than that of pellet-type
catalyst.

Monoliths are generally fabricated from ceramic or metal. The characteristics

and properties of both types of monolith are described below.

’ l 1'L/ Monolith Structure

Cell Open Area
Catalysted Washcoat

2l

Figure 2.5 Ceramic monolith coated with a catalyzed washcoat.

Ceramic monolithic supports are made of alumina and related materials such
as cordierite (AlsM@2SisO15), mullite (3A1,05SI0,),, spoumene (LiIAI(SIOs),), and
asbestos (M gs(Si 05),(0OH)).

Synthetic cordierite, the first mentioned above, is by far the most commonly
used ceramic for monolithic catalyst support applications. Raw materials such as

kaolin, talc, duminium hydroxide, and silica are blended into a paste and extruded
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and calcined. It is possible to produce sizes up to about 27.94 cm in diameter and
17.78 cm long, with cell densities from 9 to 600 cells per square inch (cpsi). The
conversion desired, the physical space available for the reactor, and engineering

constraint such as pressure drop are considered when designing the monolith size.

Cordierite monolith posses several important properties that make these

materials preferable for use as a support. These properties are described below.

Thermal shock resistance

By nature of its low thermal expansion coefficient (10x10 ‘/K), cordierite
undergoes little dimensional change when cycled over a wide temperature range.
Thus, it resists cracking due to thermal shock.

The washcoat influences the thermal shock resistance of the monolith
(especialy during rapid temperature changes) because it expands more than the
monolith. Particle size of the carrier and thickness of the washcoat are two key

parameters that must be optimized.

Mechanical strength

Monoliths are made with axial strengths of approximately over 210 kilograms
per sguare centimeter. They must be resistant to both axia and mechanical
perturbations experience in automotive, truck, and arcraft applications. The high
mechanical integrity is derived from the physical and chemical properties of the raw

materials and the final processing after extrusion.

Melting point

The melting point of cordierite is over 1,573 K far greater than temperature
expected for modern environmental applications. The materials are also resistant to
harsh environmental such as high temperature, stream, sulfur oxides, oil additive

constituents, that are present in many exhaust sources.
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Catalyst compatibility

Automotive ceramic monolith have well designed pore structure (approximate
3-4 micron) that allow good chemical and mechanical bonding to the washcoat. The
chemical component in the ceramic are strongly immobilized, so little migration from
the monolith into the catalyzed washcoat occurs.



CHAPTER 111
LITERATURE REVIEWS

The synthesis of ETBE is a typical example of equilibrium-limited reaction
and the conversion is generally low due to limits imposed by thermodynamic
equilibrium. Thus, a combined process of separation and chemical reaction in asingle
unit operation such as a membrane reactor has attracted much attention for
overcoming the equilibrium conversion. In this chapter, the literature reviews on two
topics of ETBE synthesis and pervaporative membrane reactor are provided as

follows.

3.1 ETBE synthesis

Generadly, ETBE can be produced by an exothermic reversible reaction
between EtOH and isobutene (IB). However, the supply of IB which is mainly
obtained from refinery catalytic cracking and steam cracking fractions becomes
limited due to the increased demand of MTBE and ETBE. Hence, aternative routes
for the synthesis of ETBE are currently explored (Rihko et al.,1996). Tert-butyl
acohol (TBA) which is a major by product of propylene oxide production from
isobutene and propylene in the ARCO process, can be employed instead of IB as a
reactant in this study (Yang and Goto, 1997). TBA was firstly used for the ETBE
synthesis over 60 years ago (Norris and Rigby, 1932).

There are two routesto produce ETBE from TBA; namely direct and indirect
methods. In the indirect methods, TBA is dehydrated to IB in afirst reactor and then
the produced IB reacts with EtOH- to produce ETBE in a second reactor. In the direct
method, ETBE can be produced directly from TBA and EtOH in one reactor. This
process is favorable not only because it shortens the process itself, but also because it
would reduce demand to the purity of EtOH. Since the reaction itself produces water,
the content of water in EtOH becomes insignificant (Yin et al.,1995).

There are a number of researches investigating the ETBE synthesis by the

direct method on both catalyst screening and kinetic parameter determination.
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Several acid catalysts have been employed, for examples Amberlyst-15,
heteropoly acid and potassium hydrogen sulfate. The use of a solid ion-exchange resin
as catalysts has some advantages over a homogeneous catalyst, for example the
catalyst can be easily separated from a solution, and continuous operations are
possible. Potassium hydrogen sulfate showed superior performance to Amberlyst-15
(Matouq et al., 1996). Heteropoly acid (Hos5Cs35S1W12040) yielded superior activity
compared to Amberlyst-15, The selectivities of heteropoly acid and Amberlyst-15 at
338 K were 79% and 43% respectively. However, heteropoly acid was significantly
inhibited by the presence of water (Yin et al., 1995). Comparison between a
fluorocarbon sulfonic acid resin catalyst and Amberlyst-15 showed that both catalysts
provided aimost the same activity; however, the fluorocarbon sulfonic acid catalyst
was more thermally stable. ZSM-5 catalyst provided relatively low activity compared
to other catalysts (Cunill et al., 1993). Recent research compared three cation-
exchange resins of S-54, D-72 and Amberlyst-15. It was observed at T = 338 K that
S-54 showed the improvements of activity and selectivity of 6 and 5%, respectively,
compared to those of Amberlyst-15 while the improvements were 10 and 1%
respectively for D-72. (Yang et al., 2000).

Zeolitic catalyst showed promising properties on high thermal stability and no
acid fume emission against conventional resin-based catalysts (Oudshoorn et al.,
1999). B-Zeolite may offer interesting opportunities as a catalyst, since it combines
three important characteristics: large pores (12-membered oxygen ring), high silicon-
to-alumina synthesis ratio and tridirectional network of pores. In addition, the
dimensions of one type of pore (5.5 A) can give a certain level of size and shape
selectivity. However, since diameter of [-zeolite powder is very smal, the
concentration polarization may take place in a pervaporative membrane reactor. To
reduce this effect, binderless films of catalytically active zeolite crystals on ceramic
supports was developed (Tungudomwongsa et al.,1997)
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3.2 Pervapor ative membrane reactor

The major investigations on the membrane reactors have been concentrated on
the inorganic membrane reactors because of their excellent thermal stability at high
reaction temperatures. The inorganic membrane reactors have been mainly applied to
the reactions concerned with small molecules such as catalytic dehydrogenation,
hydrogenation, and decomposition reactions. Polymer membrane reactors, on the
other hand, have versatile applicability because the separation capability of polymer
membrane depends not only on diffusivity but aso on solubility. The polymer
membrane reactors can be directly applied to the low temperature chemical reactions
with versatile applicability. The majority of published work on polymeric membrane
reactor to date is in the field of biotechnology. The membranes used are typically
microporous, and the function of the membranes is mainly for immobilizing enzymes,
eliminating product inhibition, recycling enzymes and other cataysts, and
manipulating substrates and nutrients. For liguid-phase reversible reactor,
ultrafiltration membranes are too porous to affect efficient separation of small liquid
molecules, while reverse osmosis membranes are likely to require an inconveniently

high operating pressure due to osmotic pressure of the reaction mixtures.

Pervaporation, an emerging membrane process specially used for organic-
water and organic-organic separations (Huang, 1991), seems to be an appropriate
choice. In this process the mass transport through the membrane is induced by
maintaining a low vapor pressure on the downstream side, thereby eliminating the

effect of osmotic pressure.

The concept of using pervaporation to remove by-product species from
reaction mixtures was proposed during the early state of pervaporation research
(Jennings and Binnings, 1960). The application of pervaporative membrane reactor is
mainly focused on the first application: yield enhancement. However, relatively little
literature reports regarding studies on pervaporation membrane for liquid-phase
reversible reactions due to lack of suitable membranes with good permselectivity and
solvent resistance. During the last decades a number of water permeable membranes
with good permeation flux, chemical and thermal stability have been developed, so
the interest in pervaporation membrane reactor was rekindled recently when
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pervaporation has proven to be a viable separation technique in the chemical industry.
Presently, the pervaporation is best applied to dehydration of organic solvents, and the
dehydration membranes normally work best when water content in feed mixture is not
high. Thus, the pervaporation suitable for reversible reactions that produce by-product

water in the reaction enhancement.

Esterification of carboxylic acids and acohols and etherification with two
kinds of alcohol are typical examples of equilibrium-limited reactions that produce
by-product water. The conversion is generally low due to limits imposed by
thermodynamic equilibrium. To achieve a high yield, it is customary to drive the
position of the equilibrium to the ester or ether side by either using a large excess of
one of reactants or using reactive distillation to accomplish in situ removal of product
(s) (Reid, 1952). The use of alarge excess of reactant is accompanied with increased
cost for subsequent separation operations, while reactive distillation effective when
the difference between the volatility of product and the volatility of reactant speciesis
sufficiently large. In the cases where the reaction mixtures form an azeotrope, a
simple reactive distillation configuration is inadequate and also if use large reflux
ratio, energy consumption can be significant. Moreover, in reactive ditillation the
preferred temperature range of reaction should match that for the distillation. In the
case of the production of temperature-sensitive product or using biocatalytic
conversion, the application of distillation can be impossible due to temperature
constraints. In practice, the process performance and energy consumption in reactive
digtillation are often dominated by distillation operations, as is the case for
manufacture of ethyl acetate and other esters (Reid, 1952).

To avoid the above mentioned problems, membrane separation can be
considered as aviable alternative due to the following considerations:

1. Pervaporation is arate-controlled separation process, and the separation efficiency
isnot limited by relative volatility asin distillation.

2. In pervaporation only afraction of feed that is permeated by membrane undergoes
the liquid phase to vapor phase change, and thus energy consumption is generally
low as compares to distillation.

3. With an appropriate membrane, pervaporation can be operated at temperature that
matches the optimal temperature for reaction.
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4. Since no extractant is used, further purification of the extracted solute, i.e., the
permeate, is not necessary provided that the component preferentially permeated
is selective enough.

5. The membrane does not need to be regenerated as in the adsorption process.

6. Inanindustrial scale, it ismore flexible to scale up or scale down.

3.2.1 Pervaporative membrane reactor for etherification

There are a number of works on developing new processes to improve the
etherification yield. Reactive distillation has been used to produce tertiary ethers on a
large scale production. However, from the above drawbacks of reactive distillation,

the pervaporation unit was combined externally with reactive distillation.

Matoug and coworkers (1994) proposed a process layout combining an
external pervaporation process using hydrophilic polyvinyl acohol (PVA) membranes
with reactive distillation for the production of MTBE. Two types of catalystsi.e. ion
exchange resin Amberlyst 15 and heteropoly acid for the reaction of methanol and
TBA to form MTBE were investigated. HPA showed higher selectivity than the ion
exchange resin. It was found that the hybrid process using pervaporation might be

effective in removing water.

Yang and Goto (1997) implemented the ssmilar process for the production of
ETBE from EtOH and TBA using Amberlystl5 as a catalyst. Microporous
hydrophilic hollow fibre membranes were employed in the pervaporation unit to
dehydrate in the bottom product: of the reactive distillation column. Shifting the
reaction equilibrium led to almost doubling of the mole fraction of ETBE product in
the top product.

Luo and coworkers (1997) suggested a different approach. They proposed two
alternative process layouts for the processing of the top product from the distillation
column located after the reactor. In the first layout, the reactor effluent containing
10wt% EtOH was fed to a distillation column and the top product was processed with
the pervaporation unit equipped with 30wt% cellulose acetate butyrate (CAB) and
70wt% cellulose acetate propionate (CAP) membranes. The permeate containing
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99.34wt% EtOH was recycled to the reactor. The retentate was recycled to the feed
position of the distillation column. In the second layout, the effluent from the reactor
with 30wt% EtOH was mixed with the top product and then processed in the
pervaporation unit. The EtOH-rich permeate of the pervaporation unit was recycled to
the reactor, and the retentate was injected into the feed position of the distillation
column. Based on the first layout, it was found that the EtOH recovery of 99.34wt%
using the hybrid process was significantly higher compared with the conventional

process of 55.2wt%.

3.2.2 Pervaporative membrane reactor for esterification

The use of pervaporative membrane reactor for esterification is different from
the previous combined process of reactive distillation and pervaporation in which
H,O was externally removed from the top or bottom stream. In the pervaporative
membrane reactor, the product H,O was simultaneously removed from the reaction
zone while the reaction took place. A number of reactions have been tested in this

reactor.

Pervaporative membrane reactor for esterification of oleic acid and ethanol to
produce ethyl oleate was studied using p-toluenesulfonic acid as a catalyst (Kitaet al.,
1987-88; Okamoto et al., 1993). Polyimide, chitosan, nafion, polyetherimide and
perfluorated ion-exchange were used as membranes. Among these membranes,
polyimide showed the highest selectivity. Complete conversion could be achieved at

about 6 hours when ethanol was in excess.

For ethyl acetate synthesis from acetic acid and ethanol, the first system was
operated batchwise using p-toluenesulfonic acid and a polyetherimide membrane
(Kita et al., 1988). Later the operation was continuous utilizing a polymeric/ceramic
membrane. A ceramic support tube was dipped in a polyetherimide solution. Sulfuric
acid (96%) was added to an acetic acid syringe and used as the homogeneous catalyst
(Zhu et al., 1996). Waldburger and coworkers (1994) studied a heterogeneous
catalyst in the continuous tube membrane reactor. In the tube membrane reactor, a
hydrophillic polyvinyl alcohol (PVA) membrane was placed on a sintered tube as a

support. The equimolar feed of mixture was fed and an ethyl acetate yield of 92.1%
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was obtained with a water concentration of 0.5wt% in the product stream. Using a
cascade of three membrane reactors the ethyl acetate yield was increased to 98.7%
and the water concentration was reduced to 0.1wt%. An economic assessment was
studied. It was found that, compared to the conventional process, the pervaporation-
based membrane reactor could cut energy costs by over 75% and operating costs by
50%.

David and coworkers (1991) studied the esterification of 1-propanol and 2-
proponol with propionic acid to produce propyl propionate and iso-propyl propionate.
Pervaporation with PVA membranes was externally added to the reactor. It was
reveded that the hybrid process was governed by four main parameters that
influenced the conversion rate: in order of significance, these are temperature, initial

molar ratio, membrane areato reaction volume ratio, and catalyst concentration.

Most of the models presented so far of pervaporative membrane reactor
describe both the kinetics and membrane permeation in term of concentrations of the

reacting species.

For thermodynamically nonideal mixtures, however, activites are needed in
the description of transport (pervaporation) by a solution diffusion mechanism
through the membrane. For nonideal reacting mixtures, furthermore, expressing the
reaction rates in terms of concentration results in reaction rates constants which often
depend on concentrations since the latter do not completely take into account the
interactions between molecules. The use of activities not only rectifies this problem
but also provides a unified approach in treating both the thermodynamic equilibrium
and the driving force in the rate equation. Severalauthors have made use of activities
for the description of esterification reaction rates.

A continuous pervaporation membrane reactor for the esterification of acetic
acid and ethanol to produce ethyl acetate was studied by Zhu et al.(1996).
Hydrophilic polymeric/ceramic composite membrane were used for pervaporation.
Comparing the reactor conversion rates under different experimental conditionsit was

discovered that the rates were higher than expected from the reaction equilibrium
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data. A theoretical activity-based model was developed which showed a reasonable fit
of the experimental results.

Krupicka and Koszorz (1999) studied in the same reaction. A comparison of
the measured concentrations with those calculated according to the model showed
sound agreement when the activities were used. The experiments were performed
using awide range of initial molar ratios with commercial hydrophilic PERVAP 1105
GFT membrane. The model was independent of the initial molar ratios due to the

stability of thermodynamic and kinetic constants.

Due to simplicity of a concentration-based model, some researches ill
explained the models in term of concentrations. In a parameter study, Feng and Huang
(1996) reveadled that reaction and conversion rate could be improved. It was
discovered that a complete conversion could be achieved if one reactant was in
excess. Membrane area and permeability as well as the volume of the mixture to be
treated were identified as the important parameters of the process. Furthermore, it was
shown that the operating temperature influenced both the reaction and membrane
permeation rate. Lucilia and coworkers (1996) studied a pervaporative membrane
reactor for the esterification of acetic acid and benzyl alcohol by applying p-
toluenesulfonic acid as a catalyst to form benzylacetate. In both cases concentration-
based models were used to determine the kinetic parameters. A theoretical model was
developed and satisfactorily agreed with the obtained experimental results.

Several simulations were performed with the use of presented model to
indicate the influence of the ratio of membrane area (A) to volume (V) or mass (M) of
mixtures on the concentrations in reaction mixture. The efficiency of the process was
strongly related to A/V or A/M ratio. Increasing the value of A/V or AIM, can
efficiently shift the reaction equilibrium and obtain a reasonably pure ester directly
after the reaction. Selection of the A and V values to be used was determined from an

economic point of view.

The application of a pervaporative membrane reactor for the esterification of
tartaric acid and ethanol to form diethyltartarate was studied by Keurentjes et al.

(1994). The equilibrium composition could be significantly shifted towards the final
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product diethyltartarate by intregrating pervaporation, equipped with PVA composite
membranes, into the process. The kinetic parameters were established. Both
concentration-based and activity-based reaction rate constants and equilibrium
constants were determined. The activity-based data were determined using UNIFAC
activity coefficient estimations. It can be concluded that reaction rate constants
determined in dilute solutions are capable of describing the reaction in a concentrated
environment. This applies both for the activity-based description as well as for the
concentration-based description. Although the activity coefficients involved differ
significantly from unity, the effects of the individual activity coefficients are mutually
compensated. Therefore, it is also possible to predict the reaction correctly when the

concentration-based parameters are used.



CHAPTER IV

EXPERIMENTAL

This chapter describes the experimental procedures for the synthesis of ethyl
tert-butyl ether (ETBE) from ethanol (EtOH) and tert-butyl alcohol (TBA) in both
semi-batch reactor and pervaporative membrane reactor. Details are given for the
catalyst and supporting material preparation, kinetic study, permeation study and

pervaporative membrane reactor study as follows.

4.1 Catalyst and supporting material preparation

4.1.1 Preparation of -zeolite powder

The reagents used for the synthesis of 3-zeolite is shown in Table 4.1. The

preparation processes consists of the following steps.

Table 4.1 Reagents used for the preparation of 3-zeolite.

ltems Weight x 10 (kg)
TEAOH 6.2
Cataloid for Si/Al =50 6.7
KCl 0.5
NaOH 0.5
NaAlO2 0.7
NaCl 0.4

4.1.1.1 Gel preparation

Tetraethylammonium hydroxide (40% by weight aqueous solution) was mixed
with sodium hydroxide and stirred until it became a homogeneous solution. The
mixed solution was added with sodium aluminate (Al/NaOH about 0.81), potassium

chloride and sodium chloride. Then it was stirred to obtain a clear solution at the room
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temperature. Cataloid (SiO, 30% by weight aqueous solution) was added dropwisely
to the mixed solution. A vigorous stirrer was applied for one hour to obtain agel.

4.1.1.2 Crystallization

The obtained gel was stirred thoroughly before transferring it to a stainless-
steel autoclave. The gel was heated in the autoclave from the room temperature to 408
K in 60 min. under the nitrogen pressure of 3 kg/cm? (gauge) and maintained at this
temperature for 40 hours. Then, the autoclave was immersed in cold water to start a
crystallization process. The obtained solid material was centrifuged at 2,500 rpm
(about 15 min) and the recovered solid were washed and dried in an oven at 383 K
overnight.

4.1.1.3 First calcination

The dry solid was calcined in an air stream at 813 K for 3.5 hours by heating it
from the room temperature to 813 K in 1 hour. This step was to burn off the organic
template and leave the cavities and channels in the crystals. Then, the calcined

crystals were cooled to the room temperature in a desiccator. After this step, the

crystals formed were called Na 3-zeolite.

4.1.1.4 Ammonium ion-exchange

The ion-exchange step was carried out by mixing the calcined crystal with 2
M NH4NO;s (ratio of catalyst and solutionis 1g:30 cm®) and heated on a stirring hot
plate-at 353 K- for-1 hour. The mixture was cooled down to the room temperature.
Then, the ion-exchange crystal was washed twice with de-ionized water and then

separated by using centrifugal separator. After that, the ion-exchange crystal was
dried at 383 K for at least 180 min. in the oven. The dried crystals (NH4pB-zeolite)

were obtained.
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4.1.1.5 Second calcination

The removable species, i.e. NH3 and NOx were decomposed by thermal
treatment of the ion-exchange 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-p-zeolite which was used for

Kinetic study.

4.1.2 Preparation of supported 3-zeolite

Supported p-zeolite was used in kinetic and pervaporative membrane reactor
studies. The catalyst was made by coating the obtained powder catalyst on a cordierite
monolith obtained from N-COR Ltd., Nagoya, JAPAN. The procedures are as

follows:
4.1.2.1 Preparation of monolith sample

The monolith test samples were prepared by cutting the cordierite monolith
(400 cell/in®) into small-cube support (0.5x0.5x0.5 cm?).

4.1.2.2 Surface treatment

The monalith supports were weighed and soaked in 2.5 wt% acetic acid
solution for 2 min. After that, they were washed by distilled water several times to
remove residual acid solution and then dried in an oven at 383 K until the weight
became constant.

4.1.2.3 Preparation of slurry for washcoat

[-Zeolite powder was added into 2.5 wt% acetic acid solution to give 30-50 %

wt/volume [3-zeolite washcoat and the obtained slurry was stirred for 5-10 min.
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4.1.2.4 Monolith coating procedure

The monolith supports were dipped into the prepared washcoat for 15 min.
and followed by drying at 383 K overnight in the oven. The supports were repeatedly
dipped in the washcoat 2-3 times and calcined at 773 K for 3.5 hours in air
atmosphere.

4.1.3 Characterization of the catalysts

4.1.3.1 X-ray diffraction patterns

X-ray diffraction (XRD) paiterns of the catalysts were performed with
SIEMENS XRD D5000, accurately measured in the 4-44° 26 angular region, at
petrochemical Engineering Laboratory, Chulalongkorn University.

4.1.3.2 X-ray fluorescence spectrometer

The composition of B-zeolite was examined by using an X-ray fluorescence

spectrometer (XRF-model Fision)

4.2 Kinetic study

4.2.1 Batch reactor apparatus

Kinetic. study -of the supported . -zeolite was.carried out in_a specialy-
designed reactor as shown in Figure 4.1. A jacket reactor was maintained at a constant
temperature by circulating hot water in jacket around the chambers. A heater with a
temperature controller was used to control a water temperature while a condenser was
equipped with the system to condense all vapors in the reaction chamber. The reactor
had four connectors for connecting a condenser, a rotating shaft, sampling port and
thermocouple. A frame of four catalyst baskets (as illustrated in Figure 4.2) was

equipped with a rotating shaft which was driven by a motor via an inverter controller.
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The cylindrical baskets were made of stainless steel tubes with a wall made of
stainless steel mesh.

4.2.2 Experimental procedure

1. The catalyst was left in an oven at 363 K overnight to remove moisture from the
catalyst and a certain amount of catalyst was weighted.

2. 2moles of EtOH and TBA were placed into the reactor.

3. The supported catalyst with 15 g of 3-zeolite powder / or 15 g of Amberlyst 15
catalyst was packed in four catalyst baskets.

4. The frame was held above the liquid level by upper hooks as shown in Figure 4.2
(a) to prevent the reaction occurring.

5. Four-bladed disk turbine was used to stir the liquid mixture during heating up
period.

6. After temperature was maintained at a desired value, the reaction was started by
inverting the direction of agitation so that the frame of baskets dropped into the
liquid mixture. The lower hooks were securely connected with slots on the disk
turbine and the frame was rotated with slip as shown in Figure 2.2(b). The desired
temperature and stirring speed were shown in Table 4.2.

7. Liquid samples of 1 cm® were taken to measure concentrations of H,O, EtOH,
TBA, IB and ETBE at different reaction times: i.e. 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4,
5, 6, 7 hours. They were analyzed by a gas chromatography. The operation
condition of the gas chromatography was shown in Table 4.3.
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Catalyst weight
Reaction temperature
Atmospheric pressure
Reaction time

Mole of Ethanol

Mole of TBA

Speed Level of stirrer

159
323, 333, 343K

0-7h
2 mol
2 mol
880, 1210, 1350 rpm

Table 4.3 Operating condition of gas chromatography

Model

Detector

Packed column
Column length

Mesh size of packing
Helium flow rate
Column temperature
Injector temperature

Detector temperature

GC 8A

TCD
Gaskuropack 54
25m

60/80

30 cm*min

443 K

453K

443K
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4.3 Permeation study

4.3.1 Permeation measurement apparatus

Figure 4.3 shows a schematic diagram of the permeation measurement
apparatus. The membrane with an effective area of 54 cm? was placed between two
chambers and sealed with silicone O-ring. A disk turbine was used to stir the liquid
mixture in the upper chamber to ensure well-mixed condition. The lower chamber

called “permeate side” was fed with a N, sweep gas.
4.3.2 Experimental procedure

1. A membranewasdried at 353 K for 3 h before using.

2. Adjust N, sweep gas flow rate at 7.2x10” mol/s, hold for 2 h to ensure the flow
rate is constant and remove moisture in line and permeate chamber.

3. Add feed mixture in the upper chamber and heat up to desired temperature.

4. After liquid temperature was maintained at a desired value, it assumed start up
permeate at thistime.

5. Permestion rate of each species was obtained by measuring a permeate flow rate
by a bubble flow meter and gas samples of 2 cm® were taken to measure
concentrations of H,O, EtOH, TBA, IB, ETBE and N, at different times: i.e. 0.5,
1, 1.5, 2, 2.5 and 3 hours by the gas chromatography.
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Figure 4.3 Schematic diagram of the permeation studied experimental set-up

4.4 Pervapor ative membranereactor study

The pervaporative membrane reactor was carried out in the same apparatus
used for the permeation study in Figure 4.3; however, the catalyst baskets (as
illustrated in Figure 4.2) were equi pped.
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4.4.1 Experimental procedure

1
2.

A membrane was dried at 353 K for 3 hours before use.

The catalyst was left in an oven at 363 K overnight to remove moisture from the
catalyst and a certain amount of catalyst was weighed.

Adjust N, sweep gas flow rate at 7.2x10™ mol/s, hold for 2 hours to ensure the
flow rate was constant and remove moisture in line and permeate chamber.

2 moles of EtOH and TBA were placed into the reactor.

The supported catalyst with 15 g of B-zeolite powder was packed in four catalyst
baskets.

The frame was held above the liquid level by upper hooks as shown in Figure 4.2

(a) to prevent the reaction occurring.

7. Four-bladed disk turbine was used to stir the liquid mixture along heating up.

After the operating temperature was maintained at a desired value, the reaction
was started by inverting the direction of agitation so that the frame of baskets
dropped into the liquid mixture. The lower hooks were securely connected with
slots on the disk turbine and the frame was rotated with dlip as shown in Figure
2.2(b). The desired temperature and stirring speed were shown in Table 4.2.

Liquid samples of 1 cm® and permeate gas sample of 2 cm? were taken to measure
concentrations of H,O, EtOH, TBA, IB, ETBE and N at different reaction times:
i.e.0,05,1,15, 2 25, 3, 35, 4, 5, 6, 7 hours. The concentrations of them were
anayzed by a gas chromatography. Permeation rate of each species was obtained
by measuring a permeate flow rate by a bubble flow meter.
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CHAPTER YV

RESULTSAND DISCUSSION

In this chapter, the results and discussion are divided to four sections:
characterization of B-zeolites; catalyst selection and kinetic study; permeation study

and pervaporative membrane reactor study. Details are as follows.
5.1 Catalyst Characterization
5.1.1 X-ray Diffraction (XRD)

Synthesized B-zeolite was analyzed by an X-ray diffraction for identifying
crystal structure. The X-ray diffraction pattern of H form of p-zeolite isillustrated in
Figure 5.1. The pattern was corresponding well with those reported by Ramesh et al.
(1992) as shown in Figureb.2. This indicated that the synthesized catalysts had the

same structure as 3-zeolite.

5 10 15 20 25 30 35 40
2 theta

Figureb5.1 X-ray diffraction pattern of 3-zeolite.
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5 10 15 20 35 3 35 40

Figure5.2 X-ray diffraction pattern of 3-zeolite ( Ramesh et al.,1992)
Si/Al : A=19.7,B=122,C=105

5.1.2 X-ray fluorescence spectrometer (XRF)

Synthesized B-zeolite was analyzed by an XRF to measure the catalyst
composition. It was found that the Si, Al and Na contents were 96.97, 2.30 and 0.21
wit%, respectively, thus yielding the Si/Al ratio of 41.

37
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5.2 Comparison between catalysts

Two types of catalysts; i.e. Amberlyst-15 and supported (3-zeolite were tested
to compare the performance on the synthesis of ETBE from EtOH and TBA.
Amberlyst-15 was selected for comparison because it is a commercial catalyst for
tert-ether synthesis. It is a strong cation exchange resin made of a sulfonated styrene
divinyl benzene copolymer with a macroreticular structure. The experiments were
carried out at the following condition; i.e. 15 grams of Amberlyst-15 or 3-zeolite, T =
333 K, stirring speed = 1210 rpm and the initial amounts of ethanol and TBA were 2
and 2 mol, respectively. The reactions taking place in the reactor can be summarized

as follows

TBA + EtOH < ETBE + H,0 (5.2)
TBA < IB +H0 (5.2
IB + EtOH < ETBE (5.3)

The yield and selectivity of the reaction system are defined in the following

equations.
Yied = mETBEm; Merge o (5.4)
BAO
= ectivity . Merge — Mereeo (5 5)
Mrgao — Mhea

Figure 5.3 shows the number of moales of TBA, EtOH, ETBE and H,O at
different reaction time of both catalysts. Filled and empty symbols represent results of
Amberlyst-15 and §-zeolite, respectively. It should be noted that the side product, 1B
was mainly present in the gas phase. Considering the disappearance of TBA, it was
found that -zeolite was less active than Amberlyst-15. However, when considering
the formation of ETBE, it is obvious that the ETBE yields of both catalysts were
almost the same at 12%.

It was investigated that the selectivities of B-zeolite and Amberlyst-15 were

61% and 35% respectively. It can be concluded that B-zeolite was much more
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attractive than Amberlyst-15 and, consequently, the following studies would consider

only B-zeolite catalyst.

M OL E[mol]
=

TIME[h]

Figure 5.3 Comparison between different catalysts: filled symbols = Amberlyst-15,
empty symbols = -zeolite (Catalyst = Amberlyst-15, catalyst weight = 15.0 g, Mg, ,=

1.93 mol, My, , = 1.98 mol, Mgge ,= 0 mol, m,, .= 0.09 mol:
Catalyst = -zeolite, catalyst weight = 15.0 g, m, ,= 1.75 mol, m.,, ,= 2.04 moal,

Merge o = 0.02mol, m, , ,=0.09 mol and T = 333 K).

5.3 Kinetic study
5.3.1 The effect of external mass transfer

In the kinetic study, the supported -zeolite was used. The effect of external
mass transfer of catalyst was studied by varying stirring speeds. Figure 5.4 shows the
relationship between conversion of TBA at 7 h and the stirring speed. It was found
that the conversion increased with increasing speed level and, finally, it leveled off at
the speed level of 1210 rpm. This can be concluded that the effect of external mass
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transfer just constant and cannot be reduced further by increasing stirring speed higher
than 1210 rpm. In the subsequent studies, the speed of 1210 rpm was used.

22I ! | ! | ! | ! |

20-

18-

16

14

CONVERSION [%]

] 1 | 1 | 1 ] 1 ] 1
900 1000 1100 1200 1300 1400
SPEED [rpm]

Figure 5.4 The effect of speed level on the conversion (Catalyst = 3-zeolite, catalyst
weight = 15 g, M, ,=2 Mol, M, .= 2 mol, T= 333K and time= 7 h).

5.3.2 Development of mathematical models

Mathematical descriptions were developed for both concentration-based and
activity-based models. The reverse reaction in Eg. (5.2) and the reaction in Eqg. (5.3)
were neglected since the operating pressure in this study was at atmospheric pressure
and, consequently, only small amount of IB can be dissolved in the liquid. It was also
confirmed by our experimental results that the concentration of IB in liquid mixture
was negligibly small. As a result, the rate laws of the reactions (5.1) and (5.2) can be
expressed in terms of concentrations as (Quitain et al.,1999)

(CTBACEtOH - CETBECHZO / ch )
1+ KWCCHZO

(5.6)

= klc

r—k _ Cma 5.7
2 201+ KWCCHZO ( )
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and in terms of activities as

r = kla (aTBAaEtOH B aETBEaHZO / Kla ) (5. 8)
1+ KWaa'HZO

2 2a 1+ KWaaHzo ( )

where kic and ki, are reaction rate constants of reaction j (j = 1, 2) in the concentration-
based and activity-based models, respectively. ¢ and a are concentration and activity
of species i, respectively. K; is the equilibrium constant. Ky and Ky, are water
inhibition parameters from in the concentration-based and activity-based models,
respectively. The expressions of Ki; and Kic which are valid within the temperature
range of 278-353 K are given as follows (Jensen and Daita, 1995).

Kia = exp ( 1140.0-14580 / T + 232.9 InT + 1.087T-1.114x10°T 2+ 5.538x10 T *)

(5.10)
Ky = exp (10.387-4060.59 / T +2.891 InT-1.915x10°T + 5.286x10°T %-5.330x10°T %)
(5.11)
By performing a material balance for a semi-batch reactor, the following
expressions are obtained.
meBA de O
— = = —W(r, +r. 512
Tt T (+12) (5.12)
_ detOH - deTBE =W, (5.13)
dt dt

where my and W represent the number of mole of species i and the catalyst weight,
respectively. It is noted that the number of molesin the liquid phase at any time is
constant because IB can only slightly dissolved in the liquid phase. In addition, every
one mole of TBA consumption produces one mole of water, and every one mole of
EtOH consumption produces one mole of ETBE. The activity can be calculated from

the following relation.
3 =% (5.14)



42

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

coefficient. The activity coefficients can be calculated using the UNIFAC method
(Gmehling et al., 1982)

5.3.3 Kinetic parameter determination

A set of experiments was carried out at three temperature levels to investigate
the kinetic parameters. Figures 5.5, 5.6 and 5.7 show typical results of mole changes
with time at T = 323, 333 and 343 K, respectively. The initial moles of each species
were given in the figure captions. It can be seen that the production of ETBE became

higher with the increase of temperature as expected in the Arrhenius’ equation.

A curve fitting method was employed to find the kinetic parameters, kic, Kac
and Ky, for the concentration-based model and kia, koa and K, for the activity-based
model at each temperature. Initial guess values of the parameters kic, ko, kia and koa
were obtained by using an initial rate method (Fogler, 1992). The dashed lines in the
figures represent the ssimulation results from the concentration-based model while the
solid lines represent those from the activity-based model using the corresponding
parameters. It was found that within the ranges of study, both models fit the
experimental results well. However, it should be noted that the activity-based model is
more suitable for a liquid phase reaction since its performance usually deviates from
ideality. Nevertheless, the concentration-based parameters are also included in this
study since they can be directly used in simulation on commercial software such as
Aspen Plus.
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Figure 5.5 Mole changes with time (Catalyst = 3-zeolite, catalyst weight = 15.0 g,
Myga o= 1.91 mol, Mg, , = 1.98 mol, Mg ,=0.01 mol, m, ,,=0.10mol and T =

323 K).
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Figure 5.6 Mole changes with time (Catalyst = 3-zeolite, catalyst weight = 15.0 g,
Miga o= 1.75 Mol, Mgy, ,=2.04 Mol, Mepge ,=0.02mol, m, ,,=0.20mol and T =

333 K).
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MOLE [mol]

TIME [h]

Figure 5.7 Mole changes with time (Catalyst = 3-zeolite, catalyst weight = 15.0 g,
Miga o= 1.91 mol, myg, ,=1.98 mol, Mgz ,=0.01mol, m, ,,=0.10mol and T =

343K).

Figure 5.8 shows the Arrhenius plot of the reaction rate constants while Figure
5.9 shows the Van't Hoff s plot of the adsorption parameters.

1000/T [K™]

Figure 5.8 Arrhenius plot.
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1000/T [K ]

Figure 5.9 Van't Hoff plot.

The following equations were determined from the plots.
Concentration-based mode!:

k. = exp(~15.48 - 2186/T) (5.15)
k,, = exp(34.47 —14688/T) (5.16)
Ky, = EXp(—24.72+ 6725/T) (5.17)

Activity-based model:

k., = exp(3.55— 2286/T) (5.18)
k,, = exp(36.57 —13653/T) (5.19)
Ky, =€xp(~16.16+ 6636/T) (5.20)

The values of the activation energy of the reactions in Eqg. (5.1) and Eg. (5.2) are 18
and 122 kJ/mol from the concentration-based model, respectively, and 19 and 114
kJmol from the activity-based model, respectively. The enthalpy of water adsorption
is 56 and 55 kJ/mol from the concentration-based model and the activity-based model,
respectively.
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5.4 Permeation study

Assuming that partial pressure of all species in the permeate side was low,
the permeation rate of speciesi through the membrane can be expressed as
n = APa (5.21)
where n; represents the permeation rate of speciesi through the membrane.
A and P; are the area of membrane and the permeability coefficient of species i,
respectively.

The relationship between the permeability coefficient and operating
temperature can be expressed by Arrhenius equation

—-E
P = Po exp( . _li‘ ) (5.22)

g

where P, is the pre-exponential factor, E, the activation energy of permeation, Ry the
gas constant, and T the absolute temperature.

The permeation studies of EtOH-H,O binary mixtures were carried out at a
constant temperature of 343 K. Table 5.1 summarizes the feed activity, permeation
flux, permeability coefficients of H,O and EtOH and separation factor at various feed
compositions. The separation factor was defined as the ratio of the permeability
coefficient of H,O divided by that of EtOH. The mole fraction of H,O was varied
from 27.7 to 83.0 mol%. It was observed that the activities of H,O and EtOH were
significantly different from the ideality. The permeability coefficient of H,O was
around 100 times higher than that of EtOH at rich contents of EtOH. However, at H,O
content of greater than 62mol%, the decreased H,O permeability coefficient while the
increased EtOH permeability coefficient were observed, resulting in lower separation
factor. The inferior performance may be due to the swelling and coupling effect: i.e.
the crosslink was destroyed at high H,O content (Svetlana et al., 1997). However, the
H,0O content from this reaction system was much lower than this observed value and,

consequently, the membrane degradation did not occur in this study.

Another set of experiment was carried out using quaternary system (H,O-
EtOH-TBA-ETBE). The results at the temperature of 343 K were summarized in
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Table 5.2. It was found that the H,O permeability coefficient was much higher than
the other components. The average values of Py,o, Peon and Prga were 6.01x107,
8.80x10° and 1.89x10° mol/(m’s), respectively. It should be noted that the
permeability coefficients were dightly deviated with feed compositions. This may be
due to the interaction between the components. However, to simplify the model, this
effect was neglected in this study. More accurate model should be investigated in

future studies.

Figure 5.10 shows the Arrhenius plot of the permeability coefficients which can be
expressed by the following eguations

Proo = exp (2.07-2441/T) (5.23)

Peion = exp (3.25-4328/T) (5.24)

Prea = exp(7.67-6434/T) (5.25)

—— > 3
-6r [0 ho :
B A BOH 4
c 'SLAL\;
10~ _
_12_ 0O
1 I 1
29 3 31
1000T [K ]

Figure5.10 Arrhenius plot.
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Table 5.1 Permeate fluxes, permeability coefficients and separation factor for binary mixtures at 343 K

Feed composition  Feed activity Permeate flux Permeability coefficient , Separation
(mole fraction) [mol/(m?.8)] P; [mol/(m?.s)] factor
H,O EtOH H,0O EtOH H,O EtOH H,O EtOH

0.277 0.723 0516 0.767 3.47x10° 5.42x10° 6.72x10°  7.07x10° 95
0.345 0.655 0598 0.718 4.35x10°  4.91x10° 7.26x10°  6.84x10° 106
0381 0.619 0.638 0.692 459x10°  3.85x10° 7.20x10° 5.56x10° 129
0475 0525 0.724 0.625 5.12x10° 4.11x10° 7.06x10° 5.57x10° 108
0.620 0.380 0.820 0.543 4.60x10° 3.83x10° 5.61x10°  7.06x10° 79
0.767 0233 0.883 0.460 2.64x10° 5.78x10° 2.99x10° 1.26x10™ 24
0.830 0.170 0905 0.416 2.80x10° 5.13x10° 3.10x10° 1.23x10* 25

Table 5.2 Permeate fluxes and permeability coefficients of quaternary mixtures at 343 K

Feed composition (mole fraction)  Feed activity Permeate flux [mol/(m?.s)] Permeability coefficient , P, [mol/(m?.s)]

H0 EtOH TBA ETBE H,O EtOH TBA ETBE H,O EtOH TBA ETBE H)O EtOH TBA  ETBE

0.092 0437 0435 0.036 0246 0445 0.447 0081 1.30x10° 3.77x10° 9.56x10° 0 5.28x10° 8.48x10° 2.14x10° 0
0.144 0412 0.380 0.064 0.353 0425 0398 0.136 2.10x10° 3.70x10° 9.32x10° 0 5.95x10° 8.72x10° 2.34x10° 0
0.146 0.440 0.343 0.070 0.353 0455 0360 0151 2.21x10° 3.98x10° 6,59x10° 0 6.26x10° 8.75x10° 1.83x10° 0
0.183 0.408 0.348 0.062 0.432 0.421 0370 0130 2.75x10° 3.86x10° 6.17x10° 0 6.35x10° 9.17x10° 1.67x10° 0
0231 0422 0.267 0.080 0517 0439 0290 0172  3.21x10° 3.90x10° 4.26x10° 0 6.20x10° 8.88x10° 1.47x10° 0

average 6.01x10° 8.80x10° 1.89x10° 0
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5.5 Pervapor ative membrane reactor

The pervaporative membrane reactor was carried out under semi-batch
operation. Water in the reaction mixture was simultaneously removed from the system
by the pervaporation process while the reaction proceeded. By performing the
material balance for the pervaporative membrane reactor, the following expressions

are obtained.
d
a Mhga = —hga _W( rn+r, ) (5-26)
d
T Myo ==Nyo +W(r, +r1,) (5.27)
d
at Meon = —Ngion — Wi (5.28)
d
a Merge = —Nerge +\Nr1 (5-29)

Figures 5.11, 5.12 and 5.13 show typical results of the concentration profiles
of H,O, EtOH, TBA and ETBE at T = 323, 333 and 343 K, respectively. The
concentration presented in mol/kg was determined by using mole fraction and
molecular weight of each component. The initial moles of each species were given in
the figure captions. It can be seen that the production of ETBE became higher with
the increase of temperature. The continuous lines represent the simulation results by
using Egs. (5.8)-(5.9), (5.14) and (5.18)-(5.29). It was observed that the simulation

results agreed well with the experimental results.
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Figure 5.11 Concentration profiles with reaction time (B-zeolite catalyst weight = 15
0, Mg o= 1.92 mol, myq, ;= 1.95 mol, Mg ,= 0.03 mol, m, ,,=0.09 mol, A=

0.0054 m? and T = 323 K).

=)
<

g 6r =
=z

o f A EtOH .
e O TBA

© 4= @ ETBE 7]
Z

(1]

O

=z

S

O

TIME [h]

Figure 5.12 Concentration profiles with reaction time (B-zeolite catalyst weight = 15

g, Mgy o= 1.90 mol, mgq, ,= 1.99 mol, Mg ,= 0.01 mol, m, ,,= 0.10 mol, A =

0.0054 m’and T = 333 K).
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Figure 5.13 Concentration profiles with reaction time (3-zeolite catalyst weight = 15
0, Mgao= 2.02 mol, Mye o= 1.95 mol, Mg, =0 mol, m, ,,= 0.03 mol, A =

0.0054 m?and T = 343 K).

5.6 Smulation studies

Figure 5.14 shows the effect of the amount of EtOH on the performance of the
conventional reactor without membrane from simulation. « is defined as follow
_ Meono (5.30)
Mgap
The increased « increases the selectivity and yield of ETBE. Since TBA can
be converted 10 IB and ETBE, the selectivity of ETBE increases because the forward
reaction to ETBE becomes more favorable at higher amount of EtOH.
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0.2

SELECTIVITY

0.18

Figure 5.14 The effect of the ratio of initial mole of EtOH to TBA («) on yield and
selectivity (B-zeolite catayst weight = 15 g, my,,= 2.0 mol, M. ,= 0 mal,

M0, =0mol, T =343 K and reaction time = 7 h).

Figure 5.15 shows the effect of the ratio of membrane area to initial mole of
TBA (0) on the profile of ETBE yield.

A

X —
r’nI'BA,O

(5.31)

The case with 6 = O represents the conventional semi-batch reactor without
the membrane. It was observed that the yield increased with the reaction time and that
the use of membrane did not only improve the yield but also increase the reaction rate
due to the suppressed backward reaction from H,O removal. The empty and filled
symbols represent the experimental results of the cases with 6= 0 and 0.0027 m*mol,

respectively.
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Figure 5.15 The ETBE yield changes during the reaction at different ratios of
membrane area to initial mole of TBA (o) (B-zeolite catalyst weight = 15 g, & = 1.00,

Mrga o= 2.0 MO, Mgpee ;=0 Mo, My 60= O mol and T = 343 K).

However, it is noted that the maximum yield decreased with the increasing &
ratio. This is due to the high EtOH loss with increasing membrane area as shown in
Figure 5.16.
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Figure5.16 The effect of the ratio of membrane areato initial mole of TBA () on the
loss of EtOH (B-zeolite catalyst weight = 15 g, = 1.00, mg, ;= 2.0 mol, M ;=0

mol, m,, 5, =0mol and T = 343 K).

Figure 5.17 shows the effect of the operating temperature on the ETBE yield
at various values of o. The reaction time was fixed at 7 h. It was observed that the
ETBE yield increased with increasing temperature. However, at high values of o,
there presented an optimum temperature. The operating temperature directly affected
both the reaction rate and the permeation rate of H;O and the reactants. Increasing
reaction rate and the H,O permeation tended to improve the ETBE yield; however, the
reactant loss tended to lower the yield. At high surface area, the effect of reactant loss
predominated especially at high temperature since the values of the activation energy
of TBA and EtOH were higher than that of H,O.
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Figure 5.17 The effect of temperature at different ratios of membrane area to initial
mole of TBA (6) on the ETBE yield (B-zeolite catalyst weight = 15 g, « = 1.00,

Myga o= 2.0 MOl, Mgpge ;=0 mol, m, ,,=0mol and reaction time =7 h).

Figure 5.18 shows the effect of the ratio of the amount of catalyst to initial
mole of TBA (¢) on the ETBE yield. The filled symbol represent the yield at ¢ = 7.5
g/mol.
W
|V

¢ (5.32)

Increasing the ratio of the amount of catalyst to initia mole of TBA (¢),
increases the ETBE yield. From the above studies, it was clear that the selection of the
ratio of initial mole of EtOH to TBA (a), the ratio of membrane areato initial mole of
TBA (0), the ratio of the amount of catalyst to initia mole of TBA (¢) and
temperature are the key parameters determining the performance of the pervaporative

membrane reactor.
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TIME]H]

Figure 5.18 The ETBE yield changes during the reaction at different ratios of the

amount of catalyst to initial mole of TBA (¢) (a= 1.00, my, ,= 2.0 mol, Mg ,=0

mol, m,, o,=0mol, §=0and T = 343 K).



CHAPTER VI

CONCLUSIONSAND RECOMMENDATIONS

Conclusions

Etherification of ethyl tert-butyl ether (ETBE) from ethanol (EtOH) and tert-
butyl alcohol (TBA) was studied in this reseach. The following conclusions can be drawn
from the investigation.

1. Kinetic study

1.1 B-Zeoliteisan attractive catalyst because 3-zeolite showed superior
performance over the commercial Amberlyst-15 for the production of ETBE
from TBA and EtOH. Even though the activity was moderate, the selectivity
was much higher.

1.2 The effect of external mass transfer was constant at the stirring speed higher
than 1210 rpm.

1.3 The Arrhenius equation showed the reaction rate constants, kip and kyo, as
follows:
Concentration-based model:

k., =exp(—15.48— 2186/T)

K, = exp(34.47 —14688/T)
Activity-based model:
ki, =exp(3.55-2286/T)

K,, = exp(36.57 —13653/T)

1.4 The Van't Hoff equation showed the water inhibition coefficient, K,
Concentration-based model:

Ky = EXp(—24.72 + 6725/T)
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Activity-based model:
Kwa = exp(—16.16 + 6636/T)

1.5 The values of the activation energy of the ETBE and IB productions were
approximately 18 and 122 kJ/mol, respectively.

2. Permeation study

2.1 The permeation studies of H;O-EtOH binary system using polyvinyl alcohol
(PVA) membrane at 343 K reveded that the permeability coefficient of H,O
was around 100 times higher than that of EtOH at rich contents of EtOH.

2.2 The membrane worked effectively for H,O removal at the mixtures containing
H>O content lower than 62mol %.

2.3 For quaternary system (H,O-EtOH-TBA-ETBE), the average values of Py.,o,
Peon and Prga at 343 K were 6.01x10°°, 8.80x10° and 1.89x10° mol/(m?s),
respectively. The Arrhenius equation shows the permeability coefficients, P
as the following equations

Pu.o = exp (2.07-2441/T)

Peion= exp (3.25-4328/T)

Prea = exp (7.67-6434/T)
The values of the activation energy for the permeation of H,O, EtOH and
TBA are 20.3, 36.0 and 53.5 kJ/kmol.

3. Pervapor ative membr ane reactor study

3.1 Because the product H,O was simultaneously removed from the reaction zone
while the reaction took place in the pervaporative membrane reactor, the
performance was superior to the conventional reactors.

3.2 The ratio of initial mole of EtOH to TBA (), the ratio of membrane area to
initial mole of TBA (), the ratio of the amount of catalyst to initial mole of
TBA (¢) and the operating temperature played important roles on the reactor

performance
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3.3 The operating temperature and the ratio of membrane area to initial mole of
TBA () showed an optimum yield due to the competing effect of rate of

reaction and rate of reactant |osses.

Recommendations

This work studied the synthesis of ethyl tert-butyl ether (ETBE) from ethanol
(EtOH) and tert-butyl alcohol (TBA) in the pervaporative membrane reactor by
performing experiment and computer simulation. However, the experimenta results did
not show significant improvement over equilibrium conversions. This was because the
effective membrane was too small and the driving force enhanced by using inert sweep
gas may not be sufficient. It is recommended that using more effective membrane area
and a vacuum mode should be employed to emphasize the improvement of reactor

performance from the pervaporative membrane reactor concept.

More details on continuous operation of the single or cascade of membrane
reactor should be investigated. In addition, a new concept of using two kinds of
membranes may be considered. One is the membrane used to remove water in this work

and the other is the membrane used to remove the ether as shown in Figure 6.1.

It was observed in this study that the permeability coefficients were dlightly
deviated with feed compositions. This may be due to the interaction between the

components. Therefore, more accurate model should be investigated in future studies.

Figure 6.1 Ideal process with two kinds of membranes.
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APPENDIX A

CORRECTION FACTOR

Correction faction for a gas chromatography (GC) with column Gaskuropack 54

(6,/m) A
(@ / m)STANDARD

Correction faction, F, =

Given methyl tert-butyl ether (MTBE) is standard component (Futse = 1)

REACTANTS MOLE (m) AREA (©)) CORRECTION
FACTOR (F)
H.O 2.187x10° 318420 0.3266
EtOH 6.630x10° 215674 0.7297
TBA 4.135x10°° 171234 0.9289
MTBE 3.585x10” 159814 1.0000
ETBE 3.039x10° 130855 0.9659




APPENDIX B

CALCULATION OF NUMBER OF MOLE

Number of mole of each component can calculate by using correction factors from
Appendix A.
M = X X Miotal (B-1)

where my and myy are the number of mole of speciesi and total mole, respectively.
X represents mole fraction of component.

y L OdF,
" 3O IF)

(B-2)
For example; Batch reactor
Reaction condition; temperature = 343 K, stirring speed = 1210 rpm, -zeolite catalyst

weight = 15 g and total mole = 4 mole.

REACTANTS AREA CORRECTION MOLE NUMBER OF
FACTOR(F) | FRACTION MOLE
H,0 20885 0.3266 0.0254 0.1016
EtOH 908761 0.7297 0.4949 1.9797
TBA 1113322 0.9289 0.4763 1.9051
ETBE 8248 0.9659 0.0034 0.0136




APPENDIX C
UNIFAC CALCULATION

The UNIQUAC equation treats g =G~/ RT as comprised of two additive
parts, a combinatorial term g to account for molecular size and shape differences,
and aresidual term g~ to account for molecular interactions:

9=9°+g" (C-1)

Function g°contains pure-species parameters only, whereas function g~

incorporates two binary parameters for each pair of molecules. For a multicomponent

system,
g =2x Inﬁ+52qi X Inﬁ (C-2)
Xi ¢i
and gR:—Ziniln(zejTji) (C-3)
where ¢ = ' (C-4)
Xiri i
and 6, = 2k (C-5)
Xiqi i

Subscript i identifies species, and | is a dummy index; all summations are over all

species. Notethat 7, # 7;;; however,when i=j, then ¢,=7,=1. In these

equationsr; (arelative molecular volume) and ¢ (arelative molecular surface area) are
pure-species parameters.-The influence of temperature on g enters through the
interaction parameters r ; of Eq.(C-3), which are temperature dependent:
—(u;—uy )

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

T;i=exp (C-6)

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, =|n7/ic+ln}/iR (C-7)

Iny,=1-J, +InJ, —5q, (1—%+In%) (C-8)
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and Iny* =q@1-Ins —30, L (C-9)
S.

J
where in addition to Egs. (C-5) and (C-6)

r

J =— C-10
q

L, = C-11

Sra (11

s =267 (C-12)

Again subscript i identifies species, and j and | are dummy indices. All summations
are over all species, and #;=1 for i=|. Values for the parameters (u;; - u;;) are found
by regression of binary VLE data, and are given by Gmehling et al.

The UNIFAC method for estimation of activity coefficient depends on the
concept that a liquid mixture may be considered a solution of the structural units from
which the molecules are formed lather than a solution of the molecules themselves.
These structural units are called subgroups, and a few 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 Qx are properties of the subgroups, and values are
listed in column 4 and 5 of Table C.1. Also shown (columns 6 and 7) are examples of
the subgroup compositions of molecular species. When it is possible to construct a
molecule from more than one set of subgroups, the set containing the least member of
different subgroups id the correct set. The great advantage of the UNIFAC method is
that a relatively small number of subgroups combine to form a very large number of
molecul es.

Activity coefficients depend not only on the subgroup properties Rq and Qx,
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 "CHy" , "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 any for afew such pairs are given in table C.2.
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The UNIFAC method is base on the UNIQUAC equation, for which the
activity coefficients are given by equation C-7. When applied to a solution of groups,
Egs. C-8 and C-9 are written:

J

Iny,=1-J, +InJ, —5qi(1—i—i+ln Li) (C-13)
and Iny,® =g [1- (0, 2% — e, InPie) (C-14)
Sk Sk

The quantities J; and L; are still given by Egs. C-10 and C-11. In addition, the
following definition apply:

n=Xv'R, (C-15)
g =2v'Q (C-16)
(i
e = Y Qi (C-17)
G
B =L €T (C-18)
z Xi qi eki
0, =———— C-19
= FTxq (C-19)
S, =207 (C-20)
=7
T =EXP ka (C-21)

Subscript i identifies species, and j is a dummy index running over all species.
Subscript k identifies subgroups, and mis 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 R and Qx and of the group interaction parameters
ank come from tabulation in the literature. Tables C.1 and C.2 show a few parameter

values; the number designations of the compete table are remained.



Table C.1: UNIFAC-VLE subgroup parameters
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Examples of molecules and their

Maingroup Subgroup k R« Q« constituent groups
1“CHY” CHs 1 009011 0.848 n-Butane 2 CH3, 2 CH3
CH, 2 0.6744 0.540 |sobutane: 3CH3 1CH
CH 3 04469 0.228 2,2-Dimethyl
C 4 0.2195 0.000 propane: 4CH3, 1C
3“ACH” ACH 10 0.5313 0.400 Benzene 6 ACH
(AC = aromatic carbon)
4“ACCHy," ACCH; 12 1.2663 0.968 Toluene: 5ACH, 1 ACCH;
ACCH, 13 1039 0.660 Ethylbenzene:  1CHs, 5ACH, 1 ACCH;
5“0OH" OH 15 1.0000 1.200 Ethanol: 1 CHs, 1CH,, 1 OH
7“HO" H.O 17 09200 1400 Water: 1H0
9“CH,CO" CH3CO 19 16724 1488 Acetone 1 CH3CO, 1 CH3
CH,CO 20 14457 1180 3-Pentanone 2 CHs3, 1 CH,CO, 1 CH,
13“CH,0O" CH30 25 11450 1.088 Dimethyl ether: 1 CHgs, 1 CH30
CH,0 26 09183 0.780 Diethyl ether: 2 CHs3, 1 CH,, 1 CH0O
CH-O 27 0.6908 0.468 Diisopropyl
ether: 4 CHs, 1CH, 1 CH-O
15“CNH” CH3sNH 32 14337 1.244 Dimethylamine: 1 CHs, 1 CH3NH
CHoNH- 33 1.2070 0.936 Diethylamine: . 2 CHs, 1 CH,, 1 CH,NH
CHNH 34 © 09795  0.624 ' Diisopropyl
amine: 4 CHs, 1 CH, 1 CHNH
19“CCN” CHsCN 41 1.8701 1.724 Acetonitrile: 1 CHsCN
CH,CN 42 16434 1416 Propionitrile: 1CH3, 1 CH,CN




Table C.2: UNIFAC-VLE interaction parameters, aq, in kelvins
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1 3 4 5 7 9 13 15 19

1 CH, 000 6113 7650 98650 1,3180 47640 25150 25570 597.00
3 ACH -11.12 000 16700 63610 903.80 2577 3214 12280 21250
4 ACCH, -69.70 -146.80 0.00 80320 56950 -5210 21310 -49.29 6,096.0
5OH 15640  89.60  25.82 000 35350 8400 2806 4270  6.712
7 H,0 300.00 36230 377.60 -229.10 000 -19540 54050 168.00 112.60
9CH,CO 2676 140.10 366.80 164.50 47250 0.00 -103.60 -17420 481.70
13 CH,0 8336 5213 6569 237.70 -31470 191.10 000 25150 -1851
15 CNH 6533 -2231 22300 -150.00 -44820 39460 -56.08 0.00 147.10
19 CCN 2482 -2297 -13840 18540 24280 -287.50 3881 -108.50 0.00
In aliquid phase reaction between EtOH and TBA to form ETBE and H»0, the

subgroups of each species were performed following.

EtOH 1CHs, 1 CH2, 1 OH
TBA 3CH; 1C,10H
ETBE : 4CHs, 1C, 1 CHO
HO 1 H>0

The parameters using in UNIFAC calculation were summarized as follows.

UNIFAC-VLE subgroup parameters

Main Group  Subgroup = Kk R« Qk

1“CHy" CH3z 1 0.9011 0.848
CH> 2 0.6744 0.540
C 4 0.2195 0.000
5“OH” OH 15 1.0000 1.200

7 “HO" H.O 17 0.9200 1.400

13 “CHO” CH,0O 26 0.9183 0.780




UNIFAC-VLE interaction parameters, anx, in kelvins

1 5 7 13
1CH; 0.00 986.50 1,318.00 251.50
5OH 156.40 0.00 353.50 28.06
7 HO 300.00 -229.10 0.00 540.50
13 CHxO 83.36 237.7/0  -314.70 0.00
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APPENDIX D
MEMBRANE PROPERTIES

Polyvinyl alcohol (PVA) membranes (PERVAP 2201) supplied by Sulzer
Chemtech GmbH-Membrane Systems were used as a hydrophilic membrane. The

properties were described as followings.

Code PERVAP 2201

Main Application Neutral solvents

Reaction mixtures

Max. Temperature Long Term,°C 100

Max. Temperature Short Term,°C 105
Max. Water Content in Feed, %b.w. <90

Major Limitation
Aprotic Solvents (e.g. DMF, DMSO) | <1%

Organic Acids (e.g. acetic acid) <50 %
Formic Acid <05%
Mineral Acids (e.g. H>SOy,) <1%
Alkali (e.g. NaOH) <10 ppm

Aliphatic Amines (e.g. Triethylamin) | <50 %

Aromatic Amines (e.g. Pyridine) <50 %
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