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Abstract

In the last decade the demand for cleaner fuels has been increasing
steadily. New legislation such as the Amendment to the Clean Air Act of the
United States has enforced the use of reformulated gasolines. Methyi tertbuty!
ether, MTBE, an ether synthesized from methanol and isobutylene is proposed
as a chemical species for the replacement of the more polluting and hazardous

gasoline components.

Methanol and isobutanol are considered to complement the current
methanol and isobutylene feedstocks used in MTBE synthesis reactors. Using
these feedstocks two reaction paths are possible: a) direct coupling of methanol
to isobutanol, b) dehydration of isobutanol to isobutylene followed by the
reaction of isobutylene with methanol. A H-ZSM-5 zeolite was employed in this
present work to study the promotion of the direct coupling of methanol and

isobutanol and the reaction of methanol and isobutylene.

The direct coupling of methanol to isobutanol was attempted in the 100-
300 °C temperature range. The direct reaction was unsuccessful as it only led to

the formation of MIBE an isomer of MTBE.



The MTBE synthesis from methanol and isobutylene was studied
between 80 to 160 °C with different catalyst/reactants ratios and reaction times.
An injection of methanol, with enough time for methanol to reach adsorption
equilibrium, foliowed by an isobutylene injection was found to be the best
operating mode to achieve 100% selectivities toward MTBE with 4-6.8 %

isobutylene conversions.

With the gathered experimental data, a reaction rate model based on the
Rideal-Eley kinetic model was successfully developed. This model was then
applied for the prediction of the reaction rates in the context of future potential

industrial applications using riser and downer reactors.
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Chapter |

Introduction

1.1 Reformulated Gasoline

A major source of air pollution in North American cities is the result of gas emissions
from the tailpipes of automobiles. In order to limit these emissions, a significant amount of
research has been devoted over the last twenty years toward the development of cleaner
fuels. To attain this objective one possible approach is to enforce the use of catalytic

converters allowing the complete combustion of unbumed hydrocarbons.

Supported platinum is the most frequently used catalyst in catalytic converters. A
difficulty faced with platinum is the fact that it is susceptible of being deactivated by
gasoline lead based compounds. Originally, lead based compounds were employed to
increase the gasoline octane number. Eventually, they had to be replaced because of their
negative effects on the platinum catalyst, the environment, and the public health. Refiners
proposed replacing lead based compounds by other octane enhancers such as aromatics.

Aromatics are mainly produced by the reforming of paraffins.

Unfortunately, during the mid 80's, and even with lead compounds not being part of

the gasoline formulation, it became apparent that catalytic converters were not going to



give the expected results. Gas emissions were still too high and complementary measures
had to be taken. In this context the design of cleaner buming fuels or “reformulated

gasolines” became an important issue.

Two main goals are currently set for the reformulated gasolines: a) low emission of
carbon monoxide, b) low content of chemicals having photochemical activity. The
photochemical activity is related to ozone production. These two goals are part of the

amendment of the "Clean Air Act”, a United States law adopted in November 1990.

In order to reach these goals several regulations are currently enforced. The Clean
Air Act sets strict limits on aromatic content in gasoline with an emphasis on benzene. The
total content of benzene should be lower than 1% (Seddon, 1992). Consequently, new
approaches to lower the content of aromatics are currently being researched. A promising
one is the use of new FCC catalysts that yield gasolines with higher olefin content. These
new FCC catalysts also limit the content of aromatics with benzene being less than 1 wt%
(Gianetto et al., 1996). The Clean Air Act also enforces the utilisation of new blending

components, such as oxygenates, to replace the current ones.

Oxygenates should have the following properties: a) high octane number, b) low
vapour pressure, and c) low photochemical activity. Oxygenates, while offering a high

octane number, also increase the level of oxygen in gasoline thus reducing the level of



carbon monoxide emissions. Two main classes of oxygenates are proposed: alcohols and

ethers.

Alcohols such as methanol, ethanol and tert-butanol, while valuable for gasoline
blending, show potential problems. First, in the case of methanol and ethanol, they must be
blended with a higher alcohol, as co-solvent, to avoid phase separation in the presence of
water. If not properly blended, these alcohols while in contact with water separate from
gasoline and water may accumulate in the gasoline tank. Also, given the relatively high
Reid vapour pressures of 414 kPa for methanol and 117 kPa for ethanol, vapour locks in
gasoline lines are a frequent problem. Furthermore, tert-butanol shows relatively low

research octane number and is less interesting overall.

Three ethers are proposed for reformulated gasoline: methyl-tert-butyl ether
(MTBE), ethyl-tert-butyl ether (ETBE) and tert-amyl methyl ether (TAME). These three
ethers possess octane numbers above 100, a Reid Vapour pressure below 69 kPa and an
acceptable photochemical activity below 10. Note that some blending components in
gasoline reach photochemical activities of 60 which is much larger than the proposed
ethers. For more details about the properties of the ethers refer to Table 1.1. From the point
of view of phase separation none of these ethers present the problems of methanol and

ethanol.



Table 1.1 Properties of Some Components of Gasoline (Seddon, 1992)

Component  Research Octane Number Motor Octane Reid Vapour Photochemical
(RON) Number (MON) Pressure Activity
kPa *

methanol 123 g3 414 1.0
ethanol 115 117 33
tert-butanol 100 62 1.1
MTBE 123 97 55 26
ETBE 111 28 8.1
TAME 113 97 14 79
iso-octane 100 110 11 3.15
1-butene 144 126 344 244
benzene g9 91 23 0.88
toluene 124 112 7 5.98

*Photochemical activity is measured as rate of reaction with OH radicals, units cc/(molecule.sec) x 10°

Finally, compared to the alcohols, the three ethers are superior in all respects.
When the ethers are in turn compared to each other, MTBE appears, however, to be the
best candidate for gasoline blending. Although MTBE has the highest Reid Vapour
Pressure, it offers the highest octane number and the smallest photochemical activity. The
fact that MTBE has been produced for over 20 years is also an advantage for iis use.

Refiners have already gathered significant experience with the handling of this chemical.

1.2 History of MTBE

The first industrial production of MTBE took place in ltaly by Snamprogetti/Ecofuel
in 1973. The plant is still in operation and has a capacity of 100 000 tons/year. The reaction
that leads to MTBE involves the simple coupling of methanol and isobutylene. This reaction
is catalysed by an acidic resin. The MTBE plant uses the isobutylene contained in the C, as
feedstock. This C, fraction may be produced in a steam cracker or a in catalytic cracking

unit. The isobutylene fraction ranges between 35 and 53 wt % after removal of the



butadiene fraction (Hutchings et al., 1992). The reaction is carried out in a fixed bed reactor
where the temperature is maintained between 30 and 100 °C and the pressure between 7
and 14 atm. Ever since, other refiners have improved the original design of the MTBE
process. By now, the production of MTBE is a well established industrial process and this

ether is produced in several plants around the world.

MTBE was first used to increase the octane number of gasolines that would not
otherwise reach the targeted gasoline specification. MTBE was also used to produce
premium gasoline or high octane gasoline. At the present time, with the amendment to the
Clean Air Act in the United States, the use of MTBE is becoming very popular. Figure 1.1
shows the steady increase of the production of MTBE in the United States for the period of
1985-1995. This increase in MTBE production is expected to reach a plateau by the year
2000 when the new law will be fully enforced. By that time, the level of MTBE in gasoline
will be 2 wt % or 12.7 vol %. It is expected that other countries will eventually adopt policies
which will be similar to those of the United States. Japan, for example, recently approved

the addition of up to 7 vol % of MTBE in gasoline.

Thus, with new legislation expected to be adopted in the very near future in several

countries, the demand for MTBE can only steadily increase.
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Figure 1.1: Evolution of the Production of MTBE in the United States.
(Chemical and Engineering News, 1996)

1.3 Other Advantages of MTBE

Isobutylene, one of the reactants in the MTBE production, has a research octane
number of around 140. Consequently isobutylene is used as an octane enhancer with other
C4's. Considering the large quantity of isobutylene available in the C4 cut of an FCC unit,
up to 50% in some refineries, a large supply of iso C4's is available. However, isobutylene
is highly volatile and cannot be used as a major blending component. Depending on the
seasons and the areas where the gasoline is to be distributed, refiners add a variable
quantity of different butenes produced in either the FCC or the hydrocracking units. The
amount of butenes is limited by their high vapour pressure which can cause vapour lock in

the gas lines of cars or even worse end up in the atmosphere.



Through the use of MTBE, the amount of methanol and isobutylene for the
production of gasoline can be increased. MTBE addresses two major problems: a) it does
not have the high vapour pressure of iso-butylene and methanol mixed directly, and b}
there is no phase separation problem as experienced with methanol in the presence of
water. Note that methanol is usually produced from syngas which is the reaction product of
methane and steam. In this manner, methane production in a refinery could also lead to the
production of usable gasoline and increase the overall supply of gasoline range
hydrocarbons. Thus, the producticn of MTBE extends the supply of hydrocarbons available

from crude oil.

The C, fraction, mentioned earlier, is currently used for the alkylation processes in
several refineries. The alkylation reaction takes place when isoparaffins, isobutane or
isopentane, react with olefins in the presence of either sulphuric acid or hydrofluoric acid.
The products of the reaction are high molecular weight isoparaffins such as isooctane,
isoheptane and their isomers. If the reaction conditions are properly controlled, the motor
octane number of the alkylates can reach 88 to 94 and the research octane number 94 to
99 (Gary et al., 1984). Like MTBE, the alkylation process increases the fraction of crude oil
available for gasoline blending by using highly volatile compounds to obtain heavier
products with a lower Reid vapour pressure. In the case of a sulphuric acid unit, the most
widely used process, the implementation of an MTBE unit has the overall effect of
increasing the octane number of the combined product, i.e. MTBE plus aikylates compared

to alkylates alone. The MTBE unit processes the C, stream before it enters the alkylation



unit, consuming up to S0 % of the isobutylene content (Schmitt, 1991). If the isobutylene
were to be reacted in the alkylation unit, it would end up in a lower octane number product
than MTBE. Consequently , the MTBE unit allows an increase of 0.75 to 1 points of the final
alkylate octane number (Schmitt, 1991). In fact, the effect of adding an MTBE unit is two-
fold. On one hand, it produces a higher octane product than would the alkylation process
alone. On the other hand, it increases the time-on-stream of the alkylation unit, allowing the

production of alkylates of higher quality with a higher octane number.

It is interesting to mention that MTBE not only leads to the production of higher
quality gasoline, it can also be used to obtain pure isobutylene which is used as a
feedstock for polymerisation processes. Once MTBE has been obtained, it can be easily
separated to obtain a stream of highly concentrated MTBE. This stream of MTBE can then,
be reacted to obtain a product stream composed of methanol and isobutylene. Then,
isobutylene is easily extracted from MTBE, obtaining an almost pure stream for

polymerisation.



1.4 Needs for the Development of a New Process

As described above, the demand for MTBE will steadily increase in the near future
and will exhaust the current feedstock used for the production of MTBE. Pressures will be
placed on the industry to develop new processes. Thus, a first goal for chemical companies
is to design processes that will use current feedstocks more efficiently. This can be
achieved by the development of new catalysts which are appropriate for existing
installations or by the development of new MTBE reactors. Another possibility is the
development of new catalysts suitable for new reactor designs. The ultimate avenue will be
to move to cheaper and more accessible feedstocks and this will require innovative

processes.

The OXY-CREC concept developed by Hugo de Lasa, is one potential new design
that could lead to a new generation of MTBE production units. Figure 1.2 presents a
schematic diagram of the OXY-CREC concept. The core of this new design is a
riser/downer reactor which offers several advantages over a conventional MTBE reactor.
The more significant ones are: a) the capacity of controlling the contact time of the
reactants with the catalyst in the order of few to several seconds; b) the ability of controlling
the reaction temperature, thus, avoiding potential hot spots and catalyst deactivation; and
c) the possibility of fully regenerating the catalyst on a continuous basis therefore keeping it

in a highly active state.
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1.4 Conclusion

The latest trends related to MTBE manufacturing and its applications were reviewed
in the present introductory chapter. The advantages of using oxygenates and particularly

ethers in gasoline formulations were also highlighted.

The following chapters of the present study consider the various research steps
undertaken: a) Literature Review, b) Synthesis, Pelletization and Characterisation of the H-
ZSM-5, c) Experimental Methods, d) Results and Discussion, and, e) Conclusions and

Recommendations.
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Chapter Il

Scope of The Study

The primary objective of this thesis is to demonstrate the feasibility of the
OXY-CREC concept using the Riser Simulator available at the laboratories of
CREC, Chemical Reactor Engineering Centre, at the University of Western
Ontario. The Riser Simulator reproduces, at the laboratory scale, the conditions
met in a riser reactor and thus provides an effective way of simulating

riser/downer operations.

The catalyst considered in this study is a H-ZSM-5 zeolite. This catalyst
provides strong acid sites and potentially a high selectivity toward MTBE. The
synthesized catalyst crystals (about 1 micron) has to be pelletized in order to
obtain particles with acceptable fluidization properties. An advantage of H-ZSM-
5 for MTBE synthesis is given by its inherent thermal stability. This allows for

easy regeneration and minimum catalyst deactivation during reaction conditions.

The goal of the present research is to test two alternative feedstocks for
MTBE synthesis: methanolfisobutanol, and methanol/isobutylene. These
feedstocks are going to be studied under different operating conditions such as

temperature, catalyst/reactant ratios and residence times.
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Finally, it is an objective of this study to propose a kinetic rate equation
for the MTBE synthesis. This rate equation will be helpful to simulate
riser/downer operations under conditions close to the ones investigated in the
present study. This rate equation should also provide insights for a gas phase

MTBE synthesis process.
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Chapter il
Literature Review

3.1. Introduction

This chapter is devoted to the review of technical information on the
MTBE synthesis available in the scientific literature. These topics are covered in
the following sequence:

a) An overview of the actual industrial process,

b) Available alternatives to replace or supplement the conventional process,

c) Thermodynamics of the reaction involving methanol and isobutanol, and
methanol and isobutylene,

d) Possible processes using methanol and isobutanol feedstocks,

e) Etherification and dehydration reactions,

fy Catalysts currently used, as well as the effect of their acidity and shape
selectivity properties,

g) The H-ZSM-5 zeolite , catalyst of choice, for the present program.

3.2 Industrial Process Currently Used

As stated in the introduction, MTBE was first produced in ltaly in 1973.

Ever since new processes which are more efficient have been developed. The
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purpose of this section is to explain the main features of this process, its

advantages and its limitations.

The overall reaction stoichiometry for MTBE synthesis is quite simple: one

mole of methanol is added to one mole of isobutylene.

CH.OH +(CH,).C=CH, » CH,-O-C(CH,), (3.1)

This etherification reaction is catalyzed in an acidic medium. The reaction
could be realized in an homogeneous reactor with the reactants being mixed
with an acid to lower their pH. The use of a liquid acid requires, however, an
additional separation step. Eventually, the use of solid acidic catalysts, easing
the separation of the catalyst from the liquid phase, was advocated and this led

to the development of heterogeneous reactors.

Nowadays the most common catalyst used is a strong ion-exchanged
resin: Amberlyst-15. Amberlyst-15 shows a selectivity toward MTBE ranging from
92 to 98%. MTBE selectivity is directly related to the methanol/isobutylene ratio
and increases when methanol is in slight excess. However, the resin is not heat

resistant and must be used at temperatures lower than 120 °C.
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The MTBE reaction is highly exothermic with a heat of reaction of -37.7
kJ/mole at 292 K. The reaction is thermodynamically controlled making it
inadvisable to use reactor temperatures much higher than 90 °C. Above 90 °C,
the yields of MTBE are less interesting, given the influence of the reverse
reaction and the Amberlyst weak temperature resistance. These two problems
led to the use of operating temperatures between 30 to 90 °C. Furthermore, the
desire of operating the reactor in the liquid phase, where best results with
Amberlyst-15 were obtained, made necessary the use of pressures ranging from

7 to 14 atm.

The classical feedstock for the reaction is a methanol and isobutylene
mixture. Both chemicals can be produced on site using existing refinery
capabilities. Methanol can be produced from synthesis gas, produced by the
steam reforming of methane. Isobutylene is available from the Cg4 fractions
produced by the catalytic cracking units or the hydrocracking units of existing

refineries . The typical compasition of a processed C4 stream is shown in Table

3.1.
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Table 3.1: Typical composition of C4’s in a process stream (Hutchings, 1992)

Component Composition
wt %
Ci's 0.04
n-butane 512
isobutane 1.80
1-butene 14.50
isobutylene 22.63
trans-2-butene 6.16
cis-2-butene 3.66
1,3-butadiene 4574
1,2-butadiene 0.22
propyne 32 ppm
vinylacetylene 350 ppm
1-butyne 210 ppm
Cs’S 0.10
remaining
Cs's
Castream S .
. .
Fresi f Recycle methanol \( \(TBE
methanol i ‘ g

Figure 3.1: Typical Layout of a MTBE plant (Hutchings et a/, 1992).
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Table 3.2: Typical Composition of a MTBE Stream (Hutchings, 1992)

Component Composition
wt %
MTBE 88.10
methanol 0.01
tert-butyl alcohol 0.20
3-methoxy-1-butene 0.47
1-methoxy-2-butene 0.18
2-methoxybutane 0.01
heavy products 0.02
water 5-10 ppm
~ peroxydation inhibitor 200 ppm

Figure 1.1 shows a typical layout of a MTBE plant. First, fresh and
recycled methanol are mixed with the C4 stream. This combined stream is first
fed to a packed bed reactor which is usually operated close to isothermal
conditions. Uniform temperature avoids hot spots leading to fast catalyst decay.
Thus, temperature control is a significant concern in this first reactor. The
reaction siream from the isothermal reactor is directed to a second reactor,
packed bed type, to complete the MTBE synthesis. The reaction takes place in
this second stage adiabatically. Using such a train of reactors, isobutylene

conversion can reach 95%.

The following step in the process is the separation of MTBE from the
remaining C,’s, methanol, and byproducts. Following this operation, unconverted
methanol is separated from the C4 stream and recirculated to the first reactor.
Table 3.2 shows the composition of a typical stream where the purity of MTBE

reaches 99.1%.



19

3.3 Alternative Routes Proposed for the Production of MTBE

Several routes have been proposed to produce MTBE. Since the quantity
of isobutylene produced by catalytic cracking and hydrocracking is limited a
major technical challenge is to develop new routes to produce isobutylene. Two
of these new approaches also consider direct etherification of two alcohols. This

section will review the various alternatives currently being proposed.

3.3.1 Isomerization of Linear Butene to Isobutylene.

Equilibrium studies show that, at low temperature the most favored butene
isomere is isobutylene. For example, at 400 K, isobutylene can compose as
much as 60 % of a butene mixture (Butler et al., 1993). Zeoclites with their strong
acid sites can, in the proper temperature range, catalyze isomerization
reactions. Narrow pores zeolites add a shape selectivity effect, thus limiting the
formation of unwanted dimers. Moreover, in the case when regeneration is
needed, zeolites can withstand the high temperatures required. In all these

respects, the most promising zeolite is the ferrierite.

Confirming this trend a new large scale demonstration isomerization plant

was announced in 1993 (Butler et a/., 1993).
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3.3.2 Butane Isomerization to Isobutane and its Dehydrogenation to
Form Isobutylene.

In order to increase the octane number of the butane feedstock through
the alkylation process, butane isomerization has been used quite extensively for
over 30 years. By now, this is a well known and established process. Over the
years new catalysts have been developed to catalyze the isomerization reaction
at temperatures below 200 °C where isobutane formation is thermodynamically

favored (Frischkorn ef al. 1988).

Following isomerization, the next process step is the dehydrogenation of
isobutane. Isobutane is circulated through a furnace where it is catalytically
converted to isobutylene. Typical byproducts such as methane and propylene

are also formed (Monfils et al., 1992).

3.3.3 Methanol to Produce Isobutylene

Isobutylene can also be produced from methanol. Methanol is reacted on
silicate titanium oxides impregnated catalysts producing a stream containing up
to 15 wt % of isobutylene, 20 wt % of isobutane, 5 wt % of linear butane and 10
wt % linear butene (Anthony et al., 1984). Reaction conditions are 410 °C and 1

atm. Then, this stream can be reacted with methanol to obtain MTBE. The main
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advantage of this process is the possibility of producing MTBE from methanol,

with methanol readily available from synthesis gas.

3.3.4 MTBE from Tert-Butyl Alcohol.

Tert-Butyl Alcohol (TBA) is a byproduct of the production of propylene
oxide. This by-product is available in large quantities. TBA could be coupled
directly to methanol to form MTBE. However, there is strong indication that direct
coupling of TBA to methanol is not viable (Matouq et al., 1994). Matouq et al.
showed that isobutylene is necessary for the formation of MTBE from methanol
and TBA. Therefore, the other option is to dehydrate TBA first to obtain
isobutylene. Then, the isobutylene is reacted with methanol to produce MTBE.
Dehydration of TBA to isobutylene shows significant potential as the TBA
dehydration can be carried out at 315 °C with a 99.7% conversion (Abraham et

al., 1992).

3.3.5 MTBE from a Mixture of Methanol and Isobutanol

Methanol and isobutanol are two main alcohols obtained from the reaction
of synthesis gas. The composition of the product mixture reached 48% for
methanol and 20% for isobutanol. The catalysts studied contained copper,

manganese, zinc, chromium and potassium oxide (Stiles 1991). The ratio of
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methanol to isobutanol and their quantity could eventually be controlled by
modifying the catalyst, the reaction conditions and the composition of the syngas

(Stiles 1991).

Of the alternative routes for MTBE, and considering the large availability
of natural gas, syngas has excellent potential to produce MTBE. Most of the
other alternatives use products which are mostly available through refining and
are already in high demand for other chemical processes. Considering these
facts, the remainder of this literature review will focus on the alternative

processes for MTBE from synthesis gas.
3.4 Thermodynamics of the Reaction
When methanol and isobutanol are being used as the MTBE feedstock,

two reaction paths can be followed. The first one is the direct etherification

reaction of methanol and isobutanol to obtain MTBE.

CH,OH +(CH,),CHCH,0H — CH, — O - C(CH,), (32)
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The second path begins with the dehydration of isobutanol to obtain
isobutylene. This is followed by the addition of methanol to the dehydration

product.

First Step
(CH,),CHCH, - OH — (CH,),C=CH, + H,O (33
Second Step

(CH,)C=CH, + CH,OH - CH, - O - C(CH,), (3.4)

The direct synthesis of MTBE from methanol and isobutanol is the most
interesting of the two described routes as only one reaction step is involved, the
etherification reaction eq(2.2). Unfortunately the main product of the reaction
from methanol and isobutanol is methyl isobutyl ether, MIBE, an isomer of
MTBE. It appears that thermodynamic equilibrium does not prevent the
isomerization of MIBE toward MTBE and that kinetic limitations may explain this
behavior; i.e. the isomerization reaction rate is very slow when compared to the

etherification reaction rate (Klier et al., 1991).

The synthesis of MTBE from methanol and isobutylene, eq(2.4), is
strongly influenced by thermodynamic limitations. The reaction is exothermic

with AH= -37.7 kJ/mole at 288 K (Rehfinger et al., 1990). As expected the
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equilibrium is shifted to the product side when temperature is lowered and to the

reactants side when the temperature is increased.

To predict equilibrium conditions different theoretical equations have
been developed. An example of these equations is the one derived using the
UNIFAC model for the case of MTBE synthesis in the liquid phase (Colombo et

al., 1983).

InK! =-10.0982 + 425Tﬂ +02667InT

1 a
———> 00242v V' (P-P 35
RTZ' L( ") (3.5)

Methanol has a non-ideal behavior because of its polar nature displaying
activity coefficients higher than one while isobutylene and MTBE activity
coefficients are closer to unity. The fourth term of the right hand side of eq (2.5)
represents the influence of pressure on fugacity and it was found to be negligible
for pressures below 20 atm. However, Colombo et al. 1983 expressed concerns

of using eq(2.5) to predict equilibrium for high methanol concentrations.

As eq (2.5) is only adequate for liquid phase MTBE reaction, another

equation was developed for gas phase reactors (Tejero ef al., 1988):

InK = 7340T" — 4.749(InT) + 1169 x 10T
~4339x10°T* +2514 x 10T +465 (3.6)
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In the case of the gas phase MTBE synthesis, fugacity coefficients for
various components are very close to unity. Consequently, the equilibrium
constant can be computed using directly the gas fractions of each of the
components and the total pressure of the system. Equilibrium constants obtained
from various experiments were compared to the theoretical ones and good

agreement was found (Tejero et al. 1988).

3.5 Potential Byproducts Formed During the MTBE Reaction

While methanol and isobutylene are reacted together to form MTBE other
parallel reactions, producing undesirable byproducts may take place. The three
main byproducts are: a) dimethyl ether (DME), b) tert-butyl alcohol (TBA), c)
diisobutylene isomers (2,4 4-trimethyl-1-pentene (2,4,4-TMP-1), and 2,4 4-

trimethyl-2-pentene (2,4,4-TMP-2) .

The various reactions leading to byproducts formation can be summarized

as follows:

2CH,0H — CH, - O - CH, + H,0 (3.7)

(CH,),C = CH, + H,0 — (CH,),C - OH (3.8)
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2(CH,),C = CH, - CH, = C(CH,)CH,C(CH,), (2,4,4-TMP-1)  (3.9)

2(CH,),C = CH, — CH,C(CH,) = CHC(CH,), (2,4,4-TMP-2) (3.10)

Although these byproducts have potential to contribute to the final octane
number of gasoline, they are less interesting than MTBE because of their lower

octane number ( Ali et al., 1990).

Several strategies have been used to reduce the production of these
undesirable byproducts. First, the ratio of methanol/isobutylene is kept above 1
to suppress the dimerization of butene. Reaction temperatures below 100 °C
diminish the formation of DME. Finally, the pretreatment of the feed stream,

removing water, prevents the formation of TBA.

3.6 Kinetics of the Reaction on Amberlyst-15

Amberlyst-15 is the most used catalyst for the synthesis of MTBE. Several
studies have been published to explain the kinetics of MTBE formation. Most of
the studies consider that the MTBE synthesis is an heterogeneous reaction
occurring on a solid catalyst. The reaction takes place in several steps. For a

porous catalyst, reactants have to diffuse through the pores, adsorb on the
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surface of the catalyst and react forming products. Products have to

subsequently desorb and diffuse out of the catalyst.

In the case of the MTBE reaction, Zhang ef al. (1995) reported that, below
333 K and for particles smaller than 0.74 mm, no mass transfer limitations were
observed. Al-Jarallah et al. (1988) indicate that stirring the mixture of MTBE and
Amberlyst-15 above 1000 RPM eliminated mass transfer limitations for all
experimental conditions, i.e. 70-100 °C. Ali et al.,, 1990 argued that the use of
particle size, 0.32 and 0.60 mm, had no effect on fractional conversion at 333 K
and conclude that intraparticle diffusion was negligible. Therefore, diffusion
inside the catalyst was not a limiting step in the reaction process. Taking into
account the absence of diffusional limitations, Zhang et al. (1995) described the

reaction as being a pseudohomogeneous process.

As a result of this, the approach adopted by different authors is the use of

models that consider the following hypothesis:

a) the overall reaction rate is controlled by the intrinsic reaction rate,
b) methanol and/or isobutylene are adsorbed on the catalyst surface,

c) the reaction takes place between the adsorbed reactant proceeds
on the surface of the catalyst,

d) MTBE desorbs from the surface of the catalyst.
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The reaction between two adsorbed molecules can be described by the
Langmuir-Hinshelwood mechanism. The reaction between an adsorbed
molecule and a second one in the gas phase can be described by the Rideal-
Eley mechanism. The controlling step can either be the adsorption of the
reactants on the surface, methanol and/or isobutylene, the reaction occurring on

the surface or the desorption of the product (MTBE).

Ali et al. (1990); Al-Jarallah et al. (1988); Rehfinger et al. (1990); Zhang et
al. (1995) agreed that a model describing the reaction as the limiting step with
methanol being the only adsorbed reactant better fit the experimental data. A list

of proposed rate equations is given in Table 2.3.

Table 3.3: Rate Equations Proposed in the Literature

Reference Equation

Al-Jaraliah (1988) r = kK* GG, -C /K, _
' ’ (1+KACA +KcCc)

Ali et al. (1990) r o= kC.C, —kRC,

' C,+RC.

Rehfinger et al. y okl _1 a2

(1990) ! a, K_a;

Zhang et al. (1995) okl 4

! a, K_a, |

Note: indices are A = methanol; B = isobutylene; C = MTBE; a = order of methanol;
b = order of isobutylene; c= order of MTBE

C = bulk concentration; a = bulk activities

R = ratio of MTBE to methanol adsorption constant
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Ali et al. (1990) employed a model developed by Gickel et al. (1983)
assuming: a) a negligible number of free sites, b) a high value for the RC¢ term,
and, c) a high methanol surface concentration. In agreement with this, Rehfinger
et al. (1990) et Zhang et al. (1995) both assumed that the number of free sites
were negligible and that the adsorbed fraction of other chemicals species but
methanol was insignificant. While various models assume the reaction to be first
order for all the chemicals involved, Al-Jarallah et al. (1888) reported the
reaction to be first order for methanol, half order for isobutylene and 1.5 order for

MTBE.

Regarding the apparent energy of activation, Table 3.4, the values

reported are, with only one exception, in a quite similar range.

Table 3.4: Energy of Activation of the MTBE Reaction on Amberlyst 15 from
Different Literature Sources.

References Energy of
Activation
kJ/mol
Gicquel and Torck (1983) 82.0
Al-Jarallah et al. (1988) 87.9
Ali et al. (1990) 68.9
Rehfinger et al. (1990) 92.4
Zhang et al. (1995) 85.4

Note that Ali et al. (1990) obtained a value which is significantly lower

than the other literature references. This could be explained by the fact that Ali
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et al. (1990) performed experiments for MTBE synthesis in a gas phase reacting

system while all the other authors developed studies in the liquid phase.

3.7 Catalyst Investigated For the Production of MTBE

Since methanol and isobutanol can be readily available in a mixture, refer
to section 3.3.5, it is interesting to develop a process where the two chemicals
would not need to be separated thus reducing the cost for the MTBE synthesis.

Keeping this concept in mind, two processes have been proposed:

1) direct coupling of methanol and isobutanol

2) dehydration of isobutanol to isobutylene followed by
methanol to isobutylene coupling

As it is described before, the first process is not allowed due to kinetic
limitations. Moreover it is shown by Nicolaides et al. (1993), that the main
product of the reaction with methanol and isobutanol is MIBE. The two catalysts
compared in their study were Amberlyst-15 and H-ZSM-5 zeolites. The
experiments were conducted in the gas phase at ambient pressure using a
tubular stainless steel reactor. The temperature of reaction for Amberiyst 15 was
84 to 121 °C and for H-ZSM-5 was 75 to 100 °C. The catalyst giving best results

for these conditions was Amberlyst 15 with a yield of MTBE and MIBE of 3.3%
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and a MTBE/MIBE ratio of 1 to 8. Several other byproducts, such as TBA, DIB

and C,, were also present.

Resuits from Klier et al. (1993) corroborate Nicolaides et al. (1993)
findings. Klier et al. (1993) experimented four different ion exchanged resins:
Amberlyst-15, BioRad, Nafion MS and Purolite; and five inorganic catalysts: H-
ZSM-5, y-alumina, H-Modernite, Montmorillonite, Silica-Alumina and Sulfated
ZrO2. In the case of the resins, the reaction conditions were 90 °C and 1 atm.
These conditions led to the formation of MIBE and a smaller quantity of MTBE
with about the same MIBE/MTBE ratio as found by Nicolaides et al. (1993). Most
of the inorganic catalysts gave similar results. H-Mordernite did not show any
sign of activity toward MIBE or MTBE and y-alumina led to the production of

MIBE only.

Nunan et al. (1993) reported a kinetic study of the direct coupling of the
alcohols using Nafion H resin. Several products were identified: methyl isobutyl
ether (MIBE), diisobutyl ether, diisobutylene, dimethyl ether and butene. The
selectivity toward MIBE was higher than toward dimethyl ether or diisobutylene
ether. Moreover, the direct coupling of methanol and isobutylene was also
experimented with Nafion H resin. MTBE was found to be the only ether present

in the product stream with a selectivity greater than 99.9%. In light of these
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results, the authors proposed that the presence of isobutylene was necessary for

the formation of MTBE but not for the formation of MIBE.

Knowing that the main product from the direct coupling of methanol and
isobutanol is MIBE another process could be proposed. The first step could
involve the coupling of the two alcohols followed by the isomerization of MIBE to
MTBE. However, the possibility to realize this process is limited given the lack of

technical information available on ethers isomerization.

3.7.1 Use of Two Reactors In Series

Nicolaides et al. (1993) conclude from their results that isobutylene is a
necessary precursor to MTBE synthesis. They consider the potential use of a
train of two reactors: a) the first reactor dehydrating isobutanol, b) the second
reactor performing the MTBE synthesis. Between the two reactors a condenser
removes the excess water from the dehydration reactor preventing the formation

of tert-butyl alcohol in the second reactor.

According to Nicolaides et al. (1993), the difference of optimal
temperature between the isobutanol dehydration and the methanol to
isobutylene coupling justifies the use of more than one reactor. These authors

argue that the dehydration reaction necessitates a temperature above 150 °C
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while the temperature for the etherification reaction must be below 100 °C

because of equilibrium limitations.

Methanol Methanol |Methanol
[sobutanol Isobutanol Isobutanol
DME DME |omE
r e c.
MTBE MTBE MTBE
MIBE MIBE MIBE
Methanol T8A TBA TRA
Isobutanol Water Water Water
—> I Dchydration ' ICondenscrI | Etherification | —

l

Water
Methanol

Figure 3.2: Schematic of the Two Reactor System: Dehydration Reactor and
Etherification Reactor. (Nicolaides et al., 1993)

Nicolaides et al. (1993) found that the more suitable catalyst for the
dehydration of isobutanol was silica-alumina while Amberiyst 15 was the best for
MTBE synthesis. In fact, dehydration of isobutanol forms four butene isomers.
The highest isobutylene selectivity based on isobutanol was 69.2 % at 225 °C.
With this selectivity, the total conversion of the isobutanol toward butenes

reached 96%. The etherification reactor temperature was maintained at 50 °C.

Compositions of the stream coming out of each reactor were analyzed
and MTBE along with MIBE were positively identified in both cases. The mass

fraction of MTBE and MIBE at the outlet of the first reactor was 4.8% and at the
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outlet of the second one, 27.8 %. The MTBE/MIBE ratio were respectively 1/14

and 11.7/1.

3.7.2 The Dehydration of Isobutanol

The dehydration of isobutanol is a fairly straightforward reaction but it can
also lead to the formation of several byproducts. These reactions are the
etherification of the alcohols to obtain diisobutanol, the dimerization of the

butenes or the formation of higher hydrocarbons.

The dehydration reaction is a more energy demanding reaction than the
etherification and an increase in the temperature favors the formation of butenes
(Nunan et al. 1993). The partial pressure of isobutanol also plays an important
role in the case of Nafion H resin. An adsorbed atom of isobutanol is assisted by

a free acid site to complete the dehydration (Nunan et al. 1993).

Contrary to Nicolaides et al. (1993), who argue that the dehydration of
isobutanol using y-Alumina formed a whole array of butenes, section 3.7.1,
Knézinger et al. (1972) reported that, while using alumina catalyst, the only
butene detected was isobutylene. The range of temperatures considered varied

from 150 to 300 °C.
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Makarova et al. (1990) reported, however, that reaction temperatures
between 100 to 150 °C can be used with H-ZSM-5 and this is well below the

225°C reported by Nicolaides et al. (1990).

From these results, it appears that no general conclusion can be drawn
about optimum conditions for the dehydration reaction. Furthermore, optimum
conditions to obtain the largest amount of isobutylene seem to be catalyst
sensitive. In this context, different combinations of reaction conditions and

catalysts could probably be used in the future to obtain better results.

3.7.3 The Etherification Reaction

Although the actual process to produce MTBE has been already used for
over 20 years not much is known about it besides some of the kinetics features
discussed earlier. New catalysts and reaction conditions are currently being

investigated.

Most of these recent studies have been conducted in the vapor phase
and this contrasts with the currently used liquid phase industrial process.
Studies with the new macroreticular ion exchange resin Amberlyst-35 appear to
be the exception (Ladish et al. 1993). Resins such as Purolite and BioRad (Klier

1993) were also studied. Also various types of zeolites were investigated:
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Modernite, Beta, REHY (RE stands for rare earth), REAIY, ZSM-5 and ZSM-11
(Chu 1987). In order to have a basis for comparison, experiments were normally

developed in parallel with tests using the industrial catalyst Amberlyst 15.

Concerning resins, experiments were typically conducted at a pressure of
1 atm, and a temperature of 75 °C. In the case of the Amberlyst 35, the selected
pressure was either 10 or 20 atm, and the temperature 55 °C which closely
match industrial conditions. For Amberlyst 35 a feed comparable to an industrial
one was used while the reactant mixtures for other catalyst were composed of
methanol and isobutylene. The BioRad resin did not present any reactivity (Klier
1993).. The Purolite resin was active with a conversion of 15.8% which is lower
than the 24.6 % found with Amberlyst 15 (Klier 1993). Amberlyst 35 gave a
conversion of isobutylene of 95.5 % and this was higher than Amberlyst 15 for
the same conditions (Ladish et al. 1993). The selectivity of both Amberlyst 15

and 35 toward MTBE was 99%.

Other tests with varying temperatures and space velocities were
performed with the BioRad resin. While varying the temperature, the highest
conversion observed was 19.2 % at 85°C. In the case of the space velocity, the
temperature was kept constant at 75 °C. Doubling the space velocity decreased
the conversion by half to reach 7.4%. Diminishing the space velocity by half

more than doubled the conversion bringing it up to 36% (Kilier et a/., 1993).
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The six zeolites mentionned earlier in this section, were first tested in
order to find out which ones give best results (Chu 1987). Reaction conditions
were 1 atm, and the inlet temperatures were 82 °C and 93 °C. Modernite and
Beta displayed, in all the cases, a selectivity toward MTBE lower than 58% with
an isobutylene conversion lower than 37%. REHY and REAIY gave a selectivity
toward MTBE ranging between 85 and 98.8 % with a maximum conversion for
REHY of 12.5% and for REAIY of 25.6%. The two best catalysts were H-ZSM-5
and H-ZSM-11 with a selectivity toward MTBE over 99% and a conversion of
30.5%. Further experiments were developed with these two zeolites and with

Amberlyst-15 as a basis of comparison. Results are presented in Table 3.4.

Table 3.4: Results Reported for Zeolite H-ZSM-5 and H-ZSM-11 Compared with
Amberlyst-15 (Chu ef al., 1987).

H-ZSM-5 H-ZSM-11 Amberiyst-15
Methanolfisobutylene 1.00 105 110 1.00 105 110 1.00 1.05 1.10
Temperature °C 78 80 82 N/A. 78 79 65 58 51
Conversion of 896 898 90.1 N/A. 887 902 931 934 945
isobutylene %
Yield of MTBE % 89.6 898 90.1 N/A. 887 902 860 894 927
Selectivity % 100 100 100 N/A. 100 100 92.4 95.7 98.1

The two zeolites tested gave 100% selectivity towards MTBE at any of the
methanol/isobutylene ratios considered. The highest selectivity that Amberlyst-
15 could reach was 98.1 and this selectivity was influenced by the

methanol/isobutylene ratio.
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3.8 Effects of Catalyst Acidity on the Production of MTBE

The concentration and the strength of acid sites have effects on the
production of MTBE from methanol and isobutylene. As shown in the case of
Amberlyst-35 versus Amberlyst-15, Ladisch et al. (1993), an increase in the
density of acid sites having the same strength increased the conversion of
isobutylene toward MTBE. Ladisch et al. (1993) reported that the equilibrium
concentrations of Amberlyst 35 was different from the ones obtained with
Amberlyst-15. They proposed as an hvpothesis that catalysts with different gel-
phase properties affect the activity coefficients differently. This translates, for
Amberlyst-35, in an increase in the equilibrium constant based on molar

fractions.

In the case of zeolites the acid strength of the catalyst can be varied by
ion exchange. NaY zeolite can be ion exchanged to obtain HY zeolite which in
turn can be partially ion exchanged with alkali nitrates of Li, Na, and Rb
(Kogelbauer et al. 1994). The resuit was a group of four different catalysts
having the same number of acid sites but with different strengths. The highest
site strength belonged to HY followed by LiHY, NaHY and RbHY. For the four
catalysts considered, the initial rate of reaction was mostly the same but
changed with time-on-stream. The degree of coking for the four catalyst was also

different: HY 6.1 wt %, LiHY 5.2 wt %, NaHY 4.4 wt % , and, RbHY 3.2 wt %.
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At steady state LiHY had the highest rate of reaction then came NaHY,
HY and RbHY. In the case of RbHY, the higher size of the Rb ion impeded the
pore diffusion of reactants and explained its diminishing activity. For the other
parent catalysts, the size of the ion could not explain the catalyst deactivation.
The formation of isobutylene dimers which were strongly bonded upon reaction
onto the catalyst surface was advanced as a possible factor causing

deactivation (Kogelbauer ef a/. 1994).

Another method to modify the strength of the acid sites, in the case of
zeolites, is to proceed through the dealumination of the catalyst increasing the
acid strength but decreasing the number of sites (Nikolopoulos et al. 1994).
Dealumination of HY zeolite was effectuated and the activity of the catalyst
toward MTBE was increased (Nikolopoulos et al. 1994). Different methods of
dealumination were used but the samples dealuminated by ammonium
hexfluorosilicate or steam dealumination showed the higher increase in catalyst

activity (Nikolopoulos et al. 1994).

3.9 ZSM-5 and its Major Characteristics

ZSM-5 has characteristics that made it one of the most interesting
industrial catalyst. ZSM-5 is formed by a network of pores that offers shape

selective capabilities (see fig 2.3). The pore sizes of ZSM-5 are 5.4 x 5.6 and 5.1
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x 5.5 A. In the case of the MTBE synthesis, these sizes of pores offer rapid
diffusion of methanol, 3.7 x 4.2 A, while hindering the diffusion of isobutylene,
3.9 x 5.4 A (Chu et al. 1987). As explained in Chu et al. (1987), a molecule of
isobutene diffusing through the zeolite pores would more likely have to react with

methanol, already adsorbed onto the acid sites, to form MTBE

ZSM-5 also offers, after ion exchanged, a strong acid catalyst called H-
ZSM-5. In Kogelbauer et al. (1995), this characteristic was enlightened by the
selective adsorption of different reactants onto the acid sites. The acid sites
provide a higher affinity for methanol. Experiments where methanol was
preadsorbed on the catalyst showed an increase in the rate of reaction and on
the selectivity toward MTBE. When isobutylene is preadsorbed on the catalyst, it
led to the formation of diisobutylene which tended to poison the catalyst given its
high adsorption energy. Moreover, when methanol was preadsorbed, no catalyst
deactivation was observed even after two hours on stream. From these results,
preadsorption of methanol seems to be a main factor for H-ZSM-5 high
selectivity toward MTBE. Nevertheless, Kogelbauer et al. (1995) do not exclude
the fact that the shape selectivity properties could cause some mass transfer

limitations and this can favorably influence selectivity toward MTBE.
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Fig 3.3: Structure of ZSM-5 Zeolite (from: Zeolite Catalysis: Principles and
Applications, 1990)-
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3.10 Conclusion

Although the production of MTBE seems to be a well established process,
the introduction of new legislation such as the Amendment to the Clean Air Act
of the United States open doors to new research opportunities. The improvement
of existing processes is the most promising solution to the problem.
Nevertheless, new sources for the MTBE process feedstock are needed to meet

future MTBE demands.

The most promising MTBE feedstock is certainly synthesis gas from which
methanol and isobutanol can be obtained. As a result, new processes involving
new catalysts and new reactor designs are required to take advantage of this
potential path. Catalysts such as H-ZSM-5 may lead the way for these potential

innovations and will certainly serve as basis of future processes.
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Chapter IV

Synthesis, Pelletization, and Characterisation of H-ZSM-5

4.1 Introduction
This chapter describes the synthesis of the H-ZSM-5 catalyst used in this project.

Several steps are involved in the preparation of such a catalyst:

a) the synthesis of the catalyst to obtain the Na* form,

b) the ion-exchange of the catalyst followed by a calcination to obtain the H*
form,

c) the pelletization of the catalyst into 60 microns pellets.

Through all these steps different techniques of catalyst characterisation are used to
establish the quality of the zeolite obtained. These techniques and the results of the

various analyses are presented in the last section of this chapter.

4.2 Synthesis of Na-ZSM5

The synthesis of this type of zeolite requires moderate conditions of temperature
and pressure which are respectively: 150 °C and 690 kPa. An autoclave, available at the
CREC's laboratories, was employed to achieve these conditions. The autoclave is a vertical

insulated vessel with a heating element embedded into the walls. A cover equipped with
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orifices for a pressure gauge, a thermocouple, and a stirrer seals the top of the vessel. The
autoclave is filled with a reaction mixture and then heated up to reach the temperature
required. As the mixture heats up, water evaporates and the pressure increases in the

autoclave.

Three basic components, aluminium, silicate and oxygen, are required to form the
two distinct building blocks of the zeolites crystals, Figure 4.1. These three components are
available in the sodium silicate and the aluminium sulphate which are the reagents used in
the zeolite synthesis. The quantities of aluminium and silicate were calculated to obtain a
Si/Al ratio of about 20. An organic compound, called tetrapropyl-amonium bromide (TPA-
Br), was used as a template for the crystals. The sodium ion, contained in sodium chloride,
was used as seeds for the crystals as well as to balance the ionic charges in the crystals
formed. All these components when mixed together form a gel that solidifies with time. In

order to avoid quick solidification of the gel, sulphuric acid was added to keep the pH low.

> 3
G
- -
Sitica Aluminag
tetrahedron tetrahedron

Fig 4.1: Basic Building Blocks of Zeolites
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The gel was first stired for 2 hours at room temperature before closing the
autoclave. Following this, the mixture was stirred and heated for 3 to 6 days. X ray
diffraction analysis confirmed the nature of the crystal. The X-ray diffraction results obtained

are presented in section 4.6.1.

In order to remove the template from the catalyst precursor, calcination of the
catalyst must be accomplished. In the present study, calcination was done by keeping the

temperature of the catalyst at 500 °C for 12 hours.

4.3 lon Exchange of the Catalyst

Following the first step of ZSM5 production, described in the previous section, the
catalyst is in the Na* form. To obtain the desired H-ZSM-5 acid form, the zeolite had to be
ion exchanged. To achieve this, the NH,-ZSM-5, precursor of the acid ZSM-5 or H-ZSM-5,
had to be formed. Sodium ions, Na“, must be exchanged with NH," ions. Solutions of
ammonium nitrate, NHsNO;, or ammonium chloride, NH,Cl, are used to perform this ion
exchange. The concentration of the NH,CI solution employed was 1 M. The solution was
heated with the catalyst at a temperature of 80 °C for 12 hours. To achieve a high degree of
exchange of Na” and NH.", five ion exchanges were performed as recommended by Hagey

(1997), four with the ammonium nitrate and one with ammonium chloride.
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with air at a low pressure, 104 kPa, producing a fine mist that is quickly dried with hot air.

The particles obtained are recovered with a cyclone.

The first step, in the catalyst pelletization technique, was to prepare a slurry
containing the catalyst (Gianneto, 1993). Sulphuric acid was used to keep the pH low in
order to avoid slurry gellification which would eventually plug the injection system. In fact,
the pH should be set on the edge of the gellification point to facilitate the formation of the
pellets. A pH of 2 was adequate as gellification was observed after 2 or 3 hours. Kaolin, a
crystalline form of silicate, was used as binder and also to increase the mechanical strength
of the pellets. Sodium silicate was used as a filler. Once all the components were mixed

together, the resulting slurry had to be quickly spray dried.

Figure 4.3 shows a side view of the spray dryer available in the CREC laboratory.
Two air streams are working together to dry the mist. The entry of one of these streams is
located at the top of the spray dryer and distribute air axially through an honeycomb to even
the flow across the cylindrical section. The second air supply is located about halfway
through the drying chamber and supplies air tangentialy giving a swirling motion to the
particles, increasing, as a result, their residence time. In both feeders the air is preheated
using a coil of the type found in industrial heat guns with the air coming from the top feeder
at 260 °C. A peristaltic pump feeds the slurry to a nozzle assisted by a flow of air at 105
kPa. A cooling jacket keeps the nozzle cold to avoid gellification of the slurry in the injection

chamber.
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A needle fixed at the end of a rod and going all the way down the nozzle mounting,
was pushed periodically through the nozzle tip to avoid plugging. To ensure good
operation, the nozzle was removed between each run and completely cleaned as a crust

was forming at the tip of the injector.
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Fig 4.3: Schematic of the Spray Dryer available at CREC Laboratory.
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The solid content of the slurry was 51 grams in a total volume of 170 ml. The solid
composition of the slurry was 20 wt% of catalyst, 40 wt% of kaolin and 40 wt% of sodium
silicate. From these 51 grams about 50 % of solid was recovered. Furthermore, from the
final product, 50% had to be discarded after sieving because the size of the particles was

too small. Thus, the overall particles yield between 38 and 106 microns was 25 %.

After sieving the final product, the catalyst pellets were washed again with deionized
water. The kaolin has a crystalline structure and, following calcination, was retumed to an

amorphous structure. Two hours at 560 °C was sufficient to perform this task.

An extra ion exchange had to be performed as it was found that the sodium
contained in the sodium silicate returned the catalyst to its Na” form. The use of an acidic
source of the ion NH," was not allowed as it caused the breakdown of the pellets forming a
powder. To avoid this problem a 1 N solution of ammonium hydroxide (NH,OH), a weak
base, was employed for the ion exchange without causing the pellets to rupture. The ion
exchange with NH.OH was performed during three days, changing the solution at the

beginning of each day and stirring it three times a day.
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4.5 Characterisation

Throughout the process of production of the H-ZSM-5 catalyst several
characterisation techniques were used to establish the formation of the desired crystals and
their degree of crystallinity. The following section describes the techniques used and the

results obtained.

4.5.1 X-ray Diffraction (XRD)

X-ray diffraction is one of the major techniques used to identify crystalline structures
of catalysts. An X-ray diffractometer is composed of a source, a sample holder and a
detector. The source and the detector are at a fixed angle from the horizontal while the
sample angle, called scattering angle, changes during the analysis. X-rays are emitted
toward the sample and are scattered by the electron clouds of the different atoms. This
diffraction effect is sensed by the detector. For each scattering angle, the sample is
bombarded by X-rays for a fixed period of time. If a specific pattern of atoms appears inside
the substance analysed for one or several positions of the sample, the signal from the
detector is stronger and shows a sharper peak on the final spectrogram. In the case of a
substance which has no crystalline structure, the spectrum gives only a line composed of

small peaks with approximately the same intensities.
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As the structure of the zeolite crystals are tri-dimensionnal, the XRD is a technique
of choice. Each atom of the crystal contributes to the observed XRD pattern which is as
specific as a fingerprint for a human being. Thus, each type of crystalline structure
possesses its own XRD pattern and can be identified by comparison with another available
pattern. In a word, the position of the peaks and their relative intensities are specific for

each crystalline structure and correspond to a unique catalyst.

Figure 4.4a shows a theoretical calculation of the XRD pattern of H-ZSM-5. Figure
4.4b presents an experimental pattern found in the literature. The XRD pattern of the
present catalyst (Figure 4.5¢), realised at the Geology Department on the UWO campus, is
in good agreement with the two previous patterns. The position of the peak as well as their

relative intensities are very similar.

Figure 4.5 presents the XRD analysis at different stages of the pelletization. Figure
4.5a displays the XRD analysis for kaolin alone showing its crystalline structure. Figure
4.5b reports the XRD of the pellets after being washed with deionized water. In Figure 4.5b,
the specific peaks of kaolin and H-ZSM-5 appear together. Fig 4.5¢c shows the final XRD
results after the calcination of the pellets at 500 °C. These results clearly indicated that the
kaolin structure has completely disappeared and that only the H-ZSM-5 crystalline structure

remains in the pellet.
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4.5.2 Temperature Program Desorption Analysis (TPD)

TPD analysis was used to determine the strength of the acid sites available on the
catalyst as well as their relative densities. To perform this analysis ammonia was circulated
through the catalyst and adsorbed by the different acid sites. Ammonia bounds more or
less strongly depending on the type of acid site. A brief description of the method used is

provided in the following paragraphs.

In order to remove the impurities that may be adsorbed on the catalyst surface, the
catalyst was outgassed with helium for 12 hours at 200 °C. Following this operation, the
temperature of the furnace was brought down to room temperature. Then, helium,
containing 4.3 % ammonia, was circulated over the catalyst for 30 minutes. After the
adsorption of ammonia was completed, pure helium was fed to the system for 30 minutes to
remove the excess. Finally, the catalyst was heated up to a temperature of 500 °C at a rate
of 15 °C/min. This temperature was kept for 30 minutes. As the catalyst was heated up,
ammonia desorbed from the catalyst and a Thermal Conductivity Detector, TCD, analysed
the resulting gas mixture of helium and ammonia. A constant flow of helium was maintained

throughout the desorption of ammonia.

TPD results, Figure 4.6, show two peaks: one at 230 °C and the other at 400 °C.
The strength of the acid sites is a function of the temperature: the higher the peak

temperature the stronger the acid sites. The results obtained from the analysis correspond
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to two strengths of acid sites. The relative area of the weaker sites represents 84 % of the
total area, the difference being stronger sites. This shows that weaker sites were more

abundant than the strong ones.
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Fig 4.6 Resuits of the TPD Analysis of the H-ZSM-5
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4.5.3 BET Analysis

BET analysis was used to assess the specific area of a catalyst. The surface area of
a catalyst is a good sign of its potential activity. The higher the surface area is, the higher
the potential catalytic activity and the possibility for reactants to interact. The type of
analysis performed in this case is known as single point BET as only one equilibrium

pressure is obtained for the adsorption of nitrogen.

Prior to all operation, the sample was weighed. The sample was then outgassed at
200 °C cvernight using helium to remove any potential contaminant. Then a mixture of 30
% nitrogen and 70 % helium was circulated through the catalyst. Liquid nitrogen was
employed to refrigerate the catalyst to 77 K at which temperature nitrogen was adsorbed
onto the catalyst surface. The sample was then heated up using water at room
temperature. Because of its high density, water provides an almost instantaneous shift to

room temperature. The increase in temperature caused the nitrogen to desorb.

Nitrogen adsorption and desorption decreased and increased the nitrogen
concentration in the carrier gas. These changes in concentration were analysed using a
thermal conductivity detector. The areas under the desorption peaks of the chromatogram
were integrated and , using a calibration, the number of mole of nitrogen were determined.
Knowing the approximate saturate pressure of nitrogen at the adsorption temperature, the

volume of the nitrogen monolayer was calculated. Using the typical area covered by a



NOTE TO USERS

Page(s) not included in the original manuscript are
unavailable from the author or university. The manuscript
was microfilmed as received.

58 thru 60

UMI



61

'SAMPLE #
{.:\ "t‘)
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4.6 Conclusion

Physical characterisation and chemical composition of the catalyst were thoroughly
controlled using standard method of analysis available. The X-ray diffraction patterns
provided a positive identification of the zeolite crystals. The temperature programmed

desorption technique established the relative strength and the distribution of the acid sites.
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The BET analysis produced high surface areas typical of zeolite catalysts. The results
obtained from the SEM EDX gave the chemical composition of the catalyst showing
evidence of the presence of a zeolite type structure. The size and shape of the catalyst

were within the range to obtain good fluidization.

On the basis of the good results obtained for the physical and chemical catalyst
properties, the experimental program was allowed to continue to the following phase which

involved reaction testing.
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Chapter V

Experimental Methods

5.1 Introduction

Once the catalyst was synthesized and pelletized the experimental
program was ready to proceed. This chapter covers the details of the different

experimental steps:

a) development of the analytical method,
b) experiments,

c) analysis of the results.

During the course of the present study, several trials were needed until
the preferred experimental method was developed. In order to provide an

effective reporting, only the successful experimental techniques are described.

5.2 The analytical Method

The MTBE reaction was conducted in the gas phase in which case gas
chromatography (GC) appeared to be the adequate analytical technique. The
gas chromatography principle is simple; a carrier gas, in this case helium, dilutes
the sample and carries it through a column which elutes the sample into its

component. There are two common types of columns: a) the columns filled with a



64

packing component, and, b) the apen columns with only a film or a packing on
the wall. The first type is called packed column and its diameter is usually
greater than 1 mm. The second type is called capiilary column and its diameter
is usually less than 1 mm. There is also a third type of column called the packed
capillary column (Grant, 1996). For every type of column the leading principle
remains the same: the material inside the column has different adsorption
affinities for the various chemical species of the sample. As a result, chemical
species are eluted and are delivered at the end of the column at different times.
The time that a chemical takes to go through the column is called the retention
time. Finally, a detector located at the end of the column analyzes the

concentration of the chemicals contained in the carrier gas.

Gas chromatography has three main advantages: rapid execution,
adaptability, and ease of utilization. In this case, the gaseous samples do not
need special preparation or treatment. A gas chromatograph, model HP 5890,
available at the CREC's laboratory was employed. The gas chromatograph was
equipped with two types of column: a) a Poropak Q column in association with a
thermal conductivity detector (TCD), and, b) a capillary colum HP-1 linked to a

mass spectrometer (MS).

The Poropak Q column with the TCD was mainly used as a tool for
quantification of the reaction products. The TCD offers a linear response for the

reaction products analyzed which makes it very easy to use.

The HP-1 column associated to the MS was mainly used as an
identification tool. As the flow of carrier gas enters the MS vacuum chamber, the

molecules are bombarded by an electron beam which causes the molecule to
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break down. Molecule are decomposed to ionic fragments which are analyzed by
a detector. The detector's signal is translated in patterns of different molecular
weighs and corresponding abundances. These patterns are compared with data
stored in a computerized library file. Results are listed in order of similarity as
different compounds may have similar patterns. Similarities of patterns are

expressed with a percentage scale.

5.2.1 Chemicals to be Analyzed

In order to properly develop the analytical method to be used, it is
important to know the products that require identification. Methanol, isobutanol,
isobutylene and MTBE are the main four compounds expected during the
experiments. As mentioned in the literature review, some byproducts may be
encountered: dimethyl ether, diisobutylene (which has different isomers) and

MIBE.

5.2.2 Retention Time

Knowing the chemicais to analyze, the next step was to establish the
retention time for each one of them. All the chemicals listed in the previous
section were purchased with the only exception of MIBE which was not available

through chemicals suppliers.

Reactants and products were injected one by one using different
temperature programs until good peak separation was obtained. Argon which
was used as inert gas inside the Riser Simulator and also as internal standard

was also analyzed. As experiments were performed, some additional peaks
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appeared in the chromatogram. Dimethyl ether was then purchased to obtain a
clear identification of the unknown species. Figure 5.1 reports the optimized

temperature program obtained for the Poropak Q column.

In the case of the capillary column, a constant temperature of 60 °C
during the analysis appeared to be the best choice for the separation of the
chemicals species. However, methanol, isobutylene and dimehtyl ether showed
very close retention times and the HP1 column could not be empioyed. to obtain

their positive identification.

4 min

240°C

45°C/min

1 min

100°C

Fig 5.1 Temperature Program for the Poropak Q Column
5.2.3 Calibration for the Quantitative Analysis

A first step before proceeding with the quantitative calibration was to
develop several tests with similar concentration levels to the ones expected in
the gas samples. These quantities were found to be about 1078 moles for
methanol and isobutylene and 10”7 moles for MTBE. For isobutylene, being a
gas at room temperature, the amount required was related to the volume injected

using the ideal gas law. For methanol and MTBE, liquids at room temperature,
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the procedure was more complex as injections had to be done in a liquid form
and amounts involved were very small. In order to obtain these small amounts,
mixtures were prepared by diluting one component into the other. The syringe
used for the injections was weighed before and after the injection. The difference
between the two measurements represented the mass of liquid injected for the
GC analysis. Knowing the mass injected and the weight composition of the
calibrated sample, the number of moles injected was calculated. This procedure
is explained in greater detail in the Appendix C where calibration curves are
also reported. Runs were repeated on a regular basis to ascertain any potential

changes in calibration constant.

5.3 The Riser Simulator

The Riser Simulator is a novel unit invented at CREC (de Lasa, 1991).
The Riser Simulator operates under batch conditions offering a high gas
recirculation rate. Its main advantage is to reproduce the reaction conditions in a
riser reactor: the catalyst and the reactants are in contact for approximately the
same time. After the reaction period the reaction mixture is evacuated, the

catalyst can be regenerated and a new reaction cycle is initiated.

A vacuum sampling system allows quick evacuation of the product mixture
and as a result a close control of the reaction times. Reaction times can be
varied in a broad range being typically set in the order of few seconds to several

seconds.

Fig 5.2 shows a schematics of the Riser Simulator. An impeller is located

in the unit upper section above a basket containing the catalyst. The catalyst is
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maintained in the basket by two porous plates with pores of 20 microns. The
basket and the impeller are isolated inside a sealed chamber. During an
experimental run, the impeller rotates at high velocity inducing a high upward
gas velocity. The high upward gas velocity fluidizes the catalyst and creates high
catalyst-gas mixing, which translates into intimate contacting between the
reactants and the catalyst. This high degree of mixing offers a uniform
concentration inside the reactor at all times. The gas volume of the reactant with
the catalyst loading makes it possible to reproduce typical solid hold-ups found

in riser units.

However, some of the features found in a riser reactor could not be
reproduced Iin this bench scale unit. For instance, the slip velocities, which is the
difference of velocities between the gas and the solid, are not fully equivalent to
the ones observed in industrial units and this may affect mass transfer rates.
However, Kraemer (1987) shows that the interparticle mass transfer is not a
limiting factor for the Riser Simulator. In fact, the reaction rate is the limiting
overall reaction step. Thus, slip velocity differences do not affect the overall
reaction rate. Furthermore, the solid concentration profile along the axis of a
FCC riser, being higher in the bottom of an industrial riser, cannot be
represented inside the Riser Simulator. Finally, the walil effects found in a iarge
scale FCC riser reactor cannot be incorporated directly in the Riser Simulator
analysis. Wall effects cause recirculation of catalyst, which may produce further
formation of coke and catalyst deactivation because of the longer contact time of
the reaction gases. Longer contact times may also, in the case of catalytic

cracking, cause unwanted lighter hydrocarbons.
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In spite of these differences the Riser Simulator can contribute to the
understanding of catalyst performance as it reproduces residence times found in
riser/downer units. Entry or wall effects may be incorporated through potential

mathematical modeling of the gas-solid suspension.
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Figure 5.2: Schematic of the Riser Simulator

5.3.1 Details of the Riser Simulator

Fig. 5.2 presents a side and a top view of the reactor. The reactor is

mainly formed by a bottom shell, an upper shell, a basket containing the catalyst



70

and an impeller. Heaters are inserted in the bottom and the upper shells.
Different orifices are located around the upper shell in order to sample the
reactant mixture, circulate gases, and monitor the conditions inside the reactor.
A thermocouple is inserted in the middle section of the basket to measure the
bed temperature. Another thermocouple is located in the upper section of the
reactor. A pressure transducer is connected to the reaction chamber to measure
pressure changes. An inlet and an outlet ports allow gases to be fed in the
reactor and to be removed from the reactor. Finally, an injection port is located

on the bottom shell for reactants injection.

The extent of the fluidization is a function of the gas velocity which is
proportional to the impeller speed. The impeller can turn up to a velocity of 10
000 RPM. Earlier experiments showed that the lowest impeller speed to obtain
minimum fluidization was 6300 RPM and that the bed was fully fluidized at 7875
RPM (Pekediz. 1993). Higher speed may cause pneumatic transport which is not
desirable. Another important aspect that is affected by the impeller velocity is the
mixing time. In this type of operation where the reaction time is fairly short, the
mixing time may be significant and should be as short as possible. In Pekediz
(1993), the mixing time was evaluated to be 0.02 s at 7350 RPM which is well

below 1 s and should not affect the overall reaction.
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5.3.2 The Sampling System

Attached to the Riser Simulator there is a sampling system composed of

five components:

1) a four port valve,

2) a timer coupled to an actuator,
3) a sampling bomb,

4) a sampling port,

5) a vacuum pump.

A schematic of the sampling system is presented in Figure 5.3. The four
port valve has two main functions: a) it allows gases to circulate through the
reactor, and, b) it isolates the reactor during experiments. The four port vailve is
coupled to an actuator controlling the valve position. The actuator is connected
to a timer controlling the total reaction time. The purpose of the sampling bomb

1S to collect the sample from the reactor.

Prior to each experiment, the vacuum pump is activated and empties the
sampling bomb. Once the reaction is compieted the actuator changes the
position of the four port vaive and the sampling bomb draws the reaction gases.
The actuator is activated by the timer which is preset to the desired reaction
time. A system of switches associated with the syringe injecting the reactants,
turns the timer on and off. Filling the syringe prior to an experiment sets the
valve in the reaction mode and zeroes the timer. At the time the syringe is
emptied, which corresponds to the beginning of the reaction, the timer is

activated by the action of a switch. Once the reaction time is completed, the
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timer sends a signal to the actuator which changes the valve position to the
purging mode. The sampling bomb is equipped with a septum which allows the

use of a syringe to draw the sample.

{Rcuclor Open: Purging Moa
|

I_NQ———M |Sampling Bomb I <§§> -

Py
IARGON | ~><}

i {Rcuctor Closed:Reaction mode |
f .

| g ; N
i O

Figure 5.3: Schematic of the Sampling System

Another mode of sampling was also used which consist of drawing a
sample directly from the reactor through the injection port. This method was
used when it was suspected that species concentrations were smaller than the
detection threshold of the GC. In this case, the timing of the reaction was done
manually. The syringe was wrapped with insulation material and heated prior to

each sampling in order to avoid condensation.
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The dew point of the sample mixture was calculated with Hysim and was
determined to be 27 °C. The results were confirmed with different properties

packages available on Hysim, e.i. Peng Robinson, Activity models.

5.4 The Experimental Procedure

Each experiment was performed in a sequential fashion. The first step of
an experiment was to purge the reactor and the sampling bomb using argon as
the inert gas. The four port valve was set in the purging mode. This was
accomplished by keeping the syringe in the empty position. At the same time,
the valve at the exit of the sampling bomb was set in the vent mode. This
purging step ensured that the reactor was free of any remnants from previous
experiments or contaminants that could have been introduced while opening the
reactor to the atmosphere. Ten minutes was judged sufficient to ensure a proper
purging of the reactor. The next step consisted in closing the argon flow allowing
the pressure to stabilize to the atmospheric level. Once the atmospheric
pressure was reached the reactor was closed by setting the four port valve in the

reaction position and this was accomplished by filling the syringe.

Once the reactor was purged and brought back to atmospheric pressure,
the next step was to prepare the sampling system. The pressure of the sampling
bomb was lowered to subatmospheric conditions with the help of the vacuum
pump. An absolute pressure of 14 to 15 KPa was judged sufficient to remove the
reactor content in a short period of time, less than a second. The gas line
coming from the sampling bomb to the vent was diverted to the vacuum pump by

setting the three way valve in the proper position. Once the targeted pressure
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was achieved the valve located between the pump and the three way valve was

closed.

The syringe, for the liquid reactants injections, had to be calibrated to
constantly inject a known weight of liquid. Thus, before the experiment began,
several injection volumes were weighed to ensure reproducibility. The balance
used to weigh the injection volumes was precise to a 0.001 gram. An average

weight was used in all calculations.

With the reactor purged, the sampling vessels evacuated and the syringe
calibrated, the timer was set to the desired reaction time. The reactor was then
ready for an experimental run. The impeller was spun at 75% of the motor
controller scale, 7875 RPM, to achieve good catalyst fluidization. Once the

impeller reached steady state, the injection was effected.

At the time the syringe was emptied the reaction time counting started.
When the reaction time was completed, the timer sent a signal to the actuator
which positioned the four ports valve in the purging mode. Due to the pressure
difference, the reactor content was drawn by the sampling bomb. As the
reactants were not in contact with the catalyst anymore, the reaction was
terminated. At the moment the sampling bomb and the reactor pressures
reached equilibrium, the four ports valve was set back to the reaction mode in

order to isolate the gas sample from the reactor.

After the sampling procedure completed, the sampling bomb pressure
was still lower than atmospheric pressure. The pressure inside the sampling

bomb was brought slightly above atmospheric by feeding argon. In this manner,
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the sample taken by the syringe was above atmospheric pressure. This
operation avoided that too much air entered the sampling syringe because of the

negative pressure.

In the case of the direct sampling from the reactor, the timing was
controlled with a stop watch and all the preparations pertaining to the sampling

bomb were not needed.

5.4.1 Different Feedstocks

Two feedstocks were tested during the experimental program: 1)
methanol/isobutanol, and 2) methanol/isobutylene. In the case of the second
feedstock, methanol and isobutylene, it was not possible to inject the reactant
simultaneously since methanol is a liquid and isobutylene is a gas at room
temperature. It was then decided to inject the reactants sequentially and in
different order to study the effect on the reaction behavior. In the case where
methanol was injected first, the timer was activated at the end of the injection of
isobutylene. Methanol and isobutanol were simply mixed together in proper

proportions and then injected simultaneously.

5.5 Analysis of the GC Results

The GC thermal conductivity detector produces a signal in millivolts
proportional to the concentration of chemicals contained in the gas. This signal
from the GC was collected under a graphical representation cailed a
chromatogram by an HP integrator, model HP-3393A. Each chemical species

was represented by a peak on the chromatogram. The areas of the various
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peaks were calculated by the integrator. The integration results were used to

quantifiy the different chemicals contained in the reaction mixture.

Two methods were used to determine the concentration of each
chemicals species in the reactor: 1) the argon as an internal standard, and 2) the
total pressure at the sampling time. These two methods were based on the
assumptions that the concentration of argon remained constant and that no
leakage took place during the reaction. The two methods offered consistent

results, with a maximum difference of 5%.

5.5.1 Argon as the Internal Standard

Argon, being inert, does not react during the reaction or is not adsorbed
by the catalyst. The argon partial pressure remains constant throughout the
whole reaction time if there are no leaks. The amount of argon was measured
using the initial pressure and the reactor volume. Because of the low pressure
and temperature, the perfect gas law was applied for all calculations. It was also
assumed that the bulk concentration inside the reactor was the same
everywhere at all times and that the sample taken with the syringe was a good

representation of the reactor content.

Krowing the initial partial pressure of argon, it was a simple matter of
making ratios based on argon to calculate the actual concentration of chemicals
inside the reactor. An example of these calculations are presented in Appendix

A.
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5.5.2 Pressure at Sampling Time as the Reference Value

The pressure at sampling time gave a mean to calculate the total number
of moles of reactants and products that were present in the gas phase at the
moment of sampling. Since the partial pressure of argon remained constant
throughout the experiment, the difference between the pressure at the sampling
time and the partial pressure of argon was a measure of the combined reactants
and products partial pressure. The GC analysis of the sample provided the mole
fraction of each of the chemical species. From the total number of moles of the
reactants and products and their molar fraction, it was possible to calculate the

number of moie of each chemical species in the Riser Simulator

5.6 Temperature and Pressure Profile

A computer was used to record the temperature and pressure profiles
during the reaction. Signals from the thermocouple inserted in the catalyst bed
and the pressure transducer were read by a computer through a data acquisition
card. The results were plotted as a function of time and provided information on
the reaction behavior. The pressure profie was used to assess the rate of
evaporation of liquid reactants. The profile could also provide a good
assessment of sampling speeds while using the sampling bomb or the manual

sampling.
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5.7 Molar Balances

The pressure profiles were used to assess the actual molar balances. The
pressure profiles measured the pressure rise associated to methanol or
isobutylene injections. From these pressure rises, it was possible to calculate
the amount of methanol and isobutylene injected. The expected values for the
injection were compared to the values calculated from the pressure rise. In the
case of isobutylene, these two values were found to have differences of 5 %. In
the case of methanol the difference were below 10 %. The greater difference in
the case of methanol was due to the increased uncertainty due to the injection of
liquids. In both cases, the errors associated to the reactant injections are within

experimental errors.

In order to confirm these results, carbon balances were calculated and
are reported in appendix H. The carbon balance results ranged between + 10 %
which was consistent with the errors associated to the injection of methanol and

isobutylene.

5.8 Experimental Design

As the use of a Riser Simulator was never attempted before for the MTBE
synthesis a large spectrum of operation conditions were chosen. The residence
time ranged from 10 to 120 s, the temperature from 80 to 160 °C and two weighs

of catalyst were experimented: 0.2 and 1 grams.

Experiments were performed by sets of several runs. A set was composed

by a number of runs varying between 3 to 6. Between each run the reactor was
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swept with argon to remove previous gases and contaminants. Between each
set of runs the catalyst was regenerated with air at 450 °C. This method of
regenerating the catalyst appeared to be effective as the activity of the catalyst

was restored.

5.9 Repeatability of the Results

Each experiment was repeated at least one time to ensure reproducible
resuits. Since the catalyst was found to be deactivating, the experiments were
also repeated as much as possible for different stages of deactivation of the
catalyst. Repeatability insured a good quality of the analysis and of the

interpretation of the resuits.

5.10 Conclusion

The Riser Simulator offered a good labscale equipment to perform the
experiments involved in the present study as it offers conditions close to
industrial riser reactor. The GC/MS association was found to be a powerful tool
for the identification of the chemical species contained in the reaction mixture.
The packed column, Poropak Q, linked to a thermal conductivity detector

provided an easy procedure
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Chapter VI

Resuits and Discussion

6.1 Introduction

The different results collected during the experimental program are
presented and analyzed in this chapter. Two feedstocks were investigated:
methanol/isobutanol, and methanol/isobutylene. In the case of the
methanol/isobutylene different methodologies of injection were considered.

These different methodologies allowed the clarification of reaction mechanisms

and strategies of operation.

When the best reaction conditions were identified the residence time, the
temperature and the catalyst/reactant ratio were systematically changed to offer
a better description of the influence of the operating parameters. From these
results, a kinetic model was proposed and kinetics parameters were calculated.
Finally, the model was used to predict reaction trends at different operating

conditions of potential interest.
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6.2 Methanol and Isobutanol Feedstock

Methanol and iscbutanol, being both liquid at room temperature, were
mixed in a 1 to 1 molar ratio. The reaction was carried out at temperatures
ranging from 100 to 300 °C. Two catalyst/reactant ratios were used 5 and 0.2
based on the zeolite content of the pellets. In order to achieve these two ratios
the masses of catalyst used were 1 g and 0.2 g with masses of reactants of
0.040 and 0.1000 g respectively. Reaction times were also changed from 10 to
60 seconds. Upon injection of the reactants, it was observed that the pressure
inside the reactor reached its maximum value within 1 sec. Thus, vaporization

effects were considered negligible.

Experimental results obtained are reported in Table 6.1. The goal of these
experiments was to demonstrate the feasibility of synthesizing MTBE from a
methanol/isobutanol mixture by the direct coupling of these two alcohols. It has

to be mentioned that only a qualitative analysis was pursued.

As a summary it can be stated that no experiments led to the production
of MTBE from a methanol/isobutanol mixture. On the contrary, MIBE, an isomer
of MTBE with a lower octane number, was detected from 100 to 260 °C for a
catalyst/reactant ratio of 5. For the catalyst to reactant ratio of 0.2 a similar

behavior was observed. The identities of MIBE and MTBE cannot be confused
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for two reasons: 1) the retention times of both isomers are, in the GC
chromatogram, almost 1 minute apart, and 2) the mass spectrometer shows a
distinctive fragmentation pattern for the two components: the major m/z peaks for

MTBE are at 57 and 73 and for MIBE at 45 (Nunan 19393).

Table 6.1 Direct Coupling of Methanol and Isobutanol.

Temperature  Cat/Reactant Time MTBE MIBE Isobutylene
°C — seconds —_— —_— —_
100 5:1 60 NO YES NO
120 5:1 30 NO YES NO
140 5:1 10 NO YES NO
160 5:1 30 NO YES YES
180 51 60 NO YES YES
200 5:1 10 NO YES YES
220 5:1 60 NO YES YES
240 5:1 30 NO YES YES
260 5:1 30 NO YES YES
280 5:1 10 NO NO YES
300 5:1 60 NO NO YES
100 1:5 60 NO YES NO
150 1:5 30 NO YES NO
200 1:5 30 NO YES YES
250 1:5 10 NO YES YES
300 1:5 60 NO NO YES

Isobutylene, a product of the dehydration of isobutanol, appeared at 160
°C for the reactant/catalyst ratio of 5 and at 200 °C for the reactant/catalyst ratio
of 0.2. The relative quantity of isobutylene while compared with the argon peak

increased with temperature. Starting at 200 °C, byproducts were identified and



83

their quantity and number augmented with temperature. These byproducts were

hydrocarbons in the C; -Cg range.

During these experiments the catalyst was not regenerated. After its
removal a strong change in coloration was noted, from white to dark gray, almost
black. This change in color was assumed to be the result of cokefication and that
the catalyst was potentially deactivated. It was then decided that for further

experiments the catalyst would need periodic regeneration.

6.3 Dehydration of Isobutanol

To clarify the dehydration of isobutanol to isobutylene, a set of
experiments was developed. Temperatures ranged from 100 to 300 °C. The
weight of catalyst loaded in the Riser Simulator was 1 g and the mass of
isobutanol injected was 0.040 g giving catalyst/reactant ratio of 5 (based on the
zeolite content). The reaction time for all the runs was 60 s. The results of these

runs are presented in Table 6.2.



Table 6.2: Dehydration of Isobutanol to isobutylene

Temperature isobutylene
OC —
100 NO
120 NO
140 NO
160 YES
180 YES
200 YES
220 YES
240 YES
260 YES
280 YES
300 YES

These experiments confirmed that the dehydration of isobutanol forming
isobutylene occurred above 140 °C. As already advanced in the Literature
Review, the synthesis of MTBE appears to require the presence of isobutylene
to initiate the MTBE synthesis. Thus, dehydration and etherification reactions
are necessary to synthesize MTBE from methanol and isobutanol. However,
there are problems with thermal compatibility as isobutylene was only formed
above 140 °C. The minimum dehydration temperature was well above 100 °C,
the recommended temperature for MTBE synthesis from isobutylene and

methanol..

In conclusion, the direct coupling of methanol to isobutanol to obtain

MTBE was not very encouraging considering the two different temperature levels
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required to achieve the two consecutive reactions necessary for the MTBE

synthesis.

6.4 Methanol and Isobutylene Feedstock-Three Modes of Operation

Three modes of operation were devised where different orders of injection
and adsorption of methanol and isobutylene were investigated. It was found that
the order of injection and adsorption of the reactants modifies significantly the

selectivity toward MTBE. The three modes of operation were as follows:

Mode 1: Isobutylene injection followed after approximately 15
seconds by methanol injection.

Mode 2: Methanol injection followed after approximately 15
seconds by isobutylene injection.

Mode 3: Methanol injection with enough time given to methanol
adsorption to reach equilibrium. Following this the
iscbutylene injection was effected.
Temperatures and pressures were recorded during experiments
performed for these three modes of operation. Conversions and selectivities

obtained for the three modes of operation are going to be presented along with

the temperature and pressure profiles.
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6.4.1 Mode 1 of Operation

The experiments of this section were essentially qualitative and were
performed in order to assess the capacity of the catalyst to produce MTBE under
operating conditions expected in a riser reactor. Conditions selected for these
experiments are based on resuits found in the technical literature (Chu et al.,
1987 and Nicolaides et al., 1993). The Riser Simulator was loaded with 1 g of
catalyst. The temperature was set at 80 °C. 10 mi of isobutylene were injected
first, followed by 0.0250 g of methanol These quantities of reactants
corresponded to a methanol/isobutylene molar ratio of 225 and a
catalyst/reactant ratio of 4 (based on the zeolite content). The two injections
were completed within 15 seconds. The reaction time was set at 60 seconds.

The partial pressure of the argon inside the reactor was atmospheric.

Typical temperature and pressure profiles are reported in Figure 6.1.
Figure 6.1 describes the first experiment after catalyst regeneration. The first
rise in the pressure plot corresponds to the injection of isobutylene. Once
isobutylene is injected the pressure reaches a maximum value and then begins
to decrease indicating an adsorption process and/or a dimerization reaction. The
second rise in pressure corresponds to the methanol injection. The steep
increase of pressure, after methanol injection, indicates a fast vaporization.

There is also a temperature rise, following isobutylene injection, and thisis a
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further indication of either an adsorption or a reaction process. When methanol

is injected, the temperature of the catalyst has aiready reached 86 °C. As the
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reaction progresses, it peaks at 98 °C. The steady rise in temperature following

methanol injection suggests that the MTBE synthesis is taking place.

GC resuits allowed the identification of two reaction products: MTBE and
diisobutylene. This justifies the temperature change during the reaction phase of
the experiments. Isobutylene dimerization is an exothermic reaction with a heat
of reaction of -87.3 kJ/mole to -79.1 kJ/mole and this depending on the isomer
produced (Rehfinger et al., 1990). The exothermic nature of the diisobutylene
reaction explains the temperature rise following isobutylene injection. The MTBE
reaction is also exothermic with a heat of reaction of -37.7 kJ/moles and this can

also explains the temperature rise following the methanol injection.

Fig 6.2 displays the temperature profile of Run 1, from Figure 6.1,
accompanied by the temperature profiles for two subsequent runs, Runs 2 and
3. The same conditions were used for each one of the runs. The maximum
temperatures reached during Runs 2 and 3 is lower, suggesting potential
deactivation of the catalyst. The accuracy of the temperature readings was + 0.5
°C, and this suggests that Runs 2 and 3 were essentially identical within the
experimental error. This similarity between the temperature profiles of Run 2 and
3 led to the conclusion that the catalyst, once Run 1 is completed, may not

sustain more significant deactivation.
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Following Run 3 the catalyst was regenerated at 450 °C. After the
regeneration, the catalyst resumed a very similar behavior as for Runs 1,2 and

3.

Experiments, for which the amount of MTBE produced was quantified,
showed that Run 1 produced 2.5% of MTBE based on isobutylene conversion.
For the second and third runs the conversion of isobutylene to MTBE reached
up to 5%. Diisobutylene was identified for Run 1 as well as for all the

subsequent ones.

6.4.2 Mode 2 of Operation

The next step in the experimental program was to change the order of the
injections: methanol was injected first followed, after 15 seconds, by isobutylene.
The amount of methanol injected was 0.0145 g and the amount of isobutylene 11
mi. This represented a methanol/isobutylene molar ratio of 1 and a
catalyst/reactant ratio of 5. By decreasing the amount of reactant while
compared to the amount of catalyst, the catalyst helped controlling the
temperature by adsorbing some of the heat of reaction. The reaction time was 60

seconds. Cycles of 6 runs were performed between each catalyst regeneration.
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Pressure and temperature profiles for Run 1, following catalyst
regeneration, are presented in Figure 6.3. The first rise of pressure is due to the
injection of methanol. This steep pressure increase indicates rapid methanol
vaporization. The decrease in pressure following methanol injection was related
to the adsorption of the alcohol onto the catalyst surface. The second rise of
pressure represents the isobutylene injection. This was followed by a pressure
decrease after isobutylene injection and this reflects the reaction with methanol
and/or the adsorption of isobutylene or methanol. The sharp decrease of
pressure before the isobutylene injection is due to the pressure difference

between the reactor and the syringe.

Temperatures profiles for Mode 2 of operation were quite different from
Mode 1 of operation. There was no significant temperature increase during
methanol adsorption and this suggested that no miethanol dehydration was
occurring. This was confirmed by the GC results not showing any dimethyl ether.
Temperature only begun to increase at the time isobutylene was injected. GC
results suggested that two reactions were occurring at this point. isobutylene
dimerization and coupling or methanol with isobutylene leading to MTBE. This
temperature pattern was consistently repeated for the first run, Run 1, of several
sets of experiments. MTBE amounts obtained for Run 1 ranged between 2.2 and

2.4 % (based on isobutylene conversion).
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As explained earlier, up to 6 runs were performed between catalyst
regenerations. Figure 6.4 reports the temperature profiles of the first three runs.
The maximum temperature reached during Run 1 was very high while compared
to Runs 2 and 3. Again, as it happened during the first mode of operation, Runs
2 and 3 showed an approximately identical profile with differences being in the
error range of temperature readings. This decrease in the maximum temperature
achieved was accompanied by an increase in the MTBE yield and with
essentially total disappearance of diisobutylene formation. This decrease of the
maximum temperature appears to be related to a decay in the catalyst activity to
promote the dimerization reaction. The MTBE yield for the last five runs of this

set was between 3 and 4.5% (based on isobutylene conversion).

6.4.3 Mode 3 of Operation

The third mode of injection consisted of a first methanol injection.
Methanol was allowed to reach adsorption equilibrium followed by isobutylene
injection. The reaction conditions were the same as for Modes 1 and 2. The
initial pressure of the reactor was set to atmospheric. The temperature of the
reactor was 80 °C. The catalyst/reactant ratio was 5. The volume of isobutylene
injected was 11 ml, and the weight of methanol 0.0155 g; for a

methanol/isobutylene ratio of 1.06.
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Temperature and pressure profiles are presented in Figure 6.5 for Run 1.
In this case the first rise in pressure corresponds to the methanol injection.
Methanol was allowed to contact the catalyst for 50 seconds. This period of time
was judged sufficient for the methanol to reach adsorption equilibrium. The
second pressure rise represents the isobutylene injection. Pressure decreased
following isobutylene injection and this is an indication that the MTBE synthesis
was taking place. In the case of Mode 3, the pressure decrease after isobutylene
was not as important as in the two other modes of operation. This lower pressure

reduction was the result of methanol already adsorbed onto the catalyst.

Temperature of the catalyst, following the methanol injection, increased
about 2 °C after 10 seconds. This suggested that either a reaction was occurring
or that heat of adsorption was released. Results from the product analysis favor
the later interpretation as no dimethyl ether was detected. Once methanol
reached adsorption equilibrium, the temperature was already reduced by about 1
°C. At this time, isobutylene was injected and the temperature increased again

and this is consistent with the MTBE synthesis reaction taking place.

Figure 6.6 shows the temperature and pressure profiles for the third run
following catalyst regeneration, Run 3. The partial pressure of methanol, after
the adsorption equilibrium is reached, remained higher than for the previous

experiments. This indicated that a smaller density of active sites were available
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onto the catalyst surface. These sites were presumably occupied by either
methanol or MTBE strongly adsorbed to the surface. Experiments where only
isobutylene was injected, after sweeping the reactor with argon for 45 minutes,
showed that a significant amount of MTBE was still produced, up to 5% based
on isobutylene conversion. This confirmed the presence of adsorbed methanol

on the catalyst surface.

Another major difference between Run 1 and the subsequent runs was
the temperature rise following the isobutylene injection. During the first run,
Figure 6.5, the temperature increased by aimost 2°C, while during subsequent
runs, Figure 6.6, the temperature remained essentially constant. Caution must
be taken while making this comparison, as the error associated with the

temperature measurement is + 0.5 °C.

The amount of MTBE produced during Run 1, based on isobutylene
conversion, was 2.3-3.1 %, while the amount of MTBE obtained in subsequent
runs ranged form 3.8-6.8 %. No other products of reaction were identified for

Mode 3 of operation.
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6.4.4 Comparison Between the Three Modes of Operation

The difference between Modes 1, 2 and 3, is mainly given by the different
selectivity toward the reaction byproducts. In the Mode 1 of operation,
diisobutylene was identified in every run. For the Mode 2 of operation,
diisobutylene was only identified in the first run following catalyst regeneration.
In the case of the Mode 3 of operation, no diisobutylene was identified in any of

the runs.

In every mode of operation, MTBE was produced in smaller amounts (2-3
%) during Run 1. MTBE levels for the subsequent runs reached as much as

6.8%.

Moreover, the changes of catalyst temperature with reaction time
appeared to be better controlled when methanol was adsorbed first (Modes 2
and 3). In the case of Mode 1 of operation, the catalyst temperature increased
as much as 20 °C above the initial temperature level, of which, 10 °C may be
attributed to the diisobutylene formation. In the case of Mode 2 of operation, the
temperature increased up to 6°C above the initial temperature. For Mode 3 of

operation the temperature increased by 3°C only.
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Furthermore, for the second and third runs, in the case of the Mode 1
temperature increases with reaction time were limited. This decrease in the
maximum temperature may be explained by the selective deactivation of the
catalyst. Diisobutylene and higher oligomers were strongly adsorbed onto the

catalyst surface thus limiting the access to the acid sites.

Modes 2 and 3 offered 100 % selectivity toward MTBE, excepted for the
first run when Mode 2 was used. This confirms that the order of injection is of
great importance when selectivity toward MTBE has to be optimized. The effect
of temperature on reaction equilibrium is substantial. Thus, it is important to

have good temperature control during the reaction.

Overall, Mode 3 of operation appears to provide the best alternative for

MTBE synthesis.

6.4.5 Variation of the Methanol to Isobutylene ratio

It was decided to study the behavior of the MTBE synthesis, under mode
3 of operation, by changing the reactant ratio. The injection of methanol was
kept constant at 0.0161g for all the experiments, and the volume of isobutylene
was varied between 2 and 50 ml. In this manner, the molar ratio of methanol to

isobutylene ranged within 0.25 and 6.16. During these experiments the catalyst



98

was only regenerated every ten runs. The total reaction time was 60 seconds.
Every run was repeated 2 to S times, the exception being for the molar ratios
0.25 and 6.16 for which the runs were only effected once. Table 6.3 reports the

results of these experiments as an average of the results obtained.

Table 6.3: MTBE Yields for Different Methanol/Isobutylene Molar Ratio.

Molar Ratio MTBE Yield
(methanol/isobutylene) (conversion of

isobutylene)
— st%z
0.25 4.0
0.31 4.2
0.41 4.0
0.62 3.7
1.12 54
1.54 44
2.46 53
6.16 4.8

For these runs the only reaction product identified was MTBE.
Consequently, the selectivity of the reaction remained 100% and this for all the
molar ratios studied. Furthermore, the yield of the reaction appeared to be
directly related to the concentration of isobutylene. The amount of MTBE

increased or decreased with the isobutylene partial pressure.

Some experiments demonstrated that a minimum methanol partial
pressure was necessary to reach 100 % selectivity. Experiments were performed

in the following manner: a) methanol was pre-adsorbed onto the catalyst, b) the
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reactor was outgassed with helium for 10 minutes, c) isobutylene was injected,
and, d) the reaction was completed in 60 seconds. During these runs MTBE was
obtained along with diisobutylene. Hence, a minimum partial pressure of

methanol is necessary to maintain a high concentration of occupied sites.

6.5 Reaction Mechanism

From the results described previously, a first attempt to describe the
reaction mechanism can be developed. The reaction involves an adsorbed
molecule, methanol, reacting with a second gas phase molecule, isobutylene.
Experimental results obtained so far support this mechanism. The results
suggest that methanol preadsorbed onto the catalyst surface may block the
access of isobutylene to the acid sites. Isobutylene would have no choice but to

react with the alcohol to form MTBE.

This mechanism was corroborated by the three Modes of operation
described earlier. For Mode 1 of operation, isobutylene is injected first and has
access to the active sites thus producing diisobutylene as well as MTBE. For
Modes 2 and 3 of injection, methanol is injected first and in the case of Mode 2
methanol has less time to adsorb onto the catalyst surface, thus blocking
partially the access of isobutylene to the acid sites. The result is that MTBE is

formed along with diisobutylene for the first run. In Mode 3 of injection, methanol
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is allowed to reach the adsorption equilibrium, thus blocking more effectively the
active sites to isobutylene and consequently giving a 100% selectivity toward

MTBE.

These conclusions about the reaction mechanism partly agree with Chu et
al. (1987) and Kogelbauer et al. (1995). Both authors reported 100% selectivity
toward MTBE under very specific conditions. In both cases, the experiments
were performed in continuous fixed bed reactors while the present study was

accomplished in a well mixed batch type reactor, the Riser Simulator.

Chu et al. (1987) suggested that the reaction mechanism could be
explained by the different diffusion rates of methanol and isobutylene. H-ZSM-5
has two pore sizes of 54 x 5.6 A and 5.1 x 5.5 A (Chu et al.,1987). Methanol a
smaller molecule, 3.7 x 4.2 A, diffuse more easily through the catalyst pores than
isobutylene, 3.9 x 5.4 A. Thus, isobutylene might encounter a large excess of
methanol on the catalyst surface and react to form MTBE. However, by injecting
methanol and isobutylene simultaneously, Chu et al. (1987) were not able to
distinguish the effects of methanol or isobutyiene adsorption on reaction
selectivity. Moreover, Chu et al. (1987)did not mention potential effects of initial
reactivity when, as demonstrated using Modes 2, it would be more likely to

observe diisobutylene along with MTBE production.
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Kogelbauer et al. (1995) performed adsorption experiments showing that
more molecules of methanol were adsorbed per acid sites than isobutylene. The
results were 2.5 molecules of methanol per acid site compared with 1 for
isobutylene per acid site for a partial pressure of 20 kPa. Comparative
desorption experiments, performed at 100 °C, showed that a larger fraction of
methanol than isobutylene would desorb from the catalyst surface. These results
suggest that isobutylene is more strongly bonded than methanol onto the
catalyst surface. On this basis Kogelbauer et al. (1995) speculated that
adsorbing isobutylene first reduces the methanol access to the acid sites. These
authors also argued that the larger uptake of methanol by the catalyst is
responsible for the lower yields of byproducts such as diisobutylene or larger
hydrocarbons. As part of their experimental program, Kogelbauer et al. (1995)
reported, following pre-adsorbing of methanol onto the catalyst, 100 % selectivity
toward MTBE. On the contrary isobutylene pre-adsorption yielded lower
selectivity toward MTBE. This lower selectivity is explained by the presence of
diisobutylene or higher hydrocarbons unfavorably affecting catalyst activity.
These products could only be removed by high temperature desorption. After
regeneration, the catalyst resumed its original activity. Kogelbauer et al. (1995)
argue that although ZSM-5 may exhibit some mass transfer limitations, the main
factor, for the catalyst favorable selectivity toward MTBE, is the higher affinity of

the catalyst for methanol adsorption.



102

Most of the results of this research are in agreement with the Kogelbauer
et al., (1995) with the exception of Modes 1 and 2 of operation. In the case of
Mode 1 of operation, isobutylene did not seem to impede the production of
MTBE for runs following Run 1. Comparable yields were obtained for the second
and third injections of Modes 2 and 3 of operation. In any case, for all the Modes
of operation, as reported in this study, methanol adsorbed during the first run of
a set of experiments seemed to have a favorable effect on the subsequent runs

as the yields of MTBE essentially doubled.

6.6 Reactions Testing at Different Conditions of Temperatures,
Catalyst/Reactant Ratios, and Reaction Time
Using Mode 3 of operation, several experiments were developed in which
temperature, catalyst/reactant ratios and reaction time were changed

systematically.

Reaction temperatures were 80, 120 and 160 °C. Lower reaction
temperatures were not allowed as methanol and MTBE can condense below 80
°C. Catalyst/reactant ratios were varied by changing the mass of catalyst while
keeping the amounts of methanol and isobutylene injected constant. The volume
of isobutylene injected was 11 ml and the mass of methanol 0.0154 g. The two
mass of catalyst employed were 0.2 and 1 g. In this way the two catalyst/reactant

ratios studied were 5 and 1. The times of reaction were 10, 30, 60, and 120
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seconds. The catalyst was only regenerated once a full set of experimental runs
were completed i.e. for all the temperatures and reaction times for one

catalyst/reactant ratio.

Figures 6.7 and 6.8 present the conversion of isobutylene versus the
reaction time. Each graph covers one catalyst/reactant ratio. Each reported data
point represents the average of two to five experimental results and the error
bars represent the sample standard deviation. The reported data points for each
temperature are connected by lines. Individual resuits are reported in Appendix

D.

Although no byproducts were observed at 80 °C, dimethyl ether and
isobutylene were both identified at 120 and 160 °C. In both cases the quantities
increased with the temperature and with the reaction time. While byproducts
were not quantified, it appears that increasing reaction temperature may not be
favorable for MTBE production as a larger proportion of the feedstock is

converted into unwanted byproducts.

Two important comments can be advanced on the basis of the results
displayed in Figures 6.7 and 6.8. First, the isobutylene conversion achieved

after 120 seconds at 80 °C for a catalyst/reactant ratio of 1 was below the
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isobutylene conversion achieved at 120 °C. This conversion was also below the
one achieved for a catalyst to reactant ratio of 5 at 120 °C. The conversion at a

reaction time of 120 seconds are listed in Table 6.4.

Table 6.4: Conversion of Isobutylene toward MTBE at a Reaction Time of 120

seconds.
Temperature Conversion

°C % of isobutylene (+ SD) % of isobutylene (+SD)

catalyst/reactant ratio catalyst/reactant ratio
5 1

80 6.4 +£1.03 2.4+0.23

120 4.1 +0.99 6.0+0.5

160 0.93 £0.03 1.5+0.26

To explain these effects it can be argued that the catalyst/ reactant ratio
has a strong effect on the reaction rate at low temperature, 80 °C. As a result, for
constant temperature, the increase of catalyst/reactant ratio would increase the
rate of isobutylene transformation. A second observation can be drawn from the
results at 160 °C for both catalyst/reactant ratio. The curves reach a plateau
indicating that reaction equilibrium may be attained. Moreover, the isobutylene
conversion is in this case lower for the highest catalyst/reactant ratio. This
implies that a larger amount of catalyst, in the case of a constant amount of

reactants, decreases the isobutylene equilibrium conversion.

In order to justify the reduction of conversion associated with the

catalyst/reactant increase, the isobutylene theoretical equilibrium conversions
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were calculated, see Appendix F. To perform these calculations, complementary
adsorption experiments were developed to determine the equilibrium adsorption
constants of methanoi. Details of adsorption experiments are provided in

Appendix E.

To develop reaction equilibrium calculations some assumptions are
adopted: a) the only reactant or product adsorbed onto the catalyst is methanol
and this in agreement with the results obtained in the present study, and, b) the
equilibrium constants can be calculated from eq (2.6) (refer to the literature
review). The first assumption may be somewhat inadequate at 160 °C when
byproducts quantities are more significant. According to Tejero ef al. (1988), it is
reasonable to assume that the fugacity coefficients are close to unity in the case

of a gas phase system for the MBTE synthesis.

In summary, the reaction equilibrium conversion can be calculated using

the following relation:

p AG
- FPe _ === 6.1
Ke P, exp( RT ) 1)
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where pa, pe and pc are respectively the partial pressure of methanol,
isobutylene and MTBE. In the present study there are a number of known

parameters pao , & , Paor Ka, Qsat, Weat , T, V, €q(6.1) can be modified as follows:

K, = ———PuX (6.2)
(pu —pux)apu¢(1—x)
with
K RT
pP. = ——aPe q.W.—+p.
I+K,p. \Y

A detailled description of the method of calculation is presented In
Appendix E. Equilibrium conversions calculated using eqs(6.1) and (6.2) are

given in Table 6.5 as well as the corresponding equilibrium constants.

Table 6.5: Equilibrium Constants and Equilibrium Conversions of Isobutylene

into MTBE
Temperature Keq Catalyst/ reactant ratio
°C kPa™ 5 1
80 3.5046E-2 17.72 % 33.74 %
120 3.7182E-3 3.78 % 777 %
160 6.0969E-04 0.97 % 1.68 %

Results reported in Table 6.5 confirm that the catalyst/reactant ratio has
an important effect on reaction equilibrium and this was consistently observed
for the three thermal levels investigated. In fact, the lower the catalyst/reactant

the higher is the expected isobutylene equilibrium conversion.
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Moreover, when compared with theoretical results, it was observed that
reaction equilibrium was essentially reached for the two catalyst/reactant ratios
at 160 °C. For 120 °C, the catalyst/reactant of 5 gave a higher reaction rate and
reaction equilibrium was approached for the reaction time investigated during

the experimental program.

The increase of the catalyst/reactant ratio diminishes the potential
achievable equilibrium conversion. On the other hand, increasing the
catalyst/reactant ratio increases the rate of reaction. The relative influence of
these two factor has to be carefully evaluated if reaction times are going to be

below 10 seconds which are potential reaction times for industrial riser reactors.

The augmentation of the catalyst/reactant ratio can be achieved in two
manners: a) increasing the catalyst hold-up, or b) increasing the concentration of
H-ZSM-5 in the catalyst pellet. The first of these two options presents potential
limitations, as current riser reactors have restrictions on the allowed catalyst
hold-ups. The exothermicity of the reaction could also impose some restrictions
to the implementation of the increase of the zeolite concentration in the catalyst
matrix. The temperature profiles would become sharper and depress the

equilibrium concentration.
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However, the two options can be combined using a compromise between
higher catalyst hold-ups and limited temperature rise. Future research in this
area is needed to clarify these points and to progress on the implementation of

these results.

6.7 Model of the Reaction

Relatively simple rate models have been proposed for predicting the rates
of MTBE synthesis. These rate models were developed using results obtained

from a liquid-solid reactor systems using Amberlyst 15.

In spite of the differences with the gas-solid reaction system considered in
the present study, the reported rate equations provide a basis for the
development of a model with H-ZSM-5. These models, discussed in the literature
review, are based on the Langmuir-Hinshelwood and Rideal-Eley mechanistic
representations. Both models assume that the reactants and products display an

adsorption behavior that can be represented with a Langmuir isotherm.

Rideal-Eley model, derived from the more general Langmuir-Hinshelwood
mechanistic formulation, represent the reaction between an adsorbed molecule

and a molecule in the gas phase:
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A(ads)+ B(g) — C(ads) (6.3)

with A and C being respectively methanol and MTBE adsorbed on the catalyst
and B being isobutylene present in the gas phase only. Under these constrains

the rate equation for MTBE synthesis is as follows:
r. = k0,p, — k6. (6.4)

with 84 and 8¢ being the fraction of the catalyst sites covered by methanol and

MTBE, k and k the forward and backward constants and p, the partial pressure
of isobutylene in the gas phase. Using the Langmuir isotherm, the fraction of
sites occupied by chemical species covering the catalyst surface can be defined

as:

o - P . (6.5)

I+ZK,p.
with K; being the equiiibrium sorption constant, pi the partial pressure of
methanol, isobutylene or MTBE. The fraction of sites occupied by isobutylene
and MTBE are assumed to be negligible so that KgPg and KcP¢ are both equal to

zero. Once eq (6.5) is substituted in eq (6.4), eq (6.6) is obtained:
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_kK,p,p, —kK.p,

6.6
1+K,p, (6.6)

c

At the condition of reaction equilibrium, when the rate of reaction is equal
to zero, the constants of the numerator can be related through the following

relationship:

= (6.7)

Thus equation 6.6 can be further simplified:

s pApB—pc/ch
rc_u\{ N J (6.8)

A mass balance is performed around the reactor using the proposed

reaction rate model:

<=1.W (6.9)

The following step requires the modification of eq (6.9) so that the

reaction rate is a function of the conversion of isobutylene, x.
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1 dx
W a - K] (6.10)

cat

with the function f(x) being defined as :

(pAO - psx)a(l - X) - f(/K

where:

~
I

3
&

(6.12)

Pao represents the hypothetical partial pressure of methanol without
catalyst being loaded in the reactor. The parameter o represents pa/pa which is
the fraction between the methanol partial pressure and the hypothetical partial

pressure of methanol.

Then, eq(6.9) can be rearranged and integrated as follows:

=K [dt (6.13)

1=0

'[ o f(x)
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Once the process of integration was completed, the theoretical
conversion xme for a given reaction time was obtained and this theoretical
conversion could be used in a regression analysis minimizing the differences

between the xue with the experimental values, x.,, observed

D (x_, ~x,)" =minimum (6.14)

Thus, the numerical procedure was based on adjusting the value of the K
constant until the summation of the residuals function was minimized. Additional
details of the integration and the residual minimization are provided in Appendix

G.

In the present study, for conditions where reaction equilibrium is reached
rather quickly, the experimental points available makes, in the case of higher
temperature, the evaluation of the initial reaction rates rather difficult. There is a
potential risk of underestimating these rates and this may lead to errors in the

analysis.

Consequently, it was observed that the use of an integral method of
analysis, eq (6.12), versus a differential method, improved accuracy of the fitting

process and as a result it was the preferred method for developing caiculations.
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6.8 Fitting Results.

Once the results of the fitting analysis, between the model and the
experimental results were completed, a graphical representation was used in
order to illustrate the adequacy of the model proposed. Figures 6.9 and 6.10
present the model against the experimental results. The trends found during the
experiments are well represented by the model proposed. It appears that the
model follows the experimental results with only one exception, the runs with the
catalyst/reactant ratio of 5 at 120 °C. The fact that only two runs were done for
each of these observations may explain the potential error between the model
and the experimental results. Having less observations limits the confidence that
can be granted to these observations. Nevertheless, the overall number of
observations, 73, used to fit the model, increases significantly the confidence on

the final resuits.
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Fig 6.11: Comparison Between the Experimental and the Theoretical conversion.

Figure 6.11 provides a representation of all the experimental points
plotted against the theoretical values. The plotted line with the slope of one
represents the ideal case where the model would represent perfectly the
experimental resuits. Three broken lines are also plotted. The center broken line
represents the results of a linear regression applied to the experimental
observations. The error between the slope of the theoretical optimum and the

linear regression is 2.2%. The small difference between the slopes shows that

the experimental values are well balanced on each side of the theoretical line.
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The broken line on each side of the linear regression is the result of the
calculation of a 90% confidence interval. 68 of 75 of the observations are
actually falling inside this interval. This means that 90.6% of the experimental
values have a 90% confidence to be well represented by the model. This is also
a good evidence of the agreement between the model and the experimental

values.

One of the assumptions used during the fitting process was that the
forward kinetic constant followed the Arrhenius Law. Figure 6.12 is the
representation of an Arrhenius plot. The slope of the line plotted through the
three points is the observed energy of activation which is found to be 55
kd/mole. The values found in the literature, in the case of the liquid phase MTBE
synthesis, for Amberlyst-15 range from 82 to 92 kJ/mole. Ali et al. (1990)
reported a value of 68.9 kJ/mole for the gas phase reaction with Amberlyst-15.
This last value is in the same range as the one found in the present study. The
fairly good agreement between the two energy of activation reinforces the
conclusion that the model proposed represents well to the MTBE synthesis

reaction.
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6.9 Prediction using the Model

The mathematical model proposed in the present study appears to
represent accurately the MTBE synthesis for a zeolite H-ZSM-5 based catalyst.
The purpose of this section is to apply this model to predict potential trends

while using this catalyst.
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Two cases were studied: a) methanol/isobutylene ratio is modified from 1
to 1/4 while keeping the catalyst weight constant at 1 g , b) the weight of the
catalyst is varied from 0.2 to 10 grams while keeping the quantity of methanol
and isobutylene constant, thus, changing the catalyst/ reactant ratio from 1 to

50. All the simulations were done for a temperature of 80 °C.

Figure 6.13 and 6.14 presents the results of the calculations. The main
effect of the operating changes proposed is the influence on reaction equilibrium
conversion. It was expected that the rate of reaction would greatly increase, as a
result of the higher catalyst loading or the increase of the partial pressure of
isobutylene. However, the increase in the reaction rate appears to be offset by
the larger amount of methanol adsorbed onto the catalyst surface and by the
non proportionnal increase of MTBE obtained at higher isobutylene initial partial

pressure. These two cases are reviewed in the following sections.

Changing the catalyst/reactant ratio from 1 to 50 considerably reduces the
reaction equilibrium conversion. Having more catalyst means more sites
available for methanol to be adsorbed and as a result less methanol is available
in the gas phase. It is important to remember that the reaction equilibrium is
determined using eq (6.1) with the reaction equilibrium constant being calculated

on the basis of free energy of reaction. However, by reducing the partial
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pressure of methanol into the gas phase through adsorption lowers the MTBE

partial pressure at reaction equilibrium.
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Furthermore, increasing the catalyst/reactant ratio augments the rate of
reaction. This change is quite apparent between the 1 and 5 ratio and becomes

essentially unnoticeable at 5, 20 and 50 ratios.

The most important effect of increasing the isobutylene partial pressure is
the reduction of the equilibrium conversion toward MTBE. The non-proportionnal
increase of the isobutylene partial pressure results in an isobutylene conversion
decrease. The amount of MTBE produced increases with the isobutylene partial
pressure. These results are reported in Table 6.6 in terms of equilibrium

conversion and partial pressure of MTBE at equilibrium

Table 6.6: Final Partial Pressure of MTBE when the Partial Pressure of
Isobutylene is Increased.

Initial Partial Pressure of  Equilibrium Conversion  Partial Pressure of MTBE

Isobutylene Based on Isobutylene at Equilibrium
kPa % kPa
25.76 17.7 4.6
50 16.7 7.9
75 14.1 10.6
100 12.7 12.7

Results of this simulation are very important. The first conclusion is that
the zeolite H-ZSM-5 in its present form does not seem to offer enough activity for
the MTBE synthesis to suit the design criteria of a riser reactor: i.e reach
equilibrium conversion within 10 seconds. A potential explanation could be that

the amount of catalyst active sites promoting the MTBE synthesis are not



122

available in sufficient concentration. Moreover, the presence on the zeolite H-
ZSM-5, of two different types of acid sites adds another unknown to the problem
as the present study did not address this potential effect. Downer reactors,
offering longer residence time than risers, up to 50 s, could also be considered
as a potential option for the development of a new process for the MTBE
synthesis.Future studies will be necessary in order to clarify the roles of the two

acid sites in the MTBE synthesis.

6.10 Conclusions

Results discussed in this chapter lay the foundation for future research on
the MTBE synthesis from H-ZSM-5 catalyst of other zeolites presenting similar
properties. The different modes of operation helped clarifying the reaction
mechanism which adds to the understanding of the MTBE synthesis. Mode 3 of
operation, which offered the best alternative for the reaction, was applied for a
wide range of operations and these results were used in the development of a
kinetic model. Finally the kinetic model was employed to make predictions for
operating condition leading to high yeilds of MTBE. The results obtained may be

used to develop future experiments.
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Chapter VII

Conclusions and Recommendations

The production of cleaner burning fuels is an important issue as the
public and the government demand more environmentally acceptable fuels.
Production of reformulated gasolines is an excellent approach to deal with these
requirements. MTBE is one of the main component of reformulated gasoline.
Consequently, the demand for MTBE is expected to steadily grow in the coming

years.

In addition to this, the current feedstocks for MTBE, methanol and isobutylene
will scon no longer be sufficient to meet such a demand. Hence, other

alternative sources of MTBE must be found to supplement the actual feedstocks.

One most promising alternatives is the use of natural gas. Natural gas
can, through steam reforming, produce synthesis gas (syngas). The reaction of
syngas can in turn, under the proper temperature and pressure conditions, and
in the presence of appropriate catalysts, yield methanol and isobutanol.
Isobutanol can be dehydrated to isobutylene, one of the current chemical
species for the industrial MTBE synthesis. Another possible alternative consists

on the direct coupling of methanol and isobutanol.
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A new OXY-CREC reactor concept was recently proposed at CREC-UWOQO
based on a riser/downer configuration. This new MTBE reactor has several
advantages. It offers a precise control of the contact time between the reactants
and the catalyst thus, avoiding reactions leading to unwanted byproducts. The
riser/downer configuration also allows good control of the reaction temperature,

avoiding hot spots.

In order to assess the feasibility of MTBE synthesis in a riser/downer
reactor; the Riser Simulator, available at the CREC's laboratories, was used in
the present study. The Riser Simulator reproduces main conditions of a full scale
reactor: a) the contact time between catalyst and reactants, b) the catalyst/

reactant ratios, and, c) the partial pressure of reacting species.

Using these experimental tools the present study shows that the direct
synthesis of MTBE from methanol and isobutanol is not viable using H-ZSM-5
catalyst. MIBE, an isomer of MTBE, was the only ether identified. The two
reactions leading to the formation of MTBE, dehydration of isobutanol to
isobutylene followed by the coupling of methanol to isobutylene, require different
thermal levels. The 140 °C dehydration temperature is not compatible with the
90 °C optimum temperature for the etherification reaction. These results indicate
that the presence of isobutylene appears to be a process requirement for the

MTBE synthesis.
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The second conclusion reached in the present study was given by the fact
that MTBE synthesis from methanol and isobutylene was viable using H-ZSM-5.
Due to the different phase of the reactants at room temperature, methanol a
liquid and isobutylene a gas, they had to be injected separately. This situation
led to interesting findings concerning the selectivity of the reaction for MTBE.
Three modes of operation were investigated a) Mode 1, isobutylene is injected
followed by the methanol injection after approximately 15 seconds; b) Mode 2,
methanal is injected followed by isobutylene after approximately 15 seconds, c)
Mode 3, methanol is injected allowing enough time, approximately 50 seconds,
for methanol adsorption onto the catalyst surface to reach equilibrium. After this

the isobutylene injection was effected.

Mode 3 of operation appeared to be the most promising one with 100%
selectivities toward MTBE. It was observed that methanol adsorption was the

most important factor to reach high MTBE selectivities.

On this basis, a series of experiments, with different methanol/isobutylene
ratios, were developed and this demonstrated that as long as methanol was pre-
adsorbed onto the catalyst surface, the selectivity remained 100 %. These last
results also reinforced the conclusion that methanol pre-adsorption was a very

important step to achieve a 100 % selectivity toward MTBE.
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Once it was established that methanol preadsorption yielded MTBE with a
100 % selectivity, Mode 3 of operation was used during the reminder of the
experimental program. In this section of the program, reaction conditions were
systematically varied as follows: 1) Temperature: from 80 to 160 (C, 2)
Catalyst/reactant ratios: 5 and 1 levels were selected, 3) Reaction times: from 10
to 120 seconds. These runs confirmed that the yield of MTBE diminished while
the reaction rates augmented with increasing temperature. It was also
established that the variation of the catalyst/reactants ratios greatly affected the
methanol adsorption. In fact, by increasing the catalyst/reactant ratio, the
amount of methanol adsorbed increased and this translated in a reduction of the
reaction equilibrium conversion, lowering the yield of MTBE. In summary,
increasing the catalyst/reactant ratio may increase the reaction rate while at the

same time reduce the potential maximum allowed equilibrium conversion.

From these experimental results a rate equation based on the Rideal-Eley
mechanistic formulation was developed. The model offered good representation
of the experimental results. From the forward reaction kinetic constant and
based on the Arrhenius relationship the apparent energy of activation was
calculated. The valued for the apparent energy of activation was 55 kJ/mole

value was obtained.
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Finally, the kinetic model was used to develop reactor simulation for
various conditions: a) catalyst/reactant ratio, and, b) methanol/isobutylene ratio.
The main consequence of increasing the catalyst/reactants ratio or the

methanol/isobutylene ratio decreased the maximum equilibrium conversion.

It appears that the H-ZSM-5 based catalyst of this study, while valuable to
demonstrate the MTBE formation and the optimum conditions for MTBE
synthesis, did not provide the reaction rates required for typical riser operation
(e.g. 10s). Therefore, downer reactors allowing for longer reaction times (e.g. 50

s) may be required to implement this technology.

Reviewing the results of the present study the following recommendations

can be advanced:

a) To modify the catalyst used, H-ZSM-5, by increasing the Si/Al ratio. This
could potentially reduce the density of acid sites while increasing the sites
strength. The overall effect would be to increase the potential equilibrium
conversion by having less methanol adsorption with an overall increased
catalyst activity. A preferred procedure would be to increase the Si/Al by

catalyst dealumination using mild steam treatment (Nikopoulos, 1996)
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d)
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To extend future experimental programs to other zeolites offering similar
physical and chemical properties, small pores size and acidity, such as

ZSM-11 already mentioned in the literature review section.

To further investigate the compatibility of downflow reactors not so

restricted as in the case of riser units on the allowed reaction times.

To further explore MTBE synthesis from methanol and isobutano! using a
different reaction path. Methanol/isobutanol etherification reaction yields
MIBE. MIBE can be in turn isomerized to MTBE. The lack of knowledge on
the thermodynamic equilibrium between MTBE and its isomer MIBE seems
to be an obstacle to better assess this approach. The investigation of this
particular alternative may lead, perhaps, to the development of a
bifunctional catalyst which could catalyze both the etherification and the

isomerization reactions to form MTBE.
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Appendix A: BET Analysis: Results and Calculations

The BET basic principles have already been reviewed in Chapter IV:

Catalysis Synthesis, Pelletization and Characterization. The purpose of this

appendix is to present the graphical results and the calculations necessary to

analyse these results.

Figure A.1 is the BET experimental result for the catalyst zeolite H-ZSM-
5. All the positive peaks on this figure are desorption peak, except the first one.
According to Micromeritics (1992), the desorption peaks should be utilized to

determine the specific area of the catalyst

Figure A.3 is the BET experimental result for the pelletized zeolite H-
ZSM-5. The first peak of Figure A.3 is not used. The second, third and fourth

positive peaks are desorption peaks. The other peaks are calibration results.

Figures A.2 and A.4 provides the integration report of Figures A.1 and A.3
respectively. The integration reports include the area of each peaks of the two

chromatograms.

Even though some calibration of the response of the TCD with nitrogen
was done in Fig A.3, a more thorough calibration was performed. This complete

calibration is presented in fig A.5 and suggest that the TCD detector offered a
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linear response for nitrogen in the range necessary for the BET analysis. A
linear regression through the origin was calculated. The resuiting slope was
used to calculate the number of mole from the desorption peaks of figure A.1

and A.3. These results are presented in Table A.1

The following calculations were based on the technique described in
Micromeritics (1992). First the volume of nitrogen was converted to the

conditions of standard temperature and pressure using equation A.1.

2732K Py,

v = A1
PN 13047 760 (A1)

Where Tiom = 22 °C and the Pan = 750 mm Hg. The calculated values of the
volume at standard temperature and pressure are listed in Table A.1. Then the

volume of the nitrogen monolayer was calculated as follow:

V.= VSTP[I‘- P.V/P.vo] (A.2)

Where py is the partial pressure of Nitrogen.

In this case the fraction of nitrogen contained in the gas mixture is 0.3.

Thus the partial pressure is 225 mm Hg, i.e. Pam X 0.3. pw is the saturation
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pressure of nitrogen. According to Micromeritics (1992), the saturation pressure

of nitrogen is equal to the atmospheric pressure plus 15 mm Hg.

Values of the volume of the monolayer are given in Table A.1.The final
calculation was to convert the volume into the surface area and to divide this

area by the mass of catalyst to obtain the specific surface area with equation

A3.
S - V_x6.023 x 10”(molecule / mole) x 16.2 x 107°(m* molecule) (A3)
! 22 414(cm’ | mole) x W,,, '

The values of the specific surface area are given in table A.1.
Table A.1: Experimental values and results of the calculations.

Zeolite Area Weat VN VSTg Vm Sa

) g cm’ cm cm® m2/g cat
Powder 1.83975 E7 0.0375 3.665 3.34 2.36 274

Pelletized 8.6257 E6 0.0370 1.718 1.57 1.11 131.3
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Figure A.2: Integration Report of the Chromatogram of the BET Analysis of the

Zeolite H-ZSM-5.
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Appendix B: Calibration of the Reactor Volume

This appendix describes the procedure involved in the determination of
the volume of the reactor. First, the initial pressure in the reactor was recorded.
A syringe of 50 cm’ was then used to sequentially inject volume of 10 cm” of air.
The pressure of the reactor was recorded after each injection. Series of 5 to 7
injections were done and 2 sets of 3 series were completed: one at the
beginning of the experiments and the other at the end. As the pressure stays in
the neighborhood of the atmospheric value, the ideal gas law was used to relate

the reactor volume to the pressure increase.

PV =nRT (B.1)

As the temperature and the volume of the reactor remain constant, the

pressure is directly related to the number of moles injected:

=—=m (B.2)

The pressure difference was plotted against the number of moles of air
injected. The best fit slope was calculated using the linear regression technique.

As R and T were known, it was simple to determine the volume from the siope.
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Table B.1: Results of the observation of the calibration of the reactor volume

Date —» September 25" 1996 May 15T 1997
Volume Pressure Pressure Pressure Pressure Pressure Pressure
cm’ psi psi_ psi psi psi psi

0 14.17 14.17 14.16 13.65 13.65 13.65
10 17.18 17.04 17.16 16.69 16.68 16.75
10 20.09 19.96 19.89 19.69 19.68 19.72
10 22.98 22.78 22.82 22.59 22.65 22.63
10 25.85 25.58 25.63 25.47 25.65 25.48
10 28.68 28.35 28.28 28.30 28.56 28.40
10 31.15 31.34 31.17
10 33.94 34.14 33.72

The temperature used to calculate the volume was 21.5 °C and the gas

constant R=8314 cm® kPa/(mol K).

Figure B.1 and B.2 present the results of the fitting process. The results
for the volume of the reactor with a confidence interval of 90 % are given in

Table B.2. An average value of 51.1 cm® for the reactor volume was used for the

reminder of the calculations.

Table B.2: Results for the Volume for the two Calibrations.

Date of Calibration Slope Volume
PSl/mole cm’
September 1996 6893.63 +44.79 51.6+£0.3

May 1897 7038.02+37.45 50.5+0.3
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Appendix C:Calibration of the Gas Chromatograph and Calculation of
the Concentration from the Chromatogram Results.

C.1 Calibration

Figure C.1, C.2, C.3, and C.4 report the calibration for methanol,
isobutylene MTBE and argon. The number of moles is plotted against the

corresponding chromatogram areas.

In the case of isobutylene and argon, gases at room temperature, the
calibration was done with a gas tight syringe. The number of moles was then

calculated using the ideal gas law : PV = nRT.

For methanol and MTBE, liquids at room temperature, the quantities
injected were weighed and then the number of moles were calculated. The

syringe containing methanol and MTBE was weighted before and after injection

with a digital balance having a precision of + 0.0001g.

Obviously small quantities are difficult to measure even with this type of
balance. Thus, a dilution technique was used where methanol and MTBE were

diluted with each other. The dilution ratio was about 1/10 in either case.
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C.2: Calculation of Concentration

The final concentration of reactants and products in the reactor can be
calculated in two ways: 1) from the argon used as an internal standard, 2) from

the sampling pressure.

Both calculation techniques are based on the assumption that the amount
of argon inside the reactor remains constant. Thus, the two techniques work
satisfactorily if there is no leakage and if argon does not react either by
adsorption or reaction with the reactants. The fact that argon is an inert prevents

any reaction.

To illustrate these two techniques the same run is going to be used. The

chromatogram for this run is presented in Figure C.5

C.2.1: Argon as Internal Standard

The calculation process is quite simple, with all the results presented in

Table C.1.

The first step is to calculate the number of moles of each chemical
species contained in the sample using the calibration data. Then, eq C.1, is

used to calculate the total number of moles of products in the reactor:
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(C.1)

N;=ngx

with N; being the total number of moles of i chemical species in the reactor, ns
being the number of mole of the i chemical species in the sample, N, being the
number of mole of argon in the reactor, and nas being the number of moles of

argon in the sample. Results of the calculation are reported in Table C.1.

Table C.1: Results for the Calculation Based on the Argon Content.

Chemical  Chromatograph Quantity ni/Nar N/Nar*Na
results
(<) area moles () moles
Argon 892998 6.45E-05 1.0000 1.74E-03
Methanol 145677 7.47E-06 0.1159 2.02E-04
Isobutylene 548372 1.58E-05 0.2448 4.27E-04
MTBE 24874 5.74E-07 0.0089 1.55E-05

C.2 Sampling Pressure

The difference between the reactor pressure, at the time of sampling, and
the argon partial pressure allows to calculate the composition of the reaction

mixture. Thus, the following equation can be applied:

_ (Psr —Par )VR
N, =2 (C.2)
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with N, being the total number of moles of reactants and products in the reaction
mixture at the time of sampling; ps being the pressure at the sampling time; and

P« Deing the partial pressure of argon.

If psr equal to 135.1 kPa and p. to 95.54 kPa, the total number of mole of

product and reactants is equal to 6.9119 10™ moles.

Then, the molar fraction, y;, of methanol, isobutylene and MTBE can be
calculated. Note that the number of moles of each chemical species is given by
the molar fraction of this chemical species times the total number of moles.

Results are presented in Table C.2.

C.3. Conclusions

Table C.2: Results for the Calculation based on the Sampling Pressure.

Chemical  Chromatograph Quantity Y. yixNp
Resulits
(-) (area) moles (-) moles
Methanol 145677 7.47E-06 0.3136 2.1675E-04
Isobutylene 548372 1.58E-05 0.6623 4.5779E-04
MTBE 24874 5.74E-07 0.0241 1.6654E-05
Total 2.38E-05 1 6.9119E-04

It can be observed that the two techniques provide essentially the same

results and this justify the methodology proposed for calculating the various
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fractions of chemical species in the Riser Simulator in the case of the MTBE

reaction.
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Fig C.2: Calibration of Isobutylene.
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Appendix D: List of the experimental observations used to plot Figures
6.7 and 6.8. Calculation of the average conversion for
the different conditions.

This appendix includes a listing of all the experimental observations used
to calculate the average points of Figures 6.7 and 6.8. The experimental points

are classified by catalyst/ reactant ratio and then temperature.

Table D.1: Conversion of the reactant to MTBE based on isobutylene for the
Catalyst to Reactant ratio of 5:1:

Temperature Time first second average SSD
°C s % iso-C4 % iso-Cqy % iso-Cs” % iso-C4”
80 10 0.0080 0.0091 0.0090 0.0001
80 30 0.0265 0.0249 0.0257 0.0011
80 60 0.0491 0.0382 0.0436 0.0077
80 120 0.0708 0.0563 0.0635 0.0103
120 10 0.0100 0.0122 0.0111 0.0016
120 30 0.0173 0.0236 0.0205 0.0044
120 60 0.0242 0.0330 0.0286 0.0062
120 120 0.0338 0.0478 0.0408 0.0099
160 10 0.0037 0.0035 0.0036 0.0001
160 30 0.0053 0.0065 0.0059 0.0008
160 60 0.0070 0.0067 0.0069 0.0002

160 120 0.0091 0.0095 0.0093 0.0003




Table D.2: Conversion of the reactant to MTBE based on isobutylene for the Catalyst to Reactant ratio of 1:1;

temperature time first second third fourth fifth average SSD
°C s %isoCy %isoCsy %isoCy %isoCs %isoCs  %isoCy % iso C4
80 10 0.0099 0.0052 0.0028 0.0060 0.003629
80 30 0.0096 0.0089 0.0057 0.0081 0.002085
80 60 0.0135 0.0176 0.0140 0.0150 0.00225
80 120 0.0226 0.0258 0.0242 0.002253
120 10 0.0118 0.0245 0.0183 0.0196 0.0147 0.0178 0.004838
120 30 0.0275 0.0448 0.0396 0.0415 0.0226 0.0352 0.009584
120 60 0.0402 0.0385 0.0526 0.0474 0.0420 0.0441 0.005796
120 120 0.0552 0.0676 0.0553 0.0594 0.0578 0.0591 0.005101
160 10 0.0106 0.0122 0.0094 0.0079 0.0109 0.0102 0.001624
160 30 0.0130 0.0178 0.0128 0.0105 0.0123 0.0133 0.002696
160 60 0.0185 0.0228 0.0143 0.0128 0.0149 0.0167 0.004031

160 120 0.0157 0.0193 0.0139 0.0123 0.0150 0.0153 0.002581

ISt
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Appendix E: Adsorption Experiments and Related Calculations

Experiments to obtain the adsorption isotherms were performed for the
three temperatures: 80, 120 and 160 °C. The Riser Simulator was used to
conduct the adsorption experiments. The weight of catalyst was 1 gram. The
methanol was injected using a 1 ml syringe. The quantity of methanol injected
was weighted with a digital balance with a £0.0001 g precision. Measuring the

weight instead of the volume offered more accuracy.

The weight of the syringe was measured before and after the injection.
Once the injection was completed, the system was allowed to reach adsorption
equilibrium conditions. The adsorption equilibrium was reached within 2 to 3
minutes. The number of moles of methanol adsorbed onto the catalyst surface
was defined as the difference between the initial number of moles injected and
the number of moles present in the gas phase at adsorption equilibrium. The
final reactor pressure minus the pressure before injection was used to calculate

the number of moles of methanol in the gas phase.

As the behavior of gases may be approximated with the ideal gas law at

the conditions of the experiments, pressure between 100 and 200 kPa and
temperatures between 80 and 160 °C, the number of mole of methanol in the

gas phase was calculated as PV=nRT.
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Tables E.1, E.2 and E.3 report the various parameters involved in this

calculation.

The experimental points are plotted in Figures E.1, E.2 and E.3. The
curves for temperature 80 and 120 °C reach a plateau where the monolayer is
assumed to be completed. Condensation seems to be responsible for the
second adsorption rise. In the case of 160 °C, experiments were not done up to
the point where the curve reaches a plateau but the same behavior was

assumed to occur.

In any case, it has to be mentioned that the methanol partial pressure
during the MTBE synthesis experiments was always smaller than 35 kPa. Thus,
the condensation phenomena is far from the methanol maximum value employed
in the present study . A Langmuir isotherm is thus, appropriate for modelling
adsorption at equilibrium. The Langmuir isotherm is described by the following

mathematical formula:

. - KB (E.1)
1+K,P,

with Ka being the adsorption constant for methanol and B84 is the fraction of the

monolayer covered by methanol
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6. =L (D2

q is the amount of methanol amount by unit mass and Qsx is the maximum
methanol amount adsorbed by the monolayer. qs» is assumed to be the value

reached at the plateau of the three curves.

The calculated isotherms are represented in Figures E1, E.2 and E.3 and

compared to the experimental data.

The model is fitted to the experimental data by adjusting the Kx and Qsa
parameters. Values of Ka and qs, are listed in table E.4 . While Qs can vary in a
fairly wide range another fitting criteria was that the adsorption constant, Ka,

gave a value consistent with the Arrhenius law as shown in Figure E.4.



Table E.1: Observations for the adsorption experiments at 80 °C.

185

Wa Nai Pa Nagp q
gram mole kPa mole molelg cat
0.0102 0.00032 6.20 0.00011 0.00021
0.0161 0.00050 9.17 0.00016 0.00034
0.0699 0.00218 62.73 0.00110 0.00109
0.1085 0.00339 73.75 0.00129 0.00210
0.0704 0.00220 61.35 0.00107 0.00113
0.2079 0.00650 75.82 0.00132 0.00517
0.2525 0.00789 91.12 0.00159 0.00630
0.0210 0.00066 12.20 0.00021 0.00044
0.0303 0.00095 25.02 0.00044 0.00051
0.0455 0.00142 43.77 0.00076 0.00066

Note: W, = weight of methanol; N, = initial number of mole of methanol; P, = partial pressure of
methanol; Nag, = number of mole in the gas phase; q = coverage of the catalyst surface by

methanol.

Table E.2: Observations for the adsorption experiments at 120 °C.

WA NA.' PA Nagp g

ram mole kPa mole mole/c_; cat
0.0753 0.002353 83.89 0.00119 0.00116
0.0268 0.000838 29.98 0.00043 0.00041
0.0209 0.000653 16.54 0.00024 0.00042
0.0137 0.000428 13.10 0.00019 0.00024
0.0292 0.000913 34.81 0.00050 0.00042
0.0359 0.001122 43.43 0.00062 0.00050
0.0518 0.001619 57.90 0.00082 0.00079
0.0654 0.002044 77.89 0.00111 0.00093
0.0852 0.002663 104.77 0.00149 0.00117
0.1209 0.003778 149.58 0.00213 0.00165

Note: W, = weight of methanol; N,, = initial number of mole of methanol; P, = partial pressure of
methanol; Nag, = number of mole in the gas phase; q= coverage of the catalyst surface by

methanol.
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Table E.3: Observations for the adsorption experiments at 160 °C.

WA NN PA N.gp q
gram mole kPa mole molelg cat
0.0378 0.00118 31.71 0.00050 0.00068
0.0177 0.00055 13.79 0.00022 0.00034
0.0169 0.00053 15.16 0.00024 0.00029
0.0546 0.00171 61.69 0.00097 0.00074
0.0729 0.00228 85.47 0.00134 0.00094
0.0878 0.00274 106.15 0.00167 0.00108
0.1147 0.00358 137.17 0.00215 0.00143
0.1261 0.00394 143.37 0.00225 0.00169
0.1943 0.00607 169.15 0.00265 0.00342
0.2122 0.00663 172.60 0.00271 0.00392
0.2313 0.00723 178.53 0.00280 0.00443
0.0104 0.00033 8.27 0.00013 0.00020

Note: W, = weight of methanol; N,, = initial number of mole of methanol; P, = partial pressure of
methanol; Nag, = number of mole in the gas phase; q = coverage of the catalyst surface by
methanol.

Table E.4:Values of K and q. for the three temperatures.

Temperature Ka Qsat
°C kPa™ mole/g cat
80 0.1222 0.0007
120 0.0549 0.0009

160 0.00416 0.004
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Figure E.2: Experimental observations and Langmuir Model at 120°C
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Figure E.4: Arhenius Plot of the adsorption constant (Ka) against the inverse of
temperature.
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Appendix F: Equilibrium Conversion Calculation

The equilibrium conversion calculation is based on the following equation:

K_=-2= —exp(-AG,) (F.1)

«q
AB

where p., ps and p. are the partial pressures of methanol, isobutylene and MTBE.

It was assumed that isobutylene and MTBE did not adsorb onto the
catalyst surface according to the experimental results. The equation was then

changed to have K, as a function of the conversion of isobutylene, x.

S PaX (F.2)
(Pr = Pa X)& P (1-x)

p*s is the initial equivalent partial pressure of methanol having the
reactor empty with no catalyst. o is equal to pJp*a with pa being the partial
pressure of methanol. p*a is calculated using the following mole balance based

on the partial pressure of methanol.

. K,p R
A=A W —+ F3

Al A | 3
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The first term of equation F.3 represents the equivalent partial pressure
of the methanol adsorbed on the catalyst surface. Ka is the adsorption constant

determined in appendix E.

P*a was evaluated using the solver function on Excel 5.0. First several
values of p*a were assumed starting from p's, and then going down by
decrements of 0.1 kPa. Then the solver approximates the values of p. for each
value of p'.. The value of o was calculated from the values of of pa and p'.

obtained.

An iteration process was then used to calculate the equilibrium
conversion. In order to make a first approximation of the equilibrium conversion,
an average value of a was used. Then, the equilibrium conversion found was
used to calculate p'. from which a new value of o was evaluated. After two of
three iterations the value of the equilibrium conversion did not change anymore

and it was judged the solution was found.

Equation 2.6, based on the assessment of the free energy change of

reaction was used to calculate the value of the equilibrium constant K
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InK = 73407 —4.749(InT) + 1169 x 10T -4339 x 10°T* + 2514 x 10° T + 4.65 (2.6)

The initial partial pressures used to complete the calculation are given in

table F.1. The results of the equilibrium conversion are given in table F.2

Table F.1: Initial Partial Pressures and Weights of catalyst for the Calculation of
the Equilibrium Conversion

Temperature Wea Cat/Reactant p*s P*s

°C gram () kPa KPa

80 1 5:1 28.00 25.76
120 1 5:1 30.60 28.73
160 1 5:1 33.84 31.09
80 0.2 1:1 28.50 25.76
120 0.2 1:1 30.60 28.68
160 0.2 1:1 34.49 31.59

Table F.2: Equilibrium Conversions for the different Catalyst to Reactant Ratio
and Temperature.

Temperature Cat/Reactant o Conversion

°oC % isobutylene
80 5:1 0.2622 17.72
120 5:1 0.3581 3.78
160 5:1 0.4773 0.97

80 1:1 0.7338 33.74
120 1:1 0.7981 7.77
160 1:1 0.8270 1.66
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Appendix G: Fitting of the Data to the Rate Model

The following is the proposed rate equation for MTBE formation:

r, =EKA[—-—--"~P°“"/K-} (G.1)
1+K,p,

K=kK, (G.2)

This equation can be further simplified by using the initial equivaient
partial pressure of methanol, p*. , which is the equivalent partial pressure of
methanol without the catalyst loaded in the reactor (no adsorption) and the initial
partial pressure of isobutylene. In this manner the equation becomes function of

only the conversion of isobutylene, x.

d 11" *AO— aox a BO I-x)- aux/’K
o & ik (P *1o =PusX)aPy (1-X) —p,,X/K (G.3)
dt 1+K, (p*,, —p..X)x
with a being the pa/p*ao ratio.
Further simplification of eq (G.3) leads to:

paox: - (p *AO +psn + I/K_a)x + p *AO
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This equation may be integrated and tables of integration were used to

obtain the final result:

K
2

(ar Kot ~Rope,, 40, + /(@K ))A -

K ,
2 In(p,,x* = (P*,, +Py +1/QK )X +p*, )= Kt (GS)

Where A is:
A= 1 In ZP..—(P." +P"+|/(CLK.))—J(P‘,. +P"+I/(CLK.)):-4P‘" Pn (G'G)
- VP +P +1/aK )y -4P* P} | 2P,-(P* +P, +l/aK )+ VP, +P, +/(uK )y -4P* P,

The parameter K is adjusted until the sum of the square of the residuals,
(xe,p-x.h,)z, is the smallest possible. The values of xe are evaluated using the eq

(G.5).

The values of K also had to follow an Arhenius type of equation. The
fitting process was performed manually on an Excel spreadsheet. This allowed
the evaluation of eq (G.5) through the adjust function available on Excel. The
results obtained from the fitting exercise are listed in Table G.1, G.2 and G.3.

The resuits of the forward reaction kinetic constants are given in Table G.4.



Table G.1: Results of the Fitting Procedure at 80 °C.

Cat/react temp t K*t function Xexp Xihe (Xexp~Xene)*
(G.5)
- °C s -
5/1 80 10 101.51 101.51 0.0090 0.0070 4E-06
51 80 30 304.53 304.53 0.0257 0.0203 2.92E-05
5/1 80 60 609.05 609.05 0.0436 0.0385 2.65E-05
5/1 80 120 1218.11 1218.11 0.0635 0.0693 3.4E-05
SUM (Xep-Xene)* 9.37E-05
1Al 80 10 20.30 20.30 0.0060 0.0021 1.49E-05
11 80 30  60.91 60.91  0.0081 0.0063 3.11E-06
117 80 60 121.81  121.81 0.0150 00126 6.09E-06
i1 80 120 24362 243.62 0.0242 0.0247 2.55E-07
SUM (Xew-Xew)” 2.43E-05
Table G.2: Results of the Fitting Procedure at 120 °C.
Cat/react  temp t K*t function Xexp Xthe (Xexp-Xthe)
(G.5)
- OC S
5/1 80 10 304.81 304.81 0.0111 0.0221  1.20E-04
s5/1 80 30 914.42 914.42 0.0205 0.0353 2.19E-04
5/1 80 60 1828.84 1745.56 0.0286 0.0378 8.42E-05
5/1 80 120 3657.67 1745.56 0.0408 0.0378 8.90E-06
SUM (Xew-Xee)® 0.000433
11 80 10 60.96 60.86 0.0178 0.0094 7.00E-05
11 80 30 182.88 182.89 0.0352 0.0250 1.03E-04
11 80 60 365.77 365.77 0.0441 0.0422 3.80E-06
11 80 120 731.53 731.53 0.0591 0.0618 7.23E-06
SUM (Xeo-Xee) 0.000184
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Table G.3: Results of the Fitting Procedure at 160 °C.

Cat/react temp t K*t function Xexp Xthe (Xexp=Xtne)”
(G.9)
. oC s
5/1 80 10 151.01  151.01  0.0036  0.0094 3.29E-05
5/1 80 30 45302 207.62 00059 0.0096 1.39E-05
5/1 80 60 906.04 207.62 0.0069 0.0096 7.44E-06
5/1 80 120 1812.08 207.62 0.0093 00096 7.12E-08
sum (ey e 5.42E-05
17 80 10 3020 3012 00102 00081 4.56E-06
1”1 80 30 9060 9060 00133 0.0145 1.45E-06
1/1 80 60 181.21 18121  0.0167 0.0165 1.3E-08
1/4 80 120 362.42 24242 00153 0.0168 2.39E-06

SUM (Xew-¥eme)- 8.42E-06

Table G.4: Values of the Forward Reaction Kinetic Constant.

-

T k

°C 1/(mol g cat s)
80 83

120 555

160 3630




Appendix H: Carbon Balances

This appendix gives a listing of typical carbon balances

Table H.1: Carbon Balances for a Catalyst/Reactant ratio of 5.

166

Temperature 80 120 160

Time 10 30 60 120 10 30 60 120 10 30 60 120
Before
Methanol 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 00005 0.0005 0.0005
Isobutylene ~ 0.0018 00018 0.0018 0.0018 0.0018 0.0018 00018 0.0018 0.0018 0.0018 00018 0.0018
Total 0.0023 00023 00023 0.0023 0.0023 0.0023 0.0023 00023 00023 00023 00023 0.0023
After
Methanol 0.0004 0.0004 0.0004 0.0004 0.0005 0.0004 0.0003 0.0005 0.0005 00005 0.0004 0.0004
Isabutylene ~ 0.0020 00019 0.0020 00018 0.0019 00016 00016 0.0016 00020 00018 00015 0.0018
MTBE 0.0000 0.0001 0.0001 00001 0.0000 0.0001 00001 0.0001 0.0000 0.0000 0.0000 0.0000
Total 0.0024 0.0024 0.0025 00023 0.0025 00021 00020 0.0022 00025 00023 00019 5.0023
Difference 3.0709 -32123 -8.3598 -0.2466 -8.2482 9.9900 10.3305 4.0188 -9.1853 0.9802 16.1832 0.8124
Table H.2: Carbon Balances for a Catalyst/Reactant ratio of 1.
Temperature 80 120 160

Time 10 30 60 120 10 30 60 120 10 30 60 120
Before
Methanol 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
Isobutylene  0.0018 00018 00018 00018 0.0018 0.0018 00018 0.0018 00018 0.0018 0.0018 0.0018
Total 0.0023 00023 0.0023 00023 0.0023 00023 00023 00023 00023 00023 0.0023 0.0023
After
Methanol 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0004 0.0004 0.0004
Isobutylene 00020 00020 00020 0.0018 00021 0.0018 00018 0.0018 0.0021 0.0020 00019 0.0018
MTBE 0.0000 0.0000 0.0000 0.0001 0.0000 0.0001 0.0001 0.0001 0.0000 0.0000 0.0000 0.0000
Total 0.0025 00025 0.0026 0.0024 0.0026 0.0024 0.0025 0.0024 0.0026 00024 00023 0.0022
Difference -10.75 936 -1205 -433 -1496 452 668 -334 -1369 648 -154 314




IMAGE EVALUATION
TEST TARGET (QA—23)

<l

|

14

150mm
6

o
-

125

e

<
-Touw H





