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ABSTRACT

A study has been carried out into the reactions of ethanol over transition metal
dehydrogenation catalysts, with particular emphasis on the reaction of ethanol to
ethyl ethanoate. The reaction is of commercial interest, and the testwork has been
aimed at the development of a process that would yield ethyl ethanoate at

commercially acceptable purity.

Copper based catalysts have been shown to selectively promote the formation of
ethyl ethanoate. Experimental work has been carried out to identify an optimised
catalyst and reaction conditions for the ethanol to ethyl ethanoate reaction. A copper
based catalyst that yields >95% selectivity to ethyl ethanoate, at >40% conversion of
ethanol, has been identified. A purification scheme has been devised that
incorporates selective hydrogenation using either nickel or ruthenium heterogeneous
catalysts to remove aldehyde and ketone by-products. The purification scheme

includes a novel distillation section.

The catalyst system developed can be used to synthesise ethyl ethanoate at a purity
of >99.98% from industrially available ethanol that contains up to 5% 2-propanol. A
commercial plant producing 50,000 tonnes of ethyl ethanoate per annum, using the

technology described in this thesis, has been in operation since April 2001.

Four patents, based on the technology described in this thesis, have been applied for

or granted.
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Chapter 1

Dehydrogenation of Ethanol To Produce Ethyl Ethanoate

11 Aims

The aim of this work is to develop a commercial process to produce ethyl

ethanoate from ethanol using heterogeneous catalysts. The study involves

i) Testing and development of catalysts for high activity (>40% conversion of
ethanol) over an extended life. High activity for at least 1000 hours is considered

acceptable.

i) Development of the process to achieve high selectivity (>90%), and the
recovery of products by standard industrial techniques such as distillation. The

methods chosen should be successfully demonstrated in the laboratory.

i) Development of a kinetic model, suitable for use in designing a large scale

(50,000 TPA) industrial plant.

iv) Development of the laboratory process to one that can utilise industrially
available ethanol sources, including sources that contain significant quantities of

impurities.

iv) Determination of the mechanism for the synthesis of ethyl ethanoate and

significant by-products



1.2 Commercial Background

Ethyl acetate, the widely used trivial name for ethyl ethanoate, is an industrially
important bulk chemical' used primarily as a solvent in the paints, coatings and inks
industry. Its manufacture is linked with that of other low molecular weight acetate (or
ethanoate) esters — meth_yl ethanoate, iso-propyl ethanoate, n-propyl ethanoate, iso-
butyl ethanoate and n-butyl ethanoate — with many manufacturers operating multi-
product plants capable of producing a range of esters on a batch basis. Total world
production of acetate esters in 2002 approaches 2,400,000 metric tonnes per
annum in the proportions methyl ethanoate 3%, ethyl ethanoate 51.8%, butyl
ethanoates 37.5%, propyl ethanoates 7.7%". Three companies dominate the world
manufacture of ethanoate esters — BP-Amoco (25%) Celanese (15%) and Eastman
(10%) and whilst BP and Celanese produce world-wide, Eastman produce only in
the United States. Manufacture methods for ethanoate esters are detailed in section

1.3, below.
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Figure 1.1 — Common Acetate (Ethanoate) Esters.



Typical costs for the feed materials — ethanoic acid, the various alcohols, and
product esters are given below. All costs are quoted in US dollars and are for a
metric tonne — prices are taken from Chemical Marketing Reporter, June 2002.
Typically the price quoted is FOB (Free on Board — or before local taxes) and in the

case of ethanol is the non duty-paid price.

Material Price (US$/tonne)
Ethanoic acid 980
Methanol 200
Ethanol 530
2-propanol 760
1-propanol 1410
iso-butanol 1230
1-butanol 1230
Ethyl ethanoate 1280
1-propyl ethanoate 1460
1-butyl ethanoate 1340
iso-butyl ethanoate 1340

1.3 Commercial Synthesis of ethyl ethanoate
There are a number of commercial acetate ester processes — some are used to
produce the entire range of esters and some for individual esters. These processes

are detailed below.

1.3.1 Esterification

Fischer esterification? is used to produce all acetate esters and is the most widely
used commercial method. The process involves the reaction of acetic acid with an
alcohol in the presence of an acid catalyst, usually sulphuric or sulphonic acids.

Most processes involve the addition of the alcohol to a reactor containing acetic



acid. The reaction is equilibrium limited, and in most cases the water of reaction is

removed by distillation in order to drive the equilibrium to completion 3,

R O

! + R,—OH ——= R1\”/O\R2 + Hy0O
OH O

Carboxylic Acid +  Alcohol Ester + Water

Specifically, for Ethyl ethanoate

O
OH H* \
0o ~_~ _— <\ + HyO
OH o
Ethanoic Acid + Ethanol Ethyl Ethanocate + Water

The mechanism of reaction is shown below * The acid catalyst protonates the
carboxylic acid, activating it and allowing nucleophillic attack by the alcohol. The

intermediate tetrahedral carbon decomposes to form the ester.
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Laboratory or small scale ester synthesis is more commonly achieved by the

:OHy ﬁ

reaction of an acid chloride with an alcohol according to the scheme shown below:



R

“oH
R’ (0} R’ (0} R" O
Y + SOCly > + HCl + SO, —_— Y + HCl
RO

OH o]

but is only applicable to high value esters and to esters that have no other hydroxy
containing functional groups. The reaction does not require the use of a catalyst and

in practice is not equilibrium limited.

Industrial processes are complicated by the existence of azeotropes of the ester and
alcohol®, and separation of the products being complicated in some instances. Much
of the equipment in an ester production unit is required to purify the ester product
and recycle unreacted feed alcohols. Typical specifications of ethyl ethanoate and

butyl ethanoate are given below':

Ethyl Ethanoate Butyl Ethanoate

Ester wt% (min) 99.5 99.5
Alcohol wt% (max) 0.5 0.5

Water wt% (max) 0.01 0.01
Carbonyls wt%(max) 0.01 0.01

Several minor synthetic methods for ethyl ethanoate synthesis are discussed below:

1.3.2 Tishchenko Mechanism

The disproportionation of two moles of ethanal to form ethyl ethanoate is termed the
Tishchenko reaction® . It is catalysed by aluminium alkoxides and activated by

aluminium and iron chlorides.
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This process is operated commercially by Eastman in the United States and by

various suppliers in Japan, where it is the leading source of ethyl ethanoate.

When used with a single aldehyde, symmetrical esters are produced. When two or
more aldehydes are used a mixture of esters is produced. There are no commercial

producers of mixed esters using this process.

1.3.3 Hydrocarbon Oxidation

The primary source of acetic acid prior to the introduction of the Monsanto acetic acid
process was the oxidation of butane and naptha7. Acetic acid is formed as a significant
side-product, and this acid was used to produce ethyl ethanoate by esterification.
Hydrocarbon oxidation is not now a major source of acetic acid or ethyl ethanoate and

is therefore not considered further.

1.3.4 Transesterification

Trans-esterification®, or ester exchange as it is known industrially, is used
commercially to produce ethyl ethanoate by the reaction of polyvinyl acetate and
ethanol. The products are ethyl ethanoate and polyvinyl alcohol. The process can be
either acid or base catalysed. Butyl and higher acetates are manufactured by reacting
ethyl ethanoate and butanol in the presence of base catalysts such as titanium

isopropoxide.



1.4 Survey of Ethanol to Ethyl Ethanoate Literature

There exists a large body of literature on the theme of catalytic dehydrogenation,
generally concerned with the production of carbonyl compounds from alcohols, and
unsaturated hydrocarbons such as styrene, propene and butene from ethyl benzene,
propane and butane (see below). There is little specific literature on the
dehydrogenation of alcohols to form esters, and what little there is concentrates on
methyl formate from methanol and ethyl ethanoate from ethanol. While there are a
number of chemical methods® that can be utilised to dehydrogenate alcohols, for
example DMSO, these are not industrially important outside the field of
pharmaceuticals. Dehydrogenation of bulk chemicals is invariably carried out
catalytically, and almost exclusively over heterogeneous catalysts. The literature
review presented here reflects the predominance of heterogeneous catalysis and

industrial applications.

1.4.1 General Principles of Catalysis

Heterogeneous catalysts are defined as ‘solids that increase the rate of a reaction by
virtue of the specific properties of their surfaces”®, and they remain unchanged at the
end of the catalytic cycle. The position of equilibrium of the reaction is unchanged by a
catalyst which, however, speeds up the rate of the forward and backward reaction. For
a reactant such as ethanol, there are several reactions that are thermodynamically
feasible. Catalysts are chosen for their ability to speed a particular reaction over others
— this relates to the selectivity of the catalyst. Ethanol decomposition by
dehydrogenation is the favoured reaction when using a metallic copper catalyst. The
reaction proceeds to either ethanal or ethyl ethanoate, depending on reaction

conditions:



CH3CH,0H > CH3CHO + H;

2 CH3CH,OH = CH3;COOCH,CHj; + 2H,

However, over an oxide catalyst such as alumina the decomposition reaction that is
favoured is dehydration, resulting in ethene or diethyl ether:

CH3CH,0OH > CH,CH; + H,O

2 CH3CH,OH - CH3CH,OCH,CHj3 + H,O

Clearly the nature of the catalyst influences the reaction path, and given that both
reactions are thermodynamically possible the nature of the catalyst is all important in

the development of an industrial process.

Following the examples shown above, heterogeneous catalysts can be grouped into
types, according to their physical properties such as electrical and thermal
conductivity, which relate to their areas of application. The primary functions of metals
(copper, platinum, palladium etc) are for hydrogenation and dehydrogenation, while

those of metal oxides are oxidation and reduction. The table below " lists the

functions of heterogeneous catalysts:

Class Metals Metal oxides and sulphides Salts and acids
Conductivity Conductors Semi-conductors Insulators
Type
Major Hydrogenation Oxidation Dehydration Polymerisation
Uses
Dehydrogenation Reduction Isomerization Isomerization
Hydrogenolysis Dehydrogenation Cracking
Cyclisation Alkylation
Hydrogen transfer
Minor Oxidation Hydrogenation Hydrogenation
Uses
Reduction

Table 1.1 General Classification Of Catalyst Types




Metals and semi-conducting oxides catalyse dehydrogenation and hydrogenation
reactions by their ability to adsorb hydrogen and the parent molecules (ethanol in the
case of ethyl ethanoate), whereas insulating oxides such as alumina tend to catalyse
dehydration due to their ability to adsorb water. The differences in selectivity of semi-
conducting and insulating oxides and sulphides are associated with the ability to
depart from stoichiometry in the lattice oxygen. Oxygen atoms in semi-conducting
oxides are fairly easily removed or added to the lattice. Consequently, they are good
oxidation and reduction catalysts. In contrast, insulating oxides are not capable of this
form of departure from stoichiometry and are not good oxidation / reduction catalysts.
Alumina and silica, which fall into this latter group, are however important as they can

adsorb water and act as good dehydrating agents.

1.4.2 Surface adsorption and catalysis

In order to react, reactants must first be adsorbed onto the catalyst from the ‘less
dense phase’ — the liquid or gas that is in contact with the catalyst. It is a general
principle that the catalysis occurs on the surface of the catalyst, not in the bulk of the
active catalyst. Figure 1.2 indicates the state of an atom at the surface of a crystal: in
the bulk phase each atom is close packed and surrounded by and bound to a number
of other atoms co-ordinating to the atoms. At the surface of the crystal not all the
bonding preferences of the surface atoms can be satisfied and there are, in principle,
unpaired electrons associated with the atoms at the catalyst surface. The unpaired
electrons result in the surface having an energy similar in concept to the surface
energy of liquids. Adsorption at the surface of the solid involves these free valency
sites. The adsorbing molecule interacts with the surface atoms and in the process

loses energy as it is now stationary and bound at the catalyst surface rather than in






The efficient absorption of a molecule on a surface depends on a number of factors,
but it centres around the stabilisation of transition states within the reaction. The
Absolute Rate Theory11 states that the rate of a reaction is governed by the rate of
crossing of an energy barrier or of forming an activated complex. The rate difference
between a heterogeneous and homogeneous process is predicted by the theory to be

in the order of 107%2

times exp.(AE/RT), that is the rate for a homogeneous process is
very much faster than for a heterogeneous process.. The rates are calculated for 1cm?
of surface and 1cm® of gas, and AE is the difference in activation energy. Given that in
the present context, the rate of the heterogeneous catalysed reaction is faster than
that of the homogeneous, uncatalysed reaction, the heterogeneous reaction must
either have an activation energy considerably smaller than that of the homogeneous
reaction or the catalyst must exhibit a very large surface area. Given that for most
metal catalysts, surface areas lie in the region of 10-30m%g (10° cm%g) there is a
difference in activation energy that must be accounted for. In fact, the range of
activation energy differences of surface processes12 has been found to be in the
region of 20-40 Kcal/mol™. In the case of a homogeneous reaction of two atoms, the
transition state can only be achieved if energy is removed in some manner, such as
through the collision with a third atom. Heterogeneous catalysts stabilise the transition
state by lowering the energy of the atoms bound to the surface compared with those in
the less dense phase. Other factors, such as the activation of the reactants by
breaking bonds in the reacting molecule and making bonds between the molecule and
the catalyst surface also have major effects, especially in hydrogenation and
dehydrogenation reactions. A case in point is the hydrogenation of molecules having a
double bond in the presence of precious metal catalysts. The reaction is extremely

slow in the homogeneous phase due to the strength of the double bond that has to be

11



broken before reaction can take place. It is believed that when an alkene is adsorbed
onto the catalyst surface it assumes the shape and configuration of the parent alkane.
The double bond is broken and is replaced by two carbon-metal bonds, which are then
broken by reaction with adsorbed hydrogen. The exact distances between the metal
centres have an effect on the energy of the transition state. The closer the interatomic
distances on the metal surface are to the interatomic distance of the absorbed
species, then the closer to the minimum energy state the transition state will be. This
can be illustrated conceptually in Figure 1.3 below: States A and C are the case when
the interatomic distance is less or greater than the optimal, state B is when it is close
to optimal. The energy barrier to overcome is at a minimum for state B: in cases A and
C there is an energy barrier to overcome in adsorbing the molecules due to strain in
the bonds between the adsorbed molecule and the catalyst surface.

00 o0 7Y

OO

State A State B State C
Figure 1.3 lllustration Of Bond Configuration Between Adsorbed Molecules
And Catalyst Surface
There are two types of adsorption that occurs on a surface — Physical adsorption or
Van der Waals adsorption, and chemisorption. The two differ in fundamental ways in
relationship to catalysis. Physical adsorption, or physisorption, occurs when the
adsorbed molecule is held at the catalyst surface by weak Van der Walls forces, and
not by chemical bonds. The adsorption is weak and occurs at low temperatures below

the critical temperature of the adsorbing molecule. At higher temperatures the amount

12






The difference between the energy profiles of the chemisorbed atom, ‘C’ and
physisorbed molecule, 'P’, can be clearly seen. The curves showing heats of
adsorption (AH, and AH,) vs. distance from the surface show markedly different
characteristics in terms of magnitude and shape. The curvés intersect at the activation
energy E,, the barrier to adsorption, as illustrated. The value of the activation energy
can be anything from zero to D, the heat of dissociation of the molecule to atoms,
depending on the relative shapes of the two curves. The distances d.; and d, denote

the relative closeness to the surface of the chemisorbed and physisorbed molecules.

Adsorption of oxygen is observed for most metals and some non-metals, but it is
generally the case that metals that have a filed d-band are unable to adsorb
significant quantities of permanent gases other than oxygen™ ' ' 7. There is a
commonly cited group of gases used for this type of study, listed below in order of

strength of adsorption on metals:

02> CoHy, > CoHy > CO > Hy > CO, > Ny

Metals are classified into groups (A, B1, B2, C, D, E, F) by their ability to adsorb these
gases, group A adsorbing all the gases, group B1 all except N,, B2 all except N, and

CO; and so on . The table listed below details the adsorption (A = is adsorbed, NA =

not adsorbed).

14



GASES

Group Metals RS CaHz CHs | CO Hz CO; | N
A Ca, Sr, Ba, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo,

W, Fe, (Re) A A A A A A A
B Ni, (Co) A A A A A A NA
B2 Rh, Pd, P, (Ir) A A A A A NA NA
C Al, Mn, Cu, Au A A A A NA NA NA
D K A A NA NA NA NA NA
E Mg, Ag. Zn, Cd, In, Si, Ge, Sn, Pb, As,

Sb, Bi A NA NA NA NA NA NA
F | Se, Te NA NA NA NA NA NA NA

It is apparent that transition metals make up the majority of groups A, By and B, and
this arises due to the metals having unfilled d-electron bands. The exceptions to this
rule are copper and gold, which can be explained by the relatively low energy of
excitation from the s- to d- band. Micro-crystalline copper also has the ability to adsorb
H> at room temperature, possibly due to the differing nature of this form of copper over
evaporated films. Calcium, strontium and barium have overlapping s-, p- and d- bands

which result in these metals having some characteristics of transition metals.

1.5 Dehydrogenation Reactions

Catalytic dehydrogenation can be split into two fields: dehydrogenation of
hydrocarbons and dehydrogenation of alcohols. The two fields are very different in
terms of catalysts and reaction conditions and there are few if any parallels between
the two processes, and so they cannot be considered as a whole. Industrially, the
dehydrogenation of hydrocarbons is by far the larger and more important subject area,
with a number of important industrial chemicals; e.g. styrene, butene, being produced

in this way"’. Short reviews of hydrocarbon and alcohol dehydrogenation are

15




presented below. The subject of oxidative dehydrogenation is one that has received
some attention in the scientific and patent literature, and is a method used for both

hydrocarbon and alcohol dehydrogenation and so will not be considered in isolation.

1.5.1 Hydrocarbon dehydrogenation

Hydrocarbon dehydrogenation can be further subdivided into dehydrogenation of
alkanes to alkenes, and dehydrogenation of alkyl aromatics, such as ethyl benzene to
styrene. Hydrocarbon dehydrogenation is an apparently simple process complicated
by the fact that the reaction is highly endothermic and thermodynamically equilibrium
limited'®. These complications mean that for relatively low conversion (50%) of
alkanes to alkenes, high temperatures of operation (750-1000°K) are required. At
these temperatures the reactions of alkanes and alkenes are dominated by thermal
cracking, aromatisation and isomerization, reducing the yield of alkene and therefore
limiting its usefulness as an industrial or synthetic process. Consequently,
dehydrogenations are typically carried out at lower temperatures and low conversion,

typically in the 10-20% range.

The amount of energy required to remove hydrogen from an alkane is almost
independent of the molecular weight, and the adiabatic temperature decrease — the
decrease in temperature of a reacting gas or liquid during dehydrogenation - for
alkane dehydrogenation is large. Figure 1.5 plots the theoretical temperature
decrease that must be overcome to dehydrogenate alkanes in the C;, to C, range;
the figures have been calculated at the equilibrium temperature and are on a weight

rather than molar basis.

16
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Figure 1.6 Reaction Network For Iso-Butane Dehydrogenation
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Catalysts for alkane dehydrogenation are based on the platinum group metals?’ (with
the addition of a number of promoters such as tin, alkali metals (Na, K) supported on
zinc or magnesium aluminate), chromite based catalysts supported on Zr or alumina
and nickel sulphide catalysts.

For the dehydrogenation of iso-butane the following relations have been shown for the
range of platinum metal catalysts21

Activity: Pt < Pt-Cu = Pt-Se < Pt-Ge, Pt-Pb < Pt-In < Pt-Sn

Selectivity Pt < Pt-Cu = Pt-Se < Pt-Ge < Pt-Pb = Pt-In < Pt-Sn

Stability Pt < Pt-Cu < Pt-Se < Pt-Ge = Pt-Pb < Pt-In < Pt-Sn

Propane dehydrogenation gave broadly similar results?®. The platinum—tin catalysts

are believed to be active due to the promoting effect of tin, reducing the amount of

18



coking on the catalyst surface. It is unclear as to how the tin effects the reduction in
coke formation, but there several possibilities. The first is that tin is present in small
amounts as an alloy®® 2* %% byt mainly as Sn**, and alters the surface properties of

the Pt crystals, by donation of electrons to the 5d band in Pt 2728

, thereby preventing
the adsorption of coke precursors. Secondly, there is evidence of an ‘ensemble effect’
where the tin effectively dilutes the Pt such that the average Pt cluster size is too small
to catalyse coke formation®®>°. Another suggestion® is that tin segregates platinum
atoms at low co-ordination sites such as at the corners of platinum crystallites,
reducing the activity of these sites, which are thought to promote coking. Commercial
use of the Pt Pt/Sn catalysts is exemplified in the UOP Olefex’! process where a
catalyst consisting of 1% Pt, 4% Sn and 4% alkali metals on gamma alumina is used

to dehydrogenate C3; and C4 alkanes. Typical reaction conditions are 850K, 500 kPa at

a feed rate of LHSV 4 hr,

Chromium-oxide based catalysts are used for the dehydrogenation of low molecular
weight alkanes in particular. The exact nature of the active catalyst is still under
debate®®®, but it is believed that Cr®* is the active species, either by itself or with cr*
3 The Cr*" ion is inserted into the alumina or zirconia framework, and the insertion is
stabilised by the addition of alkali metal promoters caesium, rubidium and
potassium“'.The Cr catalyst is used commercially to dehydrogenate C; and C, alkanes

using a catalyst that contains 20% Cr,03 and 2% alkali metals on gamma alumina.

Alumina supported nickel sulphide catalysts have been investigated as potential
dehydrogenation catalystsss. Nickel catalysts of this type are highly selective but as a

consequence are much less active than the more conventional Pt/Sn and Cr catalysts.
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An interesting point is that Ni metal or the oxide is inactive for alkane dehydrogenation.
Selectivity and activity to dehydrogenation increase proportionally to the degree of

sulphidationae.

The mechanism®** for dehydrogenation on Cr catalysts is believed to be the
formation of an O-H bond at the catalyst surface, followed by cleavage of the C-H
bond. The mechanism?® on Pt/Sn catalysts is the formation of a Pt-H bond followed by

C-H cleavage.
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1.5.2 Alcohol dehydrogenation
Dehydrogenation of primary and secondary alcohols to aldehydes and ketones
respectively is an industrially important reaction. Examples of these reactions are

P 2-propanol to propanone”, 2-butanol to butanone®,

ethanol to ethana
cyclohexanol to cyclohexanone“'0 and methanol to forrnaldehyde41 . A range of
catalysts are used in these industrial processes - copper37, silver*, zinc, zinc oxide®
and zinc oxide/chromium oxide*’. The dehydrogenation of tertiary alcohols does not
occur without rearrangement during the reaction. In most cases the tertiary alcohol
dehydrates to form water and an alkene*. It should be noted that for reactions of
alcohols there are two main reaction pathways; dehydration and dehydrogenation43
and in this study the aim of an efficient catalyst is to remove dehydration as far as

possible. Dehydration occurs mainly on oxide catalysts but also on oxide supports

such as alumina or silica, and so the choice of support can be critical.

The dehydrogenation reaction is endothermic and strongly equilibrium limited.
Conversion of the alcohol to carbonyl compounds is dependent on temperature and
the structure of the parent alcohol. Figure 1.7 shown below* shows the calculated
equilibrium conversion plotted against temperature for a range of alcohols. The effect
of structure is illustrated in the difference in the temperature required for 50%
conversion of 1-propanol (540K) and 2-propanol (450K). Secondary alcohols are
transformed to the ketones at lower temperatures than the corresponding primary
alcohols are converted to aldehydes. Methanol and ethanol are both more resistant to
dehydrogenation than the higher alcohols, with methanol being the most difficult.
Figure 1.7 shown below is calculated® from group contribution methods and does not

take reactions other than the first dehydrogenation into account. The principal
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difference in the dehydrogenation of primary and secondary alcohols is the capability
of primary alcohols to form esters. There has been some debate as to the mechanism
of this reaction, some researchers favouring a Tischenko type mechanism while others

favour a hemi-acetal intermediate.

~&— 2-propanol
~0— 2-butanol
—é&— cyclohexanot
—»— 1-propanol

X 1-hexanol
—e— methanol
—+— ethanol

Convaersion of alcohol, %

750 800

Temperature, K

Figure 1.7 Equilibrium Conversion Of Alcohols To Aldehydes And Ketones
vs. Temperature
A classic study of alcohol dehydrogenation was carried out by Palmer and Constable*®
using polycrystalline copper formed by the reduction of copper oxide support on
fireclay. Ethanol and propanol were dehydrogenated, with reaction being followed by
the evolution of hydrogen; no other products of dehydrogenation were followed. The
study looked at the effect of temperature on activity of the catalyst, with a conclusion
that there were periodic variations in catalyst activity against activation temperature.
Peaks of activity were detected at 235, 275 and 380°C . The maximum activity was
noted at 235°C. Above 420°C there was an unexplained change in the nature of the

catalyst that subsequently increased activity at all temperatures used. The activation
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energy for ethanol decomposition was found to be dependent on the temperature
used for catalyst activation. This result has been in part replicated in unpublished work
by Waugh and Tabatabaei*® as part of the DPT ethyl ethanoate program. Table 1.2
shows the results obtained from the dehydrogenation of a range of alcohols over

47,48

alumina supported metals . It can be readily seen that copper has the lowest

activation energy for all alcohol dehydrogenations.

Fe |Co Ni Cu Ag

Methanol 221|176 [21.2 14.1 30.8

Ethanol 17 13.4 15.3 |98 22.8

2-propanol | 158 |99 |122 |64 |13.7

1-butanol 16.1 | 12 13.7 |87 17.1

2-butanol 14.8 | 9.7 126 |7.2 14.7

Table 1.2 Activation energy of alcohols for a range of transition metal catalysts

The kinetics and selectivity of dehydrogenation and dehydration of alcohols are
generally studied using 2-propanol for simplicity. Secondary alcohols cannot form
esters and do not decompose by decarbonylation49 at the temperatures needed for
dehydrogenation. The decomposition of alcohols over heterogeneous catalysts results
in both dehydrogenation and dehydration,43 and 2-propanol cannot skeletally
rearrange during dehydration in the way that is possible for higher alcohols.
Furthermore, as a symmetrical alcohol there is no possibility of the different alkyl

groups causing differences in dehydrogenation activity during initial adsorption.

The reaction of 2-propanol over ZnO catalysts is regarded as a test reaction for

determining the nature of oxide surfaces, with the ratio of 9:1 of dehydrogenation to
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propanone over dehydration to propene at 150°C being obtained under standard
conditions. Tamaru® showed by using deuterated 2-propanol that the mechanism for
dehydrogenation was 2-propanol adsorption as an alkoxy species, followed by the
removal of an alpha hydrogen . Further work by Waugh and Bowker® showed that at
the temperature described by Tamaru the removal of the alpha hydrogen was correct,
but that at higher temperatures the abstraction of a beta-hydrogen, having an
activation energy of 1Kcal mol™ more, resulted in propene formation. Waugh found

that with ethanol the major product was ethene rather than ethanal.

H H
H3C\|/CH3 —— H3C\(_|:/CH3 +H, ——

————————————
———

H3C CH
3\{ 3 +2Ha

N—O—O

l
1
Zn

I—O0—0O

Figure 1.8 Proposed Mechanism For 2-Propanol Adsorption on to ZnO Surface

Zinc oxide catalysts are commonly doped with a promoter or co-catalyst such as
Cr,03. Dowden et al*? studied Cr/Zn catalysts that had been sintered at up to 1000°C
to separate the two phases (Zn rich and Cr rich) to try to separate the functions of the
possible phases (Zn only, Cr only, Cr rich, Zn rich). They found that the ZnO rich
phases were semi-conductors and showed a high selectivity to dehydrogenation of
alcohols in comparison to dehydration. Conversely, the Cr rich phases were insulators
and showed high selectivities to dehydration over dehydrogenation. This result
conforms to the general principle of semi-conductors favouring dehydrogenation and

insulators dehydration.
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Germain et al® showed that the activity of a Cr/Zn catalyst was at a maximum at circa
40% Cr content, but that in contrast to the case of Cu, the energy of activation is
independent of the Cr content and activity of the catalyst. Germain concluded that zinc
chromite was essentially inactive and that the activity of the catalyst was proportional
to the free surface area of zinc oxide. A further study by Kraus™ on the effect of the
addition of Cr’* on ZnO dehydrogenation catalysts concluded that a composite
catalyst made up of 54% Cr,0O3 gave a catalyst of higher activity than either Cr,O3 or
Zn0O alone. The study used 2-propanol as the probe molecule. There was a sharp
maximum in catalyst activity and selectivity at this concentration. Kraus demonstrated
that the active site was not zinc chromite, as was previously suspected, but that
chromia had the effect of increasing the surface area of the ZnO phase hence

increasing the activity of the catalyst

Zeolites have been studied as possible dehydrogenation and dehydration catalysts.

% % and Yashima® studied the dehydrogenation of cyclic and linear

Bezouhanova
alcohols over alkali-metal exchanged ZSM-5 and found that the selectivity of
dehydrogenation over dehydration for cyclic compounds was a function of the ratio of
silica to alumina, and the alkali metal content. Un-exchanged catalysts showed high
activity but poor selectivity to dehydrogenation. A typical result was circa 80%
conversion at 6% selectivity to ketone — the remainder of the converted alcohol formed
alkenes and ethers by dehydration. The highest selectivity to dehydrogenation over
dehydration was found in Na exchanged zeolites but the catalyst activity was

significantly lower — the best result reported was 8.2% conversion, but 100% selectivity

to ketone using Na ZSM-5 at 50-100:1 Si to Al ratio. The authors concluded that
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Bronsted acids promote the dehydration, and exchanging the zeolites removes
dehydration at these sites. Work by the same authors and others using linear
alcohols, concluded that no dehydrogenation was taking place at low temperatures,
even in exchanged zeolites. The explanation of this was that the carbonyl produced
was enolised, then dehydrated. At higher temperatures some dehydrogenation was
observed — it is thought that desorption of the ketone was taking place before

enolisation could occur.

The effects of hetero-atoms on the dehydrogenation of alcohols over Zn/Cr catalysts

%% used alkali doped Zn-Cr, and found that

have been studied. Gulkova and Kraus
dehydrogenation activity was dependent on the electronegativity of the alcohol
substituents. They further concluded that the correct mechanism for alcohol
dehydrogenation on oxide catalysts was via alpha-hydrogen cleavage rather than the

beta-hydrogen mechanism. This result confirms the general view in the literature®® &'

12 studied a MgO-B,03; catalyst for 2-propanol dehydrogenation, and found

Urbano et a
that the activity and selectivity to propanone was proportional to the ratio of Mg to B
over a range of 1:1 to 1:10. The ratio between dehydrogenation and dehydration was

explained as a function of the ratio of alcohol adsorbed as the ethoxide

(dehydrogenation) and as the carbanion (dehydration).

Metal based dehydrogenation catalysts have a long history. As noted above, Palmer
and Constable*® studied copper for dehydrogenation of ethanol and propanol and
found that a catalyst made by reducing precipitated copper oxide was effective.

Balandin®® studied dehydrogenation of alcohols on a number of transition metal
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catalysts (Fe, Cu, Pt, Pd) and concluded that the mechanism of dehydrogenation was
via alpha-hydrogen abstraction from adsorbed alcohols then beta-hydrogen

abstraction from the alkoxide intermediate. Recent results®®*

suggest that alcohols
are adsorbed onto the copper surface as an alkoxide and that the mechanism for
dehydrogenation is similar for both métals and oxides. Ethanol dehydrogenation to
ethanal has been widely studied®®*® with the aim of optimising the selectivity.
Copper-based dehydrogenation catalysts are the most active for this reaction but it
has been found that, at the conditions used by many workers, the copper catalyst
loses activity over short time periods due to growth in the size of the copper
crystallites. The addition of chromia to the copper catalyst was found to double the
copper metal surface area of the catalyst and to retard the growth of copper
crystallites. Chen® studied catalysts with copper to chromium ratios of 40:0 to 40:20
and showed that there was a maximum of catalyst activity and selectivity at a ratio of
about 40:4. Chen confirmed the findings of Prasad® that the effect of chromia on the

catalyst was to increase the surface area and prevent the growth in size of copper

crystallites.

The dehydrogenation of alcohols to form esters has centred on methanol to methyl
formate and ethanol to ethyl ethanoate. lvannikov and Zherko™® first reported the
dehydrogenation of methano! to methyl formate. Copper and nickel metal catalysts
were investigated by Chono’' and Charles™ for the dehydrogenation of methanol to
methyl formate, and Franckaerts” for the dehydrogenation of ethanol to ethyl
ethanoate. Wainwright™ studied the dehydrogenation of methano! over a number of
commercially available copper-chrome catalysts and concluded that the best catalysts

contained copper-chromite. The reaction mechanism was assumed to be as follows:
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adsorption of methanol as a methoxy species, followed by hydrogen elimination to
form an adsorbed formaldehyde species. This species then reacts with gaseous
formaldehyde via a Tishchenko-type mechanism to form methyl formate. Recent
studies of the methanol to methyl formate™ reaction have concentrated on supported
copper catalysts, such as copper on silica, that have higher activities than bulk copper.
There are suggestions that there is a lower limit for copper crystallite size below which
dehydrogenation does not take place but this effect is not yet explained. Industrially,
the dehydrogenation of methanol to methyl formate’® is now an important part of the
conceptual C; chemistry that has been proposed as an altemative source of
petrochemicals from syn-gas.

Ethanol dehydrogenation to ethyl ethanoate was studied by Dogolov’® and Lelchuck’’
who proposed that ethanal was the key intermediate in the reaction mechanism.
Dogolov proposed that the reaction proceeded through an acetal intermediate while
Lelchuck proposed an alternative route where ethanal adsorbed at the catalyst surface

reacted with water to form acetic acid which in turn was esterified by excess ethanol.

Badhe and Mene’® proposed a scheme where the reaction of ethanol to ethyl
ethanoate was via a Tischenko type mechanism. Their kinetic study, using copper
catalysts promoted by thoria and ceria, carried out in a fluidised bed, concluded that
the Tischenko mechanism was correct and they put forward arguments based on the
kinetics of ethyl ethanoate formation as evidence. By contrast, Takeshita’ concluded
that the reaction did not occur via the Tischenko mechanism, but via a hemi-acetal
intermediate, produced by the reaction of adsorbed ethanal and ethanol. Takeshita

showed that when ethanal and propanal were passed over a catalyst that was
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effective for the reaction of ethanol and n-propanol to form esters, there was no
evidence of ester formation. This result is not surprising given the principle of
microscopic reversal; the reaction mechanism for ester hydrogenolysis, which is a
reversible reaction (for which alcohol dehydrogenation is the reverse reaction), has
been shown to involve a hemi-acetal type intermediate. Chung et al®® studied higher
oxygenate formation from ethanol over Co/ZnO catalysts and showed by 3¢ tracing
that the reaction mechanism for ethyl ethanoate formation was via an ethanal and an
ethoxide intermediate. Studies by other groups have demonstrated that the reaction

mechanism below (Figure 1.9) is correct in all essentials.
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Figure 1.9 Proposed Alcohol Dehydrogenation Reaction Mechanism
The study of the dehydrogenation of alcohols to esters by Takeshita™ reported

ketones as side products, yields increasing with the chain length of the alcohol, and

being of the form of 2,4 —i.e. propanone from ethanol, diethyl ketone from propanol.
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Other recent studies have concentrated on developing a commercial process for the
dehydrogenation of ethanol to ethyl ethanoate®'. Takezawa® detailed the
dehydrogenation of ethanol over a copper catalyst with the aim of producing ethyl
ethanoate and acetic acid. Similar papers by Chashchin et al®* Claus® and Yang
Schuwu® detail copper and nickel based dehydrogenation catalysts, all using ethanol

as the feed and producing ethyl ethanoate as the primary product.

1.6 Conclusions and future work

The primary object of this short review of the dehydrogenation literature was to confirm
that it is possible to synthesise ethyl ethanoate from ethanol by dehydrogenation. The
reaction is well known and is actually regarded as a problem when dehydrogenating
ethanol to ethanal. The literature on alcohol dehydrogenation, and ethanol
dehydrogenation to ethyl ethanoate in particular, has a strong academic but a very
weak industrial focus. What litte work had been reported covering ethanol
dehydrogenation to ethyl ethanoate did not seem to lead to an industrially viable
process, due to the low yield and selectivity to ethyl ethanoate — the only exception
was that reported by Inui®" where the focus was on a potential industrial process. Even
there, the catalyst employed was untried and experimental . There was no information
in any paper reviewed concerning catalyst life over an extended period, or of an
operating envelope, in terms of operating pressure, operating temperature and feed

flows.

Heterogeneous copper based catalysts were predominant in both the industrial and

academic literature, with chromium promoted catalysts being regarded as the most
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viable due to activity gains, thought in part to be due to copper-chromite reducing the
rate of copper crystallite sintering. This mirrors the experience of DPT and others in
the field of ester hydrogenolysis where chromium promoted copper catalysts
dominate. Most of the research work reported concerns the synthesis of aldehydes
and ketones from alcohols, and the formation of esters is a secondary effect. It has
been assumed that conditions and catalysts that favour alcohol dehydrogenation to
aldehydes and ketones will also be effective for ethyl ethanoate; this assumption may
or may not be valid. Industrial experience over many years has shown that while
classes of catalyst may promote a given reaction, in this example copper based
catalysts for dehydrogenation, details of the physical state and chemical composition

of catalysts are vital for the selectivity of the reaction and catalyst life.

In order to progress development of the dehydrogenation of ethanol to ethyl ethanoate
a number of industrially available, proven, copper-based catalysts will be evaluated in
a purpose built dehydrogenation reactor, constructed to be capable of testing these
catalysts over a wide range of temperature, pressure and feed flows. The focus of the
initial screening will be to provide a base from which the development of an optimised
catalyst can start. It is thought unlikely that the catalysts available, which will have
been optimised for their stated application, will be ideal for ethanol dehydrogenation

and so there is wide scope for catalyst development.
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Chapter 2

Ethanol to Ethyl Ethanoate Dehydrogenation Catalyst
Screening

2 Introduction

This chapter deals with work carried out to determine practical reaction
conditions for the dehydrogenation of ethanol to ethyl ethanoate, and whether
there was a commercially available catalyst that would be sufficiently active
and selective. The literature available for ethanol dehydrogenation indicates
that copper-based catalysts were likely to be the most effective, and so a
range of copper based catalyst precursors were selected from the commercial
literature for testing. The physical and chemical specifications of the catalysts
were chosen to give a wide range so that from the preliminary screening a
good idea of the direction that development work should take would be

apparent.

The reaction was carried out in a purpose-built tubular reactor, consisting of a
down-flow vapour phase reaction section that contained the dehydrogenation
catalysts in a fixed bed. A charge of 100cm® of catalyst precursor was used
for all test work. Analysis of the reaction products was performed by gas
chromatography. Initial reaction conditions were chosen to reflect both the
literature precedents and experience at DPT for related hydrogenation

reactions. A reaction scheme is proposed in section 2.1.
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2.1 Proposed Reaction Scheme

The following reaction are based on the published data on the
dehydrogenation of ethanol on copper catalysts. The designation (S)
represents a catalytic site.

123 as an ethoxide

The first part of the reaction is the adsorption of ethano
species on the copper component of the catalyst. This ethoxide can
dehydrogenate further to form an aldehydic species, releasing hydrogen. The

aldehydic species can desorb from the catalyst as ethanal

CH3CH,0H + 2(S) € CH3CH,0(S) + H(S)
CH3CH,O(S) + (S) €= CHyCHO(S) + H(S)
CH3CHO(S) €~ CHyCHO + (S)

H(S)+H(S) €> H2 + 2(S)

The aldehydic species, or intermediate with a similar structure, can react with
an ethoxide to produce an adsorbed hemi-acetal species. This species can

dehydrogenate yet further to form ethyl ethanoate.

CH3CHO(S) + CH3CH,0(S) € CH3CH(OH)OCH,CH3(S) + (S)
CH3CH(OH)OCH,CH3(S) + 2(S) €= CH3COOCH,CH3(S) + 2H(S)
CH3COOCH,CH3(S)&-> CH3COOCH,CH; + (S)

2H(S) € H, + 2(S)
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If water is present, then the possible formation of a gem-diol intermediate (see
below) could intercept the normal ethyl ethanoate formation mechanism and

lead to reduced catalyst activity.

CH3CHO(S) + H,0(S) €-> CH3CH(OH)x(S) + (S)

Two ethoxide species can react to form diethyl ether and oxide. This reaction
can take place on the copper crystallites but also on the surface of the
catalyst support or promoters. A diethyl ether precursor, vinyl ether, can be

formed by the decomposition of ethanal diethyl acetal.

2 CH3CH,0(S) €= CH;CHOCH,CHs(S) + O(S)

CH3CHO(S) + 2CH3CH,0(S) € CH3CH(OCH,CHa)x(S) + H0(S) + (S)

CH3CH(OCH2CH3)2(S) <> CH3CHzoCHCH2(S) + CH3CH20H

Two acyl species can react to form aldol products*. Two mechanisms are
possible — a normal aldol reaction that ultimately forms butanal, and an aldol
reaction where the product is butanone. The aldol products can be
hydrogenated to form the respective alcohols, 2-butanol for butanone and n-
butanol for butanal. Other side reactions include the formation of propanone

and 2-propanol® from ethanol via the aldol type mechanism
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2.2 Reactor Choice, Catalyst Loading and Catalyst Activation

Prior to any dehydrogenation test work commencing, a review of the possible
reactor designs commonly used was carried out within DPT by the author and
chemical engineering colleagues. The review took account of the

dehydrogenation work reported in chapter 1.

The review considered the various reactor types that could be used. There
are two main types of catalytic reactor that are commonly used in industry:
batch, where the reaction takes place in a sealed reactor and where the
product is contained within the reactor, and continuous where the reactor
has a flow of reactants through it at all times. The characteristics of the two
reactor types are very different. In batch reactors the composition of the
reaction mixture changes with time, and is best suited for reactions that are
zero or first order. Within continuous reactors the composition of the reaction
mixture is invariant with time but varies with position in the reactor. Detailed
treatments of the types of reactor are adequately covered by Thomas and

Thomas® and by Wijngaarden, Knonberg and Westerterp’

Each reactor type has benefits and disadvantages which limits suitability for a
particular type of reaction. Examination of the reported reaction conditions —
250C, pressure of below 350kPa — dictated that the reaction would take place
in the vapour phase so batch reactors were ruled out due to their low
capacity. The dehydrogenation reaction of ethanol to ethyl acetate is an

endothermic reaction and so heat transfer was another consideration. Where
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there is a high heat flux, multi-tubular reactors or fluidised beds are effective,
but these types of reactor are rarely used in the laboratory due to size
considerations. The remaining options — Berty type continuous reactors and
tubular plug flow reactors were both considered but Berty reactors are not
used in industry, rather as a research tool to simulate tubular or multi-tubular
reactors. The remaining option of a tubular type reactor fitted well with the
stated aim of using a commercially available catalyst. The conclusion of the
brief review was that for the laboratory evaluation a fixed bed of catalyst, with
down flow of process fluids to guard against possible flooding of the beds if
low volatility by-products were made during the reaction, would be the most
efficient option. A small fixed bed plug flow reactor was built for the test work

according to the sketch shown in figure 2.1.
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Figure 2.1 Dehydrogenation Test Reactor
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The dehydrogenation apparatus consists of an 18.75mm external diameter,
13.5mm internal diameter, 316 stainless steel reactor of length 30 cm. The
catalyst was packed into the reactor as shown, supported by a layer of 6mm
diameter glass beads that were in turn supported on a stainless steel mesh. A
further layer of 6mm glass beads was loaded onto the top of the catalyst to
mix and distribute the feed. The reactor was heated by use of circulated hot
oil from a temperature cbntrolled oil bath. Ethanol was fed to the reactor from
a ‘constametric’ high pressure HPLC pump, via a 2m length of 1mm stainiess
steel capillary tubing suspended in an oil bath. The effluent from the reactor
was collected by condensation in a water-jacketed stainless steel catch-pot.
Hydrogen was fed to the reactor via a ‘Brookes’ thermal mass flow controller.
Reactor pressure was monitored by a dial type pressure gauge — control of
reactor pressure was via a back-pressure regulator sited on the catch-pot.
The temperature of the reactor was monitored by 4 thermocouples sited in

pockets inside the reactor at points shown in figure 2.1 (TC1-4).
2.3 Reactor Test Protocol

In a typical test run, the reactor temperature was set by adjusting the reactor
to the desired temperature by altering the temperature of the circulating hot
oil. The reactor temperature was controlled by the reading from thermocouple
4 (reactor exit). The ethanol feed was adjusted to the desired delivery rate by
setting the constametric pump to the approximate flow setting, then checking

the actual flow by liquid displacement from a calibrated burette attached to
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the feed pump. Hydrogen flow was then set at the desired rate and the reactor
allowed to stabilise for at least 1 hour. The condensed reactor effluent was
collected and weighed at regular intervals, between 1 and 3 hours, and
analysed by gas-liquid chromatography (GC). A copy of the method used is
given in Appendix 2 — analytical methods. The results from the GC analysis
were used to calculate conversion of ethanol and selectivity to ethyl ethanoate
and other products. The initial aim of the test work was to produce ethyl

ethanoate at a selectivity of >90% at an ethanol conversion of >30%.

The reactor was sized according to internal DPT protocols for reactions over
heterogeneous catalysts. One prime directive of DPT research and
development protocols is that where possible heterogeneous catalysts should
be used in the same physical form, in terms of size and shape, as would be
used in a commercial reactor. Heterogeneous catalysts that are used for fixed
beds are normally supplied as tablets (3mmx3mm, 6mmx3mm, 6mmx6mm)
rings, trilobe tablets or extrudates . The reason for using this type of catalyst,
and not a powder or granule, is that the activity and selectivity of a catalyst
supplied in a pellet form will be different from the same catalyst in a powder
due to heat transfer between the catalyst and the reacting gas and transport
of feed and products through the catalyst peliet®. While differences in activity
can be ailowed for, for example by increasing the amount of catalyst relative
to the amount of feed, the differences in selectivity are more difficult to
compensate for. There are several particular difficulties; one is where a highly
reactive intermediate reacts further to yield the desired product. There will be

a difference in the reactivity of the catalyst between the powder and pellet
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forms, and the fate of the highly reactive intermediate may be different. If the
intermediate has a short lifetime in the reactor then a lower concentration of
by-products may be formed which would give an optimistic view of the activity
of the catalyst. Another difficulty may be that of transport; reactions
commonly happen only in a portion of the catalyst pellet® — the feed material
diffuses into the pellet, reacts then diffuses out. Catalyst pellets are sized
such that the diameter of the pellet is close to twice that of the diffusion path
ensuring that as much as possible of the active constituent of the pellet is
used. Where the diffusion path length of a molecule is small, or where the
reaction yields products that difftuse more slowly than the feed materials (i.e.
dimethyl maleate [feed] and 1,4 butanediol [product]), the physical size of the
individual catalyst particle has a large effect on the products that emerge. It is
most likely that a powder catalyst will have a higher activity than a pelletised
catalyst and often the powder catalyst also has higher selectivity, but the
converse case can also be true in circumstances where a reaction

intermediate does not decompose to form by-products.

The practical upshot of using a commercially acceptable catalyst design is
that it places constraints on the type and size of reactors that can be used as
research and development tools for industrial processes. The minimum size
reactor required to accurately model a full sized commercial reactor, of 10,000
to 30,000 litres volume, is a contentious issue and the subject of much
research among chemical engineers. The DPT approach is to design reactors
such that the hydrodynamic flow of reactants over the catalyst is within one

order of magnitude of that that would be used in a commercial reactor®.
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Practically, this limits the size of a catalyst bed that uses a 3x3mm tablet
catalyst in a tube of 12-25mm diameter, to 100cm? of catalyst as the lower

limit.

2.4 Engelhard Catalyst Ex1808T

In order to gain a baseline from which to develop the dehydrogenation
catalyst a commercially available copper-chromium hydrogenation catalyst
was chosen for the first set of dehydrogenation test work. This catalyst,
termed Ex1808T by the manufacturer Engelhard, has uses in ester
hydrogenation and dehydrogenation of ethanol to ethanal, and was therefore
thought to be likely to be an effective dehydrogenation catalyst for the ethanol
to ethyl ethanoate reaction. Ex1808T is an industry standard copper chromite

catalyst of the approximate composition shown below.

Copper (as CuO) 38%
Chromium (as Cr,03) 54%
Silica (as SiOy) 5%
Carbon 3%

Copper is present in the catalyst in two forms'® — copper chromite (CuCr,04)
and copper oxide (CuQ) . When used in hydrogenation, the catalyst precursor
is treated in a flow of hydrogen, diluted in an inert carrier such as nitrogen, to
reduce copper oxide to copper metal in the form of small crystallites of
between 10 and 400 microns diameter. It is this copper that is the active
catalytic species''. Copper chromite is not reduced at the conditions used to
reduce copper oxide. The exact method of activation influences the size

distribution of the crystallites, which in turn influences the activity of the
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Chromatogram

LHSV = Feed Rate (cm®)/ catalyst Volume (cm?®)

The ethanol vapour, containing a small amount of hydrogen added before the
reactor (circa 2-10 Standard Litres per Hour (SLPH)), was passed over the
catalyst for a total of 6 hours. Samples of the condensed reactor effluent were
taken at 2 hour intervals. After 6 hours of operation an analysis of the product
showed that ethyl ethanoate was being formed, but in very small amounts. A

GC analysis of the product showed the following major constituents:

Ethanal 0.091
Ethanol 97.75
Methanol 0.058
Ethyl Ethanoate 1.893
2-Butanol 0.013

Figure 2.4 is a typical chromatogram of the product from this reaction,
showing the peaks corresponding to those components listed above. Table

5.1 details data from this catalyst.
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Figure 2.4 — Typical Chromatogram from Run 1
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When compared to figure 2.4 the difference in ethanol conversion and

selectivity to ethyl ethanoate can be clearly seen.

Conditions were then changed to try to increase selectivity to ethyl ethanoate
whilst keeping the high ethanol conversion. Examination of the proposed
reaction mechanism (section 2.1) indicates that if the equilibrium
concentration of ethanal could be reduced then the amount of by-product
made would also be reduced. This was achieved by increasing the reactor
pressure to 1400 kPa while keeping the other process conditions the same as
for run 2. It should be noted that the increase in pressure increases the
residence time of ethanol over the catalyst — doubling the pressure in effect
doubles the contact time of the feed over the reactor. This is important in two
ways; if the reaction has not reached equilibrium then increasing residence
time will increase conversion. If the reaction has reached equilibrium then
increasing residence time may decrease selectivity if the reactions that

produce by-products have not reached equilibrium.

The increase in pressure resulted in a reduction of conversion from 69.5% to
58.1% whilst increasing selectivity form 56.9 to 63.3%. These raw results in
themselves do not show the whole story — some of the by-products decreased
in line with the overall change in selectivity, some more and some less than
the average. The concentration of the main by-product (1-butanol) assumed
to have derived directly from ethanal decreased further than the overall
decrease in selectivity; 5.9% to 4.9% (a relative decrease of 16%), while the

concentration of the by-product that was assumed to have been derived from
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Test 8 was carried out at a low temperature, 160°C, in order to check the
activity of the catalyst. The T4489 catalyst was known, by experience of use
at DPT, to have a relatively high activity for ester hydrogenation compared to
copper-chrome and so it was possible that even at low temperatures the
conversion of ethanol would be high. The result indicated that while the
activity of the catalyst was higher (3.5% conversion cf 2.2% for copper-
chrome) the difference was not significant. What was significant was that even
at low conversion the molar selectivity to ethyl ethanoate was low — 74% cf

95% for the copper-chrome catalyst.

~ Reaction conditions were then scanned through a rénge similar to that used
for the copper-chrome catalyst with similar results — at all conditions the
selectivity to ethyl ethanoate was significantly lower. An interesting
observation was whilst the catalyst produced by-products of a similar nature,
there was a wide variation in the relative concentration of these by-products.
In particular, the concentrations of propanone, 1-propanol, butanone, 2-
butanol and 1-butanol in the product were high compared to the Copper-
chrome catalyst; in contrast, diethyl ether concentrations were relatively low.
This result indicates that aldol promoting sites (basic) were more important
than ether producing sites (acidic) for by-product formation. Figure 2.10 plots
conversion of ethanol and selectivity to ethyl ethanoate against reaction
temperature. The general shape of the plot is similar to that observed for the
previous catalyst — ex1808T. Figure 2.11 plots conversion of ethanol against
selectivity to ethyl ethanoate showing the dependence of selectivity on

conversion of ethanol.
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2.6 Copper on Silica Catalyst

The next catalyst chosen for the screening was a copper on silica
experimental catalyst supplied by ICl. The catalyst has a copper content of
20% supported on a high surface area silica, BET (Brunauer, Emmett and
Teller)'® area of 200m?g™". The catalyst had been originally used for the liquid
phase hydrogenolysis of fatty acid esters to fatty alcohols but had shown poor
activity but relatively high selectivity. It was this property that suggested it

could be useful as a dehydrogenation catalyst.

The catalyst was loaded to the reactor and activated according to the method
shown in Appendix 1. Following activation the catalyst was screened in a
similar fashion to the other catalysts but due to the expected low activity of the
catalyst the low temperature run was omitted. The results are shown in Table
2.3 (p 74) and graphically in figures 2.12 - ethanol conversion and selectivity
to ethyl ethanoate with temperature, and 2.13 — selectivity to ethyl ethanoate

plotted against ethanol conversion.
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The results using this catalyst show a marked difference from the previous
two catalysts tested. The overall activity is low, as expected for the results
from studies of ester hydrogenolysis, but overall selectivity is also low. The
calculated yield of ethyl ethanoate was the lowest for any tested. The
spectrum of by-products was similar to the T4489 catalyst, and was low in
diethyl ether in particular. The by-product spectrum is dominated by C4
compounds that are assumed to be formed from acetaldehyde via an aldol
mechanism The catalyst shows a very marked dependence on temperature
for by-product formation, and coupled with low activity the catalyst was
deemed not to be a suitable candidate for the present project and the test

work was discontinued.

2.7 Raney Copper Catalyst

It was clear that the catalyst support and/or promoters (Cr, Al-Mn and Si) were
having a disproportionate detrimental effect on the selectivity and conversion
of ethanol to ethyl ethanoate. Copper was clearly capable of performing the
required reaction but the by-products, even at low conversion, were at too
high a level for commercial viability. A Raney'’ copper catalyst, manufactured
by Degussa, was used in an attempt to discount the effect of support

materials by effectively removing them.
Raney copper is formed by first making a copper-aluminium alloy, of varying

composition according to the required physical properties of the final catalyst.

The alloy is treated with an aqueous base, such as NaOH, which leaches
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aluminium leaving a finely divided but connected copper sponge. The catalyst
has a lower metal surface area than a precipitated catalyst but it has a well

defined pore structure and is extremely robust.

Given the probability that the catalyst would be less active than the
precipitated type due to its low surface area, the initial runs were carried out at
higher temperatures than for the other catalysts. The conditions of
temperature, pressure and feed flow rates were scanned, and the results are
collected in Table 2.4 (p 75). At first sight, the results obtained using the
Raney catalyst were poor. Selectivity to ethyl ethanoate was low, even at low
conversion of ethanol. A more detailed examination of the by-product
spectrum indicated that at moderate conversion of ethanol the main by-
product was diethyl ether, and other by-products were at a lower level than
observed when using other catalysts. This observation suggested that if the
cause of the ether formation could be determined then a selective catalyst
should be achievable. Investigation of the catalyst revealed that it contained
significant levels of aluminium, possibly acting as the source of ether
formation. Contact with the catalyst manufacturer confirmed the presence of
residual aluminium which could be reduced by several means but could not
be entirely eliminated. It was decided at this point that this would not be a
worthwhile use of time and effort and so the Raney copper catalyst was
removed from the candidate list. The data from these runs are recorded in

Table 4 (p 75) and graphically in figures 2.14 and 2.15.
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2.8 Copper Oxide Catalyst — E408Tu

The results afforded by the previous catalysts tested indicated that the
promoter and catalyst supports were having a negative effect on the
selectivity to dehydrogenation. The Raney copper catalyst suggested that the
approach of testing a ‘copper-only’ could be the best option. A search of the
catalyst company literature resulted in the catalyst designated ‘E408Tu’ which
contained 92% copper oxide and 8% alumina binder. The catalyst was
supplied in the form of 3x3mm cylindrical tablets. The catalyst was not
recommended by the manufacturers as a hydrogenation or dehydrogenation

catalyst.

A 100cm?® charge of the Engelhard catalyst was loaded into the reactor and
activated as detailed in Appendix 1. Indicators for the activation of the catalyst
appeared to be identical to the activation of the copper chromium and copper
manganese alumina catalysts previously tested, with the exception of the

activation took longer, possibly due to the increased copper content.

Following the activation the catalyst was heated to 250°C and the reactor
pressure set at 690kPa. Hydrogen flow was set at 10 SLPH and the ethanol
feed started at 30cm>®hr”’ (LSHV 0.3). Since the initial results from this run
were not very encouraging — selectivity to ethyl ethanoate was 67.3% (see
run 38, table 2.5 (p 76)) at a conversion of 47.5%, the feed rate was

increased to 50cm>hr! at otherwise identical conditions. The results from this
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run became more encouraging; selectivity to ethyl ethanoate increased to

82.4% while conversion remained relatively stable at 49.9%.

The feed rate was increased again to 100cm’hr” (see run 40, table 2.5 (p 76))
and again the selectivity to ethyl ethanoate increased, stabilising at 86.4%,
while conversion remained almost unchanged at 50.4%. It appeared that the
activity of this catalyst was high — an increase in feed from LHSV 0.3 to 1.0
resulted in a small increase in conversion and a large increase in selectivity
(67.3% to 86.4%). The feed rate to the reactor was increased again, to
200cm>hr’ (LHSV 2.0 — see run 41, Table 2.5 (p 76)). At this condition the
conversion was seen to decrease to 41.2% while the selectivity increased

marginally to 87.9%.

Having found the limit of catalyst activity at 250°C, the ethanol feed rate was
reduced to 100cm>hr’, and the reactor temperature lowered to 225°C.
Ethanol conversion at these conditions fell to 35.0% but the selectivity to ethyl
ethanoate increased to 93.4%, clearly the best result of any catalyst. In order
to increase conversion the feed rate was decreased to 50cm>hr'. The results
from this run (run 43, table 2.5 (p 76)) — an increase in conversion to 39.6%
and a marginal decrease in selectivity to 93.3% indicated that the effect of
feed rate on selectivity was not the same at 225°C and 250°C. At the higher
reactor temperature, selectivity increased with increasing feed rate while
conversion of ethanol remained relatively unchanged. At 225°C selectivity
remained unchanged while conversion of ethanol decreased with increasing

ethanol feed rate.
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The effect of pressure on the activity and selectivity was then tested. Runs
were carried out at 1380kPa (run 44) and 345kPa (run 45). The effect of
increasing pressure was to increase the maximum selectivity observed to
94.8% but to reduce ethanol conversion at this selectivity to 33.7%.
Conversely decreasing pressure increased conversion to 42.7% but
decreased selectivity to 91.6%. The increase in selectivity with pressure was
then tested at 250°C to test whether the effect of pressure or temperature was

the dominant factor in selectivity.

The next run (run 46, Table 2.5, p.76) was carried out at 250°C and at 1380
kPa. The results — conversion of 43.4% and selectivity of 91.4% should be
compared to the result of run 40 which returned an ethanol conversion of
50.4%, and selectivity to ethyl ethanoate of 86.4%. Clearly, increasing the
reactor pressure has a beneficial effect on selectivity but a negative effect on

conversion.

Runs 47, 48 and 49 were carried out to test the effect of increasing the
hydrogen concentration in the reactor. The pressure in the reactor is
generated by the ethanol feed, hydrogen feed and products of
dehydrogenation. Increasing the reactor pressure while keeping the ethanol
and hydrogen feed rates constant does not increase the partial pressures of
either but does raise the total pressure. Further tests - runs 47, 48 and 49 -
were carried out to test whether the determining factor in selectivity with

pressure was due to the partial pressure of hydrogen or the total hydrogen
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pressure. The results from these runs indicate that, at a reactor temperature
of 250°C, a change in hydrogen partial pressure at both 1380 kPa and 345
kPa has little or no effect on selectivity. Runs 46 and 47, both performed at
1380 kPa but at hydrogen flows of 10 and 50 SLPH respectively gave
selectivities of 91.6 and 91.2% respectively. Runs 48 and 49, performed at
345 kPa and at hydrogen flows of 50 and 10 SLPH respectively gave
selectivities of 87.2 and 86.2%. When the effect of hydrogen flow is compared
for conversion of ethanol, at 1385 kPa the effect is small — conversion of
ethanol fell from 43.4% to 43.0% when the hydrogen flow was increased, but
at 345 kPa the effect was marked, with a fall in conversion from 49.3% to
40.1%. When runs 49 and 40 are compared — both runs were carried out at
250°C and with 10 SLPH hydrogen and 100cm®hr”’ of ethanol but at different
pressures, 345 kPa and 690 kPa, the effect of pressure on selectivity and
conversion at 250°C reactor temperature appears to be negligible.
Comparing this observation to the results obtained from runs 42 to 45, which
were performed at a lower temperature, it appears that the effect of pressure

on the reaction is highly dependent on the reaction temperature employed.

A possible explanation is that there are a number of physically or chemically
different sites that catalyse the formation of by-products. At high temperature,
all of these sites are active and the rate of by-product formation is determined
by desorption from these sites. At lower temperatures not all sites are active
or not fully covered. Hence, at high temperature increasing the ethanol feed
rate increases selectivity to ethyl ethanoate — more ethyl ethanoate is

produced while the rate of by-product formation remains constant. A final run
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2.9 Discussion of preliminary test work

The test work that has been reported in this chapter shows that ethyl
ethanoate can be selectively synthesised by the dehydrogenation of ethanol
over copper metal catalysts. Five catalysts have been evaluated, 50 individual
runs have been performed. All of the catalysts that were tested had activity to
the target reaction, ethanol dehydrogenation to ethyl ethanoate, but there was
a wide range of selectivity to the desired product. With the exception of one
catalyst - Raney copper - , the catalysts contained copper in the form of
copper oxide and so was activated in situ by reduction with hydrogen diluted
in a stream of nitrogen at 160°C prior to use. All catalysts were in the form of
3x3mm cylindrical pellets, commercially produced. The dehydrogenation
reactions were carried out in the vapour phase, in a fixed bed reactor using a
charge of 100cm® of the catalysts. The most selective and active catalyst is
an unpromoted copper oxide containing catalyst, sourced from Engelhard,
termed E408Tu. The addition of promoters to copper oxide appears to have a
negative effect on the selectivity of the reaction, in two ways: by promoting
dehydration and aldol reactions. There is evidence in the literature that
insulating oxides'® promote the formation of dehydration products in
preference to dehydrogenation products, and these products have been
observed in the dehydrogenation products collected. The catalyst that exhibits
high selectivity to ethers (Raney Copper) is suspected of containing large
numbers of the sites that promote dehydration reactions but few of the sites

that promote aldol reactions.
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Some of the other by-products that have been identified appear to be
associated with aldol reaction of acetaldehyde. They are 4-carbon species
such as butanone, 1-butanol and 2-butanol. The difference in the selectivity of
these side products for the differing catalysts leads to the conclusion that the
promoters (Cr, Mn) cause these products to be formed. The proposed
reaction mechanism for these by-products, detailed in section 2.1, is plausible
given that the by-products are suspected as being based on an aldehydic
intermediate (adsorbed ethanal) and the by-products are at highest
concentration at conditions where ethanal is also high. The reaction of ethanol
to ethyl ethanoate seems to be highly temperature dependent. Below about
200°C there appears to be little or no activity although the selectivity for ethyl
ethanoate can be high. Above 250°C the reactions that form by-products
appear to dominate, giving a temperature window of about 200-250°C.
Increasing the reactor pressure seems to have a positive effect on the
selectivity to ethyl ethanoate while having a negative effect on conversion of
ethanol. Overall, the benefits of pressure in increased selectivity offsets the
loss in yield. At a pressure of 1400kPa and at a temperature of 225°C, ethyl
ethanoate can be synthesised at circa 95% selectivity at an ethanol
conversion of 34%. This result has met the initial target of producing ethyl

ethanoate at a selectivity of >90%

The catalyst screening has identified a commercially available copper
containing catalyst that has acceptable performance in terms of activity and
selectivity for the conversion of ethanol to ethyl ethanoate. Initial results

obtained using the screening apparatus suggest that there is scope for
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improving the performance of the catalyst, especially in terms of the overall
conversion. Given that this catalyst is unlikely to be the optimum possible for
the reaction, there is scope for improvements in both the selectivity and
activity. The poor selectivity of the Copper-chrome catalyst for converting
ethanol into ethyl ethanoate and indeed ethanal is puzzling as catalysts of this
type are used for the industrial dehydrogenation of ethanol and other alcohols
to the respective aldehydes and ketones. In the published work details of the
side reactions that take place during dehydrogenation are not given, and
except for propanone and butanone none of the by-products identified in this
work have been identified. This is surprising, especially as the results of the
present study show that increasing the temperature and decreasing the
pressure both increase selectivity to these by-products. At the quoted reaction
temperature for ethanol dehydrogenation (275-300°C, atmospheric

pressure)' the by-products would be expected to dominate.

The very poor selectivity exhibited by the manganese containing catalysts
was unexpected as they are highly selective in the reverse hydrogenation
reaction. Typically, for the hydrogenation of dialkyl maleates to 1,4 butanediol
— a molecule that is prone to dehydration to form 1-butanol and the cyclic
ether tetrahydrofuran — a manganese containing catalyst is more selective to
butanediol and less selective to THF and 1-butanol. The Mn containing
catalyst tested for this work for the dehydrogenation of ethanol to ethyl
ethanoate was non-selective for ether formation, but other by-products

especially alcohols and ketones formed by aldolisation reactions accounted
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for up to 58% of the products. The reason for this puzzling behaviour is not

known.

The high activity of the Copper oxide only catalyst precursor is also surprising
in the light of previous work reported in the literature. Most studies'® have
found that the activity of unpromoted copper oxide is low compared to
promoted copper oxide, with the unpromoted catalyst precursor having only
half the activity of the promoted analogue. It may be that this difference in
activity is masked by the reaction being equilibrium limited, or one or more of
the by-products inhibiting the catalysts. As the product of a dehydrogenation
reaction is more strongly adsorbed than the feed material there may be ‘self
poisoning’ where ethyl ethanoate is being held on the catalyst surface and is
inhibiting reaction. Regardless of the catalyst, selectivity or conversion, the
maximum amount of ethyl ethanoate that is observed in the product does not
exceed 40-42 mol%. In addition, the ethyl ethanoate yield appears to reach a
maximum at about 40% and does not increase even with an increase in
overall conversion. This is perhaps an indication of the ethyl ethanoate
reaction occurring on one site, which becomes inhibited at high ethyl
ethanoate concentration, and that the side reactions occur on other sites

which do not become inhibited by adsorption of ethyl ethanoate .

The results from this work are encouraging, sufficiently so to lead to the best
catalyst, E408Tu, to be installed into a new reactor for more detailed testing.
The test work will be designed to determine the effect of pressure,

temperature feed rate and feed type on the selectivity to ethyl ethanoate. The
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long term stability of the catalyst will be tested by operating over an extended

period of circa 1000 hours. This work is detailed in chapter 3.
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Table 2.1 Engelhard Experimental Cu/Cr Catalyst Dehydrogenation Results

Run Number 1 2 3 4 5 6 7
RxIn, °C 150 265 262 228 251 279 225
Rx Out, °C 150 245 254 214 237 258 214
- 0.3 0.3 0.3 0.3 0.3 0.3 05
680 680 1360 680 680 340 340
0.091 1786 |1.278 0.842 1.438 3.036 1.854
0.058 0.130 __[0.108 0.021 0.038 0.151 0.046
0.000 1711 [2.299 0.373 1,096 1.233 0.286
97.745 31.805 142935  |66.355  [47.841 29.728 _ [69.563
0.000 0.892  [0.562 0.054 0.359 1,350 0117
0.000 0749 |0.741 0.114 0.341 0.680 0.107
0.000 0.022___[0.008 0.000 0.000 0.016 0.000
0.000 0.532  |0.468 0.041 0.208 0.598 0.071
Ethyl ethanoate 1.893 38.396 [35.285  [28.545 37.542  [39.289  [22716
Butane 0.000 3912 |2.347 0.591 2.058 5.198 1.346
2-butanol 0.013 1868 |2.084 0.914 1,400 1.381 0.925
2-Propyl Ethancate 0.000 0.128 _ ]0.131 0.008 0.036 0.071 0.014
1-Butanol 0.000 3443 2344 0.466 1,649 3.442 0.837
2-pentanol 0.000 0.744 __ 10.265 0.013 0.121 0.709 0.016
Sec- Butyl Ethanoate 0.000 0.449  [0.418 0.085 0.206 0.294 0.049
Ethyl butanoate 0.000 2.447 |1.272 0.266 1.390 2.867 0.419
2-butyl ethanoate 0.000 2.737 _ |1.442 0.202 1.088 1,113 0.320
Di 1-Butyl Ether 0.000 0.000 _ [0.055 0.000 0.013 0.000 0.000
Water 0.200 3610 [3.410 0.810 1.880 3.550 0.960
Others 0.000 4.067  2.283 0.257 1.029 4.941 0.294
Mole% Conversion of Ethanol 2175 69.468 |58.119  [34.554 53.423 71.496 31.429
|[Selectivity Ethanal Free
|ISetectivity to Ethyt ethanoate 95.211 56.939  163.334 87.379 73.541 57.534 79.306
|ISelectivity to_Propanone 0.000 2023 ]1.531 0.251 1.067 3.019 0.620
|[Setectivity to Butane 0.000 7.000 [5.149 2.211 4.927 9.303 5.743
|[Selectivity to_2-propanol 0.000 1.629  [1.951 0.512 0.980 1.460 0.548
[[Selectivity to 2-butanol 0.778 3330 [4.448 3.327 3.282 2.405 3.840
l Seleclivity 1o 1-Bulanol 0.000 5915 ]4.891 1.654 3.736 5.739 3.264
Selectivity to Diethyl Ether 0.000 3.017  [4.907 1.358 2.553 2.147 1.187
{[Selectivity to All Others 4.011 20.056 |13.789 3.309 9.913 18.391 5.492
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Table 2.2 T4489 Cu/Mn/Alumina Catalyst Dehydrogenation Results

Run Number 8 9 10 11 12 13 14 15
Rx In, °C 163 272 273 245 244 272 285 286
Rx Out, °C 145 248 248 225 225 249 274 274
LHSV, hr™ 0.3 0.3 0.3 0.5 0.5 0.3 0.5 0.5
Pressure, kPa 680 680 1360 580 340 340 680 340
H2 Flow, SLPH 1.5 3.2 4.1 0.6 2 3.3 0.1 25
TOL, hr 17 26 38 51 61 74.5 93 111
Ethanal 0.032 0.468 0.321 0.435 0.947 0.660 1.416 1.351
Methanol 0.000 0.140 0.214 0.058 0.088 0.213 0.295 0.279
Diethyl Ether 0.000 0.099 0.584 0.260 0.105 0.390 0.694 0.480
Ethanol 96.466 35.626 46.214 49.863 55.938 31.812 31.750 24.066
Propanone 0.000 3.777 1.583 0.425 0.797 3.946 4.797 6.085
|{2-Propanol 0.000 5.838 4.946 1.007 0.933 4.322 4.190 3577
Butanal 0.000 0.326 0.492 0.060 0.058 0.383 0.457 0.443
tgthyl ethanoate 2.459 31.377 26.822 40.307 33.419 36.773 30.716 36.817
Bulane 0.000 3.501 1.886 1.370 2.258 4.350 4.912 6.839
2-butanol 0.000 4.439 4.972 2.561 2.099 3.730 3.435 2.732
2-Propyl Ethanoate 0.000 1,101 0.939 0.083 0.035 0.718 0.897 0.636
1-Butanol 0.000 3116 2.470 0.728 0.845 3.277 4.526 4.426
2-pentanol 0.000 1.170 1.269 0.105 0.077 0.943 1.410 1.047
2-butyf Ethanoale 0.000 0.817 0.875 0.219 0.086 0.689 0.742 0.607
[Ethyt butanaate 0.000 1.046 0.763 0.502 0.443 1,279 1.483 1,727
2-butyl ethanoate 0.000 1.392 0.941 0.502 0.472 1.642 1.761 2.205
2-Hexanone 0.000 0.031 0.041 0.009 0.067 0.388 0.447 0.338
2-hexanol 0.000 0.132 0.167 0.024 0.015 0.126 0.137 0.106
Di 1-Butyt Ether 0.000 0.198 0.214 0.014 0.000 0.161 0.242 0.161
1-Hexano! 0.000 0.000 0.034 0.000 0.000 0.031 0.053 0.052
2-Heptanone 0.000 0.129 0.160 0.000 0.000 0.142 0.233 0.230
Di Propanone Alcohol 0.000 0.105 0.130 0.000 0.000 0.102 0.145 0.052
1-Heptanol 0.000 0.048 0.059 0.000 0.000 0.054 0.079 0.072
2-Octanone 0.000 0.011 0.011 0.000 0.000 0.015 0.023 0.021
2-Ethyl Hexanol 0.000 0.080 0.000 0,000 0.000 0.000 0.000 0.000
1-Octanol 0.000 0.027 0.009 0.000 0.000 0.007 0.000 0.008
[Water 0.180 0.810 2.080 0.890 0.800 1,960 2.460 2.490
|[Otrers 0.863 4.196 1.794 0.577 0.520 1.887 2.674 3.117
|[Conversion of Ethanol 3.507 67.954 57.019 51.836 45,988 70.994 71.247 78.349
Feleclivﬂly to EtOAC 74,022 43.705 45.089 79.194 74.813 49.816 41.601 44.927
Selectivity to Propanone 0.000 7.982 4.118 1.267 2.711 8.111 9.857 11.266
|[Selectivity to Butane 0.000 5.960 3.952 3.290 6.186 7.202 8.131 10.200
H[Selectivity to IPA 0.000 19,927 12.438 2.902 3.067 8.587 8.323 6.402
[[Selectivity to 2-butano! 0.000 7.353 10.138 5.984 5.595 6.009 5.532 3.965
[[Selectivity to 1-Butanol 0.000 5.128 5.009 1.687 2.206 5.232 7.152 6.319
|[Selectivity to DEE 0.000 0.164 1.211 0.607 0.280 0.628 1.118 0.697
{[Selectivity to all Others 25.978 17.781 17.144 5.070 5.041 14.413 18.286 16.225
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Table 2.3 ICI Cu On Silica Catalyst Dehydrogenation Resuits

Run Number 16 17 18 19 20 21" 22 23 24 25 26 27 |28
Rx In; °C 269 295 268 244 242 270 282 205 295 268 245 243 266
lIRx Out, °C 250 275 251 225 225 250 275 274 275 251 225 225 250
[lLHSV, hr” 0.3 0.3 0.3 0.5 0.5 0.3 0.5 0.5 0.3 0.5 0.3 0.3 0.5
||Pressure, kPa 680 680 1360 680 340 340 340 680 340 680 680 340 340
l[HZ Flow, slph 8.3 10 10 10 9.9 9.9 9.9 9.9 9.9 9.9 9.9 10.1 10
[[ToL, hr 16.5 34 49 64 75 88 100.5 112 123 135° 147 159 169
'FM% Analysis
Ethanal 0.954 1.308 0.409 0677 1.382 1.597 4.424 2125 2.482 0.091 0.438 0.431 2.641
Methanol 0.083 0.194 0.064 0.015 0.022 0.111 0.161 0.131 0:241 0.058 0.024 0.024 0.092
Diethyl Ether 0.000 0.011 0:000 0.000 0.000 0.008 0.009 0.000 0.000 0.000 0.000 0.000 0.000
Ethanol 71428 |57.188  168.224 187.600_ ]91.247 [77:813  [72.468  [68.657 |62.372 [96.470 [83.664 183.652 |84.590
Propanone 0.413 1.901 0.214 0:033 0.051 0.578 1,286 0.929 2.704 0.000 0.052 0.052 0.282
' 2-Propanol 0.685 2.066 0.754 0.078 0.056 0.587 0.563 0.811 1.727 0:000 0.179 0.179 0.193
Di 2-Propyl Ether 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Butanal 0.033 0.116 0.018 0.000 0.000 0.039 0.171 0.080 0.179 0.000 0.000 0.000 0.036
’lEthﬂ ethanoate 21.016  [26.269 [26.196  ]9.821 5.919 14.335  [13.450 ]18.905  [19.511 1.893 13963 [14.026 _ [8.943
Butanone 1.215 2.713 0:582 0.229 0.337 1.311 2.429 2.024 3.165 0.000 0.236 0.237 1,009
2-butanol 1,586 2.383 1.648 0.424 0.295 1.051 0.856 1,447 1,596 0.013 0.626 0.623 0.551
2-Propyl Ethanoate 0.012 0.050 0.024 0.000 0.000 0.000 0.000 0.010 0.026 0:000 0.000 0.000 0.000
2-Pentanone 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1-Butanol 1.088 2.648 0.603 0.190 0.233 1.078 2177 1.956 3.180 0:000 0.234 0.232 0817
2-pentandl 0.035 0.176 0.033 0.000 0.000 0.021 0.168 0.048 0.080 0:000 0.000 0.000 0.000
2-butyl Ethanoate 0.025 0.053 0.053 0.000 0,000 0.009 0.009 0.019 0.022 0.000 0.000 0.000 0.000
Ethyl butanoale 0.139 0.414 0.119 0.000 0.016 0.102 0.154 0.209 0.388 0.050 0.028 0.028 0.044
2-butyl-ethanoate 0.280 0.815 0.206 0.000 0.035 0.197 0.307 0:438 0.794 0,000 0.047 0.047 0.083
2-Hexanone 0.026 0.048 0.018 0.000 0.000 0.015 0.020 0.015 0.025 0.000 0.000 0.000 0.022
2-hexanol 0.000 0.017 0.008 0.000 0.000 0.000 0.019 0.014 0.011 0.000 0.000 0.000 0.000
[Di 1-Buty Ether 0.000 __[0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1-Hexano! 0.000 0.030 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0,000 0.000
Water 0.720 1,130 0.600 0.690 0.250 0.730 0.670 1.770 0.850 0.200 0.320 0.280 0.380
Others 0.262 0.447 0.227 0.243 0.157 0.417 0.659 0.412 0.626 1.225 0.189 0.189 0317
Conversion of Ethanol 30.014 45468 [33.112 |12.469  [9.108 23.476 [29.614 |32.570 140.7195 [3.514 16.974 [17.020 _ [16.351
Selectivily to EIOAC 74140 |59.297 |82.128 |87.227 [80.382 |67.501 [54:365 [63.879 |50.689 ]|57.888 |87.691 ]87.766 [67.878
Selectivity to'Propanone 2.211 6.511 1.018 0.445 1.051 4.129 7.887 4.763 10.659 ]0.000 0.495 0.494 3.248
Selectivity to_Butanone 5.239 7.485 2.230 2.486 5.504 7.545 12,000 [8.359 10.050 __ ]0.000 1.812 1.813 9.360
Selectivity to IPA 3.544 6.840 3.467 1.016 1.115 4.054 3.338 4.019 6:581 0.000 1,649 1.643 2.149
Selectivity to 2-butanol 6.654 6.397 6.144 4478 4,764 5.885 4.115 5.814 4.931 0473 4,675 4.636 4.973
|[Selectivity to 1-Butanol 4.416 6.904 2.220 1.893 3.168 5.614 8.877 7.333 9259 0.000 1.701 1.681 6.143
|[Selectivity to DEE 0.000 0.030 0.000 0.000 0.000 0.050 0.043 0.000 0.000 0.000 0.000 0.000 0.000
([Selectivity 1o all Others 3.797 6.536 2.793 2.455 3.926 5.221 9.377 5.834 7.832 41.639 _ [1.977 1.969 6.249
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Table 2.4 Degussa Raney Copper Catalyst Dehydrogenation Results

Run Number 29 30 31 32 “I33 34 35 36 37
Rx In, °C 1267 271 307 280 246 241 220 19 218
Rx Out, °C 247 250 1275 250 225 225 200 200 200
LHSV, hr” 0.6 0.3 0.3 0.3 0.5 1 0.3 0.3 0.3
Pressure, kPa 680 680 “|680 1360 680 680 680 340 340
H2 Flow, SLPH 10 10 10 10 10 10 10 30 50
TOL, hr 11.5 23 38 49 58 68.5 88.0 99.0 106.5
Wi% Analysis X
Ethanal 0.420 0.313 1,332 0.195 0.231 0.429 0.105 0.147 0.059
Methanol 0.052 0.083 0,254 0.066 0.018 0.012 0.000 0.000 0.000
Diethyl Ether 2.939 5.709 8.294 10.251 2.927 1,135 1.414 1.012 0.521
Ethanol 55,791 50.120 34.202 54.173 71.496 80.041 83.828 84203 91.887
Propanone 0.131 0.160 0.649 0.058 0.022 0.018 0.000 0.000 0.000
2-Propanol 0.401 0.697 1,341 0.551 0.135 0.064 0.032 0.038 0.017
Di 2-Propyl Ether 0.000 0.012 0.066 0.008 0.000 0.000 0.000 0.000 0.000
n —Butanal 0.102 0.222 0.338 0.204 0.037 0.015 0.000 0.008 0.000
Ethyl ethanoate 31.871 30.243 23.123 22.503 20.757 14.883 13.068 12.477 6.212
Butanone 0.984 0.970 1,809 0.400 0.300 0.324 0.057 0113 0.029
{[2-butanol 2.132 2.662 2.399 1.973 1.247 0.860 0.419 0.590 0.269
"_2-Propy1 Ethanoate 0.029 0.067 1,094 0.326 0.000 0.000 0.000 0.001 0:000
2-Pentanone 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0,000
| 1- Butanol 0.912 1,218 3.014 1,143 0.519 0.447 0.116 0.186 0,056
2-pentanol 0.085 0.120 1177 0.146 0.024 0.010 0.000 0.000 0.000
2-butyl Ethanoate 0.149 0.247 0.219 0.180 0.052 0.020 0.000 0.000 0.000
Ethyl butanoate 0.517 0.585 1.700 0.410 0.208 0.129 0.039 0.060 0.012
2-butyl ethanoale 0.480 0.637 1.828 0.433 0.154 0.099 0.020 0.036 0.000
2- Hexanone 0.023 0.037 0.057 0.029 0.010 0.000 0.000 0.000 0.000
2-hexanol 0.035 0.058 0.026 0.035 0.014 0.000 0.000 0.000 0.000
[Di 1-Butyl Ether 0.008 0.022 0.078 0.016 0.000 0.000 0.000 0.000 0.000
|[1-Hexanol 0.000 0.012 0.202 0.010 0.000 0.000 0.000 0.000 0.000
2-Heptanone 0.000 0.027 0.000 0.017 0.000 0.000 0.000 0.000 0.000
Di Propanone Alcohol 0.012 0.027 0.079 0.019 0.000 0.000 0.000 0.000 0.000
J[3-Heptanol 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000
2:Octanone 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2-Ethyl Hexanol 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1-Octanol 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Water 2.160 4.390 12:820 6.040 1.530 1,110 0.650 0.680 0.580
Others 0:767 1.362 3.708 0.814 0.319 0.404 0.252 0.449 0:360
Conversion of Ethanol 45.153 50.222 64.154 45.422 20132 20.274 16:571 16.151 8.064
[Selectvity to_E1OAC 73.246 62.934 40.303 52418 74.447 78.166 82.600 81.195 81.191
|[Selectivity to Propanone 0.457 0.505 1,716 0.205 0.120 0.143 0.000 0.000 0.000
|[Selectivity to Butanone 2.764 2.467 4.067 1.139 1.315 2.080 0.437 0.901 0.461
|ISetectivity to IPA 1.352 2.127 3.428 1.882 0.710 0.493 0.295 0.370 0.324
|[Setectivity to 2-butanol 5.827 6.587 4.972 5.465 5.319 5.371 3.151 4568 4.175
|{Setectivity to 1-Butanol 2.469 2.995 6.105 3.152 2.195 2.730 0.868 1.425 0.859
|[Selectivity to_ DEE 8.032 14.128 17.191 28.396 12.484 7.089 10.626 7:829 8.103
|ISetectivity toall Others 5.854 8.257 22.218 7.343 3.410 3.927 2.022 3.712 4:887
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Table 2.5 E408 Tu Copper Oxide/Alumina Catalyst Dehydrogenation Results

Run Number 38 39 40 41 42 43 44 45 46 47 48 49 50
Rx In, 264 270|270 [262 235 235 235 235 258|258 257|256 209
Rx Out c 250  |250  |250  |250  |225 225 225 |225 [250  [250  [250 250 200
LHSV, hr 03 |05 1 12 1 o5 0.5 0.5 F O 1 0.5
Pressure, kPa 680|680  |6B0  [680  [680 680 1360 ]340 1360|1360 [340  [340 1680
H2:Flow, SLPH 10 10 10 10 10 10° 10 10 10 50 50 10 10
Wi% Analysis
Ethanal 0383 10.355 J0.532 [1.01% J0.323 Jo.170 ]0.100 [0.250 [0.313 - 0.261 "lo.698 (0904 ]0.098
Methanol 0.170 |0.029 [0.057 |0.000 |0.000 0.000 |0.000. [0.000 [0.000.. |0.000 [0.000 [0.000 ]0.000
Diethyt Ether 0.119 |0.028 [0.049 [0.018_ [0.000 ]0.040 ]0.050 .[0.027 [0.078: [0.029 .[0.000 [0.034 [0.000
Ethanol 54.424 [51.934-|51.347 |50.993 |65.946 |61.380[67.244.[58.351 [57.673 |58.101-|61.157 [52.041 |76.057
Propanone 0.358 |0.258. [0.210 |0.226. [0:027 .|0.027 ]0.000 -’[0.060 0.064 [0.032 [0.183- ]0.282" }0.000
Propanol 1828 |0.886- |0.540 |0.283- |0:101. .]0.175_|0.130 [0:223 J0.237 _[0.066 [0:321: [0.334 }0.030
Di 2-Propy! Ether 0.000_-]0.077 - [0:000 ]0.000 -|0.000 - .|0:000_ |0.000 .|0.000: - J0.000- [0.221: {0.000 [0.000_]0.000
1- Bulanal. 0.392_|0.021. {0078 {0,000 ]0.000 |0.000 |0.000 -10.000 10.000. [0.000° |0.000 }0.030 10.000
IEE:hyl ethanoate 31.616 |40.479.|42:624. |34.457. |31.442 |35.801 |30:882 .]37.856 |38.490.|38.030 |33.547 |40.846 |22.936
Butanone 7048 |0876. [1.038 |1.147 |0.282 |0.218 ]0.090_ [0.450 [0.404 J0.469 [1.016 [1.610° ]0.037
2-butanol 3.928 2517 11.839 [1.211. [0.886 |1.155 ]0.867 [1:410-|1.334 [1.428 [1.392 [1.536 [0.338
2-Propyt Ethanoate 0319 _|0.051 |0.077 |0.000. ]0.000 |0.000 |0.000 - [0.000. [0.000 ]0.000.-[0.000 - [0.000 0.000
2:Pentanone 0.109 |0.000 |0.018 [0.000. |0.000 .]0.000- |0.000 [0:000 ]0.000. ]0.000 .[0.000 [0.000 [0:000
1-Butanol 0.800 |0.506 |0.295 0226 10.085 |0:122  [0.090 [0.148~ [0.178._|0.156 [0.216. [0.265 [0.027
2-pentanol 0.387 [0.000 ]0.060 _}0.000_ ]0.000 ]0.000 ]0.000-J0.000 f0.000 . ]0.060 ]0.000 [0.000 ]0.000
2:butyl Ethanoate 0677 |0.000 ]0:317 0.048. [0.000 |0.000_ [0.000. [0.000 [0.000|0.000 [0.000 [0.000 [0.000
Ethyl butanoate 0295 10.000- 10.199 (0,210 |0.078 Jo:114 10.060 .[0.178. -[0.156 - ]0.176. [0.205 [0.330 ]0.016
2-butyl ethanoale 0.422 .|0.000 |0.216 [0.138 [0.048 [0.064 [0.040 [0.090 [0:106. l0.091 [0.116 [0.208 |0.020
2-Hexanone 0312 |0.000 .|0.068  |0,000 [0:000 ]0.000 ]0.000 . J0.000 [0.000" ]0.000  [0.000 -]0.000 ']0.000
2-hexanol 0.118 |0.000. |0.030 J0.000 [0.000 |0.000 ]0.000 [0.000 [0.000._|0.000 J0.000 [0.000 |0.000
Di 1-Butyl Ether 0.071 ]0.000..]0.012 {0,000 J0.000 |0.000 J0.000 [0.000 [0.000 ]0.000 [0.000 ]0.000 ]0.000
|1-Hexanol 0.055 |0.000.]0.000 ]0.000 }0.000 ]0.000 [0.000 .|0.000 ]J0.000. }0.000 ]0.000 ]0.000 ]0.000
F-Heptanone 0.000 |0.000_|0.000 |0.000 . 0.000_ J0:.000 ]0.000 J0.000 . Jo.000 [0.000 [0.000 [0.000 .]0.000
Water 11460 |0.000 0,000 |0.640 }0.380 |0:470_ |0.380 0.570 [0.550 ]0.610 [0:500 [0.650 ]0.400
F)mers 0908 11.983 10393 |0.393 l0.404 |0.264 [0.070 [0:387 [0.418 [0.331 10.648 {0.830 [0.043
Conversion of Ethanol 27,537 |49.806 ||50.394 |41.196 |35.023 |39.646 |33.678 [42.734 {43.427 |43.011 {40.101°{49:207 |24.525
|[Setectivity to_EtOAc 67,266 |82.416 |66.349 |87.925 |93.358 [93.238 |94:843 [91.438 191.570 [91:237 [87.218 [86.215 [97.426
Selectivity to Propanone 1155 10795 |0.645 [0.873 [0.121 ]0.106 |0.000 |0:219 [0.230__[0.116 [0.722 ]0.901 {0.000
Seleclivity to_Butanone 2.727 12179 |2573 [3.576 ]1.024 ]0.694 ]0.337 [1.330_|1.174 ]1.376 [3.228 [4.144 ]0.191
Selectivity 1o IPA 5.706 12.646 |1.604 [1.060 [0.441 [0.669 |0.583 [0.789. [0.826 [0.231 [1.225 [1.031 ]0.186
l Selectivity to 2-butanot 9941 [6.004 [4.430 |3.675 |3.12B |3.576 |3.165 ]4.050 ]3.773 [4.074 [4.304 [3.846 |1.706
Selectivity to 1-Butanol 2017 11.216 10.703 |0.667 [0.299 10.377 (0326 [0.423 [0.500 [0.443 [0.656 [0.652 [0.135
F,esecﬁvity to DEE 0.302 |0.069 |0.118 |0.054 [0.000 [0.123 [0.182 [0.077 [0.219 |0.082 [0.000 [0.085 [0.000
Selectivity to all Others 10.865 |4.585 |3.577 |2.170 ]1.629 [1.217 |0.563 [1.675 [1.708 ]2.441 [2.647 ]3.126 |0.356
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Chapter 3

Life Testing of E408Tu Catalyst

3 Introduction

The work reported in the previous chapter showed that, of all the catalysts tested, E408Tu
performed best in terms of conversion of ethanol and selectivity to ethyl ethanoate. It was
decided to conduct a more detailed examination of its performance over an extended time
period using pure ethanol and an industrial grade ethanol feedstock supplied by Sasol.
The latter ethanol feed, containing 4% 2-propyl alcohol and several other minor
components, was sourced from the Sasol Fischer Tropsch process. This ethanol product
was used as an additive to gasoline for automotive fuels and as a feed for ethanol
purification. The economic reason for using the impure ethanol was the reported selling
price of the impure ethanol, or ‘Ethylol’, of $220 /tonne, compared to $1280 /tonne for
ethyl ethanoate and $600/tonne for high purity (perfume grade) ethanol. The presence of
these impurities in the ethanol feed would have an effect on the overall process which
would have to be assessed against the obvious improvement in economics compared to

using pure ethanol.

For this work, a new dehydrogenation reactor was built, similar in principle to the reactor
used for the preliminary test-work but with better controls. The work examined the effects
of pressure, temperature and feed flow rates on selectivity to ethyl ethanoate and
conversion of ethanol over an extended period of operation (circa 6 weeks). A simple
empirical model was generated for use in building a first pass chemical engineering

simulation of the ethanol to ethyl ethanoate flowsheet.
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3.2 Dehydrogenation Testwork — Catalyst Screening

The first reaction carried out using the catalyst was performed at 340kPa, at 250°C using a
pure ethanol feed at a rate of 0.50hr™ (50cm>hr"). The product from the reaction was a
green colour, probably from the reaction of acetic acid in the product with copper oxide
dust that had been deposited in the catchpots during the activation process. Over the
course of 7 hours the green colour of the product became less intense until at 7 hours
online no colour was observed in the product. The results from this first run are shown in
Table 3.1 (p 116) as run 101/40/96. High conversion of ethanol was noted — 62.6%, but at
low selectivity to ethyl ethanoate (80%). Unfortunately, there was no exactly comparable
test performed during the screening of catalysts — the closest comparison is run 45 (Table
2.5, p 76) which was performed at a lower temperature (235°C). The major by-products
formed were ketones (propanone, butanone), alcohols (2-propanol, 2-butanol, 1-butanol)
and esters (methyl ethanoate, ethyl butanoate, butyl ethanoate), with diethyl ether present
at low concentrations (500ppm). The by-product spectrum and relative concentrations
were similar to those observed in run 45, albeit the selectivity here to ethyl ethanoate was
higher (91.5%). Given the known high dependence of selectivity on temperature the

results of this first run were not surprising with hindsight.

The feed was then turned off and the catalyst held at operating pressure and temperature
overnight. The reactor was restarted at a higher reactor pressure (680kPa of hydrogen)
leaving all other reaction conditions identical to the previous run. The results, 101/41/96 in
Table 3.1 (p 116), show the conversion of ethanol and selectivity to ethyl ethanoate
stabilised at 58.8% and 84.5% respectively after 5 hours online. Only a relatively small
improvement in selectivity with increasing reactor pressure was observed, so the reaction

temperature was reduced to 225°C for the next test - run 101/42/96. Again, the conditions
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The Figure shows that there is the expected direct relationship between hydrogen feed
rate on conversion of ethanol, but that the effect of hydrogen rate on selectivity is more
complex. There is an increase in selectivity between 1 and 5 SLPH hydrogen, but the
exact position of the maximum selectivity is not known. Above 5 SLPH there is a fall in

selectivity but again it is not known where the maximum selectivity lies.

The temperature of operation was increased to 235°C (run 101/45/96) to check the effect
on conversion and selectivity. The effect of the temperature increase was to reduce
selectivity to 90.7% while increasing conversion to 48.4%. The resuits from this run are

shown in Figure 3.3 and Table 3.1 (p 116).

The results obtained to this point were encouraging, allowing the testwork to progress to

the next stage — using commercially available ethanol feeds in place of pure ethanol.
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3.3 Dehydrogenation testwork — Wet ethanol feed

To date dehydrogenation had been carried out using pure, anhydrous ethanol to simplify
interpretation of the results. The aim of the development was to produce a catalyst and
reactor that would produce ethyl ethanoate from commercially available and economically
attractive feeds — pure anhydrous ethanol is not economically attractive, but there are
several low cost ethanol feeds that are available. The first is azeotropic ethanol containing
92 mol% ethanol and 8 mol% water, produced mainly by fermentation. Removal of water
requires either a membrane separation or azeotrope breaking distillation step which adds
both capital cost and processing costs to the price of the ethanol product. The ability to
use wet ethanol would also have implications in the recycling of ethanol in the ethanol
dehydrogenation process. Once the ethyl ethanoate is separated from the crude
dehydrogenation product, unreacted ethanol would be recycled. The dehydrogenation
product contains water, and after several cycles this would build up to azeotropic levels in
the recovered ethanol. It was expected from the proposed reaction mechanism for ethanol
dehydrogenation that water would have a detrimental effect on catalyst activity. Water is
also known to cause sintering of copper crystallites, causing a long term decrease in

catalyst activity and possibly a consequential decline in selectivity.

In order to test the effect of water the feed to the dehydrogenation reactor was changed to
92 mol% ethanol, 8 mol% water for run 101/46/96 using the same process conditions as
for run 101/45/96. There was an immediate fall in ethanol conversion from 48.4% to
32.2%, though the selectivity was unchanged at circa 91%. The dependence of conversion
on the LHSV is given in Chapter 2, Figure 2.27. A conservative extrapolation of this chart

indicates that a drop in conversion from 48.5% to 32% would require an increase in feed
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rate of at least 3 times, which is equivalent to a 300% reduction in activity. Such a large
drop in activity cannot be countered by increasing temperature as the selectivity to ethyl
ethanoate falls off more quickly than activity increases, reducing the overall yield. It was
therefore decided that the use of wet ethanol would not form part of the development

programme.

3.4 Dehydrogenation — Sasol ethanol (‘Ethylol’) feed

The second and more important source of ethanol is that produced from Fischer Tropsch
synthesis. Sasol synthetic fuels was contacted at an early stage in the ethanol
dehydrogenation project with a view to co-developing the dehydrogenation process. Sasol
joined the dehydrogenation project in July 1996 and contributed an authentic ethanol feed
to the programme. The project aims shifted to developing a dehydrogenation process that
could produce ethyl ethanoate at >99.8% purity from this feed material. The Sasol ethanol

feed was analysed by GLC-MS, with the following typical composition:

Component Wit%
Diethyl Ether 0.122
Ethanol 94.974
Propanone 0.022
2--Propanol 3.948
di-2-propyl ether 0.141
n-butanal 0.006
Ethyl ethanoate 0.035
Ethyl butyl ether 0.112
Di n-propyl ether 0.029
1,1 diethoxyethane 0.070
2-pentanol 0.006
2-butyl ethanoate 0.037
ethyl butanoate 0.069
Water 0.220
Unidentified Components 0.209

A series of 6 drums were analysed and found to be close to this typical analysis. The feed

was changed for run 101/47/96, all other process conditions remaining identical to the
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previous two runs. After 10.5 hours the conversion and selectivity had stabilised at 46.4%
and 89.2% respectively. The product from the dehydrogenation reaction contained a
number of components, in particular 2-propyl ethanoate, 2-pentanol and 2-pentanone, not
observed when using ethanol feed. All three compounds were believed to originate from 2-
propanol — 2-propyl ethanoate by either transesterification of ethyl ethanoate with 2-
propanol or via the cross dehydrogenation of ethanol and 2-propanol, 2-pentanol and 2-
penanone via aldol condensation of ethanal and propanone. The full reaction product
analyses are shown in Table 3.1 (p 116) as runs 101/45/96 and 101/47/96. The results
from run 101/47/96 showed that, while there was a small loss in activity and selectivity, the
addition of 2-propanol to the feed did not make the process uneconomic. A series of tests
were then performed to determine the effect of reactor temperature, reaction pressure,
ethanol feed rate and hydrogen feed rate on dehydrogenation when using Sasol ‘ethylol’.
The results of the tests are listed in Table 3.2 (p 117) and a description of the changes
between tests in Table 3.5 below. A description of these runs and a discussion of the

results are given below.

Run Number | Pressure | Temp | Ethanol | Hydrogen | Conversion | Selectivity
kPa °C LHSV SLPH

101/48/96 340 225 1.0 1.0 32.33 82.43
101/49/96 | 680 225 1.0 1.0 33.06 86.05
101/50/96 680 225 2.0 1.0 22.68 83.195
101/51/96 680 225 0.5 1.0 42.36 87.27
101/52/96 680 225 0.5 5.0 39.42 89.35
101/53/96 680 225 0.5 5.0 40.04 89.3
101/54/96 680 225 0.5 1.0 14414 87.37
101/55/96 680 225 0.5 2.0 43.87 84.87
101/56/96 680 235 0.5 2.0 50.29 88.29
101/57/96 680 235 0.75 2.0 42.80 87.50
101/58-61/96 | 680 235 1.0 2.0 40.78 85.85

Table 3.5 Scanning Tests Using E408Tu Catalyst
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3.5 Modelling of Dehydrogenation Reaction

In order to generate data for a mathematical model of the dehydrogenation reaction for
inclusion into a chemical engineering simulation of a proposed commercial unit, a series of
tests based on a full factorial matrix were proposed. These tests were designed to cover
the expected range of process condition of temperature, pressure and ethanol feed rate. A
full factorial model, based on two reaction temperatures (225 and 245°C), two reaction
pressures (340 and 680kPa) and four LHSV (0.25, 0.5, 1, 2) was generated so that every
possible combination was covered — 16 tests in all (2x2x4). The tests were so arranged as
to give the maximum amount of randomisation whilst also being practical to perform. Of
the three parameters studied, the most difficult to vary was reactor pressure, so all the
tests to be performed at 340 kPa were performed first followed by the tests at 680 kPa.
The next most difficult was temperature, so the tests were arranged as far as possible to
minimise temperature changes. The most convenient parameter to change was the feed

rate, and so this was varied from test to test. The full test series is shown below in Table

3.6.

Run Number | DPT Run Number Reactor Temp °C Feed LHSV, hr” Pressure, kPa
1 62 B 225 1.0 340
2 63 225 0.25 340
3 64 225 0.5 340
4 65 225 2.0 340
5 66 245 1.0 340
6 67 245 0.25 ' 340
7 68 245 0.5 340
8 69 245 2.0 340
9 70 245 - 11.0 680
10 71 245 0.25 680
11 72 245 0.5 680
12 73 245 2.0 680
13 74 225 1.0 680
14 75 225 0.25 680
15 76 225 0.5 680
16 77 225 2.0 680

Table 3.6 Proposed Modelling Testwork For Dehydrogenation Reaction
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The tests were performed as a continuation of the previous testwork, using the E408Tu
catalyst which had been operating continuously, or ‘ageing’, for over 300 hours prior to the
commencement of the testwork. This is an important point as it is known within DPT that
over the first 200 to 250 hours copper catalysts undergo relatively rapid deactivation. After
about 300 hours the rate of deactivation slows to manageable levels. The results obtained
from the runs listed in Table 3.6 above are given in Table 3.3 (p 118). The tests were all
carried out over a period of 246 hours at a constant hydrogen to ethanol ratio of 1:50 — that
is, 0.02 moles of hydrogen per mole of ethanol. The results have been amalgamated and
are shown in the Figures and tables below, along with a brief explanation of the

significance of each set of results.

Figure 3.7 shows the effect of pressure and temperature on ethanol conversion over a
range of feed rates. The data are taken from the factorial model and work carried out at
235°C earlier in the test sequence. The chart clearly shows that temperature has the
greater effect on conversion — the results at the same temperatures but different pressures
fall very closely together. The conclusion from these data, is that in any model that is
generated the temperature term will have a greater effect than the pressure term. Another
way to look at the data is to plot conversion against temperature for each of the LHSV's
studied — see Figure 3.8. It can be seen that there is a near linear dependence of

conversion on reaction temperature in the range of LHSV and pressure studied.
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In order to try to understand the reasons for this behaviour the results were plotted again
in a different fashion. A valuable experiment would be to determine the concentration of
each component at various points through the catalyst bed. This cannot easily be achieved
from a single experiment but the results from the LHSV scans can be used to simulate
different points within the reactor. The way that this is achieved is to calculate the
residence time of the ethanol feed at different feed rates. Residence time is calculated as:

Feed Volume(l)
Bed Volume(l)

Residence Time(s) =

Feed volume is in turn calculated from the equation:

Moles ethanol

Feed Volume(l) =
[Temp(k)/273][101.3/(Pressure (kPa) +101.3)][22.414]

The residence time is proportional to feed rate so the slowest feed rate (and highest
residence time) is taken to be equivalent to the time taken for the feed to pass through the
full bed length. The other feed rates are then proportioned to this and the equivalent bed
position for each feed rate determined. In this case, lowest LHSV used was 0.25, so for
example, the data collected at a LHSV of 0.5 would be equivalent to that that would be
obtained at a point half way through the bed (position = 0.25/0.50). Similarly, a LHSV of 1
and 2 become equivalent to positions at % and '/g" bed length. Of course, this is a rough
approximation as the RT actually varies with conversion but it is sufficient to produce a
simple model of the processes that are occurring within the reactor. Figures 3.12 to 3.15
plot the concentration of some of the major by-products as a function of position in the
catalyst bed. It is interesting to note that while ethanal and propanone decrease in
concentration through the bed in all cases, butanone and 2-propanol increase. The
rationale for the increase in 2-propanol and decrease in propanone is the increased

concentration of hydrogen in the reaction mixture (due to the dehydrogenation reaction)
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While this is a crude model and one that lacks theoretical basis it demonstrated the
relative effects of the factors that had been altered during the testwork. From the relative

values of each factor some general principles can be obtained:

Temperature has a positive effect on conversion but a negative effect on selectivity.
Ethanol feed rate has a negative effect on conversion and selectivity, and conversion is
affected more than selectivity. Pressure has a negative effect on conversion but a positive
effect on selectivity, as does hydrogen feed flow. Figures 3.21 and 3.22 are plots of the
observed (from the experimental work) and predicted (from the model described) ethanol
conversion and selectivity to ethyl ethanoate. The fit for ethanol conversion is good,
following the 45° line (the line where observed and predicted values are in exact
agreement) closely. The fit for selectivity is less convincing, with the plotted points
appearing to separate into two distinct sets. The plotted 45° line passes through the data
but is not a good fit. More work was required to develop a better model for selectivity so an
extended testwork plan was developed to include a wider range of reaction pressures and

hydrogen flows.
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ACTUAL VALUES COMPUTED VALUES

RUN TEMP LHSV PRESS H2FLOW [CONV SEL CONV SEL
NUMBER [°C Hr' kPa SLPH Mol% Mol% Mol% Mol%
47 235 0.50 680 5.00 49.56 92.86 49.61 89.20
48 224 1.00 340 1.00 3474 89.57 36.94 90.40
49 224 1.00 680 1.00 35.73 93.13 35.88 91.14
50 225 2.00 680 1.00 24 54 91.08 21.73 90.66
51 224 0.50 680 1.00 4515 92.90 43.31 91.27
52 224 0.50 680 5.00 42.26 94.53 4173 91.63
53 225 0.50 680 5.00 43.77 94.05 42 45 91.41
54 225 0.50 680 1.00 46.94 92.97 44.03 91.05
55 226 0.50 680 2.00 46.45 91.07 44.35 90.92
56 235 0.50 680 2.00 53.08 90.45 50.79 88.94
57 235 0.75 680 2.00 48.32 9059  [47.08 88.87
58 234 1.00 680 2.00 43.87 90.26 42.65 89.03
59 236 1.00 680 2.00 43.97 90.07 44.08 88.59
60 236 1.00 680 2.00 43.31 89.95 44.08 88.59
61 235 1.00 680 1.00 43.41 90.06 4376 88.72
62 225 1.00 340 0.75 33.48 87.19 37.73 90.17
63 225 0.25 340 0.24 54.64 87.12 49.10 90.31
64 225 0.50 340 0.40 43.90 87.42 45.32 90.26
65 225 2.00 340 1.50 23.39 85.92 22,63 89.94
66 244 1.00 340 0.76 47.78 84.06 51.35 85.97
67 244 0.25 340 0.20 67.27 82.52 62.72 86.12
68 244 0.50 340 0.40 58.88 84.60 58.91 86.08
69 245 2.00 340 1.50 36.12 83.10 36.91 85.56
70 244 1.00 680 0.76 49.71 88.49 50.32 86.70
71 245 0.25 680 0.20 62.85 85.20 62.36 86.65
72 245 0.50 680 0.40 58.06 87.26 58.56 86.61
73 245 2.00 680 1.50 38.54 88.69 35.88 86.29
74 225 1.00 680 0.76 34.38 90.71 36.73 90.87
75 225 0.25 680 0.20 52.39 89.45 48.02 91.08
76 224 0.50 680 0.40 43.56 90.71 4357 91.20
77 223 [2.00 680 1.50 2223 90.98 20.10 91.15
Table 3.7 Values used for First Pass Model
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The additional tests, numbers 101/78-96/96, designed to investigate the highest
temperatures and pressures are listed in Table 3.4 (p 119). They were carried out using
the same ethylol feed from Sasol as the earlier tests. The tests were performed over a
period of 357 hours (circa 2 weeks continuous running). At the end of the tests the catalyst
had been online for a total of 927.5 hours. The range of pressures (170 to 4600 kPa) and
hydrogen flows (0.75 to 54 SLPH) investigated was much wider than the previous work
and included two conditions where the ethanol feed would be in the liquid phase instead
of the vapour phase (runs 95 and 96). The temperature of operation was restricted to
225°C as this seemed to give the best results in terms of selectivity and conversion. The
ethanol feed rate was also restricted to a fairly narrow range as the effect of LHSV has
been well established in earlier work. The results of these tests were used to obtain
predictions of selectivity and conversion generated by the simple model built on the results
of the earlier runs. The resultant charts (Figures 3.23 and 3.24 below) show the data
plotted along with the earlier data. The original co-efficients or factors generated were
used to model this new data set — the predicted and actual figures are given in Table 3.7
The resultant fit of conversion remained good indicating the validity of the model in that
respect. The fit for selectivity remained relatively poor with a very similar overall shape but
the closeness of fit seemed to be slightly improved. An overall picture of ethyl ethanoate
yield, generated by multiplying conversion and selectivity, was produced and is shown
graphically in Figure 3.25. The predicted results agree well with the actual results,
sufficiently so to use as a first pass engineering tool to predict catalyst performance under
a range of conditions. The model can only be used within the boundaries of the testwork
carried out, and for the catalyst and reactor system used to gather the data. This type of

model is of limited value when attempting to move outside of established conditions.
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cooled to ambient temperature while flowing nitrogen over the catalyst. The catalyst was
then discharged into a beaker containing solid CO,. The catalyst at the bottom of the
reactor was mechanically very weak and had started to crumble. Crush strengths were
taken of fresh un-reduced catalyst and catalyst taken from the top, middle and bottom of

the catalyst bed. The results of the analysis is shown below.

Sample Crush Strength
NM

Fresh 25

Bed Top 3.6

Bed Middle 2.5

Bed Bottom <1

The poor crushing strength of the catalyst (a minimum of 5-10 NM is required to withstand
the weight of a large fixed bed) placed doubt on the ability of the catalyst to be used as a

commercial dehydrogenation catalyst.
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3.6 Conclusion and discussion

The circa 1000 hours of continuous operation of the ethanol dehydrogenation reactor has
generated a wealth of data. On the general point of whether the work has shown that the
process is viable, the answer is ‘yes’. The targets in terms of selectivity to ethyl ethanoate
and catalyst activity have been met. The use of an impure ethanol source, Ethylol, that
contains a large proportion of 2-propanol did not change the process from one that was
viable when using pure ethanol. The negative change in selectivity and catalyst activity
observed could be counteracted by changes in reaction conditions and in general the high
conversion and selectivity observed when using pure ethanol could be duplicated. The
inability to use wet ethanol, due to a large loss in activity, was extremely disappointing.
The proposed mechanism whereby water inhibits the ethyl ethanoate reaction catalyst
(see chapter 2) would suggest that there is little prospect that a change in the catalyst
composition would result in acceptable activity. It was for this reason that the work on

water rich ethanol feeds was discontinued after only one test.

The fact that water is a product of the side reactions that occur during ethanol
dehydrogenation suggests that if the selectivity of the catalyst can be increased then the
activity will consequently increase. This may explain the relatively high activity of the
catalyst observed when the reactor pressure was increased from 680 kPa (see Figure 3.26
and data in Table 3.5) to 1360 kPa. It would be expected that, due to the increase in
pressure and hence partial pressure of hydrogen, the conversion to ethyl ethanoate would
reduce as a direct function. In fact the conversion of ethanol increases to a maximum at
the same pressure as selectivity is also at a maximum. This may be coincidental but it is

more likely that the increase in selectivity is causing or allowing an increase in activity.
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Once selectivity reaches a maximum then the effect of pressure on the reaction becomes
apparent. In other words, the activity observed at pressures below 1360 kPa is lower than
would be expected due to suppression or inhibition of the catalyst activity due to water
produced in the side reactions. If the conversions observed at 1360, 2720 and 4600 kPa,
225°C,an ethanol feed rate of LHSV 1.0, and a selectivity to ethyl ethanoate of 95-96% ,
are projected to zero pressure then the predicted conversion of ethanol is in the region of
38-40%. The observed values are 30% at 25 kPa and 33% at 680 kPa. From this we can
conclude that activity and selectivity are linked by more than one factor. There are two
ways in which selectivity and activity can be linked — in the first case, where by-products
are made from the feed material, there is no apparent relationship between activity and
selectivity. Factors such as reaction temperature and residence time in the reactor are the
key variables. The second case, when by-products are made from the product or some
intermediate, there is a direct link between selectivity and conversion. In this case the
reverse seems to be true, namely conversion can in some cases be linked with selectivity.
Hence any future catalyst developments would be focussed on selectivity rather than

activity alone.

The main effect of the impurities in the ethylol are to increase certain by-products that are
formed from aldol reactions of propanone and ethanal. The formation of one such by-
product, 2 pentanone (and 2-pentanol which is formed from 2-pentanone) increases as the
propanone concentration of the crude dehydrogenation product increases. Two runs,
101/44/96 and 101/53/96 (tables 3.1 and 3.2) illustrate this point well. The two runs were
carried out at identical reaction conditions but run 101/44/96 was performed using pure

ethanol and 101/53/96 using ethylol.
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44 53
Rx Temperature, °C 225 226
LHSV, h” 0.5 0.5
Pressure, KPa 680 680
Time on line, h 31.5 144.5
H2 flow, SLPH 5 5
Ethanal 0.672 |0.716
Methanol 0.025 0.023
Diethyl ether 0.056 10.180
Ethanol 55.714 |55.916
Propanone 0.081 1.479
2-propanol 0.159 2.690
Di 2-propyl ether 0.000 0.200
Ethyl Ethanoate 40.340 [33.989
Butanone 0.643 0.608
2- butanol 1.045 [0.973
2 propyt ethanoate 0.028 0.548
2-pentanone - 0.031 0.337
1-butanol 0.132 0.205
2- pentanol 0.015 |0.392
2-butyl ethanoate 0.210  [0.186
Ethyl butyrate 0.099 |0.110
Butyl ethanoate 0.089 0.086
Hexane 0.041 0.033
2- hexanol 0.015 0.010
Water 0.510  |0.760
Others 0.097 |0.467
Selectivity ethanal free
Ethyl ethanoate 92.553 [88.758
Propanone 0.210_  |4.364
Butanone ) L 1.802 1.940
2-propanol ) _ 0.402 -3.967
2- butanol 2.850 3.024
1-Butanol 0.361 0.637
Diethyl ether 0.152  10.113
Di 2-propyl ether 0.000 0.677

Table 3.8 Comparison Of Runs 101/44/96 And 101/53/96

The Table above shows that, with the exception of those components highlighted in bold,
the composition of the dehydrogenation products were similar. Those components
highlighted in italics are influenced by components appearing in the feed. The by-products
that have increased are all associated with either aldol reactions (propanone + ethanal to
form pentanol and pentanone) or transesterification (ethyl ethanoate + 2-propanol to form

2-propyl ethanoate).

Most of the other by-products, with the exception of ethers (diethyl ether, di 2-propyl ether)
are made from a reaction intermediate, a bound aldehydic species relating to ethanal. The
reaction profiles shown in figures 3.12 to 3.26 indicate that most of the by-products are

formed at the front of the reactor, in the first 25% of the catalyst. This is the same portion
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of the bed where there is the most acetaldehyde and least ethyl ethanoate. At least 50% of
the ethyl ethanoate formation also takes place in this portion of the bed, indicating that the
reaction mechanism that forms ethanal also forms ethyl ethanoate. This confirms the

proposed reaction mechanism shown in chapter 2.

The general conclusion from the modelling work was that to achieve high selectivity and
conversion, higher pressures than those suggested by thermodynamics were the most
efficient option. Thermodynamically, low pressures and high temperature would be
expected to produce most dehydrogenation product, but these conditions produced high
concentrations of ethanal and aldol products. Higher pressure (up to 680 kPa) actually
increased the yield of ethyl ethanoate and increased overall conversion. The model itself,
while being very simple and empirical, does predict the conversion and selectivity of the
reaction quite well. It therefore achieved its aim of being a design tool for the initial
engineering studies. A more detailed and theoretically relevant model is discussed in

chapter 5.

The only disappointing aspect of the modelling work was the poor state of the catalyst
when discharged from the reactor. It is possible that the products of the dehydrogenation
reaction could have degraded the catalyst structure, but as there was no apparent
leaching of copper during the dehydrogenation reaction apart from the first few hours this
explanation is unlikely. More probable is that the catalyst lost strength due to activation at
the stage where copper oxide precursor was converted to copper metal. The low level of
alumina binder present (8%) seems to be unable to provide sufficient strength to the
reduced catalyst. The low physical strength would preclude the use of the catalyst in a

commercial reactor, and unless another fabrication of the catalyst could be found it would
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be unlikely that the process as envisaged could be progressed any further. What is
required is another form of the copper catalyst, of similar activity and selectivity but having
an increased physical strength and resistance to degradation by the reaction products and
by the activation process. In Chapter 5, the development of the commercial
dehydrogenation catalyst is described, starting from commercially available copper-

chrome formulations that were subsequently altered to optimise performance.

The next step in the development of an industrial process is to separate the ethyl
ethanoate product from the crude dehydrogenation mixture efficiently and at high purity
(>99.8%). Chapter 4 deals with the issues of modelling distillation columns by the use of a
Vapour Liquid Equilibrium still, and the removal of reactive and close-boiling components

from the crude dehydrogenation product by selective hydrogenation in the liquid phase.
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Table 3.1 Dehydrogenation Results — E408Tu Pure Ethanol Feed

Run No: 101/XX/96 40 41 42 43 44 45 46
Feed type ethanol Wet EtOH
Rxin, °C 250 250 225 225 225 235 235
LHSV, hr” 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Pressure, kPa 340 680 680 680 680 680 680
Tol. H 7 11.5 18 25 315 37 42
H2 flow in, SLPH 10 1 1 10 5 5 5
Ethanal 1.495 1.060 [0.752 10.650 [0.672 [0.802 1.278
Methanol 0129 [0.083 [0.035 {0.030 [0.025 |0.028 [0.010
Diethyl ether 0.051 0.109 10.047 [0.038 [0.056 ]0.051 0.030
Ethanol 37.229 [40.945 152130 [59.345 [55.714 |51.402 |65.049
Propanone 0.786 10467 [0.125 0.071 0.081 0.153  ]0.075
2-propanol 0486 [0.457 [0.201 [0.143 [0.159 [0.234 [0.001
Di 2- propyl ether 0.000 [0.000 |0.000 [0.000 [0.000 |0.000 |0.000
N butanal 0.000 [0.000 |0.000 ]0.000 [0.000 |0.000 |0.000
Ethyl ethanoate 48.536 [48.513 42.815 [37.058 [40.340 |43.259 |28.026
Butancne 3825 [2.244 10.987 0572 [0.643 |0.989 |0.415
2- butanol 2.001 1.958 1.354  10.967 1.045 [1.293 [0.430
2- propyl ethanoate 0.101 0124 [0.035 [0.024 [0.028 [0.050 |0.003
2-pentanone 0364 [0.225 [0.053 [0.026 [0.031 0.063  |0.007
Butanol 0.552 (0409 10.215 0119 [0.132 [0.182 [0.313
2- pentanol 0.087 [0.077 10.026 [0.014 [0.015 |0.026 |0.003
2-butyi ethanoate 0419 10532 [0.246 {0.181 0.210 |0.297 {0.016
Ethyl butanoate 0646 0402 [0.188 J0.074 [0:099 [0.145 |0.083
N butyl ethanoate 0.661 0439 10.162 |0.068 [0.089 [0.143  |0.088
2 hexanone ) 0.197  10.162 [0.066 [0.035 [0.041 0.067  10.007
2- hexanol 0033 10.036 |0.021 [0.013 [0.015 [0.023 [0.000
Di n butyl ether 0.018 [0.019 10.000 [0.000 [0.000 [0.008 |0.000
N hexanol 0.009 [0.010 ]0.000 [0.000 J0.000 0.000 |0.000
2 heptanone 0.020 0020 [0.005 [0.000 [0.000 [0.000 |0.000
Water 1.290 1.060  ]0.350 [0.490 [0.510 [0.610 |4.060
Others 1.066 ]0.650 10.187 [0.083 [0.097 |0.178 |0.016
Selectivity ethanal free

Ethy! ethanoate 78.407 [83.147 [90.223 [92.778 [92.553 [90.367 |93.737
Propanone 1.444  10.911 0.299 |0.201 0.210 10.364 [0.285
Butanone 7.562 14.701 2.541 1.751 1.802  12.525 1.698
2-propanol 0.863 [0.862 0.467 [0.395 [0.402 |0.537 [0.335
2- butano! 3.844  13.991 3.394 12880 [2.850 [3.212 1.710
Butanol 1.060  10.833 |0.539 [0.356 [0.361 0.452 1.244
Diethyl ether 0.099 [0.222 10.117  [0.113 [0.152 [0.126 [0.118
Di2-propyl ether 0.000 {0.000 {0.000 [0.000 ]0.000 [0.000 |0.000
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Chapter 4

Vapour Liquid Equilibrium, Distillation and Selective

Hydrogenation

4 Introduction

The testwork reported in chapters 2 and 3 was concerned with the synthesis of ethyl
ethanoate from ethanol by dehydrogenation. This chapter deals with the methods and means
employed to separate ethyl ethanoate from the dehydrogenation product in a commercially
relevant manner and at high purity - >99.5% - such that it can compete with existing ethyl
ethanoate syntheses. The chapter deals with two main areas — separation of ethyl ethanoate
from the reaction mixture by distillation and the removal of two troublesome components from
the dehydrogenation product by a selective hydrogenation step. The distillation section is
further split into two topics — Vapour Liquid Equilibrium (VLE) measurements of the various
azeotropes that were predicted from identification of the products of dehydrogenation, and the
actual distillation of ethyl ethanoate from dehydrogenation product. A technique termed
‘Pressure Swing Distillation’ (PSD) was used to break the ethanol / ethyl ethanoate / water
azeotrope. During the distillation testwork a problem was identified regarding separation of
ethyl ethanoate and butanone, which have similar boiling points. Removal of butanone by
distillation was determined as being impractical and so a selective hydrogenation step was
introduced. Hydrogenation of carbonyl compounds in the dehydrogenation products,
specifically ethanal, propanone, butanone and pentanone, was carried out using

heterogeneous nickel and ruthenium catalysts.

Combinations of ethanol dehydrogenation, selective hydrogenation of butanone (and other
carbonyl compounds) and pressure swing distillation are the subject of a number of patent

applications’?>*; a copy of the main patent is attached as Appendix 4.

120



4.1 VLE and Distillation -Theory and practise

Distillation® is defined as “a process of evaporation and re-condensation used for separating
liquids into various fractions according to their boiling points or boiling ranges”. A less rigorous
definition is that distillation is a method of separating components from a mixture by exploiting

differences in their boiling points.

Distillation is the most commonly used technique® for separation and purification in the
chemical industry. Distillation is a highly energy intensive process and, within a typical
industrial unit that uses distillation as the separation and purification technique, it accounts for
circa 50% of the capital and operating costs. To be effective, a distillation unit must be well
defined and this is done in part by the use of experimental VLE data. Definitive treatments of
distillation and VLE are given in Perry’'s Chemical Engineering Handbook”. A detailed
explanation of distillation theory will not be explored here. All compounds exert a vapour
pressure which is dependant on temperature — raising the temperature of a substance raises
its vapour pressure. A substance is said to boil when its vapour pressure equals the
surrounding pressure. Liquids with high vapour pressures are said to be volatile, and boil at
lower temperatures than those with low vapour pressures. A liquid mixture of two or more
compounds will have a total vapour pressure, and therefore boiling point, that depends on the
relative concentration and vapour pressures of the components. For a mixture of two
compounds (a binary mixture) the behaviour of the liquid and vapour fractions can be read
from a boiling point diagram. Figure 4.1 shows an idealised mixture of two components X and

Y at constant pressure.
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single dataset. Where an azeotrope is discovered a supplementary set of tests is carried out
over a more narrow range of compositions so that the position of the azeotrope can be
accurately plotted. If there is a known azeotrope only points around the azeotrope position will
be tested. The DPT VLE test equipment can be configured to perform at pressures ranging

from vacuum (10 Torr) to pressure (2000 kPa).

4.2 VLE of Ethyl Ethanoate, Ethanol and Other Components

In order to determine the existence of azeotropes in the ethyl ethanoate/ethanol
dehydrogenation product, and to validate published data and performance of the computer
simulation programme being used (Pro Il), a programme of VLE testwork was performed.
Three systems - ethyl ethanoate/water, ethyl ethanoate/ethanol and ethanol/water- were
examined at atmospheric pressure and 1240 kPa. The usual DPT methodology of taking
approximately 20 wt% of the feed as vapour, and the remainder as liquid, was used for all VLE
testwork. The fractions obtained were analysed by GLC and Karl Fischer titration to determine
their wt% composition. The results were converted to mol% for the construction of VLE

diagrams and for inclusion into Pro(ll) simulations.

4.2.1 Binary Systems At Low Pressure

The first system examined was ethanol / water. A large body of data is available for this
azeotrope and so calibration and validation of the position of the azeotrope would give a

degree of confidence in the results of future VLE testwork.

Four mixtures of ethanol and water, approaching the composition of the expected azeotrope,
were prepared and passed through the VLE equipment. The resuits are shown in table 4.1
(p140) and in figure 4.10. The VLE curve passes through the 45° line at close to the expected
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point, at 0.82 mol fraction of ethanol in the vapour fraction. The literature VLE data for ethanol
and water are plotted in figure 4.10 and the high degree of correlation confirms the suitability

of using the VLE equipment for the remaining testwork.
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