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Abstract

Three distinct chemical processes have been investigated, with the aim of
producing high purity 1,5-pentanediol (PDO), 1,4-butanediol (BDO) and
tetrahydrofurfuryl alcohol (THFA) and thereby improving the efficiency of their

manufacture.

H3;COOC(CH,);COOCH; ——=  HOCH,(CH,);CH,0H

dimethylpentanedioate 1,5-pentanediol
HOCH,(CH,),CH,OH Q\ OCH,CH,CH;CH,0H
1,4-butanediol "Acetal”
(N
© OH © OH
fufuryl alcohol tetrahydro furfuryl alcohol

The production of 1,5-pentanediol via the low-pressure vapour phase
hydrogenation of 1,5-dimethylpentanedioate has been studied using a copper
manganese heterogeneous catalyst system and found to be as good as the
usually favoured copper chrome, which is now becoming difficult to operate
commercially due to toxicity concerns. The optimum conditions were
determined for a commercial process. The purification of the PDO produced, to
the high standards dictated by polymer manufacture, has also been examined.
Simple distillation was not possible because reactive oligomeric species were
present. To overcome this, a reactive distillation scheme was developed and
demonstrated experimentally.

During the manufacture of 1,4-butanediol, a by-product (4-hydroxybutyl)-2-
tetrahydrofuran, known commercially as “Acetal”, is formed during
hydrogenation and proves very difficult to remove by conventional means. By
conversion of this compound to more volatile species, by hydrogenation over a
nickel catalyst, it was demonstrated that the purity of BDO obtained was greater

than that previously possible.

| - (iii)



The production of THFA from furfuryl alcohol, concluding the work, uses a
novel reactor system to avoid problems usually encountered with highly
exothermic hydrogenations. The system uses recycled product to quench the
exotherm, allowing less than 1% by-products to be formed at relatively harsh
conditions of over 90°C.

In all the systems studied the life span of the catalyst was determined, as this
is critical to commercial operation. In all cases an optimum set of conditions

was determined where catalyst life time was acceptable.

(iv)




CONTENTS

Chapter 1
Heterogeneous Catalytic Hydrogenation
1.1 Introduction
1.2 Examples of Heterogeneous Catalysis
1.3 Catalyst Selection
14 The Basis of Heterogeneous Catalysis
1.5 Processes Leading to Catalysis
1.6 Mechanism at the Catalyst Surface
1.7 The Nature of the Catalyst Surface
1.8 Hydrogenation Catalysts
1.9 Reactor design for Testing and Utilising catalysts
1.10 Deactivation of Catalysts
1.11  Conclusions
References
Chapter 2

Page Number

The Application of Low Pressure Vapour Phase Hydrogenation to the

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11

Production of 1,5-Pentanediol

Aims

Commercial Background
Introduction
Experimental

Gas Chromatography
Reactor System
Calibration and Testing
Catalyst Activation Procedure
Selection of Conditions
Statistical Testwork
Effect of Pressure

(v)

22
23
23
27
27
28
31
32
33
35
44



2.12  Catalyst Deactivation 46

2.13 Conclusions 48
References 51
Chapter 3

The Recovery of High Purity 1,5-Pentanediol by Distillation

3.1 Aims 53
3.2 Introduction 54
3.3 Experimental 57
3.4 Equipment Details 57
3.5 Vapour Liquid Equilibrium Still 57
3.6 Operation of the Vapour liquid Equilibrium Still 59
3.7 VLE Data for Pure Components 59
3.8 Relative Volatility Experiments 62
3.9 Relative Volatility Experimental Results 63
3.10  Distillation Equipment 64
3.11  Distillation Experiments 67
3.12  Conclusions and Potential for Further Work. 78
References 82
Chapter 4

The Removal of the ‘Acetal’ Impurity from 1,4-Butanediol

4.1 Aims 83
4.2 Commercial Background 84
4.3 Chemistry of the Acetal Impurity 85
4.4 Introduction 87
4.5 Experimental 89
4.6 Experimental Procedure for Estimating Peak Acetal
Concentration 89
4.7 The Preparation of Acetal 90
4.8 Autoclave Description 90

(vi)



49 Fixed bed reactor 91

410 Catalyst Activation Procedure 92
411  Autoclave Testwork 93
412 Fixed bed Liquid Recycle Tests 96
4.13 Catalyst Life 101
4.14  Acetal Polishing - Synthetic BDO 104
4.15 Effect of GBL Addition to Synthetic BDO 105
416  Conclusions 107
References 108
Chapter 5

The Application of a Liquid Recycle Reactor to the Production of

Tetrahydrofurfuryl Alcohol

5.1 Aims 110
5.2 Commercial Background 111
53 Introduction 111
54 Reactor Design to Minimise the Effects of Exothermic

Reactions 112
5.5 Chemistry 115
5.6 Fixed Bed Reactor 116
5.7 Pilot Plant Liquid Recycle Reactor 117
5.8 Liquid Feed System 118
5.9 Gas System 118
5.10 Reactors 1 and 2 118
5.11  Recycle Loop 119
5.12  Product System 119
5,13 Catalyst Loading 119
5.14  Catalyst Activation 120
5.15  Analytical Procedures 120
5.16  Calibration and Tests 120

5.17 Testwork 120

(vii)




5.18 Fixed Bed Testwork

5.19 Catalyst A Studies

520 Catalyst B Studies

5.21 Catalyst C Studies

5.22 Comparison of Catalysts ABand C
5.23 Catalyst Lifetest

5.24 Lifetest Results and Discussion
5.25 Optimisation

5.26  Optimisation Results and Discussion
5.27  Conclusions

References

Appendix 1

Analytical Methods Employed

Appendix 2

Publications

(viii)

121
122
126
129
134
135
137
141
142
145
146



ATDP
BDO
DM?
DMP
DPT
SVAL
GBLABL
GC
GC/MS
HBA
LHSV
LRC
MFC
MFM
NLPH
PBT
PDO
PFD
PI
PSIG
R/C
RX
TIC
THF
THFA
TIC
TPR
VLE
VP

Abbreviations Used

Approach to Dew Point
Butanediol

Dimethyl Maleate

Dimethyl Pentanedioate

Davy Process Technology

delta Valerolactone

gamma Butyrolactone

Gas Chromatography

Gas Chromatography with Mass Spectrometer Detector
Hydroxy Butyraldehyde

Liquid Hourly Space Velocity
Liquid Recycle

Mass Flow Controller

Mass Flow Meter

Normal Litres per Hour
Polybutyleneterephthalate
Pentanediol

Process Flow Diagram

Pressure Indicator

Pounds per Square Inch Gauge (1 bar = 14.5 psi)
Recycle

Reactor

Thermocouple

Tetrahydrofuran
Tetrahydrofurfuryl Alcohol
Temperature Indicator Controller
Temperature Program Reduction
Vapour Liquid Equilibrium
Vapour Pressure

(ix)




1.1

1.2

Chapter 1

Heterogeneous Catalytic Hydrogenation

Introduction

This study is an investigation into the applications of heterogeneous catalytic
hydrogenation to a number of valuable commercial processes. The
fundamentals of heterogeneous catalysts are outlined in this Chapter as
background. The commercial application of such catalysts then forms the work
detailed in subsequent chapters.

Chapters 2 and 3 describe the development of a commercial process for the
production of the valuable monomer 1,5-pentanediol. Chapter 4 concerns
solving the problem caused by the presence of a mixed acetal impurity in 1,4-
butanediol by hydrogenation of it to easily removed products. Finally, in Chapter
5 the use of a liquid recycle reactor suited to exothermic reactions is examined
for the hydrogenation of furfuryl alcohol to tetrahydrofurfuryl alcohol, a recently
identified solvent that is both non-toxic and obtained from renewable

feedstocks.
Examples of Heterogeneous Catalysis

‘It has been estimated that about 90% of the current practised chemical and
refinery processes are catalytic in nature”. This statement by J.M.Thomas'
shows the importance of catalysis to industrial processing and hence the
continued interest in investigating novel systems. Of this 90%, the vast majority
are heterogeneous in nature. This is largely due to the ready separation of the
catalyst from the products, the robust nature of heterogeneous catalysts and
the relatively lower cost.

Due to the large volumes of products produced industrially by heterogeneous

catalysis, large amounts of resource are assigned each year by both catalyst



manufacturers and producing companies to improving current technologies.
This research is highly proprietary in nature and rarely published; however the
following examples serve to show the wide variety of applications possible with

heterogeneous catalysts.

Addition of hydrogen?

Q= C

Redox Reactions; These form the largest set of applications. Some examples

follow, the first also illustrates hydrogen transfer”.

02 NO> NH,, NH,
OO =0
|| Ni 78°C “
O o)

Hydrogenolysis * (i.e. cleavage of C-X bond)

Y Raney Ni \”/ -
+
Oy eoc 2




Oxidation®

CoAIPO-18
02

0O

A

The Co anchored onto a molecular sieve, is a highly regioselective catalyst and

the ratio of the above products can be tuned by variations in the molecular

sieve and metal centre.

Addition/Elimination®

Copper Exchanged
Zeolite Y (CuHY)




C)(clisation7

O
Amb 15
R (H") 0" R
0]

Substitution®

. N\ Zeolite
> 2,7-diisopropyl naphthalene

+

2,6-diisopropyt naphthalene

naphthalene propene

Rearrangements °

NN ZM22 - \H/

Heterogeneous catalysis also has wide applications in fine chemicals as well

as the traditional bulk chemical market, for example, in the fragrance industry,

and even some enantioselective transformations, as follows.



Fine Chemical Applications'°

Such as the synthesis of the ambral/woody fragrance

zeolite

Q
XNog ) )KA /NaOR
Lot

2) Hp/cat

Ambral

Chiral "
By using chiral modified ligands supported on a polymer, true heterogeneous

enantioselective transformations can be achieved. An example is the Sharpless

oxidation.

OH

Supported O
R\/\R pp S

(chiral ligand)
OH




1.3 Catalyst Classification and Selection

Catalysis can be broken down into three distinct areas; catalyst preparation and
activation, catalyst characterisation and kinetics'>. From an understanding of
these a system for industrial synthesis of a target transformation can be
developed.

Heterogeneous catalysts can be classified in many ways but a simple system is

to divide them up as follows;

Metals (&alloys)

E.g. Pt, Pd, Mo, Ni, Cu.

Metal Oxides

E.g. Molybdates, mixed metal oxides, ZnO.

Acids

E.g. Acidic ion exchange resins, silica/alumna, zeolites.
Metals plus acids

E.g. Pt/acidified support, Pd/zeolite.

This study will deal exclusively with metal and metal oxide catalysts. The
classification above does not give any help with the choice of cétalyst when a
particular route of interest is identified and an attempt must be made to identify
a catalyst to perform the desired reaction scheme. Whilst it is still not possible
to define a catalyst to precisely facilitate specific reaction pathways some
general observations have been made' to allow initial selection prior to
empirical studies leading to optimisation.

One example is the classification of metals by their ability to chemisorb
different gases. Since the reactants must be chemisorbed to the catalyst
surface during the chemical process, only those metals capable of
chemisorbing the proposed reagents will show activity. This approach is limited
however as it only applies to the metal in its elemental state. The following

classification' takes this into account.



Class of Solid Families of Reaction Examples
Metals (conductors) Hydrogenations Fe, Co, Ni, Ruy,
Dehydrogenations Rh, Pd, Ir, Pt, Ag,
Hydrogenolysis Cu
Metal Oxides and Sulphides (semi- Oxidations NiO, CuO, ZnO,
conductors) Dehydrogenations Co0, Cry03, V5,04
Cyclizations
Hydrogenations
Desulphurisations
Denitrogenations
Oxides and Acids Hydrations Zeolites
Dehydrations IER’s
Isomerisations Si0,-Al,04
Polymerisations
Alkylations
Cracking

The selectivity of a catalyst is difficult to establish by theoretical considerations

and hence reference to known systems is usually the major factor in selection.

Activity and selectivity are not the only factors when considering possible
catalysts for industrial use. A methodology for finding the first catalysts to study

for a given use has been outlined"® that takes into account all the factors, see

the example below.




Catalyst

Criteria
Activity + + + + + + +
Selectivity + + + ¥ +
Stability in reaction + + + +

environment

Low cost + + +

No patent/prior art issues + + + +

Totals | 3 2 2 5 2 5 4

To construct such a table to allow a catalyst to be identified for a process an
initial selection of catalysts (in the case above labelled A to G) must be made
based on literature reference, experience and catalyst manufacturer's
recommendations. The first three criteria (activity, selectivity and stability) can
be obtained from literature reference or by testing the catalyst experimentally.
The cost if the catalyst can be estimated or supplied from the manufacturer and
then any prior art obtained from literature survey. When complete the totals
rank the suitability of the catalysts. From this example catalysts ‘D’ and ‘F’
would be most suitable.

Finally the physical form of the catalyst must be considered. Most catalysts will
be initially produced as a powder; however, a powder must be fabricated into a
larger solid form to be used in fixed bed applications. The variety of shapes
available is huge, ranging from spheres, rings and simple pellets through to
complex extrudates that maximise the surface area of the catalyst particle.
Similarly if the catalyst is a metal on an inert support a range of supports will be
available. For example carbon, commonly used as a support for precious
metals, comes in a wide variety of grades depending on the natural source from
where it was obtained. Again size and shape of particles are variable.

The choice of shape and size of the catalyst pellet depends on a number of
factors, the properties of the raw powder may dictate to an extent the range of
supports achievable. More important is the design of the reactor in which the
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catalyst will eventually be used. In designing a commercial process the physical
form of the catalyst pellet selected needs to be finalised early in the
development to ensure work performed on optimisation is representative of the

full-scale plant design.
The Basis of Heterogeneous Catalysis

Catalysis is a very broad field combining physical chemistry, chemical
engineering, inorganic chemistry and organic chemistry. The phenomenon of
catalysis was first recognised by Berzelius in 1836 who suggested that
reactions could occur at surfaces and the latter possessed “catalytic force”.

The most basic definition of a catalyst is a substance that speeds up the rate
of a reaction without itself being changed. The laws of thermodynamics say a
catalyst can increase the rate of only those processes that are
thermodynamically favourable, i.e., only those that involve a décrease in free
energy, thus a catalyst facilitates the approach to equilibrium of a given
chemical change. A heterogeneous catalyst is one that is in different phase for

the reactants and products, usually a solid.
Processes Leading to Catalysis

Chemisorbtion of reagents at a surface is the fundamental property that allows
catalysis to proceed. However 5 distinct steps can be identified in the catalytic
process. These are:

1. diffusion of reactants,

chemisorption,

transformation of species,

desorption of products,

o & 0N

diffusion of products.
The diagram below shows the processes that govern the ultimate transport of
reagents from the bulk phase to the active site of the catalyst'®, steps 1 and 5

above.







Figure 1.2 Catalytic Reaction Path for Ammonia Synthesis
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50 -
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30 1
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Energy KCal/Mol

Absorption ——

0.5N, + 1.5H,
-10 4

220 -
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Desorption

Reaction ------- >

-30

Nitrogen and hydrogen molecules combine homogeneously (without a catalyst)
at an extremely low rate. Breaking their bonds to form fragments requires large
amounts of energy, leading to an activation energy of 57 Kcal/mol. The
probability of finding these fragments together is small. This can be quantified

using the Arrhenius equation in the form of

k=PZppe ="'

where k is the rate constant, E is the activation energy, Zag is the number of
collisions between molecules A and B and P represents the fraction of the total
number of collisions that are effective from a point of view of mutual orientation
of the molecules™®. It is the combination of decreasing the energy requirements
to break the bonds involved and the bringing together of the molecuies on the

surface to allow them to react that gives a catalyst its activity. In the case of the
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example above of ammonia synthesis, the rate of the catalysed reaction is
3x10" times faster than the uncatalysed equivalent.

The desorption and diffusion away from the catalyst are the reverse of the
processes described above. A point to note is that the products must not be too
strongly adsorbed onto the catalyst surface otherwise they will act in the same

manner as a catalyst poison.
Mechanism at the Catalyst Surface

Studies into the mechanism of reaction at the catalyst surface are notoriously
difficult'® under typical operating conditions. It is because of this difficulty that
fundamental research into heterogeneous catalysts has lagged behind
industrial developments. Even in the simple case of paraffin cracking, the
species cannot positively be identified as hydride ions, methyl ions, or
carbonium ions. Hence the optimisation of heterogeneous systems tends to rely
largely on empirical study of the bulk effects as opposed to the study of
mechanism usually undertaken in homogeneous systems.

Having established that the mechanism may not be fully understood, it is
obvious that to react there must be an amount of mobility of the reacting
species on the catalyst surface. The processes occurring at the surface are

illustrated in the figure 1.3 below.

12







chemisorption of saturated hydrocarbons on metals and of reducing
compositions on oxides.

Chemisorption can be thought of as resulting from solid-surface atoms that
have free valences, so that the driving force is the tendency of these valences
to saturate themselves selectively by reacting with certain molecules from the
surrounding medium.

Frontier orbital theory”® gives an explanation of these process of
chemisorption. In essence, if the orientation and symmetry of the antibonding
orbital of the incoming reagent allow interaction with filled orbitals on the
catalyst, electrons can be donated from the metal catalyst to the reagent
antibonding orbital and from the reagent bonding orbital to the metal causing

bond weakening (activation).

Figure 1.4 Potential Energy Diagram of Chemisorption vs Physical

Absorption

Metal + X + X

Ep = Energy of Dissociation
E,= Energy of Absorption V

Metal + X,
-~AH Physical

-AH Chemical

Distance from Surface ---->

| - 14



Chemisorption can proceed in two distinct manners, described as dissociative
and associative. Saturated molecules tend to be adsorbed in the dissociative
manner, with the molecules cleaving into radicals or ions that have free
valences to attach themselves to the adsorbing surface. Unsaturated molecules
tend to adsorbed in the associative manner by opening the double bond and
forming two new covalent bonds with the adsorbing surface. Dissociative
adsorption is illustrated by the adsorption of hydrogen on platinum, associative

by the adsorption of ethylene.

Figure 1.5 The Different Mechanisms of Adsorption

Dissociative Associative

[ |

1 (1) C‘HZ—C‘HZ
CONNN

Certain molecules exhibit a less clearly defined adsorbed state, as for

example carbon monoxide.

Figure 1.6 The Adsorbed State of CO

| T
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Chemisorption is limited to only one layer of molecules and, unlike physical
absorption, is specific, so that different molecules will not be adsorbed on the
surface in the same way or in the same amount. The nature of the catalyst

surface controls this behaviour.
The Nature of the Catalyst Surface

The nature of the surface involved in heterogeneous catalysis is crucial to its
performance. The surface ‘rests’ on the bulk and so is related to the bulk
structure. The coordination of the atoms in each surface plane (as described
by the Miller indices) are different. Generally, surfaces with lower coordination
surface atoms have the highest surface free energy, the highest reactivity for
absorbtion and the strongest binding of the absorbate. This has a significant
effect on reactivity as does the number and nature of any defects in the
crystalline surface. Examples of these are edges,‘ kinks, steps, terraces and
vacant sites’’. These defects sometimes play a crucial role in the catalysts
function. The study of the nature and function of the catalyst surface is an area
where a huge amount of research is published. However; as this work focuses
on the application of heterogeneous catalysts these aspects of catalysis will not

be considered further.
Hydrogenation Catalysts

Hydrogen is the most useful reducing agent®”. This generalisation is based on
the mild conditions employed, wide applicability, large pool of knowledge
available, generally high conversion and selective reactions and the ease of
scale up.

The transition metals of group 89 and 10 represent the most active
hydrogenation catalysts®, the most commonly used are nickel, palladium and
platinum. Despite their cost they compete with base metals due to superior

activity.

16
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Generally, choice of catalyst for a particular transformation is based on
reference to similar systems reported in the literature. The technique of
heterogeneous catalytic hydrogenation extends to many substrates®. These
include aldehydes and ketones, aromatic nitro groups, olefins, aromatics and

poly aromatics and nitriles.

Reactor design for Testing and Utilising catalysts

Once a catalyst is selected, it is vital for the working environment of the
catalyst to be considered. This environment is dictated by the design of the
reactor it is tested in, and care must be taken to identify the effects observed
that are due to the behaviour of the catalyst from those due to the performance
of the reactor. Furthermore, if the data obtained from small-scale experiments
is to be used for process engineering work-up, care must be taken to ensure
that the selected test reactor produces information obtained under similar, or at
least transferable to, the full-scale reactor. For example, the flow when studying
either liquid or gas phase fixed bed reactors is critical.

In the liquid phase, the reagent liquids and the gaseous/dissolved hydrogen
must fully wet and contact the catalyst. Failure to ensure contact may result in
the liquid ‘channelling’ along the walls of the reactor and contacting only a
fraction of the catalyst.

Gas phase reactors can also suffer from such phenomena. For example the
relationship between the catalyst pellet size, reactor diameter, catalyst bed
depth and gas flow rate is expressed as the particle Reynolds number®. Two
distinct flow regimes can exist, laminar flow and turbulent flow. Under each
condition the desired transformation will occur but the conversion and selectivity
observed will be different under each regime. Hence, it will be a feature of the
reactor that is determining the catalyst performance. This is analogous to mass

transfer effects observed in homogeneous catalytic studies.

17




1.10 Deactivation of Catalysts

Any catalyst system that is selected for an application will only be of any
practical use if the activity and selectivity can be maintained and/or
regenerated.

There are a number of mechanisms that can cause deactivation of a catalyst,
and include poisoning, sintering, pore blockage, leaching and physical
attrition®.

Poisoning results from a species bonding strongly in some way to the metal
centre responsible for performing the catalysis. Classic examples are elements
of group 15 and 16 of the periodic table of which sulphur stands out due to its
wide occurrence in feedstocks.

Poisoning needs to be distinguished from inhibition, which is preferential
reversible binding with a species other than the reactants.

Sintering occurs when the catalyst is subjected to high temperatures. This
leads to an increase in crystal growth and hence increases the metal crystallite
size, an example of this is given later in Chapter 2.

Leaching is the removal from the reactor of some parts or all of the catalyst by
the feed and/or products. For example, a strong acid may dissolve the catalyst
support or the presence of oxygen in the feed may form a volatile metal oxide.
Pore blockage physically prevents the reagents from reaching the active site of
the catalyst. During ester hydrogenation for example the formation of polyesters
can cause this®’.

Finally attrition may occur if the catalyst is damaged as a result of external
physical factors, such as extreme temperature fluctuations causing
expansion/contraction. If severe, the resulting crushing can lead to disruption of
the microscopic structure and hence affect activity and/or selectivity.

In conclusion the maintenance of catalytic activity needs considerations of the
fundamental chemistry as well as the bulk environment in which the catalyst
operates. These factors need to be addressed when designing a viable

synthesis of a product using heterogeneous catalysts.

18



1.11 Conclusions

This chapter has outlined the principles on which catalyst choice is made. The
subsequent chapters of this work will be devoted to the application of these
principles. It follows that many factors must be considered simultaneously when
dealing with heterogeneous catalysts. The work is focused on evaluating and
optimising the performance of the systems studied to a level that will allow
commercial application. This is achieved by experimentation followed by the
modification of operating conditions, feedback and subsequent validation at the

identified optimal conditions.

19
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Chapter 2

The Application of Low Pressure Vapour Phase Hydrogenation

to the Production of 1,5-Pentanediol

21 Aims

1.To investigate the use of non-chrome containing copper heterogeneous
catalysts (Sud-Chemi T4489) in the production of 1,5-pentanediol from
dimethyl-pentanedioate.

2.To study the parameters of the reaction in the chosen catalyst system, and

hence determine the optimum set for commercial operation.

3.To obtain data on the time dependent deactivation of the catalyst and hence

predict the lifetime of the catalyst under reaction conditions.

22
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Commercial Background

The commercial production of Nylon generates a number of by-product
streams including the so-called ‘AGS’ stream, consisting of adipic, glutaric and
succinic acids, with only the adipic being able to be recycled. This is a loss of
efficiency to the process and hence ways are constantly being sought to
convert these products into saleable products.

Davy Process Technology (DPT) licences a number of processes based on
hydrogenation of esters. It is the application of this generic methodology to the
hydrogenation of dimethyl glutarate to produce 1,5-pentanediol that forms the
work presented in this chapter.

Other DPT commercially developed systems produce 1,4-butanediol,
cyclohexanedimethanol and C4,-Cg alcohols. Whilst it was expected that the
1,5-pentanediol system would be similar to these, the fine detail required to
design and build a multi-thousand tonne commercial plant will be the subject of

the research reported here.
Introduction

The methods for achieving the transformation of the ester functional group to
the lower oxidation state parent alcohol, RCO;R’ -> RCH,;OH, have been well
known for some time. A method employed for synthesis and very small-scale
commercial use is the reduction by complex metal hydrides1, usually LiAlH,4,
which will reduce virtually any ester and does not reduce olefin functions also
present in the molecule. LiBH4 also gives the reaction, but NaBH4 generally
does not, although exceptions are known?. Catalytic methods for reducing
esters are also well known and examples of both homogeneous and
heterogeneous systems are found.

Homogeneous ester hydrogenation is a difficult process®. Both anionic
ruthenium hydride catalysts4 and neutral ruthenium® ° catalysts have been
reported, although little work has been done in this area. The use of a
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homogeneous catalyst would in some ways be a benefit as the largest cost
associated with a vapour phase fixed bed plant is the purchase and running of
a recycle compressor. Fixed bed offers the obvious advantage of ease of
separation of the catalyst.

Heterogeneous systems are more widely documented and have been known
for some time’. Copper chromite catalysts (e.g. PG85/1 supplied by Sud-
Chemi) are the most commonly used and have been used industrially, mainly
for the production of detergent alcohols from fats®.

The surface science of the dissociation of hydrogen on copper is complex and
has been extensively studied® though typically under very low pressures. These
studies generally show that the catalyst surface is dynamic, with the adsorption
of hydrogen dependent upon the atomic arrangement of the copper atoms.
Experiments are typically conducted at high vacuum on a single crystal surface.
Unfortunately it is not practical to conduct detailed investigations of the catalyst
surface under the typical conditions used when these catalysts are operating
commercially.

What can be noted from these studies is the important relationship between the
atomic arrangement of the copper atoms and the ability to adsorb, and
therefore catalyse reactions with hydrogen. This is particularly evident during
the reduction of the manufactured catalyst from its oxide form to the active
metallic state.

This feature is not limited to copper catalysts, and an attempt has been made
to classify the factors which influence the reduction step'®. These have been
identified as the dispersion of the metal, support interaction, reduction
conditions and additives. As the work below is based on commercially available
catalysts only, the influence of the reduction conditions on the generation of the
active catalyst is relevant. A number of laboratory scale techniques have been
developed to investigate the relationship between reduction conditions and
activity. However, “the difficulties in reproducing on a laboratory scale such
complex processes [as practised industrially] and of obtaining meaningful data

have caused a marked lack of research in this subject’” ''. The most useful
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study is temperature programmed reduction (TPR), whereby the catalyst is
heated progressively following a defined temperature gradient in a stream of
reducing gas and the uptake of the gas exiting the system is measured. This
realistically only gives an indication of the temperature needed to effect
reduction. Some workers'? have used TPR in combination with testing of the
catalyst in action (on methyl acetate) to gain a correlation between the TPR
data and catalyst performance. The procedure used in this work was based on
that developed by DPT in association with the University of Glasgow'”. This was
developed by modifying the reduction procedure recommended by the supplier,
then testing the catalyst on a pilot plant scale. If the catalyst showed superior
activity when a modified reduction procedure was used samples were then sent
for analysis to determine the possible reasons for the enhanced activity.

The procedure that was eventually identified gives the best known activity to the
catalyst by minimising copper crystallite size, and therefore maximising the
available copper surface area. It was demonstrated that smaller, and hence more
active, crystallites were obtained when this procedure was used compared to that
recommended by the catalyst manufacturer. This use of this procedure is detailed
later.

It is possible to hydrogenate esters over a copper catalyst”. However
improved stability, activity and selectivity can be obtained by the addition of
promoters to the catalyst. The use of zinc as a promoter in methyl acetate
hydrogenation is reported'® to increase the selectivity and activity with
increasing zinc concentration. This is ascribed to creating a different copper
containing phase on the active surface of the catalyst. Other workers'® dispute
this interpretation and assign the enhancement to the increased stability of the
system. An extensive study by Catiglioni et al '” examined the performance of
copper chrome catalysts with and without additional promoters zinc and
cadmium. This study showed a small decrease in activity with added zinc and
an almost total loss with cadmium, ascribed to the formation of copper
cadmium alloys, during the reduction phase. It serves to demonstrate the
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important relationship between catalyst composition and function but also
emphasises the critical nature of catalyst preparation and activation.

Process patents 18 describing the use of vapour phase ester hydrogenation are
predominately assigned to DPT. Among these patents'® is the description of
non-chrome  based catalysts for dimethylcyclohexanedicarboxylate
hydrogenation and particularly butanediol production due to the low amount of
‘Acetal’ produced on these catalysts (see Chapter 4 for a full description of this
impurity). The copper manganese alumina based catalyst described in this
patent was used for the work described below.

Copper manganese has been studied for the oxidation of carbon monoxide®,
the conclusion drawn being that the copper provides the redox behaviour, whilst
maganese remains in the Mn(ll) oxidation state. The use of a
copper/manganese catalyst for methanol synthesis21 also demonstrates its high
activity and highlights the importance of the precipitation method employed
during its preparation. The combination of alumina with copper maganese is not
widely reported; however, the effects of alumina supports in copper zinc
catalysts®” have been investigated for maleic anhydride hydrogenation. The use
of alumina was also shown to improve the activity of copper chromite allowing a
low reaction temperature with the concurrent low by-product production.
However low mechanical strength was a problem if the catalyst was not
correctly calcined and pelletised. Finally this study hinted that work to define the
role of porosity could yield major improvements in the usefulness of such
catalysts. This work was indeed undertaken® on copper manganese alumina
systems and the catalyst so developed is now widely used for commercial ester
hydrogenation.

Before further proceeding with this development, one further question posed is
the possibility of hydrogenating the acid (or anhydride) directly. Catalysts exist
which are capable of performing such a transformation. Some examples are
ruthenium/tin/alumina on sol gel systems 2* that operate under relatively mild
conditions (240°C, 1160psig) and the BP GEMINOX process % operating at
high pressure (115°C, 3500 psig) using a palladium/silver/rhenium on carbon
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2.5

catalyst. The resulting products from the hydrogenation of acids are alcohol and
water whereas during ester hydrogenolysis only two moles of alcohol are
produced. It is well known that significant amounts of water can be detrimental
to catalyst life span by the promotion of sintering. This has been proven to be

the case when the GEMINOX route was commercially applied®.
Experimental

The following sections first describe the techniques and equipment used, then
the initial conditions selected for the work are outlined and finally the

experiments performed are discussed.

Gas Chromatography

Gas chromatography was used as the main analytical technique in this work.
The methods of analysis used to identify and quantify the individual components
in both feed and product materials are detailed in Appendix 1.

The compounds were identified by a combination of reference to known
compounds, either bought or synthesised, and GC/MS. Calibration standards
were prepared by accurately weighing (to 4 decimal places) amounts of known
high purity materials into a stock mixture. If pure components were not available
or the component has not been identified, response factors were applied to the
unknowns based on their assumed structure, or assigning it to the closest related
known compound. These calibration mixtures and samples of feed and crude
product were used to establish operating parameters for the GC to give good
chromatographic separation of the components. Calibration standards and the
response factors assigned to unknown components were employed to calculate
relative response factors for all components. These factors were then used
during any subsequent analysis of samples to calculate the concentration of each

component, known or unknown.
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¢) Reactor.
d) Product Condensation.

e) Hydrogen Gas Recycle.

The feedstock, dimethylpentanedioate supplied by Monsanto, was initially
transferred from a 200 litre drum to a tared 10 litre vessel. Portions of this were
then placed into a 1 - 2 litre glass storage vessel inter-connected to a calibrated
burette, which allowed the feed rate to be measured. Low level alarms were
used on the glass feed vessel and burette and the feed was kept under an
atmosphere of nitrogen to prevent moisture ingress.

The feed solution was pumped, by means of a metering pump capable of
transferring accurate flows at high pressures, into the equipment via a non-return
valve. The metered liquid feed passed through heated stainless steel lines into
the vaporiser, where it was mixed and vaporised with pre-heated hydrogen.

The vaporiser for the units comprised an insulated 2" nominal bore, 316 L
stainless steel tube, packed with glass Raschig rings (6 mm x 6 mm). The liquid
feed from the high pressure pump to the vaporiser passed through heated lines
and was distributed onto the packing from a centrally located tube turned through
90° such that it pointed in the opposite direction to the gas flow. The hydrogen
recycle stream was distributed through a simple gas sparger. The temperature of
the vaporised feed and hydrogen was maintained at the desired level by a TIC.
The vapour mixture from the vaporiser passed through electrically heat-traced
lines, a TIC being used to achieve the desired temperature of the gas entering
the reactor. The control philosophy for this system was to operate with the
vaporiser exit temperature 5°C lower than the catalyst inlet temperature. This
ensured that the gas entering the vaporiser was away from its saturation point
(dew point), hence preventing the catalyst from becoming wetted.

The hydrogenation reactors, flanged stainless steel tubes with an internal
diameter of 1", contained catalyst supported on glass balls; these in turn were
supported at the base of the reactor by a plug of stainless steel wire mesh
(Knitmesh), extending from the bottom flange to above the bottom gas outlet in
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Vaporised feed materials passed down the catalyst bed where a number of
reactions occurred, some endothermic and some exothermic. In general, an
increase in catalyst bed temperature of only about 1°C or 2°C occurred under
normal operating conditions for conversion of dimethylpentanedioate to 1,5-
pentanediol. Product, unreacted feedstock and recycle hydrogen from the
bottom outlet of the reactor were cooled against the recycled hydrogen stream to
the vaporiser through an interchanger. Product was further cooled in a series of
cooler/knock-out pots, these being air and/or water cooled and designed to
reduce the temperature gradually. This design prevented mist formation caused
by too rapid cooling, which then causes knock-on effects by attempting to recycle
biphasic gas/liquid mixtures.

The hydrogen stream, cooled to about 45°C, and therefore stripped of the bulk of
the condensable material (1,5 pentanediol product, by-products etc), was passed
to the recycle compressor, an air-driven double-headed reciprocating unit, fitted
with a spill-back control valve to control the rate. Flow of gas recycled to the
vaporiser, via a coriolis mass flowmeter, was controlled automatically by adjusting
the amount of gas spilled back around the compressor with an air-actuated valve.
Make-up hydrogen was supplied via a thermal mass flow controller, this being
programmed via a Moore's 252E to supply hydrogen to maintain the reactor
pressure at the desired level to + 1 psig. Hydrogen was supplied from high-
pressure cylinder packs at a purity of 99.99 mole%.

Calibration and Testing

Vessels The vessels employed in the hydrogenation system were fabricated in
316L stainless steel and hydraulically pressure tested to pressures much in

excess of the working pressures used in the testwork.

Mass Flow Meters (MFM) The coriolis MFM's used in the testwork (Rosemount
Model No D6) were supplied with a test certificate and did not require further

calibration.
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Pressure Transducers Pressure transducers used on the test equipment were

supplied and calibrated by the manufacturer. All pressure transducers were
checked periodically against a reference pressure calibrator, a Druck DPI1602

instrument with a calibration traceable to the National Physics Laboratory.

Chart Recorders All chart recorders, used for recording temperature, were the

subject of a service contract with the manufacturer which ensured regular

maintenance and a yearly calibration check was performed.

Catalyst Activation Procedure

Prior to charging the catalyst the reactor was cleaned by washing with methanol
followed by acetone and then dried with clean compressed air. A woven wire
plug of Knitmesh was located in the bottom of the reactor tube and the bottom
flange assembled. A fixed predetermined quantity of glass balls, approximately
14" diameter, were dropped onto the wire plug. The depth of the Knitmesh and
balis was measured to ensure correct location of the catalyst bed relative to the
thermocouple sheaths located sideways (alternative sides), every 6 inches. The
bulk density of the catalyst was accurately measured and used to determine the
weight of catalyst to be loaded into the reactor for a pre-selected volume: 250
mis. This was carefully loaded in up to 5 portions onto the glass balls and a
further quantity of glass balls placed over the catalyst to a predetermined depth.
The addition of each layer of glass balls and catalyst was accompanied by
tapping of the reactor to produce a settled bed. After each tapped addition of
material, the depth was measured from the top of the reactor in order to give an
accurate location of the catalyst bed. The top flange was then located and
tightened prior to leak testing and subsequent catalyst activation.

Catalyst reduction (activation) was carried out by setting up a recycle loop
concentration of hydrogen of 0.1 mole% at 50 psig and heating the system to
160°C. Once hydrogen pick-up ceased the concentration was increased to 0.2
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then 0.5 mole%, again waiting until pickup ceased. The temperature was then
raised to 170°C and after any pickup ceased the hydrogen concentration was
slowly increased to 100 mole%. The operating temperature and pressure were

then established and maintained for >4 hours before the feed was introduced.

Selection of Conditions

The following sections describe how the initial value of the four variables

studied were chosen:

Pressure The maximum pressure of experimental work was limited to 1000 psig
by equipment design. It is also undesirable to go above this as capital costs for
the plant equipment increase exponentially as pressure increases much above

this level. Hence the range of pressures examined had a maximum limit of 1000

psig.

Temperature In vapour phase ester hydrogenation processes, the economics
generally improve with increasing temperature. This is due to the increased
vapour pressure of the feed ester. Consequently less hydrogen is required to
vaporise it, and therefore the amount of recycled hydrogen required is reduced.
Therefore a smaller recycle compressor is required and also the compressor
power requirement is reduced. The compressor is one of the most expensive
capital items on a commercial plant.

Increasing temperature also reduces the volume of catalyst required to effect
complete reaction due to increasing reaction rate. However factors such as the
impact on the chemistry, in particular the possible increase in undesirable by-
products, must also be considered in selecting the maximum operating
temperature as must any impact on catalyst life.

In the production of 1,4-butanediol, the maximum temperature is restricted to
about 200°C, because at higher temperatures undesirable by-products increase

to a point where they cannot be removed without modification to the purification
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section of the commercial plant. In C4,-C4s ester hydrogenation processes, the
upper temperature can be raised to about 235°C before penalties associated with
by-product formation outweigh the advantages of lower catalyst volume and lower
hydrogen recycle costs.

Another factor taken into consideration in selecting the operating temperature is
that all catalysts deactivate and that the commercial design must accommodate
this. One approach is to adopt a strategy that allows the catalyst to lose 75% of
its initial activity before it is regenerated or replaced. This is achieved
commercially by dividing the catalyst into two beds and by combating deactivation
by increasing the temperature as the catalyst deactivates. As the temperature is
increased the amount of hydrogen recycle required to maintain vapour phase
operation is reduced, hence the gaseous reactants residence time in the reactor
increases and productivity of the catalyst is maintained. The two reactors are
operated individually in turn, then, when the catalyst in both reactors has
deactivated, they are both brought on line in parallel to further extend the working
range of the catalyst charge.

Based on this management strategy in the cyclohexanedimethanol process the
catalyst temperature at the end of its working life is 240°C. This corresponds to a
start of life temperature of 220°C at double the residence time. As
cyclohexanedimethanol and 1,5-pentanediol have similar vapour pressures a

temperature range of 200 - 220°C was selected to study.

Approach to Dew Point (ATDP) The dew point is the temperature at which a

vapour begins to condense, therefore the approach to dew point temperature is
the difference between an actual temperature (such as the temperature a
reactor is operating at) and the dew point temperature. The ATDP is used in
calculations to determine the amount of gas flow required to ensure vapour
phase operation of a reactor.

So for a component ‘A’, the vapour pressure, at the operating temperature
minus the ADTP, is determined from tables/references/VLE measurement to

give ‘VpAarpp', therefore
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Moles gas required per hour = moles A fed per hour x system pressure
VpAatop

To ensure vapour phase operation, conditions were selected such that at any
point in the catalytic reactor the mixture of hydrogen, feed ester and/or products
was several degrees above the dew point. 1,5-Pentanediol has a significantly
lower vapour pressure than dimethyl-pentanedioate. Therefore, the limiting point
was where the 1,5-pentanediol content of the vapour was at its maximum, ie at
the exit to the catalyst bed. Consequently all ATDP calculations refer to
conditions at the exit of the reactor bed.

For a commercial design, it is usual to operate at a minimum of 5°C above the
dew point; this value was used for the tests below based on vapour pressure data

generated (see chapter 3).

Liquid Hourly Space Velocity (LHSV) The LHSV is the volume of feed (ester) fed
hourly to the reactor relative to the volume of catalyst employed; the units are

therefore time™. The LHSV employed depends on the activity of the catalyst, the
conversion required and the operating conditions used.
The LHSV used for the test series was determined during the first experiments

described below before undertaking the full statistical design.
2.10 Statistical Testwork

A statistically designed series of tests was used to allow the efficient evaluation
of the parameters that affect the process. The advantage of this approach is that
all of the variables are studied simultaneously, whereas a conventional
optimisation would involve examining the effect of one variable at a time while the
others remain fixed. A number of test protocols are available that go from those
with minimal numbers of experiments providing estimation of gross effects only
through to tests as complex as a traditional approach that fully quantify all effects

occurring. The test protocol used, a half-factorial design, halved the number of
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tests required when compared to the conventional approach but only provided an
indication of the gross effects. The effects that are not identified in this test are
mainly second order interactions. For example if the pH effect on a reaction were
being studied it might be that the reaction occurred under basic conditions at low
temperature or acidic conditions at high temperature but not at a neutral pH. This
would be a second order interaction between temperature and pH. For this
process it was assumed that no such interactions would be occurring. This can
be said as the system was likely to be very similar to 1,4-butanediol, such
knowledge of the system studied is a prerequisite when using the simpler test
protocols of this type.

In the section above four variables were identified as significant (LHSV,
pressure, temperature and ATDP). It is another advantage of the half-factorial
design that it can accommodate variables such as those listed, which cannot be
independently changed. For example, at a fixed temperature and pressure the
ATDP cannot be altered without changing the LHSV for obvious reasons.

The responses to the changes in variable were conversion and selectivity.

Conversion = % reagent present in feed
% reagent present in product

Selectivity to Product ‘X’ = %Product ‘X’
% All Products produced

Of the four variables the range to be investigated had been previously estimated
except for the LHSV which was determined by the first set of tests.

The unit was started up at an LHSV of 0.44 (see table 2.1) and the LHSV
increased stepwise over the course of 5 runs until a noticeable drop in the

conversion resulted.
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Table 2.1 — Conditions and Results of Tests used to Establish Initial LHSV

Run number 5/96 6/96 7/96 8/96 9/96
Time on Line / hr 23.5 27.0 39.0 50.5 55.0
Inlet Temp / °C 200.0 204.0 205.0 205.0 205.0
Exit Temp / °C 201.0 207.0 207.0 208.0 208.0
Reactor Pressure / psig 884.0 835.0 835.0 835.0 835.0
Gas Rate / gs —1 0.21 0.16 0.17 0.18 0.18
Hz:Ester Ratio 508.2:1 | 335.8:1 | 318.4:1 | 322.5:1 297.9:1
LHSV (hr-1) 0.44 0.49 0.55 0.60 0.64
Residence Time* /S 3.69 4.72 4.45 4.04 4.05
Conversion (mole %) 99.91 99.93 99.88 99.72 99.66
Selectivity to 1,5- 93.40 92.41 9345 | 94.41 94.39
pentanediol / %

*Residence Time = Catalyst Volume
Gas Flow

It quickly became apparent that for the first set of conditions being studied
conversion of dimethyl-pentanedioate, 99.9 mole%, was too high to be used for
the test series planned as it needs to be at a level where it can go up as well as
down. Hence the LHSV was reduced step-wise, until a level of conversion was
achieved which would respond to the change applied (99.5%, run 9/96).

Having now established the initial values of the four variables studied the full test
series could be started. Table 2.2 shows the design of the test series. For a half
factorial design a high and a low value for each parameter studied was selected,
in this case based on the reasons given in the sections above. The high and low
values corresponded to the ‘+’ and ‘-' in the left-hand portion of the table. The
corresponding high and low values are shown in the right-hand side, it is these
values that were used for each of the tests within the series.




Table 2.2 Hydrogenation Tests, Reactor 12/2, Design Set of Experiments

and result analysis.

RX
Inlet Temp LHSV | ATDP
RunNo [ Temp | Pressure | LHSV | ATDP Pressure 4 o
°c ] hr C
psig
17/96 + + + + 215.00 920.00 1.00 20
16/96 - + - + 205.00 920.00 0.70 20
15/96 + - - + 215.00 835.00 0.70 20
14/96 - - + + 205.00 835.00 1.00 20
13/96 + + - - 215.00 920.00 0.70 10
12/96 - + + - 205.00 920.00 1.00 10
11/96 + - + - 215.00 835.00 1.00 10 .
10/96 - - - - 205.00 835.00 0.70 10

The results from this set of experiments showed temperature had a major effect

on both the conversion and selectivity, over the ranges studied. LHSV had a

major effect on conversion. Other variable results were considered minor effects

over this range. (Figures 2.3 to 2.6). The detailed results are shown in Table 2.3.

38




6€

9, dwa) xy
00022 00612 000Le 00°602 00002
: : : 00°.6
L 4

- 06°.6 =
S

(1]
- 0086 X
o

[=)

i =}
- 0586 §
g,
- 00'66 3

[ 4
0566
Bisdgeg ® L-IHL=ASH1 }e ainjesadwa] Jojoeay
SA ajeolpauejuadjAyiawi( JO UOISIBAUOY) $'Z aunbi4
(918d) ainssaid
00°056 00°058 0005 00059 00°0SS 00°0S¥
1 1 1 1 0996
®
- 00'96
- 0696
®
- 00°L6
L 4
. - 0526
00'86

L-IHL=ASH1 '8 2,502 }& uaboupAH Jo ainssaid J0}oe3Yy
SA 9jeolpauejuad|Ayjawip JO UOISIBAUOY £'Z aInbi4

UOISI3AUOD %, OS]0



Mole% Conversion

Total By-products / wt%

Figure 2.5 LHSV vs Conversion of Dimethylpentanedioate

at 835 psig & 205°C
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Table 2.3 — Data Obtained from Half-Factorial Test Series

Run number 10/96 11/96 12/96 13/96 14/96 15/96 16/96 17/96
Time on Line / hr 71.00 80.00 95.50 112.25 141.50 | 159.50 173.00 191.00
Inlet Temperature /°C 205.00 215.00 205.00 215.00 205.00 | 215.00 206.00 215.00
Exit Temperature / °C) 208.00 220.00 208.00 218.00 208.00 | 217.00 208.00 218.00
Reactor Pressure / psig 835.00 835.00 920.00 921.00 835.00 | 835.00 920.00 920.00
Gas Rate / DNLPH 8489 8405 13480 6484 18159 8725 13652 13464
Hydrogen to Ester ratio 318:1 2221 353:1 242:1 482:1 331:1 514:1 354:1
LHSV / hr-1 0.70 0.99 1.00 0.71 0.99 0.69 0.70 1.00
Residence Time /S 348 343 241 4.91 1.63 3.32 2.38 2.36
Methanol 35.72 36.11 35.11 36.43 34.34 35.97 33.61 34.38
Tetrahydropyran 0.35 0.50 0.20 0.52 0.21 0.60 0.27 0.39
n-Pentanol 0.27 0.48 0.17 0.57 0.19 0.64 0.26 0.42
1,5-pentanediol 59.83 5§7.72 59.35 58.20 59.756 58.14 61.61 60.156
d-VAL 1.10 1.70 0.94 1.32 1.08 1.46 0.87 1.25
dimethyl-pentanedioate 0.60 0.65 233 0.16 2.69 0.25 1.1 1.15
Pentanediol ether 0.19 0.33 0.11 0.35 0.13 0.43 0.18 0.29
Water 0.43 0.57 0.33 0.63 033 0.87 0.42 0.54
Others 0.92 1.33 0.87 1.20 0.67 0.98 1.05 0.82
Conversion (mole %) 99.39 99.33 97.61 99.84 97.27 99.74 98.89 98.84
Selectivity to 1,5- 95.04 92.72 95.83 93.27 95.72 92.89 95.53 94.49
pentanediol

Table 2.2 shows the design of the test series, table 2.3 the data obtained. From
this design, tables were constructed to analyse the results, Tables 2.4. and 2.5.
Two were constructed to evaluate the behaviour of conversion and the behaviour
of selectivity with the change in the variables studied. The method was to insert
the result obtained in each of the tests into the corresponding cell, with the sign
corresponding to whether the test was at the high or low value of the variable
concerned, ‘+' and - respectively.

The values are then summed and the result obtained for each variable by dividing
the sum by the number of variables studied (four in this case). The result then

predicts the change in conversion or selectivity per change in variable between
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the two levels studied. For example an increase in temperature of 10°C whilst
keeping all other variables constant predicts conversion will increase by 1.15
mole% and selectivity to 1,5-pentanediol will decrease by 2.19 mole%.

This analysis shows that pressure and ATDP have a small effect per change
between levels while increasing temperature and decreasing LHSV have the
larger impact in increasing conversion. For selectivity temperature alone has the
major effect but with the opposite sign, i.e. increasing temperature decreases

selectivity.

Table 2.4 Result analysis of Data - Conversion.

Variation with| Variation with| Variation with | Variation Run
Temperature| Pressure LHSV with ATDP | Number
98.84 98.84 98.84 98.84 17/96
-98.89 98.89 -98.89 98.89 16/96
99.74 -99.74 -99.74 99.74 15/96
-97.27 -97.27 97.27 97.27 14/96
99.84 99.84 -99.84 -99.84 13/96
-97.61 97.61 97.61 -97.61 12/96
99.33 -99.33 99.33 -99.33 11/96
-99.39 -99.39 -99.39 -99.39 10/96
Sum 4.59 -0.55 -4.81 -1.43
Result 1.156 -0.14 -1.20 -0.36
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Table 2.5 Result analysis of Data — Selectivity.

Sum

Result

As a check on deactivation the conditions for run 18/96 were a repeat of run
10/96, see Table 2.6. This was important, as the catalyst may have been
deactivating during the period of the above tests giving false results. The results
showed that there was no appreciable loss in activity of the catalyst during the
intervening period, but the by-product spectrum had changed slightly showing a

lower tetrahydropyran make (0.25 c.f. 0.35). This phenomenon is also observed

Variation with |Variation with|Variation with| Variation Run

Temperature | Pressure LHSV with ATDP | Number
94 .49 94 .49 94.49 94.49 17/96
-95.53 95.53 -95.53 95.53 16/96
92.89 -92.89 -92.89 92.89 15/96
-95.72 -95.72 95.72 95.72 14/96
93.27 93.27 -93.27 -93.27 13/96
-95.83 95.83 95.83 -95.83 12/96
92.72 -92.72 92.72 -92.72 11/96
-95.04 -95.04 -95.04 -95.04 10/96
-8.75 2.75 2.03 1.77
-2.19 0.69 0.51 0.44

in butanediol systems in which the tetrahydrofuran yield similarly reduces.
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Table 2.6 Repeat Hydrogenation Tests to Test for Catalyst Deactivation.

Run number 10/96 18/96
Time on Line / hr 71.00 205.00
Inlet Temperature / °C 205.0 204.0
Exit Temperature / °C 208.0 207.0
Reactor Pressure / psig 835.0 835.0
Gas Rate / DNLPH 8489.3 8605.3
H,:Ester Ratio 318 :1 328:1
LHSV / hr-1 0.70 0.69
Residence Time / S 3.48 3.44
Conversion (mole %) 99.39 99.29
Selectivity to 1,5-pentanediol 95.04 95.52

2.11 Effect of pressure

The hydrogen pressure used for experiments in this study was discussed above.
High pressure hydrogen is not always available commercially so the feasibility of
operating at a lower pressure was investigated to determine the flexibility of the
process. Two runs were then carried out at much reduced pressure (runs 19/96
and 20/96, Table 2.7). The runs were carried out at 485 and 736 psig. The main
effect of reduced pressure was to decrease the conversion by about 4%, and
hence increase selectivity to the half ester; methyl-(5-hydroxy)pentanoate (see
the reaction scheme below), and increase the 5-valerolactone produced. From
the reaction scheme proposed later it can be seen that 2 moles of hydrogen are
involved in the equilibrium between 1,5 pentanediol and 3-valerolactone. Because
of this giving an exponential relationship between partial pressure of hydrogen
and the 3-valerolactone produced a relatively small decrease in pressure leads to
a large increase in d-valerolactone in the crude hydrogenation product. This

increase in the &-valerolactone level may lead to difficulties in the distillation
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scheme, see chapter 3. It was therefore concluded that lower pressure operation

is not a viable alternative.

Table 2.7 -Reduced pressure

Run number 19/96 20/96
Time on Line / hr 219.00 231.50
Inlet Temp /°C 205.0 205.0
Exit Temp /°C 212.0 210.0
Reactor Pressure /psig 485.0 736.0
Gas Rate DNLPH 7156.4 10846.7
H,:Ester Ratio 187:1 2871
LHSV /hr-1 1.00 0.99
Residence Time /S 2.41 2.40
Methanol 34.88 34.53
Tetrahydropyran 0.25 0.16
n-Pentanol 0.27 0.20
1,5-pentanediol 54.55 58.34
methyl-(5-hydroxy)pentanoate 0.11 0.06
dimethyl-pentanedioate 4.24 3.20
Water 0.47 0.37
Others 1.12 1.01
Conversion (mole %) 95.62 96.73
1,5-pentanediol.dVAL 15.53 37.62
Selectivity to 1,5-pentanediol 90.80 94.77
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2.12 Catalyst Deactivation

Having obtained data on the behaviour of the system the effect on the catalyst
over an extended period of operation was studied to ascertain its suitability for
longer term commercial use. The reactor was packed with 800 mis (1433.9 g) of
copper manganese alumina catalyst. The catalyst was activated following the
standard procedure mentioned above. Following activation the initial conditions
were established as follows:

Pressure, psig 885

Temperature, °C 200 to the reactor inlet

Hydrogen Flowrate, NLPH 20250

Initially an LHSV of 0.5 hr' with a catalyst temperature of 200°C was necessary
to minimise by-product make during the initial high activity phase for this catalyst
(full details of all runs in Table 2.8). The ATDP was kept at 12°C based on exit
reactor conditions.

At the required liquid feed rate the mass balances obtained were approximately
100%, indicating the vaporiser and cooling system were working efficiently. Over
subsequent runs the ATDP was reduced to 5 - 8°C and the LHSV increased in
stages to 0.9 hr’, and the temperature to 215°C to obtain >99% conversion,
whilst checking the mass balances were 100% at each step.

These conditions were then maintained for the rest of the experiment. This
allowed data to be gathered on deactivation of the catalyst (approximately 250 -
400 hours on-line).

Over the ensuing 150 hours the conversion dropped from 99.4% to 99.0%. The
by-product spectrum and diol: lactone ratio remained roughly constant throughout

this time period. The results are shown graphically in Figure 2.7.
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Figure 2.7 The Effect of Extended Operation on Catalyst Selectivity and

Conversion
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2.13 Conclusions

This work has demonstrated the feasibility of hydrogenating dimethyl-
pentanedioate to 1,5 pentanediol at moderate temperatures and pressures using
the chrome-free copper catalyst, DRD 92/89. The main differences between this
and more well documented ° 1,4-butanediol production are the levels of by-
products produced. In the 1,4-butanediol process typical selectivities to the cyclic
compounds tetrahydrofuran and y -butyrolactone are 2 and 8% mole respectively.
In the 1,5 pentanediol process observed tetrahydopyran and &-valerolactone
selectivities are <1 mole% and 5 mole%. This means a potentially greater yield
of 1,6 pentanediol per mole of dimethyl-pentanedioate feed over the 1,4-
butanediol process. However this may not be the full story as polymeric lactone
species were later found to be present during the next phase of this work. The

difference in observed selectivities is not surprising when the ring size, and
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therefore bond angles, in each cyclic compound are considered due to the
inherent stability and stain in each. The catalyst showed only minor deactivation
over the period of the testwork, as expected for a diol system®, and should
provide adequate life span in a commercial situation.

After refining, as described in chapter 3, the 1,5-pentanediol produced was
sent for application testing in the polymer with terephthalic acid, polypentyl
terephthalate PPT as this is the proposed end use for the final purified 1,5-
pentanediol product. It was found to be superior to any other source tested by
the manufacturer to date.

28,29 and

The reaction pathway has been studied for the 1,4-butanediol system
suggests the diester mainly undergoes hydrogenolysis to the lactone which
then forms the resulting diol. The diol then dehydrates to the cyclic ether or
reacts further with other moieties present to give the observed by-product
spectrum. These reactions are shown below in the proposed reaction scheme
for the Cs system studied. .

In summary this work demonstrated that the production of 1,5-pentanediol is
feasible using a previously unreported copper/manganese/alumina catalyst.
The by-products produced from side reactions were identified and quantified
and, along with the parameters that effect conversion, the operating envelope
of the process has been determined. Finally the catalyst life has been shown to
be adequate. This work provides all the required data to produce a commercial

design.
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Figure 2.8 Proposed Reaction Scheme
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Chapter 3

The Recovery of High Purity 1,5-Pentanediol by Distillation

3.1 Aims

1. To determine the physical properties of components and mixtures within the

crude product produced during hydrogenation of dimethylpentanedioate.

2. To define the operating parameters of potential distillation schemes and
determine the occurrence of reactions.

3. To propose and demonstrate a method for producing 1,5-pentanediol of a

sufficiently high purity for commercial use.
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3.2

Introduction

The product obtained from the hydrogenation of dimethylpentanedioate,
detailed in the previous chapter, is typical of a crude commercial product in that
it contains many by-products and unreacted starting material. Although
optimisation of the hydrogenation reaction can usually minimise these by-
products and increase the conversion to reduce the unreacted starting material,
there will come a point where this process becomes uneconomical, and
distillation must be used to separate the by-products and feed material for
recycling or disposal. The distillation conditions for every commercial product
are unique and the eventual distillation scheme developed will depend on a
combination of the final purity requirements of the product and the product's
physical properties. Generally the higher the purity required the more complex
will be the distillation scheme. This will then be further complicated if any
chemical reactions are occurring between the chemical species involved in the
distillation.

High purity 1.5-pentandiol was required for polymer use and the hydrogenation
product requiring distillation was found to have certain reactive components that
necessitated a distillation scheme capable of accommodating them. A design
was achieved by first experimentally obtaining detailed physical property data
on the components and mixtures, using these data to devise and then test a
number of potential distillation methods until a product of satisfactory purity was
obtained in a yield that would be commercially acceptable.

The approach allowed the conditions required for the distillation to be
estimated and after performing some experimental distillations, computer
modelling of the data was then performed (for this project it was carried out
using the package PROII") to facilitate a commercial design.

When a model was obtained, it was verified experimentally, discrepancies
identified, and the model modified accordingly. In the case of a system

involving chemical reaction during the distillation (such as was found during
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exist between any two components, and useful for providing data for computer
simulations, but in reality, a crude mixture that requires purification by
distillation will contain a complex mixture of components. In this case, the
equilibrium still can be used to rapidly ascertain the ease with which any such
mixture can be separated into fractions by calculating the volatility of each
component relative to the others. The method to give «, the relative volatility3 is
demonstrated later in this chapter.

The relative volatility, a, is the ratio of a compound’s volatility to a reference
compound within the same mixture. The closer the value to unity the more
difficult it will be to separate the two components by distillation. In practice, by
taking the product from the equilibrium still and repassing it back through the still,
a value for the ratio of the mole fraction in the vapour to that in the liquid for each
component in each pass is obtained to give an indication of the component’s
volatility. This is then ratioed to that of the main component to obtain the relative
volatility. The greater the deviation from an o value of 1 the more easy the
separation. A value of 1 obtained after repeated passes is indicative of an
azeotrope being present and hence the two components cannot be separated by
conventional distillation.

Armed with the data obtained from the vapour-liquid equilibrium, still distillation
was attempted. Generally distillation may be carried out in one of two general
ways. The vapours produced from the boiling liquid may simply be condensed
without any condensate being returned to the still. Alternatively, part of the
condensate may be returned under such conditions that it is brought into
contact with vapours going into the condenser. The latter method is called
rectification or fractionation. If fractionation is not used, a large difference
between the boiling points of the components is needed to get a marked
degree of separation. Hence non-fractionation tends to be only applicable to
flash distillation of solvents.

If reaction occurs between components within the mixture, separation becomes
even more complex. The method of reactive distillation is well known* for the

manufacture of chemical products; however, the converse problem of
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3.3

3.4

3.5

suppressing reactions occurring during conventional distillation is less well
documented as a general technique, and solutions must be found on a case by

case basis.

Experimental

All chemicals used for single and binary vapour-liquid equilibrium experiments
were obtained from the Aldrich Chemical Company and used without further
purification. Mixtures used for the relative volatility experiments were those

produced during the course of the work reported in Chapter 2.

Gas Chromatography was solely used, details being given in Chapter 2.
Equipment Details

Historically many methods of obtaining vapour-liquid equilibrium data have

7 4.1
6,7,8,9,10,11,12 and flow 13,14,15,16

been cited, both static methods (analogous to
batch and continuous distillation) being described. The equipment used in this
work, described below, is a flow still, and has two distinct advantages over
traditional methods. These are (i) the short residence time of mixtures in the
heater, minimising any chemical reaction between the feed components, and
(ii) an electrically controlled adiabatic separation section, negating any heat loss
which would occur on conventional vacuum jacketed equipment. This has been
demonstrated to give a high degree of accuracy with results surpassing the

accuracy of most physical data reported in the literature.

Vapour-Liquid Equilibrium Still
The vapour-liquid equilibrium experiments were performed using a vapour-liquid

equilibrium still based on the layout shown in Figure 3.1, consisting of a feed

pump, short residence time heater and an adiabatic separation section.
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3.6

3.7

To ensure collection of reliable temperature data, a Pt resistance device was
used in place of the usual K type thermocouples. The Pt resistance device has
a greater accuracy, the disadvantage being the cost, which is an order of
magnitude greater. Pressure transducers were electronic, manufactured by
Rosemount. and supplied calibrated. They were checked periodically against a
reference pressure calibrator, a Druck DPI602 instrument, with a calibration
traceable to the National Physics Laboratory.

Operation of The Vapour-liquid Equilibrium Still

The procedure adopted was to set the pressure (typically 50-150 mmHg) of the

equipment, using a vacuum pump, and feed the test component or mixture to
the heater at about 300 cm’hr™’. At this point, the liquid all collected in the liquid
receiver of the still. The power supplied to the heater was then increased until
condensed vapour reached a significant amount, found by previous workers'’
to be greater than 10% of the total flow. At this point the material collected was
discarded and further material collected used for analysis purposes.
Temperature and pressure data during the collection of this material were
recorded.

VLE Data for Pure Components

The vapour pressures of the dimethylpentanedioate and 1,5 pentanediol were
measured using the vapour liquid equilibrium still as described above. The
purposes of this experiment were to firstly allow calculation of the H,: ester ratios
from the vapour pressure data used in the hydrogenation work described in
Chapter 2, secondly predict the pressure at which to conduct initial distillation
experiments, and finally provide data for computer modelling. Results are given in
Tables 3.1 and 3.2 and plotted in Figure 3.3. The vapour pressure curve for
dimethylpentanedioate showed an abnormal inflection, which was thought to be
due to the presence of C4; and Cs homologues identified by GC in the
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dimethylpentanedioate feed. The data was checked by repeating the experiment
and found to be consistent. 1,5-Pentanediol gave a normal vapour pressure
curve. Only boiling point data at a single pressure were found in the literature for
these compounds as given below and where they are compared with the data

obtained in this work.

Vapour pressure Literature

Obtained Value
1,5 Pentanediol 212.0°C @ 768.1mmHg  238.8°C@ 760mmHg '
Dimethylpentanedioate 99.5@ 14.5mmHg 103.4°C@ 14.25mmHg *°

The boiling point of 1,5-pentanediol is lower than literature value, even allowing
for the differing pressures at which the two values were obtained. The
discrepancy may be due to the literature data being from a number of
experiments at ambient pressure, which may have assumed to be 760mmHg.
Dimethylpentanedioate is closer to the literature data, the slight depression
probably due to minor levels of C4 and Cg homologues present in the feed used

for this work.
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Table 3.1 Dimethylpentanedioate = Table 3.2 1,5 Pentanediol Vapour

Vapour Pressure Data Pressure Data
Temp, °C mmHg Temp, °C mmHg
2120 768.1 242.0 758.8
207.0 692.0 240.0 707.0
202.0 641.0 238.0 670.0
196.5 590.0 236.0 640.0
191.6 544.0 234.0 600.0
185.6 490.0 232.0 551.0
180.2 441.0 228.0 500.0
174.0 390.0 225.0 450.0
169.7 350.0 221.0 395.0
167.0 300.0 217.0 349.0
163.0 250.0 212.0 301.0
158.5 200.1 207.0 257.0
151.6 160.2 201.0 205.0
145.0 103.4 194.0 149.0
128.1 63.5 182.6 100.0
99.5 14.5 169.3 56.0
134.3 95
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3.9

After three passes the majority of lighter components were removed (according
to GC analysis); the feed for the fourth pass was then split into three portions to
simulate different distillation conditions. Two were passed at 150 mmHg, one
following heat treatment. This was done by simply heating in a round bottomed
flask at the temperature of distillation predicted from the data above for 1,5-
pentanediol (approximately 150°C) for 1 hour. This was an attempt to promote
any potential reactions taking place. The third portion was passed at a lower
pressure (50 mmHg) to study the effect of changes in pressure.

Relative Volatility Experimental Results

The relative volatilities of all the components present after the fourth pass with no
further treatment were calculated (see Table 3.3), as well as the ratio of &-
valerolactone to 1,5 pentanediol obtained in the three tests undertaken to
investigate reactivity (see Table 3.4). Note that other compounds present showed
no change at any of the conditions studied. The data show that there should be
no problems with separation by distillation on the basis of the physical properties,
as the a values are well away from unity. However, due to the reactivity of delta-
valerolactone, indicated by the differing o values obtained after heating, some
problems may be encountered.

At this point no further information that could help in developing a distillation
scheme could be obtained from vapour-liquid equilibrium experiments so further

work focused on actual distillation studies.
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Table 3.3 Relative Volatilities at 150 mmHg.

COMPONENT o
Methanol 482.41
Tetrahydropyran 17.47
n — Pentanol 206.74
1, 4 Butanediol 32.66
1, 5 Pentanediol 1.00
o — Valerolactone 2.38
Methyl-(5-hydroxy)pentanoate 0.55
Dimethylpentandioate 10.67

Table 3.4 3-Valerolactone:1,5 Pentanediol vapour-liquid equilibrium data

using modified procedures

mm Hg &-VAL o Values
No Treatment 150 2.1
Lower Pressure 50 3.09
After Heating at 150 2.47
150°C ,

3.10 Distillation Equipment

Two units were used, a batch still and a continuous distillation column. The
batch distillation still comprised a three litre round-bottom flask and a column
containing 25 mm diameter Sulzer laboratory structured packing (see figure 3.4).
The amount of packing was equivalent to 20 theoretical stages. The reflux
splitter was manually adjusted to give the required reflux ratio by using control
valves to regulate the off-take and return. Automatic vacuum control was via a

‘vacuum general’ system.







Figure 3.5 Continuous Distillation Column and Equipment
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3.11 Distillation Experiments

The initial concept for a commercial unit, based on vapour-liquid equilibrium data
obtained, was to have a maximum of two continuous distillation columns to keep
capital costs down whilst removing all the detected by-products. This
methodology was therefore simulated in initial laboratory distillations. The
column used consisted of approximately 20 theoretical stages with the feed line
towards the top of the column and a vapour draw towards the bottom, (Figure
3.5).

Product obtained from hydrogenation reactions reported in Chapter 2 was
"topped”, i.e. the more volatile components removed, (mainly methanol) using the
vapour-liquid equilibrium still described above at atmospheric pressure. This
simulated the first of the two distillation columns, which simply removes light
boiling components. This gave a residual methanol content of about 4% and the
remaining liquid following this treatment and this was then used as feed. The
continuous distillation unit was started at a pressure of 150 mmHg and, after
allowing the system to stabilise, the overheads vapour draw and bottoms

products were analysed, (see Table 3.7).

Table 3.7 Initial Distillation Data, Showing Weight% of Major Components

in Each Stream.

1,5- 5-VAL HDO MeOH % Going to Each
PDO Stream
Overheads 68.81 7.36 0.03 12.76 19.8
Vapour 98.99 0.18 0.34 0.05 59.8
Draw
Bottoms 96.35 043 1.50 0.01 20.3

The data for methanol and hexanediol content in each stream were as

demonstrated from the vapour-liquid equilibrium data collected, but 8-
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valerolactone reported at a higher level in both the bottoms and overheads than

the vapour draw, suggesting something was not behaving as a simple distillation.

To further investigate this, the product from the vapour draw was re-passed

through the distillation unit under similar conditions (see Table 3.8).

Table 3.8 Continuous Distillation Re-passing of Vapour Draw Material,

Showing Weight% of Major Components in Each Stream

1,5 5-VAL HDO MeOH | % Going to Each
PDO Stream
Overheads < Not Analysed — - 36.4
Vapour 99.07 0.04 0.29 0.01 46.9
Draw
Bottoms « Not Analysed — 0.0

Finally, the system was put on total reflux for two hours and the overheads and

bottoms sampled (see Table 3.9).

Table 3.9 Continuous Distillation Column on Total Reflux, Showing

Weight% of Major Components in Each Stream

1,5 3-VAL HDO MeOH | % Going to Each
PDO Stream
Overheads 94.28 1.49 0.39 0.29 -
Bottoms 98.60 0.15 0.67 0 -

The data produced from the two continuous runs was not consistent with that

obtained in the vapour-liquid equilibrium work as the o values indicated an easy

separation of these components. However, switching to total reflux for two hours

(see Table3.9) showed that &-valerolactone and 1,5 pentanediol could be

separated and gave a relative volatility of 1.7. This was as predicted from the
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relative volatility work described, where the prolonged heating during distillation
was simulated, showing a reaction was occurring as indicated by differing o
values before and after the heat treatment.

During these continuous tests it became apparent that either a thermally
unstable complex was formed between &-valerolactone and 1,5 pentanediol or
the &-valerolactone was polymerising on standing and then decomposing during
distillation as differences were observed between predictions from the vapour-
liquid equilibrium data and results obtained during the distillation testwork.
Literature stated that 8-Valerolactone forms a polymer "with about 7 recurring

"> which could explain this. The polymer was presumably formed

units
spontaneously in the crude hydrogenation product, which was stored for several
weeks prior to distillation. In the distillation column this polymer slowly
decomposed in the reboiler and appeared as free 6-valerolactone in the vapour
draw. This then erroneously indicated the d-valerolactone to be less volatile than
vapour-liquid equilibrium suggested i.e. a more difficult separation from 1,5-
pentanediol.

It was therefore decided to operate the column in a batch mode to enable
thermal breakdown of the complex or polymer to occur in the boiler (see Figure
3.4), thus removing the &-valerolactone. In the vapour-liquid equilibrium data
reported above, the effect of pressure on separation over a range 50 - 150
mmHg was minimal. It was decided that a pressure of 50 mmHg would be
employed to reduce the temperature at the base of the column to about 180°C
and hence reduce by-product formation during the longer residence time
encountered in a batch still boiler. This was used in the first batch distillation (run
3/96, Table 3.10), after initially removing methanol at 400 mmHg. A light boiling
fraction, containing the residual methanol, pentanol and tetrahydropyran, was

collected as the pressure was gradually reduced from 400 to 50 mmHg.




Table 3.10 First Batch Distillation Test Results.

Fraction Identity Lights 7 12 Final Pot Contents
Pressure /mmHg | 400 — 50 50 50 -
Reflux Ratio © 5:1 e -
Pot /°C 37-127 170 171 -
O/Head /°C up to 50 167 166 -
Analysis Wt%
n-PeOH 1.53 Trace | Trace 0
1,4 BDO 0.87 0.03 0.07 0.09
1,5 pentanediol 64.29 98.14 | 99.46 94.13
3-VAL 10.55 1.11 0.25 0.01
DMP 12.37 0.01 0 0.01
1,6 HDO 004 | 002 | 002 3.32
DHPE 0 0 0 0.91

Total Number of Fractions Taken = 13

Initially the distillation results looked promising, in that the lights fraction was rich
in &-valerolactone. However, subsequent fractions settled into a uniform
composition, containing about 99% 1,5 pentanediol and 1% &-valerolactone. In
an attempt to remove the residual 6-valerolactone from the boiler the column was
put onto total reflux, taking a small sample every hour. This eventually got the
level of 5-valerolactone down to 0.025%; however 1,6 hexanediol (present in the
crude product) was now starting to be taken overhead as well. The distillation
was therefore shutdown at this point. The &-valerolactone component balance
indicated that up to 50% more 3-valerolactone was removed from the overheads
than could be accounted for by the analysis of the crude product charged. it was

thought that this increase in the §-valerolactone balance was due to polylactone
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being present, and not seen in analysis of the crude feed to the distillation system
by GC.

The problem appeared to be the time required for total breakdown of the
polylactone. In the above distillation, by the time the polymer had decomposed
the inventory of 1,5 pentanediol was minimal. Based on this data, another lot of
crude product was batch distilled, run 4/96, this time running in total reflux mode
from the start of the distillation. As can be seen from the results in Table 3.11,
there was little difference between this test and the previous one. Distillation run
5/96, Table 3.12, was carried out in a similar manner to run 3, but based on the
vapour-liquid equilibrium data for dimethylpentanedioate/s-valerolactone.
Dimethylpentanedioate (DMP), a lower boiling point component, was added to

maximise 8-valerolactone removal and minimise 1,5 pentanediol removal.

~ Table 3.11 Batch Distillation, Run 4/96

Fraction Identity 5 12 26 35 Final Pot
Contents

Pressure /mmHg 49 50 50 50 -

Reflux Ratio 0 o © 38:1 -

Pot /°C 169 175 178 179 -

O/Head /°C 157 162 165 165 -

Analysis Wt%

n-PeOH 0.04 0.01 0.01 0 0

1,4 BDO 2.28 0.42 0.01 0.01 0.01

1,5 Pentanediol 36.61 95.65 98.73 99.34 96.49

3-VAL 34.39 2.89 0.44 0.03 0.01

DMP 18.91 0.02 0.02 0.01 0.01

1,6 HDO 0.01 0 0.02 0.04 1.29

DMPE 0 0 0 0 0.35

Total Number of Fractions Taken = 38
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Table 3.12 Batch Distillation, Run 5/96

Fraction Identity 19 Pot (pre DMP 22 50 63 Final Pot

Addion) (DMP Contents
Addition)

Pressure/mmHg 49 - 50 49 49 -

Reflux Ratio 90:1 - © © 34:1 -

Pot /°C 171 - 170 172 175 -

O/Head /°C 166 - 161 167 166 -

Analysis Wt%

n-PeOH 0.02 0 0.01 0 0 0

1,4 BDO 0.01 0.03 0.03 0.03 0 0

1,5 Pentanediol 96.52 97.54 63.52 99.61 99.59 94.85

8-VAL 2.70 0.13 2.87 0.05 0 0

DMP 0.03 0.01 32.78 0.08 Trace 0.02

1,6 HPE 0.01 0.88 0.01 0o 0 2.33

DHPE 0 0.22 0 0 0 0.42

Total Number of Fractions Taken = 63

As the overheads composition approached that of run 4/96 where the % &-
valerolactone was <0.5% (0.13%), a further quantity of dimethylpentanedioate
was added (20g) to the boiler. The distillation was then re-started. The column
was again run under total reflux with intermittent withdrawal of small overhead
fractions. In the initial fraction the 6-valerolactone and dimethylpentanedioate
levels were 2.87 and 32.78 wt% respectively with 63.52 wt% 1,5 pentanediol.
The &-valerolactone and dimethylpentanedioate level was eventually reduced to a
consistent low level giving 1,5 pentanediol of >99.5% (see Figure 3.6). It can be

seen that a lactone mass balance of >100% was again achieved. This is further

evidence of polymeric lactone material present in the feed.




Figure 3.6 Batch Distillation Number 5/96 - Progress with Time
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Based on these results the distillation column was configured to allow the
continuous addition of dimethylpentanedioate towards the top of the column, as
an aid to strip out 3-valerolactone from 1,5 pentanediol — a so-called ‘wash’.

The boiler was charged with about 1.5 kg of crude hydrogenation product from
which the majority of methanol and lights (tetrahydropyran and pentanol) had
been removed (see Table 3.13). The distillation (Batch 6/96) was theh started
using similar conditions to those used in the previous runs, (50 mmHg, 170°C
boiler temperature). After removing a small amount of residual light boiling
components, the dimethylpentanedioate wash was started. Unfortunately, due to
an equipment failure, a large amount of dimethylpentanedioate was added very
quickly. After rectifying the fault, the wash was reinstated at a rate of about 10
cm’hr,

These conditions were maintained until the &-valerolactone detected in the
dimethylpentanedioate removed as overheads, had dropped to a constant low

level, (see Figure 3.7); when the dimethylpentanedioate wash was turned off.
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The column was then put into total reflux with small fractions being taken to
remove residual dimethylpentanedioate. Following this, pure pentanediol was

removed.

Figure 3.7 Batch Distillation Number 6/96 — Progress with Time
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The equipment was then re-configured to allow the dimethylpentanedioate wash
to be fed directly into the boiler. It was hoped this would assist in the removali of
d-valerolactone by prolonging the time the pentanediol resided in the boiler. The
distillation was then operated (Batch 7/96) at the same conditions as above. The

data are shown in Figure 3.8 and Table 3.14.
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Figure 3.8 Batch Distillation Number 7/96- Progress with Time
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The Figures show that the 3-valerolactone was removed in fewer fractions than
the previous test, but apart from this, there was little difference between batch
6/96 and 7/96. Again high purity 1,5 pentanediol was produced. Additionally the
losses of 1,5-pentanediol overhead were reduced in the second test. At the time
of switching off the dimethylpentanedioate wash in batch 6, 7.8% of the 1,5
pentanediol had been carried over versus 1.9% in batch 7.

3.12 Conclusions and Potential for Further Work.

The results validate the proposition that the d-valerolactone forms a non-volatile
compound that interferes with conventional distillation to separate 1,5-
pentanediol from its by-products, but can be thermally decomposed, aibeit slowly.
This could be potentially investigated further by LC/MS. Long distillation times
were required to produce &-valerolactone free PDO. Results suggest that a
reactive distillation scheme is required with a continuously fed boiler of long
residence time coupled to a short column the overhead stream of which is used
as a vapour feed. The mixture contained in this vapour, containing no &-
valerolactone based heavy boiling compounds, can then be subjected to
distillation in a conventional continuous distillation column. This, coupled with the
dimethylpentanedioate wash/reflux (demonstrated above), is the final solution to
producing high purity 1,5-pentanediol.

Comparisons with other systems are hard to draw. The main problem in the
lower C4 homologue, 1,4-butanediol, distillation is due to the ‘Acetal’ impurity
that cannot be separated, so other means are sought (detailed in the next
chapter). The homologous lactone, gamma-butyrolactone, does not form a
polymer similar to that of delta-valerolactone and therefore presents no
problems. Work on hydrogenation to produce the C¢ homologue shows very
little lactone present at all in the crude product®® and again poses no problems
to the purification of the 1,6-hexanediol product.

1,5-Pentanediol produced by these methods was supplied to the Monsanto

Chemical Company and found to be of a far higher purity than any other
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previously obtained commercially. The GC plots of the crude and final product
(obtained under identical GC conditions) are shown below (Figures 3.9 and 3.10)
and illustrate graphically the complexity of the crude mixture and the purity of the

final 1,5-pentanediol obtained using the methods developed in this work.
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Figure 3.9 Gas Chromatogram of The Crude Hydrogenation Product
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Figure 3.10 Gas Chromatogram of The Distilled 1,5-pentanediol Product
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Chapter 4

The Removal of the ‘Acetal’ Impurity from 1,4-Butanediol

41 Aims

1. To devise a process capable of permanently removing the Acetal impurity from
1,4-butanediol.

2. To identify the optimal feed and conditions for the removal process to operate.

3. To use the data obtained to develop a continuous reactor system as the basis

for a productive commercial system.
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4.2 Commercial Background

1,4-Butanediol, a major chemical in the petrochemical sector with the market set

to rise to nearly 1,000,000 mt/annum by 2003’, is manufactured commercially via a
number of routes®. Of these, the use of butane as a feedstock for oxidation to
maleic anhydride, esterification and reduction (see Chapter 2) has found much
favor recently as the preferred commercial route®. One of the reasons is the high
purity product this route yields.

However, one impurity which is a characteristic of 1,4-butanediol manufactured by

this route, is 2-(4-hydroxy butyl)-tetrahydrofuran, known as Acetal (see below).

O\ OCH,CH,CH,CH,OH

0)

Acetal

The end use of 14-butanediol is primarily in the polymer PBT,
polybutyleneterephthalate and the Acetal impurity has a detrimental effect on the
polymerisation process, acting as an end capper. Consequently, the users of 1,4-
butanediol put tight specifications on the levels of the Acetal in the product,
typically less than 0.15 wt%.

The impact of the tight specification on the Acetal is not immediately obvious. The
amount produced over the catalyst with time increases slowly as the catalyst
ages®. A point is therefore reached when the Acetal reaches unacceptable levels in
the product 1,4-butanediol and the commercial unit has to be shut down and the

catalyst replaced for fresh. The catalyst remains active for the main hydrogenation
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4.3

reaction to produce butanediol, and hence the formation of Acetal limits the
working life of the catalyst charge. With the catalyst costing in the region of
£760,000 for a typical commercial unit the potential exists for huge cost savings if
the Acetal can be removed or its formation prevented.

The removal of Acetal is not economical by conventional means such as
distillation®, and whilst substantial improvements have been made to the
hydrogenation catalyst6 to reduce the Acetal levels since this production route was
first commercially operated, the production of Acetal during catalytic hydrogenation
is still the limiting factor governing catalyst life. Hence, the addition of a further step
in the process to remove Acetal by catalytic hydrogenation has been studied to
improve both the quality of the product and save many thousands of pounds

annually on the cost of catalyst replacement.
Chemistry of the Acetal Impurity
The potential pathway for the formation of Acetal is shown below.

Equation 4.1 — Butanediol / 4-Hydroxybutyraldehyde equilibrium

H CH,CH,
-H
HOCH,CH,CH,CH,OH ;::_—.—:.‘_‘_—.—E HOCH,CH,CH,CHO [—— HzC\ /CHOH
+H; (6]
1,4-butanediol 4-hydroxybutyraldehyde 2-hydroxyTHF
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Equation 4.2 — The Formation of Acetal

CH2_ CH2
HO—CH,~CH,—CH,—CH,~OH

H,C CHOH

1,4-butanediol ™~ 0 -

2-hydroxyTHF

CHZ_CHz
H2C\O/CH O_CHQ_CHQ_CHz_CHz—OH + H20

'acetal’ water

Equation 4.1 shows the equilibrium that can exist between 1,4-butanediol and the

dehydrogenation product, 4-hydroxybutyraldehyde. Under the conditions that exist

in the hydrogenation reactor, the equilibrium obviously lies well over to the left-

hand side. However, a small amount of the hydroxyaldehyde will be present. This

aldehyde is in subsequent equilibrium with 2-hydroxytetrahydrofuran, as shown in

equations 4.1 and 4.2. In the presence of large amounts of 1,4-butanediol the

equilibrium shown in equation 4.2 is driven to the Acetal product.
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4.4

Introduction

Aldehydes and ketones are readily hydrogenated to the corresponding alcohols
over platinum, rhodium, nickel or ruthenium catalysts under mild conditions’. Other
catalysts such as copper chrome have also been demonstrated for this
applicatiions. Direct hydrogenolysis of Acetal species is also reported over Pd
catalystsg. From the equations 4.1 and 4.2 above it can be seen that two potential
approaches exist for the removal of Acetal; (i) direct reduction of the Acetal
species or (i) hydrolysis of the Acetal and subsequent hydrogenation of the
resulting aldehyde.

There are numerous examples of carbonyl hydrogenation reported in the
literature. The heterogeneous catalysts mentioned above can all be used as
carbonyls are readily hydrogenated, being more reactive to hydrogenation than
aromatic compounds but less reactive than olefins.

Homogeneous hydrogenation of simple ketones is difficult’® although examples do
exist with enantioselective hydrogenation a possibility’' using rhodium catalysts
with a suitable chiral ligand.

Supported catalysts are available for aldehyde hydrogenation. For example'?, the
ferrocene complex shown in Figure 4.1 can be anchored to a support whilst
providing a chelate phosphine ligand for rhodium. Selective catalysis is achieved in
the presence of nitro, oxime and halide groups which are not reduced. Ruthenium
supported in carbon nanotubes has also shown potential for aldehyde

hydrogenation'?.
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Figure 4.1 Ferrocene aldehyde hydrogenation ligand.
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The selectivity of heterogeneous carbonyl hydrogenation catalysts can be
improved if necessary by modification. For example the selectivity to the
unsaturated alcohol when hydrogenating a,f—unsaturated aldehydes has been
shown to depend on the precipitation method used when making cobalt/silica
catalysts'. Similarly'® different TiO, phases in platinum/titania have been shown to
affect selectivity in the same reaction. Even enantioselectivity can be tuned by
catalyst pretreatment'®, with differing thermal pre-treatment of platinum/alumina
catalysts yielding selectivity variations in the hydrogenation of B-ketoesters.
Despite the wide range of catalysts listed above, for industrial applications nickel
still has the big advantage of its low cost. There are many examples of the use of
nickel for heterogeneous catalysis, the biggest use being the hydrogenation of
fats'’. However, for this application nickel is now starting to be replaced by
palladium. Nickel is also used on a large scale for the hydrogenation of
acetophenone'® and is now replacing stoichiometric reducing agents such as
iron/HCI in the fine chemical industry19.

Many patents describe the hydrogenation of aldehydes. For example, simple
alcohols, such as n-propanol, can be really manufactured over cobalt catalysts® or
by vapour phase hydrogenation over copper chrome®'. Nickel features widely,

being used for neopentyl glycol production®® and the production of 2-
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4.6

ethylhexanol®. Direct hydrogenolysis of acetals is also described® over a
supported platinum halide catalyst.

This chapter describes the work done to achieve indirect hydrogenation of the
aldehyde formed by hydrolysis of Acetal. The transformation is possible using Ni
catalysts which are significantly cheaper than other potential catalysts, and

therefore offer a commercial advantage.

Experimental

The following sections describe the techniques and equipment used, the initial

testwork in autoclaves, and finally the verification of the continuous process.

The same analytical techniques were used to obtain weight percent analysis data

for the feedstocks and products as described in Chapter 2 and in appendix 1.

Experimental Procedure for Estimating Peak Acetal Concentration

Results obtained in experiments studying butanediol purification in the laboratory
do not necessarily reflect those that would have been obtained on a commercial
plant®®. Experiments can be performed on material obtained from a number of
points during the process flow sheet. After tests are completed, further refining to
produce the final butanediol product can affect the equilibria involved in the Acetal
system. Thus a product apparently free of Acetal can, after heating and
concentration, show Acetal levels of over 1% when processing is complete. The
most reliable method found to estimate the final Acetal concentration, was to
simulate the refining of BDO by removing the lighter boiling components (up to
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4.8

160°C) by simple distillation in a round bottomed glass flask, and then heating the
resulting mixture for 2 hours. The Acetal level then observed was similar to that
obtained after submitting the crude product to the full distillation procedure used in

1,4-butanediol manufacture.

The Preparation of Acetal

To enable the study of the hydrogenation of Acetal in BDO to be carried out, a
method of preparation of Acetal was devised so that feed mixtures could be
prepared directly, without the added work needed to obtain representative material
from the hydrogenation product.

Butanediol (1.62kg, 18 mol), 2,3-Dihydrofuran (0.140kg, 2 mol) and Amberiyst 15
(0.1kg) were added to a 5 litre round bottomed flask fitted with overhead stirrer,
condenser, and temperature controller. The mixture was heated to 50°C for 24
hours. Upon cooling and filtering, the GC showed no residual dihydrofuran and

contained only Acetal and 1,4-BDO at a ratio of about 1:9.
Autoclave Description

A Parr 125ml hastalloy autoclave was used for initial testwork. A schematic
diagram of the equipment is shown in Figure 4.2. The pressure in the autoclave
was maintained by using a Rosemount mass flow controller (MFC) and an
externally adjustable pressure relief valve. The temperature was controlled using
the built-in heating element and controller. Feed was charged to the autoclave

using a constametric pump over about 10 minutes.
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b) The reactor temperature was then gradually increased from 100°C to 140°C.

c) At 140°C, H, was introduced at a concentration of 0.1 mole% in N, and held for 1
hour.

d) The Hz concentration was gradually increased from 0.1 mole% to 1 mole% in N,
over a 1 hour period, whilst holding the reactor temperatures at 140°C.

e) The H, concentration was increased from 1 mole% to 10 mole% slowly, again
keeping the reactor temperature at 140°C.

f) The H, concentration was increased from 10 mole% to 100 mole% slowly.

g) The system was then pressurised to 900 psi H, and held for 2 hours at 140°C.

Autoclave Testwork

Before work using the fixed bed reactor described below, a small number of tests
were undertaken in the autoclave shown in figure 4.2, to determine the feasibility of
the process and to establish the nature of the feed to be used. Essentially there was
a choice of feeds that relate to the stages in the BDO refining process. The first
choice was the product obtained before any refining occurs, the so-called ‘crude
product’ the advantage with this feed being that the water added to facilitate the
removal of Acetal would be removed during the later refining process. The other,
less desirable, feed chosen was the pure BDO product after refining, the
disadvantage of this feed being the need to remove the water after the Acetal
removal stage.

The experiments were performed at 100°C, using 4wt% water added to the feed,
and 20wt% catalyst. The reaction time in each case was 24 hours and the
hydrogen pressure was 150 psig with the exception of test 2 at 450psig. The
Tables below show the results from these tests.

Table 4.1 shows the analysis of a peak Acetal test as described above on the

crude hydrogenation product without undergoing any further treatment. The Acetal
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content rose from 0.03wt% to 0.18wt%. This result gives a base to which the
others can be compared. In tests 1 to 3, using crude BDO, the peak Acetal level
observed was higher than that in the base case. At first this result appears
surprising; however, it may be due to the production of Acetal precursors
(compounds that can react to give Acetal, eg HBA) formed from the many species
present in the crude BDO mixture. Increasing the pressure (test 2) did not have
any impact on this result and repeating the test (test 3) confirmed the data. Test 3
is of interest since the initial Wt% Acetal in the product differed from that in the
previous test under these conditions. It was only when the peak Acetal test,
described above, was concluded that the results matched up. The final test (test 4)
used feed simulating purified BDO. The higher Acetal concentration in the feed
reflected that expected at this stage of processing. The result of hydrogenation
was the best of the four, as the Acetal level was significantly reduced and, more
importantly stayed lower than the feed after the peak Acetal procedure. This
stream was therefore identified from these tests as the one with the most chance
of having Acetal permanently removed by hydrogenation and it was this feedstock

that was used for the more involved testwork that follows.

Table 4.1 Peak Acetal Determination on Crude BDO

Wt % of Component in| Wt % of Component After
Feed ‘Peak Acetal Procedure’
Methanol 43.67 0.72
THF 2.96 0.00
butanol 0.85 0.87
GBL 8.56 12.46
BDO 43.20 84.16
DM2 0.01 0.04
Acetal 0.03 0.18
Unks by diff 0.72 1.57
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Table 4.2 ‘Acetal Hydrogenation’ of Crude BDO - Test 1.

Wt % of Component

Wt % of Component

Wit % of Component

in Feed to Test 1 after Test 1 After ‘Peak Acetal
Procedure’

Methanol 43.67 38.65 0.06
THF 2.96 2.15 0.02

Butanol 0.85 0.92 0.01

GBL 8.56 8.74 13.28
BDO 43.20 48.12 84.67
DM2 0.01 0.11 0.00
Acetal 0.03 0.05 0.49
Unks by diff 0.72 1.27 1.47

Table 4.3 ‘Acetal Hydrogenation’ of Crude BDO at Increased Pressure — Test 2

Wt % of Component

Wt % of Component

Wt % of Component

in Feed to Test 2 after Test 2 After ‘Peak Acetal
Procedure’
Methanol 43.67 42 .90 0.06
THF 2.96 2.56 0.01
Butanol 0.85 0.87 0.02
GBL 8.56 8.08 12.44
BDO 43.20 44 44 85.25
DM2 0.01 0.04 0.00
Acetal 0.03 0.01 0.59
Unks by diff 0.72 1.10 1.63

Table 4.4 ‘Acetal Hydrogenation’ of Crude BDO - Test 3

Wt % of Component

Wt % of Component

Wt % of Component

in Feed to Test 3 after Test 3 After ‘Peak Acetal
Procedure’

Methanol 43.67 41.59 0.07
THF 2.96 2.54 0.03
Butanol 0.85 0.84 0.01

GBL 8.56 7.89 12.51
BDO 43.20 44,94 85.38
DM2 0.01 0.09 0.00
Acetal 0.03 0.27 0.45
Unks by diff 0.72 1.84 1.55
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Table 4.5 ‘Acetal Hydrogenation’ of Pure BDO - Test 4

Wt % of Component|Wt % of Component| Wt % of Component After
in Feed to Test 4 after Test 4 ‘Peak Acetal Procedure’
Methanol 0.04 0.01 0.00
THF 0.03 0.05 0.00
Butanol 0.00 0.01 0.00
GBL 0.13 0.11 0.16
BDO 97.80 98.92 97.82
DM2 0.03 0.03 0.00
Acetal 1.36 0.44 0.58
Unks by diff 0.61 0.43 1.44

4.12 Fixed bed Liquid Recycle Tests

The reactor, described above, was packed with 250 mls, 237.4 g, of 1/16" nickel
catalyst spheres. The commercial feed used contained 0.175wt% Acetal (see Table

4.6, below) and had water added as in the tests above.

Table 4.6 Feed Analysis.

Runs1-8 | Runs 9-12 | Runs 13—-15 | Runs 16 - 19

Wit% Wit% Wit% Wit%

H.0 3.92 4.03 2.30 0.98
Ethanol 0.013 0.013 0.013 0.013
THF 0.003 0.003 0.003 0.003
GBL 0.44 0.44 0.45 0.46
BDO 94.99 94.89 96.59 97.89
DES 0.013 0.013 0.013 0.013
Acetal 0.18 0.18 0.18 0.18

The first 4 runs were carried out to determine the benefit, if any, of liquid recycle on

the amount of Acetal removed. The conditions were:
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LHSV 1 hrs™

Temperature 110°C
Pressure 900 psig
H; Flow 24 NLPH

Run 1 was carried out with a liquid recycle rate of 2 kghr'. The product was
analysed by GC and gave an Acetal content of 0.065 wt%. For run 2 a liquid recycle
rate of 1 kghr'1 was used. After a period of steady operation (3 hours) samples were
taken and analysed. The Acetal content had reduced slightly to 0.057 wt%. Run 3
used a liquid recycle rate of 0.6 kghr' samples were analysed until the Acetal
content was constant. The Acetal value was 0.050 wt%. Run 4 was carried out
using no liquid recycle, the pump being isolated to avoid any possibility of liquid
circulation. The Acetal content was 0.058 wt% (see Table 4.7). Peak Acetal tests,
as described above were carried out on selected samples (see Table 4.8). Runs §
to 12 (see Table 4.9) were performed to determine the effect of the H, purge flow on
Acetal removal efficiency. During these runs the other parameters were set at
LHSV 1 hrs™

Temperature 110°C,
Liquid recycle 0
Pressure 900psig.

The obvious trend from these experiments was that the hydrogen flow had little, if
any impact on the removal of Acetal. For a hydrogenation reaction this may appear
an odd result. However this may be due to the low concentration of Acetal at these

process conditions.
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Table 4.7 Acetal Polishing Tests at 900 Psig

Run Temp, H; Flow LHSV Liquid Feed Feed Product
No °C NLPH hrs™ Recycle H,0 Acetal Acetal
kg/hr % wt % wt % wt
1 110 20 1.0 2 4.0 0.17 0.063
2 110 24 1.0 1.0 4.0 0.17 0.057
3 108 24 0.8 0.6 4.0 0.17 0.050
4 107 24 1.1 <0.5 4.0 0.17 0.058
5 109 6 1.01 <0.05 4.0 0.17 0.070
6 110 36 1.05 <0.05 4.0 0.17 0.048
7 110 12 1.07 <0.05 4.0 0.17 0.059
8 110 24 0.86 <0.05 4.0 0.17 0.039
9 111 24 1.18 <0.05 4.0 0.7 0.049
10 110 3 0.8 <0.05 4.0 0.17 0.036
Table 4.8 Peak Acetal Test Results From Selected Runs
Run Crude Peak Reactor Temp LHSV H, Flow Recycle
No Acetal Acetal Pressure °c hr' NLPH rate
wt% wit% Psig kg/hr
1 0.073 0.076 900 110 1 20 2
5 0.070 0.076 900 110 1 6 0
10 0.036 0.049 900 110 0.8 3 0
11 0.030 0.057 900 110 0.8 1.5 0
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Table 4.9 Tests Showing the Effect of Hydrogen Flow

Run No H; Flow Acetal
NLPH Wit%
S 6 0.07
6 36 0.05
7 12 0.06
10 3 0.04
11 1.5 0.03
12 0.5 0.03

The peak Acetal test data detailed in Table 4.8 were each obtained from the
products obtained from experiments conducted under very different conditions, and
indicated that very little reformation of Acetal occurred even in product produced
using lowest H, flows, ie runs 10 and 11. These data showed the high potential of
this process for Acetal removal and prompted further investigations and optimisation
of this methodology.

Evaluation of the effect of water on the reaction started with 1,4 BDO with 4%water
added, resulted in a product with 0.04 wt% Acetal, but subsequently, water contents
of 1 and 2 wt% levels were investigated. The 1,4 BDO used was from the same
source as used in all previous testwork and contained 0.20 wt% Acetal. The results

are shown below in Table 4.10.
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Table 4.10 The Effect of Feed Water Concentration on Acetal Removal

Run No 10/96 | 13/96 19/96
Pressure /psig H: 885 885 885
Temperature /°C 110 110 111
LHSV /hr” 0.8 0.83 0.87
H, Flow /NLPH 3 3 3
H,0, wt% in feed 4.03 2.3 0.98
Acetal wt% in product 0.04 0.05 0.08

The data show that decreasing the amount of water present increases the Acetal in
the product. Industrially, the aim is to have as little water present as possible as its
removal adds to the overall cost of the process; hence the level of 4wt% was
unchanged for the remainder of the work. '

The usual method of combating the loss of activity of a catalyst with time is to
increase the operating temperature as activity is lost. Before undertaking a lifetest on
the catalyst this approach was simulated by doubling the LHSV, to simulate a 50%
loss in activity, followed by an increase in catalyst temperature until the Acetal value
was equivalent to that obtained before increasing the LHSV. The increase in LHSV
resulted in the Acetal content increasing from 0.052 up to 0.099 wt%. The catalyst
temperature was then increased in 5°C increments, whilst all other conditions were

maintained. The results are shown below in Table 4.11.

Table 4.11 Simulation of Reduced Catalyst Activity, with Compensation by

Temperature Increase

Run No 20/96 21/96 22/96 23/96 24/96

Temperature /°C 110 115 120 125 130

Acetal, wt% 0.099 0.084 0.041 0.08 0.06
100




The data showed a 10°C increase in temperature compensated for the 50% loss in
catalyst activity that was being simulated. At temperatures greater than 120°C the
Acetal content started to increase. This could be due to a reduction in the H;
solubility at the higher temperature. It was also noticed that the level of THF,
produced from increased dehydration of 1,4 BDO, increased at the higher
temperature.

The next run (24/96) was to identify the effect hydrogen pressure had on Acetal
concentration. The conditions for this run were a temperature of 130°C, Hydrogen
flow of 3 NLPH H; and a feed rate equivalent to an LHSV of 1 hr'. The Acetal level

was 0.06wt%, showing that the reaction is favored with increased pressure.
4.13 Catalyst Life

One of the most important factors in the success of a commercial process is the
ability of the catalyst to sustain its activity over a long timeframe, avoiding costly
replacement. To determine the potential life span and the factors that affect it, a
further series of experiments were performed on a fresh charge of catalyst.

Two batches of feed were prepared for these tests (see Table 4.12). One was
prepared from BDO obtained from a commercial plant the second from a
laboratory supplier. The reasons for this choice will become apparent during the

discussion of this work.

Table 4.12 Feed Analysis for Catalyst Life Tests

Source wt% Acetal | wt% Water | wt% yBL

Commercial 0.465 4.97 0.609
Aldrich 0.563 4.2 Not Detected




The catalyst charge was a Ni extrudate, (1/4”, 100 mis (78.1 g)). The initial
conditions chosen were based on work previously carried out employing the Ni
sphere catalysts and the catalyst was activated according to the method described
previously.

The initial conditions were:

Rx Temperature /°C 110
H, Flow /NLPH 8

Rx Pressure /psig H; 900
LHSV /hr! 1.0

An Acetal level in the product of about 0.1 wt% was observed so the LHSV was
reduced to 0.75. This gave an Acetal level of about 0.05 wt% as required, hence;
these conditions were maintained for up to 100 hours. A sample taken during this
time containing 0.07 wt% Acetal, was used for a ‘peak Acetal test’. The final
Acetal content observed was 0.09 wt% indicating that this would be the final
amount if the product was taken through the final distillation column. This is an
acceptable product and demonstrated the catalyst was successfully removing both
Acetal and its precursors. It also had a similar activity to that observed in earlier
tests using the Ni spheres. The LHSV was then increased to 1.0 hr' and held for
25 hours giving an Acetal level in the product of about 0.07 wt%. A further
increase to 1.5 hr” gave an Acetal content of 0.13 wt%. At this time the product
was observed to be dark in colour and significant deactivation appeared to be

occurring (see Figure 4.4).
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Figure 4.4 Deactivation of Ni Catalyst Using a Commercial Feed
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To confirm this deactivation the conditions were held for 150 hours, but during
which time the Acetal content rose to about 0.15 wt%. This loss in activity was not
observed in previous work and was ascribed to the prolonged storage and multiple
heating/cooling cycles that the commercial feed had been taken through. These
cycles could have resulted in some degradation of the feed, for example metals
leaching into the feed, as indicated by the increased colour of the feed. The final
conditions used during this testwork were an attempt to quantify the loss in activity
by reducing the feedrate, to increase conversion. However, no significant change
in conversion was observed, and the conversion was considered too low to

continue with the run.
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4.14 Acetal Polishing - Synthetic BDO

To further investigate the rapid deactivation, a synthetic feed was made up to
eliminate any complications arising from the use of an aged commercial feed, and
a new run started on a fresh batch of catalyst. The nickel catalyst was reduced

using the standard procedure and the initial conditions were selected as follows:

Rx Temperature /°C 110
Pressure /psig 900
H, Flow /NLPH 8

LHSV /hr” 1.0

The product for the first 50 hours indicated no Acetal conversion, see Figure 4.5.

Figure 4.5 Lifetest Using Synthetic Feed
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Due to the lack of conversion of the Acetal, the activity of the catalyst was
confirmed using ethyl acetate (specifically the hydrogenation of by-product
carbonyls) as a model system. The results obtained indicated high activity and

normal selectivity when compared to data on this catalyst obtained commercially. It
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was postulated therefore that any differences between the synthetic and
commercial feeds could be leading to the observed absence of catalytic activity
with the Acetal. The major difference was the presence of small amounts of
residual gamma-butyrolactone (GBL) in the commercial feed. It was further
assumed that this lactone could hydrolyse to small amounts of 4-hydroxybutyric
acid in the presence of water and thereby acid catalyse the hydrolysis of Acetal to

its reducible precursors. Equation 4.2. (p86) shows the hydrolysis of Acetal.

4.15 Effect of GBL Addition to Synthetic BDO

In an attempt to quantify this effect, the amount of GBL in the synthetic feed was
varied over the next 150 hours, (see runs 102/6/98 - 102/12/98, and Figure 4.6).

Table 4.13 Effect of yBL on Acetal Removal

Run %yBL in Feed | % Acetal in Product
102/5/98 <0.01 0.41
102/6/98 0.6 0.05
102/7/98 0.2 0.09
102/8/98 <0.01 0.12
102/9/98 0.6 0.04

102/10/98 1.2 0.04
102/11/98 <0.01 0.07
102/12/98 0.5 0.03
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4.5, above). The conversion remained constant during this period suggesting the

catalyst is suitable for this application.

4.16 Conclusions

The removal of Acetal by hydrogenation is a unique solution to a unique problem
and therefore hard to relate to literature precedents. The hydrogenation of
aldehydes is however well documented and the work presented above uses one of
the potential catalysts found in the literature presented in the introduction. The
conditions used were based on those required for economic commercial operation
and optimised during the course of the work.

When attempting to remove Acetal by catalytic hydrogenation it is the control of
the equilibria involved and the choice of feedstock that allow the removal to be
achieved, meaning that not only the Acetal itself, but also its precursors must be
removed. The addition of water to the feedstock was found to facilitate this. The
role of residual gamma-butyrolactone found in the typical commercial feed used for
the work was also found to be critical, as it appears to participate as an acid
catalyst in the hydrolysis of Acetal to hydrogenateable precursors.

A method of estimating the predicted Acetal content that would be obtained after
full refining of any mixtures produced was developed. This allowed the results
obtained to be properly evaluated for commercial use.

This work has led to the Acetal removal stage being incorporated into two new
commercial units one being built in Malaysia (Petronas) and one now operational
in Taiwan (TCCC).
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Chapter 5

The Application of a Liquid Recycle Reactor to the Production
of Tetrahydrofurfuryl Alcohol

51 Aims

1. To investigate the use of a liquid recycle reactor to control the highly
exothermic hydrogenation of furfuryl alcohol to tetrahydrofurfuryl alcohol.

2. To assess the suitability of a nickel catalyst in the above system.

3. To study the parameters of the reaction and hence determine the optimum

set for commercial operation.

4. To obtain data on the time dependent deactivation of the catalyst and hence

predict the lifetime of the catalyst under reaction conditions.
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5.2

5.3

Commercial Background

Currently the market for tetrahydrofurfuryl alcoho! (THFA) is limited', its only
use being as an intermediate for the production of dihydropyranz. It is currently
produced by batch, slurry phase hydrogenation of furfuryl alcohol® which in turn
is derived from furfural. Furfural producers are constantly seeking new
applications of furfural and its downstream products, and THFA has been
tested and found to be a useful solvent for many applications. It has the
advantage of being relatively non-toxic and obtained from a renewable
feedstock source. If it is to find use as a solvent a cheap, continuous method of
manufacture must be sought. The work that is reported in this chapter sets out

to achieve this objective.
Introduction

The production of THFA from furfuryl alcohol is based on catalytic
hydrogenation, in this case the saturation of the aromatic ring of the furfuryl
alcohol. Industrially the hydrogenation of aromatics is an important process. For
example the production of cyclohexane from benzene over nickel or platinum
has a value exceeding 3 billion pounds per annum in the US. Also of great
importance is the saturation of the mixture of aromatics found in diesel fuel®.
Whilst examples of homogeneous systems do exist® the vast majority of work
both industrially and academically has focused on heterogeneous catalysis, as
does this work.

A number of metal systems are capable of performing the hydrogenation of

benzene; the activity has been found to be as follows’:
Pt> Rh > Ru>Pd > Co > Ni > Fe

Nickel, used for the work reported in this chapter, has been extensively studied

for this reaction in many forms including Raney Nickel®, nickel on silica/alumina®
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5.4

and nickel loaded zeolites'®. The hydrogenation of benzene can be stopped at
cyclohexene'!, for example when using Ru in the presence of water, though
generally the reaction proceeds all the way through to cyclohexane. The
hydrogenation of benzene is so well understood that it is used as a model
reaction'? when evaluating new catalysts; however the hydrogenation of furans
is less well documented. By far the most work has been carried out on the
hydrogenation of furan itselff to produce the commercially valuable
tetrahydrofuran'. Again many catalysts can be used; for example palladium
has been studied'. However, cost and catalyst life span favour the use of
nickel which is the catalyst chosen commercially for tetrahydrofuran
production®. Typical conditions are 150°C and 500psi hydrogen in a batch

reactor.
Reactor Design to Minimise the Effects of Exothermic Reactions

“Aside from the discovery and development of unique catalysts, the economic
success of the refining, petrochemicals, and chemical industries has relied
heavily on the design of innovative reactors to minimise capital and energy
requirements to efficiently convert raw materials into products in industrial
process plants.” '®

Reactive distillation, mentioned in Chapter 3, is a good example of how a
process can be made commercially viable using a novel reactor design for
example in the alkylation of benzene'’. Other examples include membrane
reactors for the production of synthesis gas'® and the Davy ‘liquid recycle

"% (LRC) for exothermic reactions. The concept is simple; if a reaction is

reactor
kept sufficiently dilute the diluent will provide a heat sink and keep the reaction
under control. In the Davy LRC system this is done by using product from the

reaction. Figure 5.1 illustrates this concept.
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high temperature. When the LRC is used the amount in the product drops from
0.1wt% found in conventional fixed bed to 0.01wt%. The hydrogenation of
furfuryl alcohol also suffers from the production of unwanted by-products, and
in current batch processes between 10% and 30% of the feed stock is lost to
1,5-pentanediol and 1,2-pentanediol. Currently these by-products are removed
by distillation. It is the aim of the work reported here to establish if the LRC
concept can produce THFA with levels of diols less than 1.5%, which will then
be of a suitable quality for commercial use without costly distillation.

The equipment used is described below; it has been designed to allow scale-
up directly to full-scale operation without the need for a traditional hundreds of
kilogram stage. This is achieved by the use of adiabatic reactor temperature
control (see Chapter 2, pg27, for details of this control system) and more
importantly by operating at similar liquid velocities across the catalyst to those
found commercially. During scale-up, laminar flow may remain laminar, but heat
and mass transfer will not remain constant. By operating at commercial

velocities these scale-up effects can be minimised.
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5.5 Chemistry

The compounds encountered in this work are shown below.

Main Reaction

U_\ 2 Hy

OH

Fufuryl alcohol (FA)
(main feedstock)

By-Products / Impurities

O

5-Methyl Furfuryl alcohol (5SMFA)
(present in feed)

OH\_~_~_-OH

1,5 Pentanediol (1,5-PDO)
(present in feed and product)

2-Methyl Furan (2MF)
(present in feed)

1-Pentanol (POH)
(by-product)

0 OH

Tetrahydro Furfuryl alcohol (THFA)
(main product)

o OH

5-Methyl Tetrahydrofurfuryl alcohol (SMTHFA)
(by-product from 5SMFA)

\/\K\OH
OH

1,2 Pentanediol (1,2-PDO)
(present in feed and product)

A

2-Methyl Tetrahydrofuran (2MTHF)
(by-product from 2MF)

A,

delta Valerolactone (dVal)
(by-product from 1,5-PDQ)




5.6 Fixed Bed Reactor

A single fixed bed reactor was used for the initial work on catalyst screening
and initial investigations into the optimum parameters for the reaction.

The reactor utilised for this work was an oil jacketed fixed bed system of 24.5
mm internal diameter. About 35 mls of catalyst was used for each test as this
was deemed to be the minimum amount required to allow both inlet and exit
thermocouples to be in the catalyst bed. The layout is shown below in Figure
5.2

Figure 5.2 Diagram of the Fixed Bed Reactor
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5.7 Pilot Plant Liquid Recycle Reactor

A fully automated plant consisting of two reactors (one reactor for the bulk
reaction and one reactor for the polishing reaction) was used for the life test
and final optimisation. A schematic Process Flow Diagram (PFD) for the

equipment is shown in Figure 5.3.

Figure 5.3 Pilot Plant Liquid Recycle Reactor Scheme
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5.8

5.9

Liquid Feed System

The furfuryl alcohol feed was supplied from a 200 litre drum by slightly
pressurising it (10 psig) using a secondary nitrogen supply and this enabled the
furfuryl alcohol to be transferred through a % inch pipe into the feed tank T-101.
The level in the tank was measured using a AP cell and refilled as required
from the feed drum. A positive displacement piston pump (P-101) was used to
transfer feed to the reactor; feed rate was controlled automatically by varying
the stroke length, feed rate being measured by timing the flow from a calibrated

burette.

Gas System

The flow of all gases was controlled using Brookes mass flow controllers
(MFC). Nitrogen was supplied from the building ring main and was used for
nitrogen blanketing vessels, as a diluent during catalyst activation and for
emergency shutdown. The nitrogen flow meter had a flow range of 0 -600
NLPH. Hydrogen, used for the activation, was supplied from cylinders via a
MFC with a range of 0 - 120 NLPH. Hydrogen was also supplied from a larger
MFC, having a range of 0 - 1000 NLPH, used during normal operation. A
regulator to control the gas purge was situated after the product vessels, the
flow controlling the reactor pressure. An additional vent flow via an automated
ball valve and capillary coil was present as part of the trip logic for

depressurising the reactor system.

5.10 Reactors 1 and 2

Reactor 1 (R-101) used for this testwork had an internal diameter of 25 mm,
holding up to 1450 cm3 of catalyst; reactor 2 (R-201) had an internal diameter
of 20.9 mm holding up to 500 cm3 of catalyst. Each reactor was equipped with



four heating elements, one surrounding the top nut, one on the top half, one on
the bottom half of the reactor and one on the bottom nut. The two main heating
elements on the reactor were designed to operate either adiabatically (zero AT)

or to heat the reactors.

5.11 Recycle Loop

Liquid product from reactor 1 was passed through a heat exchanger to cool the
product if required. The vessel after reactor 1 was fitted internally with an 8 mm
pipe protruding half way up the vessel which acted as an overflow for excess
liquid and gas passing to the second reactor. Liquid was drawn from the sump
of this vessel through filters to the liquid recycle gear pump. The liquid passed
through a coriolis mass flow meter then a heater and finally a trim heater before
returning to reactor 1. Fresh feed was supplied to the recycle loop upstream of
the main heater whilst gas feed was fed to the top of the reactor.

5.12 Product System

Liquid product and excess gas from the second reactor were cooled and
collected in a separation vessel the liquid level being controlled using a control
valve and AP cell. The product was collected in either a local storage vessel or
a 200 litre drum. Excess gas separated from the liquid product, passed though
a secondary collection vessel and was vented to atmosphere through a

pressure regulator.

5.13 Catalyst Loading
Prior to loading the reactors, a stainless steel knitmesh plug was inserted into
the bottom of the reactor to act as catalyst support and prevent catalyst ingress

into the exit pipe. Glass balls were then charged on top of this plug and then
the catalyst.
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5.14 Catalyst Activation

The catalyst used for this testwork was charged to the two reactors in a
reduced stabilised form and activated before use. The procedure followed was
detailed in the section on catalyst activation in Chapter 4, pg 90.

5.15 Analytical Procedures

The analytical procedure for analysing the liquid feed and product samples by
gas chromatography and titration can be found in Appendix 1.

5.16 Calibration and Tests

The instruments (pressure indicators, flow meters, thermocouples etc) used on
this reactor are of the same type as those detailed in Chapter 2. The calibration

procedures adopted were therefore the same.
5.17 Testwork

The work was divided into three distinct stages. Firstly three catalysts were
tested from each of three different manufacturers asked for a nickel aromatic
hydrogenation catalyst. During this catalyst screening exercise, an initial
attempt at finding the optimum conditions for the reaction was also performed.
The work then progressed to the pilot plant described above, where the catalyst
was operated for an extended period to determine if any time related
deactivation was occurring. The final phase was varying reaction parameters on
the pilot plant to determine weather the product specification could be
achieved. This final phase was performed last to ensure the catalyst was aged
as freshly charged catalysts can sometimes give high activity/ low selectivity
before they are fully ‘bedded in’.
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5.18 Fixed Bed Testwork

Initial screening and condition scans were performed using the small fixed bed
reactor described previously. The recycled THFA that is inherent in the reactor
configuration proposed for this application, was simulated by adding THFA to
the feed. Three catalysts were supplied by three different manufacturers
Engelhard, CRI and Sud-Chemi. The suppliers were told the application and
supplied the most suitable catalyst they sell. All were subject to non-analysis
agreements. The reactor was initially charged with 30.2 g (36.5 mls) of nickel
catalyst (catalyst A, supplied by Engelhard). The catalyst was activated as
described in Chapter 4, pg92, above.

The initial conditions (400 psig, 50°C, LHSV = 1.0hr1) chosen for study were
determined by reference? to a batch autoclave test.. The feed was diluted to
10wt% in THFA. Further runs were then performed at LHSV=0.5 hr’1, 70°C and
100°C then returning to initial conditions to check for deactivation. Full details
of all three catalysts screened are given in Tables 5.1-5.14 and presented in
Figure 5.4. Evaluation of the second reactor, the polishing reactor, was then
performed by re-passing the product obtained from the bulk reactor simulation
over the catalyst at a feed rate equivalent to that which would be used on this
reactor design, the same rate as on the bulk reactor.

The second catalyst was then charged 30.2g (catalyst B, supplied by CRI) to
the fixed bed reactor and reduced using the same procedure. Temperature
was further investigated running at 150°C and 125°C; the effect of feed dilution
was also investigated. During one such run the hydrogen supply was
insufficient due to the mass flow controller used and this obviously had a
serious impact on conversion (see Figure 5.4). The next run was in polishing
mode. The final run on this catalyst was a return to initial conditions after
leaving the unit in stand-by mode for three days with a small purge of hydrogen.
Catalyst C (supplied by Sud-Chemi) was then evaluated using 30.2 g of
catalyst and activating as described in Chapter 4. The initial conditions chosen
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were those used for all catalysts previously evaluated, 50°C, LHSV = 0.5hr", 10
wt% furfuryl alcohol in THFA feed. An extended run was then performed in an
attempt to get an indication of catalyst life. Harsher conditions were chosen
than previously used to fully test the catalyst (LHSV = 0.75 hr'!, 400 psig and
115°C). These conditions were held for 70 hours at which point the feed LHSV
was increased to 1.0 hr'', until 90 hours on-line.

The unit was then switched to polishing mode, the oil temperature being
adjusted to give approximately that of the bulk bed. The temperature was then
reduced to 100°C. Finally the polishing reactor feed was spiked with 1% and
then 5% furfuryl alcohol to determine how effective this system was in this
mode.

To act as a further indication of catalyst life the unit was returned to the original
feed and conditions used at the start of the extended run, and finally the initial

conditions used for catalyst evaluation were re-tested.
5.19 Catalyst A Studies

At the initial conditions chosen (LHSV = 1.0 hr', 50°C), the level of furfuryl
alcohol observed in the product was 9 wt%, compared with 10 wt% in the feed,
ie a conversion of only 10% over the bed. At first sight this appears low, but
when considered as part of the overall LRC flowsheet, this would equate to a
conversion of approximately 90%, as pure furfuryl alcohol would be fed to the
reactor with the composition exiting the first bed being the 9wt% observed in
the simulation of this reactor above. Halving the LHSV reduced the furfuryl
alcohol observed in the product by approximately 1%.

The product from these runs was bulked and re-passed over the catalyst to
simulate the polishing reactor. This reduced the furfuryl alcohol to 5.5wt%
suggesting that harsher conditions may be required to get to less than 0.1wt%
furfuryl alcohol required commercially. Running at 70°C resulted in the furfuryl
alcohol level dropping to about 6.5%. This run was extended overnight to

detect any gross deactivation of the catalyst. The conversion, once steady,
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remained constant for 12 hours. The following runs at 100°C, and 100°C with a
small excess of hydrogen, showed a small increase in conversion.

The conditions were returned to initial start-of-life parameters to enable a
This showed the

catalyst was not as active as at the start of life, suggesting that deactivation

check on loss of activity over the course of these runs.

was occurring; however, the rate of deactivation observed was fully investigated

in the next phase of the work

Table 5.1 Catalyst A Results from Bulk Mode, LHSV = 1.0 hr', 50°C,
Showing the Wt% of Each Component with Time

Time on | Furfuryl

Lins 1 bt alcoh’g‘ THFA | 1,2 PDO |1,5 PDO| Unknowns

1.0 924 | 896 | 002 | 0.5 1.00
1.8 926 | 90.45 0 0.04 0.25
35 9.07 |90.75 0 0.04 0.14
45 9.07 |9072| 002 | 0.04 0.15

Table 5.2 Catalyst A Results from Bulk Mode, LHSV = 0.5 hr'1, 50°C,
Showing the Wt% of Each Component with Time.

Time on | Furfuryl

Line | hr alcohrg’l THFA |1,2 PDO|1,5 PDO| Unknowns
1.1 6.88 | 92.80 | 0.02 | 0.04 0.17
2.2 73 | 9247 | 002 | 004 0.17
3.2 759 | 92.23 0 0.04 0.14
43 784 | 91.91 | 0.02 | 0.04 0.19

Table 5.3 Catalyst A Results from Polishing Mode, LHSVY = 1.0 hr", 50°C,
Showing the Wt% of Each Component with Time

Time on | Furfuryl
Line / hr | alcohol THFA |1,2 PDO(1,5 PDO{| Unknowns
3 5.51 94.35 0.02 0.04 0.08
4.25 5.65 94.22 0 0.04 0.09
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Table 5.4 Catalyst A Results from Bulk Mode, LHSV = 0.5 hr-1, 70°C,

Showing the Wt% of Each Component with Time

Time on

Furfuryl

Line / hr | alcohol THFA |1,2 PDO|1,5 PDO| Unknowns
2.00 5.45 94.29 0.03 0 0.23
3.25 6.31 93.5 0 0 0.19
4.00 6.76 93.06 0 0 0.18
5.50 6.78 93.04 0 0 0.18
8.00 7.03 92.93 0 0 0.04
10.75 7.16 92.79 0 0 0.05
12.25 7.24 92.59 0.05 0 0.06
14.00 7.7 92.05 0.1 0 0.03
15.75 7.81 91.88 0.13 0 0.03
17.50 7.81 91.86 0.16 0 -0.01
19.00 7.93 91.71 0.17 0 0
20.50 7.84 978 | 0.18 0 82
22.00 7.84 91.76 0.19 0 0
23.50 7.88 91.7 0.19 0 0.02

Table 5.5 Catalyst A Results from Bulk Mode, LHSV = 0.5 hr', 100°C,

Showing the Wt% of Each Component with Time

Time on | Furfuryl\ 1 cn 14 5 ppo|1.5 PDO| Unknowns
Line / hr | alcohol
15 448 | 9517 | 009 | 0.09 0.1
25 616 | 937 | 0.04 | 0.04 0.06
45 659 | 9328 | 0.03 | 004 0.06
6 6.44 | 93.43 | 0.03 | 0.03 0.07
6.75 | 6.74 | 93.16 | 0.03 0 0.07
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Table 5.6 Catalyst A Results from Bulk Mode, LHSV = 0.5 hr", 100°C,

Showing the Wt% of Each Component with Time

Time on | Furfuryll 1 cn 14 5 ppo |1 5 PDO| Unknowns
Line / hr | alcohol
100 | 184 | 977 0 02 0.26
217 | 319 | 9656 | 0.05 | 0.09 0.11
300 | 418 | 9565 | 0.04 | 0.5 0.08
458 | 502 | 9483 | 003 | 005 0.07

Table 5.7 Catalyst A Results from Bulk Mode, LHSV = 0.5 hr", 50°C,

Showing the Wt% of Each Component with Time

Time on | Furfuryl

Lins 1 bt alcohg’l THFA 1,2 PDO|1,5 PDO| Unknowns
117 | 855 | 91.25 | 0.07 0 0.05
258 | 9.02 | 9082 | 004 | O 0.06
358 | 9.05 | 90.8 | 0.04 0 0.06
517 | 911 | 90.8 | 0.03 0 0.03

Figure 5.4 Catalyst A — wt% Furfuryl Alcohol observed in hydrogenation

Product with time for each condition studied.

Wt % FA in Product

~—»-—fc/1/00,50°C,LHSV=1.0
4 tfc/4/00,70°C LHSV=0.5

—a—tfc/2/00,50°C,LHSV=0.5
-X- tfc/5/00,100°C LMSV=0.5
~%— tfc/6/00 100°C, LHSV 0.5 xs M2 —0—tfc/7/00, 50°C, LHSV=0.5,

125

20



5.20 Catalyst B Studies

Catalyst B was initially checked at the same mild conditions, showing slightly
higher activity than catalyst A, before the increased temperature run was
attempted.

At the elevated temperature of 150°C, complete conversion of the furfuryl
alcohol was observed; however, the by-product make was much higher,
although still within the target of less than 1.5 wt%. These by-products were
identified by GC/MS as 1,2 and 1,5 pentanediol, from ring opening reactions
and 5-methyl tetrahydrofurfuryl alcohol from 5-methyl furfuryl alcohol present in
the feedstock.

The temperature was then reduced to approximately 120°C in an attempt to
see breakthrough of furfuryl alcohol, but again none was observed in the
product, although by-products were reduced. Furthef reduction in temperature
to 100°C with extended operation gave only 0.5 wt% furfuryl alcohol in the
product.

This was surprising when compared with the results obtained on the previous
catalyst charge; however, this may be due to modifications performed to the rig
after the first charge allowing the hydrogen to be “topped-up” after sampling.
Starvation of hydrogen may have been the cause of the observed lower activity
and deactivation over the course of the previous tests.

As this observed higher activity was encouraging, in the next run, feedstock
was prepared with double the concentration of furfuryl alcohol. The conversion,
initially high, rapidly declined mainly due to the inability of the equipment to
supply all the hydrogen required for the reaction. For subsequent runs the
equipment was modified to accommodate this.

A polishing run was then performed giving a product of less than 1 wt% furfuryl
alcohol. Finally an activity check showed no loss in conversion over the course

of these tests.
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Limitations of the rig did not allow higher concentrations of feedstock to be
investigated, but this series of tests demonstrated the temperature envelope.
Modifications were then performed to operate under flow control allowing a
greater consumption of hydrogen.

Table 5.8 Catalyst B Results from Bulk Mode, LHSV = 0.5 hr'1, 50°C,

Showing the Wt% of Each Component with Time

Time on | Furfuryl

L alcohrg’l THFA (1,2 PDO|1,5 PDO| Unknowns
083 | 563 | 9412 | 0.05 | 0.06 0.14
1.92 5.4 94 5 0 0.04 0.06
300 | 569 | 9418 | 0.04 | 0.03 0.06
383 | 508 | 93.96 0 0 0.06

Table 5.9 Catalyst B Results from Bulk Mode, 150°C, LHSV = 0.5 hr'1,

Showing the Wt% of Each Component with Time

Time on | Furfuryl

Lins 1 tn alcoh?)’l 1,2 PDO| 1,5PDO | THFA |Unknowns
2.50 0 0.51 0.7 97.7 1
400 | O 0.51 0.61 98.01 0.76
5.50 0 05 0.56 98.21 06
7.00 0 0.53 0.53 98.25 0.54
8.50 0 0.52 0.53 98.28 0.51
10.00 0 0.45 0.45 98.56 0.36
11.50 0 0.51 0.47 08.44 0.41
13.00 0 0.54 0.51 98.3 0.48
14.63 0 0.53 0.51 98.33 0.46
16.00 0 0.53 0.51 98.34 0.45
17.25 0 0.54 0.52 08.34 0.43
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Table 5.10 Catalyst B Results from Bulk Mode, 125°C, LHSV = 0.5 hr”,

Showing the Wt% of Each Component with Time

Time on | Furfuryl

Lins 1 b alcohrgl 12 PDO| 1,5PDO | THFA |Unknowns
1.33 0 0.3 0.23 90.18 0.12
217 0 0.3 0.2 99.21 0.12
2.58 0 0.28 0.18 90.28 0.09

Table 5.11 Catalyst B Results from Bulk Mode, LHSV = 0.5 hr', 100°C,

Showing the Wt% of Each Component with Time

Time on | Furfuryl

L O alcohrgl 1,2 PDO| 1,5PDO | THFA |Unknowns
1.00 0 0.28 0.18 99.28 0.09
208 | 014 | 0.19 0.1 99.31 0.08
3.08 | 0.33 | 017 0.07 99.23 0.03
450 | 043 | 017 0.06 99.15 0.02
6.00 | 048 | 0.17 0.05 99.09 0.04

Table 5.12 Catalyst B Results from Bulk Mode, LHSV = 1.0 hr'1, 100°C, 20
wt% FA Feed, Showing the Wt% of Each Component with Time

Time on | Furfuryl

Lins 1 bt alcoh’g’l 12PDO| 1,5PDO | THFA |Unknowns
125 | 0.87 | 036 0.23 98.07 0.32
275 | 0.87 | 0.36 0.23 98.06 0.32
442 | 1466 | 021 | 006 84.8 0.13
6.00 | 18.89 | 0.15 0.06 80.68 0.08

Table 5.13 Catalyst B Results from Polishing Mode, LHSV = 1.0 hr", 85°C,

Showing the Wt% of Each Component with Time

Time on | Furfuryl

Line I hr alcohrgl 12 PDO| 1,5PDO | THFA |Unknowns
2.08 | 087 | 0.36 0.23 98.07 0.32
333 | 120 | 0.24 0.09 98.06 0.25
483 | 091 | 024 0.1 08.44 0.16
692 | 065 | 0.25 0.1 98.64 0.2
792 | 049 | 0.25 0.1 098.81 0.2
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Table 5.14 Catalyst B Results from Bulk Mode, LHSV = 0.5 hr'1, 50°C,
Showing the Wt% of Each Component with Time

Time on | Furfuyl 4 5 b 4 5PPO | THFA | Unknowns

Line / hr | alcohol

2.25 5.22 0.16 0.03 94.39 0.04

3.75 4.74 0.16 0.03 94.85 0.06

5.25 4.68 0.16 0.05 94.87 0.08

Figure 5.5 Catalyst B - wt% Furfuryl Alcohol observed in the

Hydrogenation Product with time for each condition studied.

Wt % FA in Product

—@~TFC 8 50°CM0W0.5
—o—TFC 9 150°C/10%/0.5
—8-TFC 10 125°C/10%/0.5
4 TFC 11 100°C/10%/0.5
—3%— TFC 12 100°C/20%/1
—O—TFC 14 100°C/10%/0.5

Run Time (Hr)

5.21 Catalyst C Studies

5.00

6.00

7.00 8.00 9.00 10.00

All data are given in Tables 5.15-5.22 and shown in Figures 5.6 — 5.8. The

results from the initial condition compared favourably with the other catalysts

screened (see Table 5.15).

For the life test the feed used was material bulked from previous runs and

spiked to approximately 15wt% furfuryl alcohol (see Table 5.16).
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time this feedstock was used (see Figure 5.6), operation was not as stable as
would have been expected; however a typical analysis is given in Table 5.17.
Changing feed to a second batch of catalyst C resulted in a surprising drop in
the observed level of furfuryl alcohol in the product, which remained stable for
the remainder of the operation in bulk mode.

The increase in LHSV by 25% to 1.0 hr’ slightly increased the level of
conversion with a corresponding small increase in by-products. This surprising
effect was initially postulated to be due to increased utilisation of the catalyst at
the higher more turbulent flow, but this was later proved not to be the case on
the pilot unit. This condition probably represents the upper limit of the
operating envelope for this system.

Switching to polishing mode resulted in undetectable levels of furfuryl alcohol
in the product, with low by-product make over this section of the process when
compared to the bulk mode (see Table 5.18) reducing the temperature by 20°C
still resulted in no observable furfuryl alcohol in the product.

Reducing the gas rate to only 10% of total required for the overall reaction still
did not result in furfuryl alcohol breakthrough. By-product make remained
almost constant during all these runs reinforcing the observation above that
once formed THFA is more stable than the starting material.

Remaining at these conditions and spiking the feed with 1 wt% and then 5 wt%
furfuryl alcohol still did not yield furfuryl alcohol breakthrough and still little
change in by-products (see Table 5.19). These final results suggest that milder
conditions could be used for the bulk phase, extending the temperature range
downwards.

Another bulk run was performed to test this theory at 100°C. Even at this
temperature only approximately 3% furfuryl alcohol was observed in the
product.

The final run with this feedstock (TFC 12/01), was a duplicate of the first on
this feedstock. Only enough feed for one sample remained, which at 0.63 wt%
was within the range of conversion observed at the start; however, it was at the

upper level of this range.
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The return to the conditions used for catalyst testing gave a more reliable resuit
(see Table 5.21, Figure 5.7), indicating some activity had been lost over the
course of the runs, a total time (bulk and polish) of about 250 hours.

Table 5.15 Catalyst C Results from Initial Activity Check, Showing the Wt%

of Each Component with Time

Time on | Furfuryl
Line / hr | Alcohol 1,2 PDO 1,5 PDO| THFA |Unknowns

2.00 4.32 0.04 0.02 95.45 0.16

3.50 4.11 0.04 0 95.76 0.07
5.00 4.93 0.03 0.02 94.95 0.05
6.50 5.29 0 0 94.66 0.09
7.50 5.19 0 0 94.72 0.09

Table 5.16 Feed Analysis for The Catalyst Life Test Showing the Wt% of
Each Component '

Light Furfuryl THEA 1,2 1,6 Heavy
Unknowns| Alcohol PDO | PDO | Unknowns
Feed Batch 1 0.24 15.96 83.23| 0.23 | 0.18 0.06
Feed Batch 2 0.21 15.93 83.02| 0.24 | 0.18 0.08

Table 5.17 Results from differing conditions in bulk mode Showing the

Wt% of Each Component
Light Furfural THFA 1,2 1,6 Heavy
Unknowns| Alcohol PDO | PDO Unknowns
TFC3/01 0.16 0.39 98.45| 0.21 | 0.19 0.04
TFC4/01 0.31 0.09 98.11| 0.40 | 0.37 0.04
TFC5/01 0.24 0.14 98.03| 0.42 | 0.39 0.04




Table 5.18 Catalyst C Results Showing Overall by-product make over both
bulk and polish

Light Furfuryl Hea
Unkr?owns Alcohrgl THFA 1 SMeTHFA | 1,2 PDO | 1,5 PDO Unkno\\:vyns
Feed to
Bulk, wt% 0.21 15.93 83.02 0.10 0.24 0.18 0.08
Moles =0 0.16 0.81 0.00 0.00 0.00 0.00
Bulk Reaction
Bulk
Product wt% 0.31 0.21 98.03 0.14 0.41 0.38 0.05
Moles 0.004 0.002 0.958 0.001 0.004 | 0.004 =0
Mole make 0.001 -0.149 0.136 =0 0.002 | 0.002 =0
Polish Reaction
Polish
Product 0.31 0.00 97.99 0.14 0.42 0.41 0.04
wt%
Moles 0.004 0.000 0.957 0.001 0.004 | 0.004 =
Mole Make = -0.002 = 0.0000 = = -=0

Table 5.19 Product Analysis for Life Test - Polish Mode, Showing the Wt%
of Each Component

. Light furfuryl Heavy

Details Unknowns! Alcohol THFA 11.2PDO 1.5 PDO Unknowns
Conditions

TFC/6/01 |matched to 0.32 0.00 98.02 0.43 0.41 0.03
bulk 7

TFC/7/01 ﬁ:ﬂ”ced Ha| 934 | 000 | 9785 | 042 | 040 | 006

TFC/e/o1 |Reduced 033 | 000 | 97.904 | 042 | 040 | 007
temperature

TFC/9/01 |1% FA feed 0.31 0.00 98.02 042 0.40 0.04

TFC/10/01 {5% FA feed 0.33 0.00 97.96 0.43 0.41 0.05
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Table 5.20 Catalyst C Results in Bulk Mode at 100°C

Light Furfural Heavy
Unknowns | Alcohol THFA1,2PDO|1,5 PDO Unknowns
ITFC/11/01 0.06 269 [96.59] 0.11 0.06 0.04

Table 5.21 Catalyst C Final Activity Check, Showing the Wt% of Each
Component with Time

Time on line| Furfural
I hr Alcohol 1,2 PDO | 1,5PDO | THFA | Unknowns
1.25 6.99 0 0 92.84 0.17
3.256 7.14 0 0.02 92.7 0.14
6.25 7.34 0 0 92.54 0.1
8.25 7.15 0 0 92.75 0.08

Figure 5.6 Life test on Catalyst CFurfural Alcohol Hydrogenation with Time
on Line

144 | FEED CHANGED
""" LHSV #25%
—— Switch to Polishing Mode

Wt% FA in product




Figure 5.7 Hydrogenation Tests Using Catalyst C at Similar Conditions,

Start and End of Run, Showing Deactivation
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5.22 Comparison of Catalysts A, B and C

4.00

5.00

6.00

7.00

8.00

As well as obtaining initial operating data on the system an objective of this

series of tests was to evaluate three catalysts from different manufacturers.

Figure 5.8 clearly shows the difference between these catalysts with Catalyst C

showing the lowest level of residual furfuryl alcohol in the product and hence

the highest activity. Consultation with the three manufacturers determined that

catalyst C could also be obtained more cheaply (on a weight for weight basis)

than the other catalysts and hence was chosen for the life test prior to its use in

the final commercial unit.
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Figure 5.8 Catalysts A,B and C, Showing furfuryl alcohol in the product vs

time at identical test conditions
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5.23 Catalyst Lifetest

From the work described above the predicted operating envelope for furfuryl
alcohol hydrogenation was deemed to be 50°C—-125°C, 400 psig, LHSV = 0.5-
2.0 hr' recycle ratio 10:1 to 5:1. Using this information the pilot unit described
above (figure 5.3) was used to for a life test on the catalyst.

The reactor was packed with 500 mls (340 g) of catalyst in both the bulk and
polishing reactors. Due to the differing reactor diameters this resulted in a
different bed length in each, the bulk reactor bed being approximately half the
length of the polishing bed.

Nitrogen was introduced at a GHSV of 100 hr' and the reactor warmed to
150°C. The exit gas was then checked for residual CO, from the catalyst
stabilisation but none was detected.

Hydrogen was then introduced at 0.5 mole% and increased over the next 10

hours until the gas inlet was about 10 mole% hydrogen. Over the next 9 hours
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the nitrogen flow systematically reduced, eventually giving pure hydrogen. The
pressure was then increased to 400 psig and held for approximately 8 hours.
At this point the catalyst in both reactors was deemed active. The bulk reactor
was then cooled to 60°C and product from the work above was fed into the unit
until it was hydraulically full, denoted by product being observed exiting the
second reactor. The recycle pump in the bulk reactor was then started and left
for 8 hours to remove any catalyst fines in the filter system. Only one filter
change after 8 hours was needed.

The hydrogen flow was then established at 225 NLPH, equivalent to a 10%
excess at LHSV = 0.75 hr”', the pressure being controlled by a regulator after
the second reactor. Furfuryl alcohol feed was then introduced, aiming for LHSV
= 0.75 hr’ using %, Y2, % and full rate step-wise over 2 hours. After the
conditions had stabilised the polishing reactor was running at a temperature of
115°C due to an exotherm caused by insufficient conversion in the bulk reactor.
The feedrate was therefore halved to 0.375 and the temperature increased in
the bulk reactor to 80°C. This had the desired effect. Reducing the recycle rate
from 15.5 kg/hr'1 to 11.5 kg/hr” enhanced the effect by increasing the exotherm
across the bulk bed and hence the conversion. The polishing bed then over-
cooled, due to heat loss between the reactors, which was rectified by changing
from adiabatic control to external heating. These conditions were then used for

the remainder of the life test, ie:

LHSV / hr 0.375 (187 mihr™")
Pressure/ psig 450

Bulk temperature/ °C 90 (inlet)
Polishing temperature/ °C 90 (exit)

R/C rate/ kghr" 11.5

These actions took the time on-line to about 75 hours. Following this period,
the conditions were held until 340 hours on-line when feed pump malfunction
resulted in a period of operation at a 50% increase in throughput. Following
rectification of this problem a further 125 hours on-line were accrued.
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5.24 Lifetest Results and Discussion

All data are shown graphically in Figures 5.8 (p135) to 5.10 (p139). Starting up
at the conditions described above 10% furfuryl alcohol was observed to exit the
bulk reactor whereas of the order of 5-7 wt was expected. Calculation®®, (see
Figures 5.12 and 5.13), predicted a 70°C exotherm in the polishing bed, which
was close to the 60°C observed. The figures show that to keep the exotherm
<10°C, <1.5 wt% furfuryl alcohol should be present in the product from the bulk
reactor passed to the polishing reactor. No heating or cooling existed between
the two reactors, therefore, ten degrees was chosen as the maximum
exotherm. The polishing reactor therefore runs at approximately the same
temperature as the bulk reactor exit. The changes in operation that yielded the
conditions for the test given above reduced the furfuryl alcohol content to 0.5
wt% (see Figure 5.11) resuiting in on-specification furfuryl alcohol concentration
(<0.1 wt%) exit the polishing reactor. |

However, once at steady state the by-product production rate meant that the
THFA produced failed to meet the specification set commercially at 98%
minimum. This was due to formation of a combination of 1,2-pentanediol (1,2-
PDO) and 1,5-pentanediol (1,5-PDO), both at 0.7 wt%, pentanol at 0.2 wt% and
heavy and light unknowns at 1.0 wt% and 0.1 wt%, respectively. The heavy
unknowns were mainly due to one compound, the identity of which by GC/MS
analysis proved unclear. These values remained roughly steady for the
subsequent 250 hours on-line.

The feed pump malfunction problems disclosed above, which caused the feed
flow to increase by 50%, gave the surprising effect of increasing the amount of
by-product. Whilst the 1,5-pentanediols content dropped slightly, the remaining
by-products increased to >2 wt%. This was investigated during the optimisation
study performed later. Following this period, returning to the correct conditions
to give a total of 600 hours on-line, the product and by-product levels again

remained stable.
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During this entire time, the FA level exiting in the polishing reactor never rose
above the specification limit of 0.1 wt%; however, the apparent amount of FA
appeared to “bounce” during the initial 300 hours on-line. However this was an
artefact due to cross contamination on the GC between the bulk and polishing
reactor samples. A change in the protocol remedied this problem. The true
value will be much lower that that recorded.

The absence of any observed deactivation was encouraging, as it suggested
no gross deactivation was occurring. It should be noted that the feedstock to
the reactors had already been treated with a Cu/Cr catalyst during its
production, removing any poisons. The other main deactivation mechanisms
would be sintering, which is unlikely at this temperature, and coking, which

again is unlikely due to the dilution effect of the liquid recycle stream.

Figure 5.9 Furfuryl Alcohol, wt% in Products from Bulk and Polishing
Reactors during the life test
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Figure 5.10 Reactor Temperatures against Time Plot for the life test
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Figure 5.12 Predicted exotherm at differing recycle rates for furfural
alcohol hydrogenation during the bulk reaction based on published
thermodynamic data
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Figure 5.13 Predicted exotherm in the polishing reactor at differing
conversions in the bulk reactor for furfural alcohol hydrogenation based
on published thermodynamic data
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5.25 Optimisation

Following directly on from the life test (Run Number 171/1/01) the experimental
design below was followed:

Run 1 2 3 4 5 6 7 8
(171/X/01)
LHSV, hr’ 0.33 [0.5 0.33 (0.5 0.5 0.5 0.5 0.33
Pressure, psig [ 450 [450 | 700 {700 [700 |700 |700 [450
;I'emperature, 90 90 90 90 90 110 |80 90

C
Hs, 2.2 22 (22 2.2 1.1 22 22 |22
equivalents

These were chosen as follows:

LHSV - During the initial phase of the life test the LHSV was established at
0.33, this giving the desired exotherms in the bulk and polishing reactors.
Unfortunately, due to the size of the unit, at this LHSV the inventory of the
reactor system takes > 12 hours to turn over. This would Iead to unacceptable
times for each test during scanning work for the unit to reach steady state
operation. The LHSV was therefore increased for most of the scanning work.
Pressure — During initial autoclave work pressure appeared to have little effect
on the conversion. However, since there was evidence during the life test to
suggest that some by-products were reduced with increasing conversion, it was
postulated that by-products might reduce with increasing pressure. Hence a
higher pressure was investigated.

Temperature — Two temperatures, one above and one below that used for life
test were used to check for conversion and selectivity effects.

Hydrogen flow — The initial hydrogen flow was chosen based on a throughput
LHSV of 0.75Hr". During the initial phase of the life test this LHSV was halved
hence the life test operated at 2.2 equivalents of hydrogen. A test was
performed to determine that minimal hydrogen excess (1.1 equivalents) would
not have a detrimental effect on conversion or selectivity.

Run 17/8/01 was a return to the life test conditions to check for deactivation..
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5.26 Optimisation Results and Discussion

All data are shown graphically in Figures 5.14 — 5.15 and listed fully in Table
5.22
The initial increase in LHSV increased the residual furfuryl alcohol level from
1.3wt% to 2.2wt% in the bulk reactor. Note, that none was observed exiting the
polishing reactor at any time during this period of the testwork. The main effect
was a large increase in the heavy by-products, approximately double.

Run 171/3/01 returned to the lower LHSV to examine the effect of pressure. It
was postulated that as the heavy impurity decreased with conversion,
increasing pressure may help reduce the heavy impurity level. This indeed was
the case and it was during this run that on-specification (>98%) THFA was
produced.

Run 171/4/01 was performed at increased pressure at the higher LHSV, which
took the product off specification as expected.

Reducing the hydrogen flow to only 10% above stoicheometry had little impact
on the conversion but did appear to reduce the heavy by-products. The reasons
for this are not clear.

Two subsequent runs 171/6/01 and 171/7/01 examined the effect of
temperature. The effects were as expected increasing temperature increased
by-product make (mainly pentanediols) and decreased residual furfuryl alcohol,
reducing temperature had the reverse effects.

Finally returning to the starting conditions showed very little change, indicating
no gross deactivation over this period of the testwork.

In conclusion the tests demonstrated that on-specification THFA can be

produced from the commercial feedstock used.




Figure 5.14 THFA assay and wt% by-products in the product during

optimisation tests
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Figure 5.15 Furfuryl Alcohol in the product from reactors 1 and 2 during
Optimisation Tests
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5.27 Conclusions

The work demonstrated the feasibility of hydrogenating furfuryl alcohol to
tetrahydrofurfuryl alcohol at moderate temperature (90°C) and pressure (700
psig) using a liquid recycle reactor concept and a nickel based catalyst.

The major by-products produced are 1,5-pentanediol and 1,2-pentanediol, as
expected for this system, however due to the inherent advantage of the LRC
the amounts drop from about 10-30wt% observed during batch production to
<1.5wt%. Other minor impurities are largely already present in the feedstock. A
single heavy component appears at low conversions; unfortunately this could
not be identified by GC/MS methods, although its presence in the final product
is not envisaged to pose a threat to the final commercial application.
Literature®® suggests that a dimer of furfural is readily formed. The unidentified
by-product increases with decreasing conversion so it is possible that this
component is the hydrogenated equivalent of this dimer.

The commercial specification was achieved under optimal conditions of
temperature and pressure without the need for refining of the final
hydrogenation product. Improvements to the feedstock quality would offer
opportunities to widen the operating envelope and incorporate greater flexibility
into the system.

The catalyst life was found to be acceptable, with no decrease in conversion
over the two beds observed in over 900 hours on-line.

A commercial plant is being constructed based on these data.
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Introduction

The analytical methods that follow were developed at Davy Process
Technology specifically for analysing the compounds encountered during the
course of the work described above. They are also used for quality control
purposes at production sites around the world and therefore were developed to
be reproducible to accommodate different users and accurate to allow process
control to be performed and reliable ‘spec. analysis’ to be obtained. Typically
the GC methods used have been demonstrated to give 3-4 significant figures of
accuracy, 2 in the case of water analysis. Where appropriate the sensitivity was
to PPM levels.

The GC method given below for BDO was also used for the work in Chapters 2
and 3, where PDO was studied, with changes in retention times where
necessary. The method described for BDO water analysis was used for all

water analysis.



SPECIFICATION NUMBER / REVISION: HY 325/1
Kvaerner Process Technology ANALYTICAL PROCEDURE SHEET 1of 5
TITLE: BUTANEDIOL — PURITY - CAPILLARY GC

1 SCOPE

1.1 This method covers the determination of the purity of product 1,4 butanediol from
the MKII butanediol process.

2 OUTLINE OF METHOD

2.1 A suitable volume of sample, 0.1 microlitre, is injected into the splitter system of a
capillary gas chromatograph containing a 25 m DB1 column.

2.2 Impurities which may be present and eluted include methanol, tetrahydrofuran,
gamma-butyrolactone, dimethyl succinate and 4-hydroxybutoxy-tetrahydrofuran
(acetal).

2.3 The concentration of each component is determined by measurement of peak
areas corrected by response factors determined from previously prepared
standard mixtures.

3 PRECAUTIONS

3.1 THE SAMPLER MUST BE AWARE OF THE KNOWN HAZARDS ASSOCIATED
WITH THE PRODUCT BEING ANALYSED.

3.2 GLOVES AND GOGGLES MUST BE WORN WHEN TAKING SAMPLES AND
ANY SPLASHED ON THE SKIN WASHED OFF IMMEDIATELY.

4 APPARATUS AND REAGENTS

4.1 Air, hydrogen, helium, compressed gas supplies
Chromatograph, capillary, e.g.) Unicam Model 610 or its equivalent, equipped with
a flame ionisation detector, injection splitter, temperature programmer, heated
injection and detector systems
- column - 25 m x 0.32 mm O.D. J&W DB1 with a 1 micron film thickness
Computing integrator, e.g.) Unicam Model 4815 or equivalent
Flask, volumetric, 100 ml|
Syringe, 1 pl

4.2 1,4-Butanediol, pure

Dimethyl succinate, pure

This document contains confidential information of Kvaerner Process Technology

© 1996 Kvaerner Process Technology Limited (formerly Davy Process Technology Ltd). Information on this sheet may be used only far the purpose for which
it is supplied by KPT Ltd. This sheet and all copies must be returned on demand.
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SPECIFICATION NUMBER ) REVISION: HY 325/1

Kvaerner Process Technology ANALYTICAL PROCEDURE SHEET 20f 5

TITLE: BUTANEDIOL - PURITY - CAPILLARY GC

5.1

6.1

7.1

7.2

Gamma-Butyrolactone, pure
Methanol, AR

Tetrahydrofuran, pure
PREPARATION OF APPARATUS

Install the DB1 capillary column into the apparatus according to the manufacturers
instructions. Normally capillary columns do not require any conditioning as this
has already been completed by the column manufacturer. Adjust the operating
conditions to those specified.

OPERATING CONDITIONS
Column oven - hold at 60°C for 5 minutes, and programme

from 60°C to 250°C at 8°C/minute. Hold at
250°C until end of chromatogram (10

minutes)
Injection port - 250°C
Detector - 250°C
Carrier gas - helium
Carrier gas pressure - 20 psi
at column inlet
FID hydrogen - set to manufacturers recommended flow
FID air - set to manufacturers recommended flow
Sample inlet splitter - 50:1
ratio
Sample size - 0.1yl
CALIBRATION

Prepare known mixtures containing the components at concentrations covering
the ranges expected in samples to be analysed.

Inject 0.1 pl into the chromatograph capillary column.

This document contains confidential information of Kvaerner Process Technology
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SPECIFICATION NUMBER / REVISION: HY 325/1
Kvaerner Process Technology ANALYTICAL PROCEDURE SHEET 3of §
TITLE: BUTANEDIOL - PURITY — CAPILLARY GC
7.3 Record chromatograms of each calibration blend used.
7.4 Calculate the calibration factor (RF) for each component relative to butanediol.
CxA =F
c A
where AA' = peak area for butanediol and component respectively
cC = known weight percent of butanediol and component
respectively
7.5 As it is not possible to obtain 4-hydroxybutoxy tetrahydrofuran (acetal)
commercially use the response factor for butanediol for quantifying this compound.
7.6 Programme the computing integrator with the retention times of each component
and its relative calibration factor for calculations by normalisation method.
8 PROCEDURE
8.1 Introduce the sample to be analysed, 0.1 pl, under identical operating conditions
employed during calibration.
8.2 From the chromatogram obtain peak area measurements for each component.
9 CALCULATION
9.1 This is normally calculated by the computing integrator automatically used the

following method. It can be carried out manually, if required.

Ax RF x 100 = component, %, by weight
D

where A area of peak of component

D total area of all components peaks (corrected by RF's )

RF = calibration factor for component

This document contains confidential information of Kvaerner Process Technology
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SPECIFICATION NUMBER / REVISION:

HY 325/1

Kvaerner Process Technology

ANALYTICAL PROCEDURE

SHEET

40f 5

TITLE: BUTANEDIOL - PURITY - CAPILLARY GC

10 COMPONENT CONSTANTS

10.1  (Note: the retention times are given as a guide only and will vary between

instruments and capillary columns).

Component Retention Time, minutes
Methanol 1.80
Tetrahydrofuran 3.35
Butanol 3.79
Gamma-Butyrolactone 11.30
Butanediol 12.30
di-Methyl Succinate 14.00
4-Hydroxybutoxy-Tetrahydrofuran 19.60

Prepared by: D Blackburn

Rev: 1

Approved by: T F Shevels

Date: 24.03.99
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SPECIFICATION NUMBER / REVISION: HY 325/1
Kvaerner Process Technology ANALYTICAL PROCEDURE SHEET 50f 5
TITLE: BUTANEDIOL - PURITY - CAPILLARY GC
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SPECIFICATION NUMBER / REVISION: HY 1 68 /2
Kvaerner Process Technology ANALYTICAL PROCEDURE SHEET 10of 4
TITLE: BUTANEDIOL - WATER CONTENT - KARL FISCHER
1 SCOPE
1.1 This method covers the determination of the water content of butanediol,

1.2

2.1

3.1

3.2

3.3

tetrahydrofuran and gamma-butyrolactone products and the intermediate process
streams associated with the butanediol process.

By suitable selection of sample size, water contents from parts per million to
percentage levels may be determined.

Although this method has been written especially for the operation of the Aquapal
Model 3, it is applicable in a general way to other manufacturer's instruments
based upon this same analytical technique.

OUTLINE OF METHOD

The method is based on a combination of microcoulometry and Karl Fischer
titration. The water present in the anode compartment of the titration cell is
coulometrically titrated to a predefined end point at which there is a minute excess
of free iodine present.

Stoichiometrically 2 mole of water will react with 1 mole of iodine; therefore 18 mg
H20 is equivalent to 193 coulombs of electricity.

l2 + SO2 + 3CsHsN + H20 — 2CsHsNHI + CsHsSNO3
CsHsNSO3 + CH3OH — CsHsNH (SO30CH3)

20 + 2e 5 12

PRECAUTIONS

THE REAGENTS USED IN THE ANODE AND CATHODE COMPARTMENTS OF
THE TITRATION CELL ARE TOXIC AND MUST THEREFORE BE HANDLED
WITH CARE TO AVOID UNNECESSARY INHALATION OR SKIN CONTACT.

THE SAMPLER MUST BE AWARE OF THE KNOWN HAZARDS ASSOCIATED
WITH THE COMPOUNDS FOUND IN THE MKII BUTANEDIOL PROCESS
SAMPLES.

WHEN MEASURING THE WATER CONTENT OF PRODUCT
TETRAHYDROFURAN A SYRINGE FITTED WITH A TWIST VALVE MUST BE
USED TO PREVENT LOSS OF SAMPLE DURING THE WEIGHING AND
SAMPLE TRANSFER OPERATION.

This document contains confidential information of Kvaerner Process Technology
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SPECIFICATION NUMEER / REVISION: HY 168/2
Kvaerner Process Technology ANALYTICAL PROCEDURE SHEET 20f 4
TTLE: BUTANEDIOL — WATER CONTENT - KARL FISCHER

4 APPARATUS AND REAGENTS

4.1 Balance, analytical
Flask, volumetric, 50 ml
Karl Fischer, Coulometric Titration Apparatus, e.g.) Aquapal MKIII or its equivalent
Syringe, Hamilton, 1000 ul, 100 ul, 50 ul, 10 ul
Syringe, Hamilton, Sample Lock, 1 mi, 2.5 ml, 5.0 ml|

4.2 Coulometric Cathode Reagent, e.g.) Hydranal Coulomat C
Coulometric Anode Reagent, e.g.) Hydranal Coulomat A
Molecular sieve, 1.6 - 2.5 mm beads
Hydranal Water Standard, 10 mg H20/gm

5 PREPARATION OF APPARATUS

5.1 Assemble the titration apparatus as specified in the manufacturers manual taking
particular notice of the following points.

52 When installing the generator electrode ensure that sufficient clearance is allowed
to prevent any possible damage by the stirrer bar.
Like-wise, position the detector electrode on the opposite side of the cell.

53 Fill the drying tube with molecular sieve beads and install it on the top of the
generator electrode.

5.4 Fit a PTFE faced septum into the sample injection cap, the PTFE face must be on
the inside of the vessel.

55 By means of a suitable funnel charge the cell with 100 ml of the anode reagent
e.g.) Hydranal Coulmat A or equivalent. Fill up to the line marked on the cell.

5.6 Charge the generator electrode with 5 ml of cathode reagent, eg) Hydranal

Coulmat C or equivalent.
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57 The generator electrode must be positioned so that the reagent level is 2 - 3 mm

5.8

5.9

5.10

6.1

6.2

71

7.2

7.3

7.4

below the level of anode reagent in the outer part of the cell.

The two reagents are separated by a glass diaphragm but over a period of time
their levels will equilibrate.

After charging the reagents, in order to remove all traces of moisture from the cell
walls; gently swirl the reagent around the cell. Take care not to mix the reagents
when carrying this out as this would reduce their life.

The size of the titration cell allows for a total of 50 to 60 ml of samples to be added
during the life of the reagents.

100 ml of anode reagent will analyse up to 1000 mg of H20 before saturation, and
5 ml of cathode reagent up to 250 mg H0.

CALIBRATION

The analyser operates on first principles (see 2.1), with the output of the cell being
directly proportional to the micrograms of water titrated, no calibration is required.

It is advisable, and good practise, to routinely check the operation of the
instrument for validity of results by periodically injecting 100 mg of 10 mg/gm water
standard and verifying that the recovery is correct. If this is found to be low then
suspect a fault with either the cell reagents, electrodes or electronics, which must
be rectified.

PROCEDURE

With the power switch of the Aquapal turned to the on position, check that the
display shows Oug.

Adjust the stirrer speed as required.
Press "CELL" button, display will show PRECONug.

The instrument is now in the pre-conditioning mode and an arrow on the third line
of the display indicates that electrolysis current is being applied.

When any residual water in the cell has been titrated the display will show a value
of ug and the message END/WAIT.
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7.5 When the baseline becomes stable the display will indicate a drift value and the

message END/RDY.

The cell is now ready to receive and analyse a sample.

7.6 Fill a suitable sized syringe with a volume of sample that is expected to contain
between 500 and 5000 ug of water. For samples of product tetrahydrofuran use a
Sample Lock syringe to prevent loss of sample.

7.7 Weigh the syringe plus sample.

7.8 Press the "START" button.

7.9 Inject the sample into the cell.

7.10 Re-weigh the syringe and calculate the weight of sample that has been injected
(W). -

7.11  When the titration is complete, read the quantity of water found titrated in ng from
the display (A).

8 CALCULATION

8.1 Water content (ppm wt% = A

W
where A = ug of water found
W = weight (g) of sample injected.
Prepared by: D Blackburn Rev: 2
Approved by: T F Shevels Date: 27.8.99
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1.1

2.1

2.2

3.1

3.2

41

SCOPE

This method covers the determination of impurities in furfuryl alcohol including
furfural, furylmethylcarbinol, tetrahydrofurfural alcohol, 1,2-pentanediol, 5-
methylfurfuryl alcohol and 1,5-pentanediol.

OUTLINE OF METHOD

A suitable volume, 0.2 yl, of sample is injected into the splitter system of a capillary
chromatograph containing a 30 m DBI capillary column and fitted with a flame
ionisation detector.

The concentration of each component is determined by measurement of peak
areas which are corrected by response factors determined from previously
prepared standard mixtures.

PRECAUTIONS

THE SAMPLER MUST BE AWARE OF THE KNOWN HAZARDS ASSOCIATED
WITH COMPOUNDS FOUND IN SAMPLES THE FURFURYL ALCOHOL
PROCESS.

GLOVES AND GOGGLES MUST BE WORN WHEN TAKING SAMPLES AND
ANY SPLASHED ONTO THE SKIN WASHED OFF IMMEDIATELY.

APPARATUS AND REAGENTS

Air, hydrogen, helium, compressed gas supplies

Balance, analytical

Chromatograph capillary, e.g.) Hewlett Packard 6890 or its equivalent, equipped
with flame ionisation detector, injection splitter, temperature programmer, heated
injector and detector systems

- column — 30 m x 0.32 mm O.D. DBI with 1 micron phase thickness
Chromatography Data Station, e.g.) Hewlett Packard Chem Station or equivalent
Flask, volumetric, 25 ml

Pipettes, Pastuer

Syringes, 500 pl, 1 pl

F95103-2 © 1996 Kvaerner Process Technology Limited (formerly Davy Process Technology Ltd). Information on this sheet may
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4.2

5.1

6.1

Furfural alcohol, pure

Furfural, pure

5-Methylfurfuryl alcohol, pure

1,2-Pentanediol, pure

1,5-Pendanediol, pure

Tetrahydrofurfural alcohol, pure

PREPARATION OF APPARATUS

Install the DBI capillary column into the apparatus according to the manufacturers
instructions. Normally capillary columns do not require any conditioning as this has
already been completed by the column manufacturer. Adjust the operating

conditions to those specified.

OPERATING CONDITIONS

Column Oven - 60°C for 5 minutes, then 8°C/min to 100°C and
hold for 4 minutes, then to 250°C and hold for 5
minutes

Injection Port - 250°C

Detector - 300°C

Carrier Gas Pressure - Helium

At Column Inlet

FID Hydrogen - set to manufacturers recommended flow
FID Air - set to manufacturers recommended flow
Sample Inlet Splitter - 50:1

Ratio

Sample Size - 0.2l

F95103-2 © 1996 Kvaerner Process Technology Limited (formerly Davy Process Technology Ltd). Information on this sheet may
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7.1

7.2

7.3

7.4

7.5

8.1

8.2

9.1

CALIBRATION

Prepare mixtures of the components of interest in pure furfuryl alcohol covering the
ranges expected in the samples to be analysed.

Inject 0.2 ul of the calibration standards in turn into the chromatograph operating at
the conditions specified in section 6.1.

Record the chromatograms and integrated areas for each standard.

Calculate reponse factors for each component from:

RF=C
A
where RF = response factor for component
C = known weight percent for component in standard
A = peak area for component

Programme the chromatography data station with the retention times and response
factors for each component for calculations by the normalisation method.

PROCEDURE

Introduce the sample to be analysed, 0.2 i, under identical conditions to those
employed during calibration.

From the chromatogram obtain peak area measurements for each component.
CALCULATION

This is normaly calculated automatically by the chromatography data station, it may
be carried out manually if required as follows:

A x RF x 100 = component %, by weight

D
where A = peak area for component
RF = response factor for component
D = total area of all components, corrected by their individual

response factors
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10 COMPONENT CONSTANTS

10.1  (Note: the retention times are given as a guide only and will vary between
instruments and capillary columns).

Component

Furfural
Furfuryl Alcohol

Furylmethylcarbinol
Tetrahydrofurfural Alcohol

1,2-Pentanediol

5-Methylfurfuryl Alcohol

1,5-Pentanediol

Retention Time, minutes

10.61
11.93
12.89
13.00
14.93
15.82
18.70

Prepared by:

P A Kendrick

Rev: 0

Approved by:

T F Shevels

Date: .11.06.01
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o L 1 1 1 : . =
=
Furfural
Eufuryl alcobhiol

|_methyl cathipod

5-Me Furfuryl ale

TYPICAL CHROMATOGRAPH

FIGURE 1
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Appendix 2- Publications

Relating to the Work in this Thesis

US 6137016 Process for the Purification Of 1,4-Butanediol (attached)

US 6265624 Process for Preparing Pentane-1,5-diol (attached)

Other Publications by the Same Author

EP 1108702 Process for the co-production of aliphatic diols and cyclic ethers.

EP 1179524 Process for the carbonylation of oxiranes

PCT/GB 97/00879 Production of 1,4-butanediol.

GB 2267704 & GB 2267706 The Production of Ultra-White N,N-ethylene-bis-
(tetrabromophthalimide).

Pilot Plants and Scale-up of Chemical processes, RSC, September 1996.
Poster presented; Efficient Commercial Reactor design based on High Scale-up

Factors.
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SENNIGER, POWERS, LEAVITT AND ROEDEL

1

~ PROCESS
This invention relates to a process for the production
of pentane-1,5-diol.
Pentane-1,5-diol (or pentamethylenediol) has the

formula:

i

HO'—/\‘/\—OH (1)

It is a specialty chemical which has potential for use in
the plastics industry as a monomer from which to make
polyesters. Pentane-1,5-diol is commercially available at a

10 purity of 96% with a guoted boiling point of 242°C.
One method of producing pentane-1,5-diol is by
hydrogenation of a dialkyl glutarate, such as dimethyl

glutarate, according to the following equation:

CHSO_H/\/\H—OCHZS +4H, —P» HO — T "~—_0H +2CH;0H . (2)
O O

However, a byproduct of this reaction is &-valerolactone of

15 the formula:

®) O

which is a reactive compound. Thus 8-valerolactone can

polymerise to form a polymer of the formula:

Such polymers cause difficulties in the purification of
20 pentane-1,5-diol because they tend to break down during

distillation, theréby reforming d-valerolactone. Another
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possible reaction is that between the alkanol, e.g.

methanol, present in the crude hydrogenation product to form

methyl 5-hydroxypentanoate according to the reaction:

o .
+ CH,0OH //“\\///\\\//ﬂ\\ 5
3 5 OCH,4 ©)

O O

These reaction products tend to form spontaneousiy even at
ambient temperature and slowly decompose during distillation
of the crude pentane-1,5-diocl, thereby reférming 5-
valerolactone. In addition conditions in a distillation
column can favour the formation of polyesters and other
heavy byproducts, including methyl 5-hydroxypentanoate.
According to the published literature &-valerolactone is
commercially available at a purity of 99%. Such a
commercial product has a quoted melting point of 38°C to 40°C
and a boiling point of 256°C. Since the boiling point of &-
valerdlactone is close to that of pentane-1,5-diol, its
separation from pentane-1,5-diol during distillation of the
crude hydrogenation product is problematic because &-
valerolactone behaves non-ideally during distillation and
tends to report with pentane-l,s—diol in the distillation
step. Hence it is difficult to avoid small amounts of &-
valerolactone contaminating the pentane-1,5-diol
distillation product;

It would accordingly be desirable to provide a process
for the purification of crude pentane-1,5-diol from a crude
hydrogenation product containing same, for example a crude
hydrogenation product resulting from the hydrogenation of a
dialkyl glutarate, such as diethyl glutarate or, preferably,
dimethyl glutarate. It would further be desirable to
provide such a process that can be operated continuoﬁsly.

The present invention accordingly seeks to provide a
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process for the purification of a crude pentane-1,5-diol

which éontainé minor amounts of &-valerolactone so as to
produce a pentane-1,5-diol product that is substantially
free from d-valerolactone. It further seeks to provide a
process for the recovery from a crude product containing
pentane—l,S-diol and d-valerolactone of substantially pure
pentane-1,5-diol. Yet another objective of the invention is
to provide a continuous process for the recovery of pentane-
1,5-diol from a crude product containing both pentane-1,5-
diol and &-valerolactone.

According to one aspect of the present invention there
is provided a process for the continuous recovery of
substantially pure pentane-1,5-diol from a crude product
stream containing pentane-1,5-diol and &-valerolactone which
comprises:

continuously supplying the feed stream to a
vaporisation zone maintained under temperature and pressure
conditions effective for the vaporisation of pentane-1,5-
diol and conducive to the thermal decomposition of reaction
products of &-valerolactone thereby to form a vaporous
stream;

continuously supplying resulting vaporous stream to an
intermediate section of a distillation zone, said
intermediate section lying below an upper distillation
section and above a lower distillation section;
| continuously supplying to the upper section of the
distillation zone .a reflux stream of dimethyl glutarate;

continuously recovering from the upper section of the

~distillation zone -an overhead vapour product stream

comprising &-valerolactone and dimethyl glutarate;
continuously recovering from the distillation zone an
intermediate stream comprising substantially pure pentane-

1,5-diol; and
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continuously recovering from the bottom section of the

distillation zone a bottoms product.

In a preferred process the bottoms product is recycled
to'the vaporisation zone.

It will thus be appreciated that the procesé of the
invention involves the use of a vaporisation zone which
precedes and is separate from the distillation zone. éy use
of such an arrangement it can effectively be ensured that
reaction products from S-valerolactone do not enter the
distillation zone but remain in the sump section of the
vaporisation zone. Thus, although the vapour stream
supplied to the distillation zone contains &-valerolactone,
it cannot reform undesirable products and thus does not
behave in a non-ideal way. Hence the separation of traces
of &-valerolactone from the pentane-1,5-diol product 1is
facilitated.

The dimethyl glutarate used as reflux stream has a
higher boiling point than &-valerolactone and hence helps to
énsure that in the distillation zone &-valerolactone remains
vaporous and hence cannot condense and form undesirable
condensation products.

Dimethyl glutarate has a published boiling point of
93°C to 95°C at 13 mm Hg (17233.19 kPa), i.e. a boiling point
lower than pentane-1,5-diol, and hence, when it is used as
the material of the reflux stream, it reports in the
vaporous overhead stream from the upper section of the
distillation zonen__This vaporous overhead‘stream can then
be condensed. When the process used for tﬁe production of
pentane-1,5-diol involves hydrogenation of dimethyl
glutarate, then the resulting condensate can recycled to the
hydrogenation zone to form the feed, or a part of the feed,
thereto.

Hence according to another aspect of the present
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invention there is provided a process for the continuous
production of pentane-1,5-diol which comprises:

supplying a feed stream comprising dimethyl glutarate
in admixture with hydrogen to a hydrogenation zone
containing a charge of an ester hydrogenation catalyst
maintained under temperature and pressure conditions
effective for the hydrogenation of dimethyl glutérate to
pentane-1,5-diol;

recovering from the hydrogenation zone a hydrogenation
product mixture comprising unreacted hydrogen, methanol, b&-
valerolactone and pentane-1,5-diol;

separating from the hydrogenation product mixture a
crude reaction product stream comprising &-valerolactone and
pentane-1,5-diol;

continuously supplying the crude reaction product
stream to a vaporisation zone maintained under temperature
and pressure conditions effective for the vaporisation of
pentane-1,5-diol and conducive to the thermal decomposition
of reaction products of §-valerolactone thereby to form a
vaporous stream;

continuously supplying resulting vaporous strsam to an
intermediate section of a distillation zone, said
intermediate section lying below an upperidistillation
section and above a lower distillation section;

continuously supplying to the upper section of the
distillation zone a reflux stream of dimethyl glutarate;

continuously recovering from the upper section of the
distillation zone an overhead vapour product streamn
comprising &-valerolactone and dimethyl glutarate;

continuously recovering from the distillation zone an
intermediate stream comprising substantially pure pentane-
1,5-diol;

continuously recovering from the bottom section of the
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distillation zone a bottoms product; and

recycling material of the overhead vaporous stream from
the distillation zone to the hydrogenation zone.
In such a process the hydrogenation catalyst is

5 preferably a reduced copper chromite catalyst, fér example,
that sold under the designation DRD92/89 by Kvaerner Process
Technology Limited of P.O. Box P.O. Box 37, Bowesfield.Lane,
Stockton-on-Tees, Cleveland TS18 3HA. Typical reaction
conditions include use in the hydrogenation zone of a

10 hydrogen : dimethyl glutarate molar ratio of from about
200:1 to about 600:1, a temperature in the range of from
about 180°C to about 250°C, and a total pressure of from
about 450 psig to about 1000 psig (about 3102 kPag to about
6894 kPag. |

15 Preferably the vaporisation zone and the distillation
zone are operated at substantially the same pressure. The
pressure of operation is preferably atmospheric (e.g. about
101.325 kPa) or sub-atmospheric,‘e.g. a préessure in the
range of from about 100 Pa up to about 100 kPa, more

20 preferably in the range of from about 1 kPa up to about 60
kPa, and even more preferably at a pressure in the range of
from about 2 kPa up to about 20 kPa. The temperature of |
operation of the vaporisation zone is selected in accordance
with the pressure of operation so as to cause pentane-1,5-

25 diol to boil and thus ensure that a vaporous overhead stream
is formed comprising pentane-1,5-diol. Likewise the
distillation zone .is operated under temperature conditions
selected so as to ensure that pentane-1,5-diol boils at the
prevailing pressure and hence an overhead vaporous fraction

30 is recovered overhead from the upper section of the
distillation zone that contains light end products such as
methanol and also &-valerolactone and dimethyl glutarate,

| and so that the requisite side stream of substantially pure
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A
pentane-1,5-diol is also formed.

In order that the invention may be clearly understood
and readily carried into effect a preferred process in
accordance with the invention will now be described, by way
of example only, with reference to the accompanying
diagrammatic drawing which is a flow sheet of a plant
designed for recovery of substantially pure pentane-l,é—diol
from a crude product containing, in addition to pentane-1,5-
diol, also &-valerolactone.

Referring to the drawing, a crude pentane-1,5-diol
stream 1is supplied in line 1 to a vaporiser 2 which is
operated at a pressure of about 6.67 kPa. The crude product
in line 1 is, for example, a stream obtained by preiiminary
distillation of a crude product stream recovered from a
hydrogenation zone in which dimethyl glutarate is
hydrogenated in the vapour phase over a reduced copper
chromite catalyst. Such a crude product stream contains, in
addition to pentane-1,5-diol also some &-valerolactone, as
well as methanol. It also contains reaction byproducts
caused by reaction of d-valerolactone with itself or with
methanol, i.e. a condensation polymer of d-valerolactone
and/or methyl S5-hydroxypentanocate. From the top of
vaporiser 2 there is recovered a vaporous stream in line 3
which comprises pentane-1,5-diol and &-valerolactone. This
is fed to an intermediate section of a distillation column
4. A reflux stream consisting of pure dimethyl glutarate is
supplied in line 5 under the influence of pump 6, this
stream of dimethyl glutarate having been preheated in heat
exchanger 7 to an appropriate temperature. Since dimethyl
glutarate has a lower boiling point than pentane-1,5-diol,
it appears in the overhéad product in line 8 from
distillation column 4, together with &-valerolactone present

in the vaporous stream in line 3. The overhead product in
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line 8 is condensed by means of condenser 9 and is recycled
"3 a part of the feed to the hydrogenation zone (not shown).
From a lower part of the distillation column 4 there is
recovered a side draw stream consisting of substantially
pure pentane-1,5-diol in line 11. A bottoms produét is
recovered from the bottom of distillation column 4 in line
‘7?12. ‘Part is purged from the plant in line 13 while the
remainder is recycled in line 14 to the vaporiserlz which
thus replaces the usual reboiler required in a distillation
zone.

The invention is further illustrated in the following
Examples.
Example 1

A mixture of methanol and d-valerolactone was heated
under reflux at a temperature of 65°C. The reaction mixture
was analysed by gas chromatography with the results set out

in Table 1.
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TABLE 1

Time MeOH HMP 5-VAL
(hours) (solid)
0 85.5 - 13.89
3 91.8 0.9 6.0
5 92.0 0.9 6.3
8 ‘91.4 0.6 6.7
12 91.5 0.6 6.9
16 92.1 0.5 6.7
is 91.2 1.1 6.7
Notes: MeOH = methanol
HMP = methyl 5-hydroxypentanoate
5-VAL = &-valerolactone

Example 2

A laboratory scale batch distillation column fitted

with a separate vaporiser was used in this Example.

Its

vaporiser was charged with 1.5 kg of crude pentane-1,5-diol

obtained by hydrogenation in the vapour phase of dimethyl

composition of this feed was as follows:
butane-1,4-diol (BDO)
pentane-1,5-diol (PDO)

methyl S5-hydroxypentanoate

(DMG)

dimethyl glutarate

hexane-1,6-diol

di- (5-hydroxypentyl)

near the top of the distillation column.

(HDO)

ether

(DHPE)

S

0.
2
1
1.
0
0

' Preheated dimethyl glutarate was supplied as a

~glutarate using a reduced copper chromite catalyst.

01 wt%

.35 wt%
.60 wt%

53 wt%

.99 wt%
.03 wt%

reflux

The

stream

After an initial

period during which dimethyl glutarate was supplied at a

rate which proved to be too high, the rate of supply of

dimethyl glutarate was reduced to about 10 ml per hour. 10
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ml fractions were taken overhead and analysed by gas

chromatography with the results summarised in Table 2
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The procedure of Example 2 was repeated except that the

Fimethyl glutarate was supplied to the vaporiser. The
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CLAIMS: -
1. A process for the continuous recovery of substantially
pure pentane-1,5-diol from a crude product stream containing
pentane-1,5-diol and &-valerolactone which comprises:

continuously supplying the feed stream to a
vaporisation zone maintained under temperature and pressure
conditions effective for the vaporisation of pgntane—l,5—
diol and conducive to the thermal decomposition of reaction
products of §—valerolactone thereby to form a vaporous
stream;

continuously supplying resulting vaporous stream to an
intermediate section:of a distillation zone, said
intermediate section lying below an upper distillation
section and above a lower distillation section;

continuously supplying to the upper section of the

‘distillation zone a reflux stream of dimethyl glutarate;

continuously recovering from the upper section of the
distillation zone an overhead vapour product stream
comprising &-valerolactone and dimethyl glutarate;

continuously recovering from the distillation zone an
intermediate stream comprising substantially pure pentane-
1,5-diol; and

continuously recovering from the bottom section of the
distillation zone a bottoms product.
2. - A process according to claim 1, in which the bottoms
product is recycled to the vaporisation zone.
3. A process according to claim 1, in which the overhead
vaporous stream from the distillation zéne is condensed.
4. A process according to claim 1, in which the
Vaporisation zone and the distillation zone are operated at

substantially the same pressure.
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5. A process according to claim 4, in which the pressure
of operation is atmospheric or sub-atmospheric.
6. A process according to claim 5, in which the pressure
of operation is in the range of from 1 kPa up to about 60
kPa.
7. A process aécording to claim 6, in which the pressure
of operation is in the range of from about 2 kPa up to aboui
20 kPa.
8. A process for the continuous production of pentane-1, 5-
diol which comprises:

supplying a feed stream comprising dimethyl glutarate
in admixture with hydrogen to a hydrogenation zone
containing a charge of an ester hydrogenation catalyst
maintained under temperature and pressure conditions
effective for the hydrogenation of dimethyl glutarate to
pentane—l,S—diol;

'recovering from the hydrogehation zone a hydrogenation
product ﬁixture comprising unreacted hydrogen, methanol, &-
valerolactone and pentane-1,5-diol;

separating from the hydrogenation product mixture a
crude reaction product stream comprising d-valerolactone and
pentane-1,5-diol;

continuously supplying the crude reaction product
stream to a vaporisation zone maintained under temperature
and pressure conditions effective for the vaporisatibn of
pentane-1,5~diol and conducive to the thermal decompositicn
of reaction products of d-valerolactone thereby to form a
vaporous stream;

continuously supplying resulting vaporous stream to an
intermediate section of a distillation zone, said

intermediate section lying below an upper distillation
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section and above a lower distillatiol section;
continuously supplying to the uppef section of the
distillation zone a reflux stream of dimethyl glutarate;
continuously recovering from the upper. section of the

distillation zone an overhead vapour product stream

comprising &-valerolactone and dimethyl glutarate;
continuously recovering from the distillation zone an

intermediate stream comprising substantially pure pentane-

1,5-diol;
continuously recovering from the€ pottom section of the

distillation zone a bottoms product’ and

recycling material of the'overhe?d vaporous stream fror

the distillation zone to the hydrogenation zone.
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ABSTRACT
PROCESS
A process is described for the continuous recoVery of

substantially pure pentane-1,5-diol from a crude product
stream}(i) containing pentane-1,5-diol and &-valerolactone.
The feed stream (1) is continuously supplied to a
vaporisation zone (2) maintained under temperature and
pressure conditions effective for the vaporisation of
pentane—l,S—dibl and conducive to the thermal decomposition
of reaction products of &-valerolactone thereby to form a
vaporous stream. The resulting vaporous stream is
continuously supplied to an intermediate section of a
distillation zone (4). A reflux stream (5) of dimethyl
glutarate is fed to an upper section of the distillation
zone (4) and an overhead vapour product stream (8)
comprising &-valerolactone and dimethyl glutarate ié taken.
Also an intermediate stream (ll)‘comprising substantially
pure pentane-1,5-diol is taken from the distillation zone

(4), while from the bottom section of the distillation zone

there is recovered a bottoms product (12).







| USO06137016A

United States Patent 9 (1) Patent Number: 6,137,016
’ ’
Wood et al. (45} Date of Patent: *Qct. 24, 2000
[54] PROCESS FOR THE PURIFICATION OF [56] References Cited
BUTANE-14-DIOL U.S. PATENT DOCUMENTS
{75] Inventors: Michael Anthony Wood, 2,768,214 10/1956 McKinley .oevrrevsrrrnnicrensens 568/868
Middlesbrough; Paul Willett, Witton le 4,383,895 5/1983 Emstetal. ... 203/77
Wear; Stephen William Co"ey’ Redcar; 4,584,419 4/1986 Sharif et al. ..... ... 568/864
Mohammad Shariff, Middlesbrough 4,751,334 6/1998 Tumer et al. ... .. 568/864
: - ' ’ 4,795,824  1/1989 Kippax et al. ... 560/204
all of United Kingdom 5.008,408 4/1991 Fischer et al. .. . 549/429
(73] Assignee: Kvaerner Process Technology 5,397,439 3/1995 Kandori ... 568/868
Limited, London, United Kingdom FOREIGN PATENT DOCUMENTS
[*] Notice: This patent issued on a continued pros- g?ig;ggi ?ﬁggg ;:p:: )
ecution application filed under 37 CFR WO 88/00937 2/1988 Wl;PO‘.
1.53(d), and is subject to fh; f;‘/fmly] gegr WO 90/08127  7/1990 WIPO .
tent t d WO .
N, provisions © OTHER PUBLICATIONS
] International Search Report, PCT/GB 97/00879, Oct. 7,
[21] Appl. No.: 09/155,441 1997 (3 pages).
[22] PCT Filed: Mar. 27, 1997 Primary Examiner—Michael L. Shippen
[86] PCT No.: PCT/GB97/00879 Arntorney, Agent, or Firm—Senniger, Powers, Leavitt &
v Roedel
§ 371 Date: May 3, 1999 (57] ABSTRACT
§ 102(e) Date: May 3, 1999 The invention provides a process for the purification of a
[87] PCT Pub. No.: WO97/36846 butane-1,4-diol feed containing a minor amount of the cyclic
acetal, 2-(4'-hydroxybutoxy)-tetrahydrofuran, which com-
PCT Pub. Date: Oct. 9, 1997 prises hydrogenating the butane-1,4-diol feed in a hydroge-
0 Foreign Application Priority Data nation zone i{l the presence of a minor amount of water and
[30] oreign Application Friority Da a hydrogenation catalyst, and recovering from the hydroge-
Mar. 29, 1996 ([EP]  European Pat. Off. ............. 96302259 nation zone a butane-1,4-diol product that has a reduced
7 2-(4'-hydroxybutoxy)-tetrahydrofuran content compared
{gi} :]ms (éll ..................................................... C07§6§/78/§g with the butane-1,4-diol feed.

(58]

Field of Search 568/868

13 Claims, No Drawings




1

PROCESS FOR THE PURIFICATION OF
BUTANE-1,4-DIOL

This invention relates to the production of butane-1,4-
diol. . .

Butane-1,4-diol is used as a monomer in the production
of plastics, such as polybutylene terephthalate. It is also used
as an intermediate for the manufacture of y-butyrolactone
and of the important solvent,tetrahydrofuran.

One route to butane-1,4-diol involves reaction of acety-
lene with formaldehyde by the Reppe reaction to yield
butyne-1,4-diol which is then hydrogenated to produce
butane-1,4-diol.

Another process for production of butane-1,4-diol uses
maleic anhydride as a starting material. This is esterified
with an alkanol, usually a C, to C, alkanol such as methanol
or ethanol, to yield the corresponding dialkyl maleate which
is then subjected to hydrogenolysis to yield butane-1,4-diol

6,137,016
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Another minor by-product has been identified as a cyclic
acetal, i.e. 2-(4'-hydroxybutoxy)-tetrahydrofuran of the for-

mula:
O'O—CH:CH:CH;CH;OH

[¢)

This is presumably formed by reaction of butane-1,4-diol
with 4-hydroxybutyraldehyde which is a potential interme-
diate in the sequence of hydrogenolysis reactions or can be
formed by dehydrogenation of butane-1,4-diol itself. The
mechanisms for formation of all these products and
by-products have not been fully elucidated. However, their
production is consistent with the following reaction scheme:

CH—COR CH;—CO:R
bW —
CH—COR CH,—CO:R
+2H,
ROH
0
z
TH:—-C<O 4ROH  CH,—COR
~ -
CH,—CH; ROH CH,— CH.0H
\:Hz
2H,
ROH  CHy,—CHO
CH,—CH;OH
Hy— CH,0H
Hy~— CH,OH .
+Hs D—owﬂmor{
-H-0 [8)
CH;CH,CH,CH;0H

and the alkanol which can be recycled to produce further
dialkyl maleate. Processes and plant for the production of
dialkyl maleates from maleic anhydride are described, for
example, in U.S. application. Ser. No. 4795824 and in
WO-A-90/08127. The hydrogenation of dialkyl maleates to
yield butane-1,4-diol is discussed further in U.S. patent
application Ser. No. 4584419, U.S. patent application Ser.
No.4751334, and WO-A-88/00937, the disclosures of all of
which are herein incorporated by reference.

In the hydrogenolysis of a dialkyl maleate, such as
dimethyl maleate or diethyl maleate, there may also be
produced amounts of the valuable by-products,
v-butyrolactone and tetrahydrofuran. Since there is a ready
market for these by-products, their co-production with
butane-1,4-diol is not disadvantageous. In addition the
hydrogenolysis product mixture will normally contain minor
amounts of the corresponding dialkyl succinate, n-butanol,
the corresponding dialkyl alkoxysuccinate, e.g. diethyl
ethoxysuccinate, and water.
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The cyclic acetal by-product, i.e. 2-(4'-hydroxybutoxy)-
tetrahydrofuran, is troublesome because its boiling point lies
very close to that of butane-1,4-diol and because it forms an
azeotrope therewith. Hence it is difficult, if not impossible,
to produce using conventional distillation techniques a
butane-1,4-diol product which is essentially free from this
cyclic acetal. Hence butane-1,4-diol produced by this hydro-
genolysis route typically contains from about 0.15% by
weight to about 0.20% by weight of the cyclic acetal with
other impurities in total comprising no more than about
0.02% by weight. The presence of even minor traces of the
cyclic acetal, 2-(4'-hydroxybutoxy)-tetrahydrofuran, in
butane-1,4-diol is disadvantageous because it is a colour
forming material and hence gives rise to colour formation in
the butane-1,4-diol.

It has been proposed in U.S. patent application Ser. No.
4383895 to remove colour-forming materials present in
crude butane-1,4-diol produced by hydrogenation of butyne-
1,4-diol by subjecting the crude butane-1,4-diol to distilla-
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tion under conditions wherein subjecting all of the water
present in the crude butane-1,4-diol is first removed and then
the butane-1,4-diol with reduced water content is further
distilled to remove the colour-forming materials sufficiently
to provide a product for use inthe preparation of polyesters.

In JP-A-61/197534 there is taught a method of purifying
crude butane-1,4-diol in which crude butane-1,4-diol con-
taining at least one of the compounds, 2-(4-hydroxy-
butoxy)-tetrahydrofuran, 2-(4'-oxobutoxy)-tetrahydrofuran
and 1,4-di-(2'-tetrahydrofuroxy)-butane, is hydrogenated in
the presence of a hydrogenation catalyst, such as a supported
platinum catalyst. The crude butane-1,4-diol can be prepared
by acetoxylation of butadiene to yield diacetoxybutene
which is then subjected to hydrogenation using a palladium
or nickel catalyst and hydrolysis in the presence of a strongly
acidic cation exchange resin. The specification goes on to
describe how water and acetic acid are removed from the
resulting hydrolysis product by distillation to yield the crude
butane-1,4-diol which is the starting material for the method
of purification. Since water has been removed by distillation,
the crude starting material for the method product is sub-
stantially anhydrous. It is then described how aldehydes and
acetals in the. crude butane-1,4-diol are readily converted to
compounds which can be separated easily from the butane-
1,4-diol as a result of the hydrogenation method used for the
purification method of this proposal. The document goes on
to state that 2-(4-hydroxy-butoxy)-tetrahydrofuran, 2-(4-
oxobutoxy)-tetrahydrofuran and 1,4-di-(2'-
tetrahydrofuroxy)-butane are converted by hydrogenation to
tetrahydrofuran, butane-1,4-diol, butanol, and ditetrameth-
ylene glycol, etc. The hydrogenated crude butane-1,4-diol is
then subjected to distillation in two stages, a light boiling
fraction containing water, tetrahydrofuran and butanol being
recovered from the first distillation column. The second
distillation column acts as the purifier, with butane-1,4-diol
containing some light-boiling compounds being taken off
from the top, butane-1,4-diol containing some heavy-boiling
compounds being taken from the bottom, and the target
purified butane-1,4-diol being taken from the side of the
column.

It is accordingly an object of the present invention to
provide an improved process for the purification of butane-
1,4-diol which yields a butane-1,4-diol product stream that
is essentially free from the cyclic acetal, i.e. 2-(4'-
hydroxybutoxy)-tetrahydrofuran.

It is a further object of the present invention to provide
an improved process for the production of butane-1,4-diol in
which loss of potentially valuable butane-1,4-diol through
formation of 2-(4'-hydroxybutoxy)-tetrahydrofuran as
by-product is substantially obviated.

It is a still further object of the present invention to
provide a process for the conversion of trace amounts of
2-(4'-hydroxybutoxy)-tetrahydrofuran present in butane-1,
4-diol product streams to further butane-1,4-diol.

According to the present invention there is provided a
process for the purification of a substantially anhydrous
butane-1,4-diol feed containing a minor amount of the cyclic
acetal, 2-(4-hydroxybutoxy)-tetrahydrofuran, which com-
prises hydrogenating the butane-1,4-diol feed in a hydroge-
nation zone in the presence of a hydrogenation catalyst, and
recovering from the hydrogenation zone a butane-1,4-diol
product that has a reduced content of 2-(4'-hydroxybutoxy)-
tetrahydrofuran, characterised in that hydrogenation is
effected in the presence of from about 0.5% by weight up to
about 5% by weight, based upon the weight of the butane-
1,4-diol feed, of water. In such a process the added amount
of water may correspond to a water:2-(4-hydroxybutoxy)-
tetrahydrofuran molar ratio of from about 20:1 to about
500:1.
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Although the mechanism of the reaction has not been
explored in detail, one plausible explanation is that, in the
presence of the minor amount of water, the cyclic acetal is
converted to a hemiacetal:

O—O(CH:MOH + H0 ==
0
O—OH + HO(CH,),0H

(@)

This hemiacetal is itself in equilibrium with the open chain
compound, 4-hydroxybutyraldehyde:

g™

O

HO(CH,);CHO

This can then be hydrogenated to butane-1,4-diol:

HO(CH,),CHO+H,—»HO(CH,),OH

This is in contrast to the reactions involved in the puri-
fication method of JP-A-61/197534, in which the crude
butane-1,4-diol used as starting material has already been
distilled to remove acetic acid and water and so there is little
or no possibility of the cyclic acetal, 2-(4'-hydroxy-butoxy)-
tetrahydrofuran, being converted to the hemiacetal.

In a typical process according to the invention the butane-
1,4-diol feed may contain from about 0.05% by weight up to
about 1.0% by weight, typically about 0.1% by weight up to
about 0.4% by weight, of 2-(4'-hydroxybutoxy)-
tetrahydrofuran.

The hydrogenation catalyst is preferably a Group VIII
metal-containing hydrogenation catalyst. Such Group VIII
metal-containing catalysts typically contain from about
0.1% by weight up to about 2% by weight of a Group VIII
metal or metals. As examples of Group VIII metals there can
be mentioned nickel, palladium, platinum, rhodium, iridium,
rhenium and the like, as well as mixtures of two or more
thereof. The Group VIII metal or metals is or are deposited
on an inert support, for example, graphite, alumina, silica-
alumina, silica, zirconia, thoria, a diatomaceous earth or the
like. A particularly preferred catalyst is a nickel catalyst,
This can contain, for example, from about 10% by weight up
to about 60% by weight or more of nickel. Another is a
palladium-on-carbon catalyst, preferably containing from
about 0.1% by weight up to about 4% by weight of palla-
dium. A suitable nickel catalyst is that sold under the
designation 86/4 by Kvaerner Process Technology Limited,
of 30 Eastbourne Terrace, London W2 6LE.

Although the hydrogenation reaction can be conducted in
the vapour phase, it is more conveniently carried out as a
liquid chase reaction, using either a slurry of the catalyst or,
more preferably, a fixed bed of catalyst. When operating
with a fixed bed of catalyst the catalyst particles preferably
have a particle size in the range of from about 0.5 mm to
about 5 mm. The particles may be of any convenient shape,
e.g. spheres, pellets, rings or saddles. When using a fixed bed
of catalyst the reactor can be a shell-and-tube reactor, which
can be operated substantially isothermally; however, it is
preferably an adiabatic reactor. The use of an adiabatic
reactor is advantageous since its capital cost is much lower
than that of a shell-and-tube reactor and it is generally much
easier to charge the reactor with the chosen catalyst.
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The process of the invention requires the presence of a
minor amount of water. Whilst a crude butane-1,4-diol
stream may contain significant quantities of water, e.g. about
0.1% by weight to about 0.5% by weight, it is preferred to
conduct the process of the invention as a polishing step,
following one or more previous distillation steps for the
separation from the butane-1,4-diol of other by-products,
such as y-butyrolactone, tetrahydrofuran, water, alkanol (e.g.
methanol or ethanol), and n-butanol. Hence the butane-1,4-
diol feed used in the process of the invention will normally
be esscntially anhydrous. Accordingly it will usually be
necessary to add a minor amount of water thereto. Preferably
sufficient water will be added to provide a molar ratio of
water:2-(4"-hydroxybutoxy)-tetrahydrofuran of at least
about 1:1 up to about 1000:1 or more, even more preferably
from about 20:1 to about 500:1.
Hydrogenation is preferably conducted at an elevated
temperature of, for example, from about 30° C. to about
170° C. Preferably the feed temperature to the hydrogena-
tion zone is in the range of from about 50° C. to about 125°
C. Similarly it is preferably conducted at an elevated pres-
sure of, for example from about 50 psia (about 3.45 bar) up
to about 2000 psia (about 137.90 bar), preferably from about
150 psia (about 10.34 bar) up to about 1000 psia (about
68.95 bar).
The butane-1,4-diol feed is preferably supplied to the
hydrogenation zone at a liquid hourly space velocity in the
range of from about 0.1 h™* to about 4.0 h™*, preferably from
about 0.5 h™! to about 1.5 h™'. It can be admixed with an
inert diluent prior to admission to the hydrogenation zone.
Conveniently the diluent comprises butane-1,4-diol product
recycled from the exit end from the hydrogenation zone. In
this case the ratio of inert diluent to fresh feed preferably lies
in the range of from about 1:1 to about 1000:1, for example
from about 5:1 to about 100:1.
Following the hydrogenation step the butane-1,4-diol
product, which is now essentially free from 2-(4'-
hydroxybutoxy)-tetrahydrofuran, will normally be subjected
to a final distillation step, preferably under an inert gas
atmosphere, in order to remove any remaining trace of water
and “heavies”.
In this final distillation step there is a tendency, despite
steps being taken to exclude oxygen, for the cyclic acetal to
reform spontaneously, possibly due to the presence in the
product of very small traces of 4-hydroxybutyraldehyde,
2-hydroxytetrahydrofuran and/or 2-ethoxytetrahydrofuran.
However, the increase in cyclic acetal content is signifi-
cantly less than that observed upon distillating the untreated
+ butane-1,4-diol feed. Hence it has been observed that, if a
. butane-1,4-diol product recovered from the hydrogenation
zone with a content of cyclic acetal, i.e. 2-(4'-
hydroxybutoxy)-tetrahydrofuran, of about 0.03- by weight is
heated under nitrogen at 160° C. for 5 hours, the cyclic
acetal content rises to about 0.06% by eight.

The invention is further illustrated in the following
Examples in which all percentages are by weight unless
otherwise stated.

EXAMPLE 1

A continuously operable laboratory scale hydrogenation
test rig was used for hydrogenation of a sample of a crude
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butane-1,4-diol from a commercial butane-1,4-diol produc-
tion plant in which diethyl maleate is subjected to hydro-
genolysis in the vapour phase using a reduced copper
chromite catalyst. The rig was designed for liquid phase
hvdrogenation. The crude butane-1,4-diol contained 0.21%
2:(4'-hydroxybutoxy)-tetrahydrofuran and only a trace of
water, typically about 0.02%. The sample was taken as a
vapour stream from the distillation column designed to
effect separation of unconverted diethyl succinate and
y-butyrolactone from the crude butane-1,4-diol (following
removal by distillation of the volatile components, including -
water, ethanol, n-butanol and tetrahydrofuran from the crude
reaction mixture from the hydrogenolysis zone).

The catalyst used in the Examples consisted of ¥i" (1.59
mm) nickel/alumina spheres of the type sold under the
designation DRD 86/4 by Kvaerner Process Technology
Limited of 30 Eastbourne Terrace, London. This contained
48.3% by weight of nickel, including 29.1% by weight of
free nickel, and had a bulk density of 0.96 g/em?; it also
contained only 0.08% by weight of particles that passed
through a No. 20 sieve (U.S. Standard Sieve), (i.e. <850
mm), while 90% by weight of the particies passed through
a No. 8 sieve (U.S. Standard Sieve), (i.e. <2.36 mm) and
were retained on a No. 14 sieve (U.S. Standard Sieve), (i.e.
>1.40 mm). 200 ml of the catalyst were charged to the
reactor which was constructed from stainless steel, had an
internal diameter of 1.065 inch (27.05 mm), and was fitted
with a heating jacket which was designed to provide iso-
thermal reaction conditions throughout the reactor. The
catalyst charge was then activated by heating slowly to 100°
C. under a flow of 600 NLPH of N,. (The abbreviation
NLPH denotes “normalised liters per hour”, i.e. liters per
hour measured at 0° C. and 1 bar). After raising the reactor
temperature gradually to 140° C., 0.1% v/v H, was intro-
duced into the gas flow for 1 hour. The H, concentration was
then raised from 0.1% v/v to 1% v/v over a period of 1 hour
while maintaining the reactor temperature at 140° C. There-
after the H, concentration in the gas stream was slowly
raised to 10%, still at 140° C., and then slowly to 100% v/v.
The pressure was then raised to 900 psia (62.05 bar) and the
reactor held at this pressure at 140° C.

Initially sufficient water was added to the crude butane-
1,4-diol feed to raise the water content of the wet feed to 4%.
(The stoichiometric amount required to hydrolyse the cyclic
acetal was 0.05%). The results obtained at different operat-
ing temperatures, water contents, and liquid hourly space
velocities (LHSV) are set out in Table I below. It will be
observed from Table I that increasing the temperature by 10°
C. from 110° C. to 120° C. results in an increase in the
productivity of the catalyst by a factor of about 2 to about 3.
Optimum results were obtained at a water content of about
2%.

TABLE 1
Run No. t 2 3 4 5 6 7 8 9 10 11 32 13 14
Temp ° C. 100 100 120 120 120 120 120 110 110 110 110 110 110 110
Press, psia 900 900 900 900 900 900 900 900 500 500 500 900 200 900
Pressure, bar 6205 62.05 6205 6205 6205 6205 6205 6205 3447 3447 3447 6205 1379 62.05
Feedrate, 100 200 200 300 100 540 770 220 200 200 200 200 200 200
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TABLE I-continued
Run No. I 2 3 4 5 6 7 8 9 10 1 32 13 14
mis/hr
LWSV, 1! 0.5 1 1 1.5 0. s 27 3. 65 11 l 1 1 1 1 1
Feed Wi'W1 Percent
Composition
EOH 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.1B 0.18 0.18 0.18 0.18
THF 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0008 0008 0008 0008 0.008
GBL 0606 0606 0606 0606 0.606 0.606 0.606 0606 0606 0606 0606 0606 0606 0.606
BDO 94403 94403 94403 94403 94403 94403 94.403 94403 94403 97 97 97 96 94
HVS 0.612  0.612 0.612 0.612 0612 0612 0.612 0612 0.612 1.015 0015 0.015 1015 . 1.015
Acetal 0.191 0.191 0.191 0.191 0.191 0.191 0.191 0.191 0.191 0.191 0.191 0.191 0.191 0.191
H,0 4 4 4 4 4 4 4 4 4 1 2 2 2 4
Product WuW( Percent
EtOH 0.152  0.203 0.189 0.081 0.226 0.083 0.026 0.02 0.077 0.077 0077 0.077 0.077 0.077
THF 0.027 0.017 0.06 0.045 0.12 0.037 0.05 0.03 0039 0.039 0.039 0.039 0.039 0.039
GBL 0.588  0.607 0.613 0.582 0595 059 0.58 0.57 0.574 0.606 0.606 0.606 0.606 0.606
BDO 9456  94.41 94314 94.672 94.42] 9461 94.65 94,76 94.685 964 95 96 96 94
HVS 0.594  0.676 0.782  0.579 0.611 0.59 0.594 0.56 0.513 1.76 2.188 1.199 1.134 1.231
Acetal 0.059 0067 0.042 0.041 0.027 0.090 0.100 0.060 0.052 0.118 0.090 0.079 0.144 0.047
H,0 4 4 4 4 4 4 4 4 4 1 2 2 2 4
Notes to Table I:
THF = tetrahydrofuran
GBL = y-butyrolactone
BDC = butane- 1 ,4-diol
HVS = “heavies”
Acetal = 2-(4"-hydroxbutoxy)-tetrahydrofuran
LHSV = liquid hourly space velocity (h™")
EXAMPLE 2 30
TABLE 111
A further experimental test rig, similar to that used in Liquid Feed  Feed Product
Example 1 but with provision for recycle of product butane- };“: Tf‘gp‘ HI;}LF}',:V Lﬁiv ie;/if'f H’O[% /;:m[] i‘;ml]
. . . . Wi W 0 Wi
1,4-diol from the exit end of the hydrogenation zone for 35
dilution of the crude butane-1,4-diol feed, was used in this 1 110 20 1.0 2 4.0 0.17 0.063
example. It was charged with 250 ml (237.4 g) of the same § ]1(1)2 Z: é‘g (’)'g :'g 34:35 g‘ggg
catalyst as used in Example 1 which was activated in the 3 107 24 11 0 40 017 0058
same way. A series of 12 Runs was carried out. The analysis 5 109 6 1.01 0 40 017 0070
: i H 40 6 36 1.0
of the wet feed butane- 1 ,4-diol, obtained by adding water to 110 05 0 40 017 0048
de but 1.4-diol of the t used in Example 1. wa 7 110 12 1.07 0 4.0 0.17 0.059
4 crude butane-1,5-¢1o1 of the type In txample 1, was 8 10 24 086 0 40 017 0039
as set out in Table IL. 9 111 24 1.18 0 4.0 0.7 0.049
10 110 3 0.6 0 4.0 0.17 0.036
TABLE 1I 45 11 110 15 0.8 4] 4.0 0.17 0.030
12 110 05 0.8 0 4.0 0.17 0.025
Runs 1-8 Runs 9-12
Notes
Water 392 4.03 NLPH = normalised liters per hour
Ethanol 0.013 0.013 LHSV = liquid hourly space velocity
Tetrahydrofuran 0.003 0.003 50 Acetal = 2-(4"hydroxybuioxy)-tetrahydrofuran
+butyroluctone 0.444 0.443
Butane-1,4-diol 94.985 94.876
Diethyl succinate 0.013 0.013
2-(4"-hydroxybutoxy)- 0.175 0.175

tetrahydrofuran

In the first 4 Runs the effects of liquid recycle were inves-
tigated using an LHSV of 1.0 h™', a temperature of 110° C.,
a pressure of 900 psia (62.05 bar), and a hydrogen flow rate
of 24 NLPH. In Run 1 the recycle rate was 2 kg h™!, in Run
21kgh™, inRun306kgh™, andinRun4 0kgh™'. In
Runs 5 to 12 the effects of hydrogen flow rate were inves-
tigated. Run 9 repeated the conditions of Run 8 after a
weekend shutdown of the rig. Runs 10 to 12 used lower
hydrogen flow rates. The results are summarised in Table 111
below.
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EXAMPLE 3

A sample of the crude butane-1,4-diol used as feed in
Example 2 and a sample of a butane-1,4-diol product after
treatment by the procedure described in Example 2 were
transferred to respective round-botiomed flasks blanketed
with nitrogen. The temperature of the flasks was increased to
160° C., while allowing any water and “lights” to distill off.
Samples were taken for analysis at intervals after the tem-
perature reached 160° C. The results are set out in Table IV
below.
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TABLE IV
Sample Crude Product
Time Acetal
0 0.033 0.03
40 0.06 0.04
100 0.16 0.05
160 0.17 0.057
300 0.17 0.057

Note: Acetal = 2-(4"-hydroxybutoxy)-tetrahydrofuran

EXAMPLE 4

The general procedure of Example 1 is repeated using a
2% palladium on carbon catalyst, following the supplier’s
recommendations for activating the catalyst. At a tempera-
ture in the range of 100° to 125° C. using a hydrogen
pressure of 200 psia (13.79 bar) to 900 psia (62.05 bar)
similarly good results are obtained.

EXAMPLE 5
In this Example there was further investigated the effects

| of varying the amount of water added to a crude butane-1,
‘i 4-diol of the type used in Example 1, using the apparatus of

Example 2 and the same catalyst charge. The results
obtained are set out in Table V.

Comparison of Runs 1, 3, and 9 of Table V shows that

5| reducing the water content of the feed from 4.03% to 2.3%

10
substantially constant. These results indicate that a 10° C.
increase in temperature would compensate for a 50% loss in
catalyst activity.

Al temperatures greater than 120° C. the acetal content
started to increase; in addition the content of tetrahydrofuran
increased as a result of dehydration of butane-1,4-diol.

Runs 15 to 17 of Table V showed that varying the pressure
under otherwise substantially identical conditions affected
the acetal content of the product. Run 17 produced essen-
tially the same acetal content as Run 14, thus indicating that
there was no significant loss of catalyst activity during the
period of operation at the higher temperature.

In Runs 18 and 19 of Table V the activity of the catalyst
was checked.

The y-butyrolactone content of the feed was increased to
6% for Run 20 of Table V. This indicated that the presence
of y-butyrolactone does not appear to inhibit the removal of
acetal from the purified butane-1,4-diol product.

| product from 0.036% to 0.052% and to 0.08% respectively
- under otherwise similar conditions. The results set out in

Table V also indicate that reducing the H, flow rate from 3.0
NLPH (normalised litres per hour, i.e. liters per hour at 0° C,
and 1 ata [1.01 bar]) to 0.5 NLPH had a minimal effect upon
acetal removal at the three water levels tested.

Runs 10 to 14 of Table V were intended to simulate the
effect of an approximately 50% reduction in the activity of
the catalyst by doubling the liquid hourly space velocity
(LHSV) followed by an increase in catalyst temperature
until the acetal content in the product was equivalent to that
obtained at the lower LHSV. This resulted in the acetal
content of the product increasing from 0.052% up to
0.099%. The catalyst temperature was increased in 5° C.

_increments whilst the other conditions were maintained
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TABLE V
Run Pressure (psig) LHSV H, fiow Feed H,O Acetal in product Acetat
No. Temp. (° C.) {var}] (he™'y (NLPH) (%) (wt %) convened (%)
I 110 885 (62.03] 0.9 3.0 4.03 0.036 —
2 110 887 [62.17] 0.77 0.4 4.03 0.025 79.75
3 110 908 [63.62) 0.83 3.0 23 0.052 61.28
4 110 909 [63.69] 0.89 14 23 0.047 67.32
5 110 897 (62.86] 0.87 0.4 23 0.047 66.53
6 110 879 [61.62} 0.95 0.5 23 0.054 64.77
7 110 917 [64.24] 0.94 0.4 0.98 0.081 46.45
8 - 110 900 [63.07] 0.90 1.4 0.98 0.083 42.55
9 it 908 [63.62] 0.87 3.0 0.98 0.083 10.89
10 111 910 (63.76] 1.73 3.0 1.99 0.099 64.40
11 115 900 [63.07) 1.73 3.0 1.99 0.084 69.87
12 120 900 [63.07] 1.68 3.0 1.99 0.049 81.94
13 125 900 {63.07} 1.68 3.0 1.99 0.081 70.15
14 130 900 [63.07) 1.69 3.0 1.99 0.072 73.53
15 130 700 [49.28) 1.68 3.0 1.99 0.085 68.57
16 130 500 [35.49) 1.68 3.0 1.99 0.032 88.21
17 130 900 (63.07] 1.68 30 1.99 0.066 75.67
18 110 900 [63.07] 1.05 240 1.9 0.046 72.87
19 110 900 [63.07} 1.05 24.0 1.99 0.041 75.82
20 110 900 {63.07] 1.05 24.0 1.99 0.029 82.90
‘| and then to 0.98% results in an increase of acetal in the We claim;

1. A process for the purification of a substantially anhy-
drous butane-1,4-diol feed containing a minor amount of the
cyclic acetal, 2-(4'-hydroxybutoxy)-tetrahydrofuran, which
comprises hydrogenating the butane-1,4-diol feed in a
hydrogenation zone in the presence of a hydrogenation
catalyst, and recovering from the hydrogenation zone a
butane-1,4-diol product that has a reduced content of 2-(4'-
hydroxybutoxy)-tetrahydrofuran, characterised in that
hydrogenation is effected in the presence of from about 0.5%
by weight up to about 5% by weight, based upon the weight
of the butane-1,4-diol feed, of water.

2. The process according to claim 1 wherein the butane-
1,4-diol feed contains from about 0.1% by weight up to
about 0.4% by weight of 2-(4'-hydroxybutoxy)-
tetrahydrofuran.
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3. The process according to claim 1 wherein the butane-
1,4-diol feed is a substantially anhydrous material obtained
by the hydrogenolysis of a di-(C; to C, alkyl) maleate
followed by distillation of the hydrogenolysis reaction prod-
uct to separate therefrom components including water and
the alkanol formed by hydrogenolysis.

4. The process according to claim 1 wherein the hydro-
genation step is conducted at a feed temperature in the range
of from about 50° C. to about 125° C. and at a feed pressure
in the range of from about 150 psia (about 10.34 bar) to
about 1000 psia (about 68.95 bar).

5. The process according to claim 1 wherein the hydro-
genation step is conducted using an amount of water corre-
sponding to a water:2-(4'-hydroxybutoxy)-tetrahydrofuran
molar ratio of from about 20:1 to about 500:1.

6. The process according to claim 1 wherein the hydro-
genation catalyst is a Group VIII metal-containing catalyst.

7. The process according to claim 6 wherein the hydro-
genation catalyst is a palladium-on-carbon catalyst contain-

15

ing from about 0.1% by weight up to about 4% by weight of 20

palladium.

12

8. The process according to claim 7 wherein the hydro-
genation catalyst is a nickel catalyst.

9. The process according to claim 1 wherein the butane-
1,4-diol product from the hydrogenation step is distilled
under an inert gas atmosphere to remove remaining traces of
water therefrom.

10. The process according to claim 1 wherein the butane-
1,4-diol feed is supplied to the hydrogenation zone at a rate
corresponding to a liquid hourly space velocity of from
about 0.5 h™! to about 4.0 h™*.

11. The process according to claim 1 wherein the butane-
1,4-diol feed is diluted with an inert diluent prior to entering
the hydrogenation zone.

12. The process according to claim 11 wherein the inert
diluent comprises butane-1,4-diol product recovered from
the exit end of the hydrogenation zone.

13. The process according to claim 12 wherein the inert
diluent:butane-1,4-diol feed ratio is in the range of from
about 5:1 to about 100:1 by volume. '

kK k%




