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SYNOPSIS

Previous reports identified selective catalytic hydrogenation as a possible route to
the purification of industrial 1-hexene streams. Even so, reported performance
has been poor and, consequently, the principal aim of this study is to adjust
operating conditions so as to improve process performance to an industrially
interesting level.

in particular, the influence of hydrogen excess and competitive adsorbates
(CO and ethanol) on overall process performance is evaluated for representative
(1,5-hexadiene and 1-hexyne) impurity removal from a 1-hexene stream over a
bi-metallic Pd-Ag/titania catalyst.

Experimental tests are conducted in a down-flow trickle-bed reactor at 60 °C,
15 and 30 barg, Ho/oil ratios in the range 0.01 — 0.2 mol/mol, and oil (1-hexene)
space velocities in the range 8 — 16 g/g.hr. Performance is evaluated according to
a simplified pseudo-parallel first order reaction scheme where impurity removal
and 1-hexene loss are treated as the two competitive reactions. Consequently,
specificity, viz. the ratio of the rate of impurity removal to the rate of 1-hexene loss,
is a key measure of overall process performance.

it was found that low Hj/oil ratios, accompanied by the absence of gas phase
hydrogen, effect a significant improvement in process specificity, from previously
reported values of around 2 to values approaching 100. Moreover, at conditions of
such high specificity, the extent of impurity removal appears to be limited by
hydrogen depletion. It remains, however, unclear as to what effects the enhanced
specificity under these conditions although the diminished presence of a palladium
B-hydride phase may be at least partially responsible.



It is further observed that the introduction of low concentrations of CO and ethanol,
as competitive adsorbates to 1-hexene, does not effect a noticeable increase in
process specificity. This disappointing result possibly suggests that the potential
advantage of catalytic site ‘dilution’ is already exhausted by the presence of silver
in the bi-metallic catalyst employed in this study.

it is recommended that further studies investigate means to increased overall
impurity removal, at high specificity, through increased dissolved hydrogen
concentrations, either via higher process pressures or via multistage operation
with inter-stage replenishment of dissolved hydrogen.

Regardiess of the need for additional development, the substantial increase in
specificity achieved in this study makes selective catalytic hydrogenation an
industrially interesting process route to the purification of 1-hexene streams.
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1 INTRODUCTION

The demand for a-olefins is rapidly increasing on a global scale (Chemical
Marketing Reporter, 1995). Linear a-olefins in particular are produced on the
scale of several million tons per annum. They have a number of applications but
are mainly used as co-monomers in the production of polymers.

The growth in the annual world demand for polyolefins is estimated to be at least
5.5% on average until 2010 (Marcilly, 2003). Other applications of a-olefins
include the production of synthetic lubricants, methylamines and surfactants. It
was found that polymers including 1-hexene and 1-octene co-monomer are
growing more than two times the rate of those including 1-butene co-monomer
(colin-houston.com).

Linear a-olefins are produced either by ethylene oligomerisation or recovered
from Fischer-Tropsch hydrocarbon streams. The Cs-Cg alpha olefin range is
extracted from Fischer-Tropsch synthesis product streams. 1-Hexene is the more
dominant a-olefin by economic value. In South Africa, Sasol is producing about
200 000 tons of 1-hexene per annum and has recently commissioned a third
1-hexene train to meet the rapidly increasing demand (www.sasol.com).

The activity of the catalyst in a polymerization process is largely dependant on
the purity of the feed stream. There are a host of impurities emerging in industrial
1-olefin co-monomer streams, which reduce the activity of these catalysts.
Typically, the more dominant impurities are dienes, cyclic olefins and alkynes,
and are present in the ppm range.

In future, it is proposed that the general trend for all catalytic processes will be
the improvement of catalyst activity and especially, selectivity. This will result in a
reduction in operating costs and more importantly, conform to the increasing
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environmental focus of reducing emissions of catalytic processes (Marcilly,
2003). With respect to olefin polymerisation, this often results in an increasing
sensitivity of the catalyst towards feedstock impurities and therefore requires less
contaminated feedstocks.

Selective hydrogenation is successfully applied in the purification of C, - C4-olefin
fractions from steam cracker product streams, which successfully removes the
unsaturated impurities but avoids hydrogenation to the undesired alkane.
Selective catalytic hydrogenation could also be a suitable method of purification
of medium to long chain 1-olefin co-monomer feedstocks. The objective is to
selectively hydrogenate the impurities, but inhibit hydrogenation of the 1-olefin to
the corresponding paraffin or double-bond isomerisation to internal olefins.
Bimetallic palladium-based catalysts were typically shown to result in an increase
in the selectivity of impurity hydrogenation (Sales et al., 2000a).

Previous studies showed that a bimetallic Pd-Ag/TiO; catalyst was successful in
hydrogenating hexadienes in a 1-hexene feed, although a significant loss of
1-hexene resulted (Stadler et al., 1984; McPherson, 2003).

In McPherson’s (2003) study, criteria were developed to characterise the quality
of the selective hydrogenation. “Specificity” was defined to be the ratio of the
conversion of the impurity to the conversion of the 1-hexene, while “selectivity”
was defined as the rate of saturation of 1-hexene relative to the rate of
double-bond isomerisation.

The specificity of hydrogenation catalysts is improved by the introduction of a
second metal to the base metal, e.g. Pd-Ag for palladium. Trace amounts of
co-adsorbates such as CO are also used to improve specificity (Guczi et al.,
1984; Nierlich and Obenhaus, 1986).
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It was also shown that the presence of gas-phase hydrogen in this liquid-phase
process reduced the selectivity of the catalyst in the selective hydrogenation of a
Cs-olefin feedstock (Nierlich and Obenhaus, 1986).

Another key issue in the system of selective hydrogenation is double bond
isomerisation. This is undesired, as it results in a loss of feed in terms of 1-olefin.
it was found that the acidity of the catalyst carrier plays a major role. With non-
acidic carriers, such as titania, double bond isomerisation is insignificant (Stadler
et al., 1984; McPherson et al., 2000).

The purpose of this investigation is to control reaction pathways in such a way as
to increase the specificity to impurity hydrogenation, while minimizing the loss of
1-hexene. The focus of this study is the evaluation of co-adsorbates and
hydrogen pre-saturated feed over a bimetallic palladium-based catalyst for the
selective hydrogenation of impurities in a 1-hexene model feedstock.



2 INDUSTRIAL BACKGROUND

Olefins are aliphatic hydrocarbons with at least one carbon-carbon double
bond. The name “olefin” originated from compound’s ability to form oily liquids
when reacted with halogens. They are also classified as alkenes. a-Olefins are
straight-chain molecules which have the double bond situated on the terminal
carbon atom. They are also known as 1-olefins or 1-alkenes.

A brief introduction to the industrial relevance, production and purification of
a-olefins, in particular 1-hexene, is given in this chapter. The results of
previous studies on the selective hydrogenation of a-olefin streams are also
outlined, including the effect of the choice of catalyst and various process
variables on the reaction.

2.1 Industrial relevance of a-olefins

2.1.1 The producers of a-olefins

Linear a-olefins (LAQ) in the C4 — C3p range are produced on the scale of
several million tons per annum via different processes. The four largest
producers of LAOs include BP Chemicals, Shell, Chevron Phillips and SASOL.
All processes except Sasol's are based on ethene oligomerisation, yielding

even-numbered a-olefins only.

Table 2.1: LAO Production (2002) (Chemical Market Reporter, 2002; www.sasol.com)

Producer Capacity
(tons per

annum)

BP Chemicals 470 000
Shell 590 000
Chevron Phillips 680 000
Sasol 252 000°

' Excluding production of 1-butene.
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Table 2.1 shows the high volumes of LAO’s produced per year. BP, Shell and
Chevron produce olefins via ethene oligomerisation using the IFP, Phillips or
SHOP processes, which yields a fixed range of olefinic products. Their major
challenge is to control the oligomerisation process in order to match the
changing needs of the a-olefin market in terms of which a-olefin (1-butene,
1-pentene, 1-hexene, etc.) has a greater demand.

Sasol on the other hand recovers olefins from Fischer-Tropsch derived
hydrocarbon streams. This process yields both even and odd-numbered
a-olefins, and the carbon-number distribution is affected by the composition of
the raw gasoline feedstock. The flexibility of this technology allows Sasol to

meet the changing needs of the a-olefin market.

Recent and current increases in worldwide o-olefin manufacturing capacity
include a new Chevion Phillips a-olefins plant in  Texas
(http.//www.chemexpo.com). In addition, Shell commissioned a new

700-million-pound-per-annum LAO plant during 2002, while BP Chemicals
commissioned a new 550-million-pound-per-annum plant in Canada in 2001
(Chemical Market Reporter, 2002).

A third hexene train was commissioned at Sasol in 2000 to meet the increasing
demand for 1-hexene, while a new 1-octene train is scheduled to be started up
towards the end of 2004. The second octene train is identical to the first one,
with a capacity of 48 000 tpa. The demand of octene is expected to grow at a
rate of about 6 — 8% per year (ww.sasol.com).

2.1.2 The uses of a-olefins

LAO are used as feedstocks in a variety of processes. A summary of the main
uses is shown in Figure 1.1.
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Figure 2.1 Uses of Linear Olefins in 2062
(Chemical Market Beporter — o—Ofefins, 2002)

The C4, Cs and Cs-olefins are used as co-monomers in polymer production,
while the Gy w-olefins are in slrong demand for producing lubricanls. C., and
{44 ci-olefing are used mainly in the production of surfactants, and lhe lohger
chain olelins are used in synthetic lubricants, petroleum additives and oilfield

chemicals.

The use of LAOs in polyethylene production is a growing market worldwide. It is
predicted that 1-hexene will account for 35Y% of the total co-monomer
consumption in polymer production in 2005 (Chenvcal Market Reporfer, 1998).
However, the fastesl-growing markets are those using LAOs as raw materials
tor synthetic lubricants and lor melhylamines, with these categories collectively

representing about 19% of the total demand for 1-hexeng.

2.1.2 The u-olefin market

The demand for LAOs produced by ethene oligomerisation was approximately
1.1 million tons per annum in the year 2000. These demand figures represent
the surmn of production plus the difference between imports and exports for the
Cy to Cuy fractions, and excludes the production of 1-butene {Chemical Market
Reporfer, 2002).
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The key factors responsible for a change in the growth rate are
(http://www.colin-houston.com, 2002):

e Expansion of companies

e Adoption of new processes
e Catalyst technology

o Changes in market demand
Sasol concentrates mainly on 2 specific a-olefins: 1-hexene and 1-octene.
They are also producing small quantities of 1-pentene. Their corresponding

production capacity and world market share is shown in Table 2.2.

Table 2.2: Sasol a-olefins — product range (2001)

(www.sasol.com)
Product Production Market Share
(tpa)
1-pentene 5 000 90%
1-hexene 200 000 30%
1-octene 47 000 14%

The commissioning of the second 1-octene train in Secunda in 2004 is
expected to increase Sasol's market share to approximately one fifth of the
world’s consumption (www.sasol.com, 2004).

The world market for 1-hexene was 260 000 — 280 000 tpa in 1996 (Chemical
Week, 31/7/96), with Sasol then only occupying 16% of the market (~50 000
tpa). The world demand for 1-hexene has since increased dramatically, and
with the parallel increase in Sasol’'s production, Sasol now retains a 30%
market share. Sasol supplies 44% of their 1-hexene to North America, 19% to
Europe, and the remaining amount to the Mid-East, Asia-Pacific countries and
South America. Only 3% of Sasol's 1-hexene is used in South Africa itself
(www.sasol.com).

The current global consumption of 1-octene is approximately 450 000 tons per
annum, and demand is expected to increase at a rate of 6 — 8% per annum.
Using 1-octene co-monomer instead of 1-hexene results in a stronger, more
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elastic, flexible and impact-resistant plastic end product (Sasol Annual Report,
2002).

A study by Houston & Associates found that due to the growing market for
polyolefins with 1-hexene and 1-octene co-monomer, it is predicted that the
growth rate of 1-hexene and 1-octene will increase to 11% and 13%
respectively per annum (Chemical Market Reporter, 1999).

2.2 The production of 1-hexene

1-Hexene is produced by ethene oligomerisation or by recovery from
Fischer-Tropsch- derived hydrocarbon streams. BP, Shell and Chevron Phillips
produce o-olefins by ethene oligomerisation. More recently, 1-hexene was
selectively produced by the Phillips ethene trimerisation process over a
Chromium catalyst (Marcilly, 2003).

2.2.1 Ethene oligomerisation

Other routes i.e. ethene oligomerisation have been developed to produce
olefins which involve the oligomerisation of the lower olefins. These lower
olefins i.e. ethene and butene, are available from processes such as the
pyrolysis of liquefied natural gas (LNG), naphtha and gas oil fractions (Ullman’s
Encyclopaedia, 1989).

The ethene oligomerisation process results in a distribution of even numbered
1-olefins only, as all products will have carbon numbers which are a multiple of
2, due to the ethene feedstock. Oligomerisation is then tailored to produce a
carbon number distribution which fits the market demand. Recovery from
Fischer-Tropsch products gives access to both even and odd-numbered
1-olefins. Their carbon number distribution is determined by the underlying
Fischer-Tropsch process.
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Various types of catalysts are used in ethene oligomerisation, depending on the
process employed. The following processes are more commonly applied
(Ullman’s Encyclopaedia, 1989):

o BP process

A Ziegler-type catalyst (triethylaluminium) is used. This process consists of
two stages — ethene is first oligomerised over the Ziegler catalyst, and the
reaction products are then fractionated, yielding C4, Cg — C10 and Cq2 — Cys
a-olefin fractions. This process can also be done in a single-stage process,
where the growth step and elimination reactions occur simultaneously at a
higher temperature (> 200°C) than the 2-stage process.

However, the 2-stage process is capable of achieving a 95% conversion of
ethene into higher a-olefins. This is not possiblle with the single-stage
process, but this disadvantage is compensated by the ability of the
single-stage process to produce a purer a-olefin product, with a lower yield
of intemal and branched olefins than the 2-stage process (Ullman’s
Encyclopaedia, 1989).

In general, this process is the least flexible process, as it results in a very
fixed product carbon number distribution.

o Shell process (SHOP)

A homogenous nickel catalyst is used. This liquid phase process results in a
highly pure a-olefin product, with trace amounts of dienes, aromatics and
alkanes. The overall SHOP process consists of three stages -
oligomerisation, isomerisation and metathesis. This combination of chain
lengthening and shortening makes the SHOP process very flexible and it is
possible to obtain any desired olefin cut.

The reactant, product and catalyst phases are easily separated in this
process. Surplus a-olefins are recycled to an isomerisation-disproportionation
system, and the catalyst is recycled repeatedly. The chain-length of the
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o—olefins is controlled by varying the composition of the catalyst (Ullman’s

Encyclopaedia, 1989).

However, a disadvantage is a significant proportion of the product being
internal olefins, which are lower in value
(http://pep.sric.sri.com/public/reports/).

¢ Phillips process

A chromium-based catalyst is used in ethene trimerisation, which has
selectivity to 1-hexene of 95%. This process involves a reaction pathway
different to conventional ethene oligomerisation as the catalyst causes the
formation of metallacycles i.e. the 5- and 7-membered ring structures. The
latter are unstable and decompose, resulting in high selective formation of
the Cs a-olefins (chemsystems, 2002).

2.2.2 Recovery from Fischer-Tropsch product

1-Hexene, together with a whole range of other a-olefins, is the major product
of high temperature Fischer-Tropsch synthesis over iron-based catalysts.

These a-olefins are recovered by complex separation technology.

The Cg cut is distilled from the Fisher-Tropsch product. This stream consists
mainly of 1-hexene, with smaller percentages of other hydrocarbons and
oxygenates. The purified product stream (after extractive distillation) contains
about 99.3% 1-hexene. The separation process is shown in Figure 2.2 below.
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Figure 2.2: Block flow diagram of T-hexene purification process (Sasol)

Elherification:

Superfractionation:

(W Botwinger, 2001, P Jacobs, 2004)

The addition of an aicchol (methanol) in the presence of
an acid calalyst results in the fermation of an ether, from

the tertiary olefins. The ethenfication reaction is:

OCH;

R1-(|3:CH9 +  Alcohal — R-—El’.)—CH3
Ry R
A B

The difference in boiling peoints between the resulting
ethers and 1-hexene is large encugh to now to allow
distillative separation of the branched, tertiary olefins from

the mixture.

This highly efficient distillation separates the lower boiling
branched r-olefins, and unconverted methanol and
dimethyl ether as well as the higher bailing internal
glefing, the n-paraffin and ethers from the desired LAO. A
cut is left which still contains 1-hexene cyclic oletins,

dienas and hexynes as impurities.
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Extractive Distiffation: The addition of a polar solvent affects the volatility of the
compounds such that the iso-parafling become moro
volatile than the 1-hexene and the cyelics, and the
wiygenales left become less volatile, resulting in a 2-
stage distillation which removes lhese compounds from
the 1-hexene product. The solvent is worked up in =

solvent recovery column and recycled.

The result is a 99.3 wt% 1-hexene final product stream, which is then pelished

=nd sold.

2.3 The need for additional purification of industrial a-olefin
streams

Industrial 1-hexenc is acqguired on a large scale and purified. However, thaere
are still impurities present in the product stream such as dienes, alkynes,
cyclics and branched compounds, which may affect the perormance of
catalysis in the polymerisation process. Examples of these impuritics arc
shown in Figure 2.3. Some arc only present in the ppm range (e.q. dienes and

ethynes) but may still noed to be removed.

Currantly, the Sasol process consists of a product pelishing step to remove the
impurities in the commercial 1-hexene stream before the product is transferred
to storage. This stage consists of a Z-stage abserption process, which employs
ihe use of guard beds to absorb the impurities. However, even though this
process successfully removes the impurities, a significant ameount of 1-hoxene
is lost. Another disadvantage is that the guard beds require frequent

regeneration, which is costly.
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Figure 2.3: Typical impurities present in a Cg a-olefin feedstock

An alternative purification method is proposed in this work. This SELECTIVE
HYDROGENATION is currently widely applied in the case of C; to Ca olefin
purification and makes use of a catalyst to selectively hydrogenate the
undesired impurities in the stream, in the presence of a huge excess of the

respective 1-olefin,
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2.4 Selective hydrogenation as a means of purification

The removal of the alkyne and diene 1mpurities from ethene-, propene- and
butene-rich streams is crucial to avoid downstream poisoning of polymerisation
catalysts. Selective hydrogenation is successtully applied for the removal of the

highly unsaturated impurities in the C; - Ca olefin streams from the steam cracker.

The aim of this purification method is to selectively hydrogenate the impurities
in the stream, while inhibiting the hydrogenation or isomerisation of the 1-olefin.
This is achieved for instance in the case of G olefin purfication. with ethyne
being reduced to levels of less than 16 ppm (Guezi ef al., 19€4). Furthermaore, it
is even possible to obtain a gain in the 1-olefin yield by seleclive partial
hydrogenation of the highly unsaturated impurities. Indeed, a gain in ethyne
was obtained under optimal conditions in the selective hydrogenation of a
C.-olefin stream (Godinez et al., 18858). However, in the hydrogenation of C;

and Cy-olefin streams, a gainin 1-olefin is not typically observed.

A key issue of this reaction is the selectivity. Activily is of secondary
importance. Selective hydrogenation is not industrially employed for the
purification of Ce.-olefin streams (Mofnar et af.,, 2007). There are two possible
explanations for this:

« Double bond isomerisalion can lake place, which is not possible with
C.- and Ca-ofefins due to the structure of the molecules but double hond
isomensation is especially prevalent in higher a-olefin streams, and this
results in & loss of the valuable 1-olefin.

s |t has also been shown that the replacement of C-H with C-R groups
results in & decrease in the adsorptive strength of the compound with the
catalyst surface, thus affecting the selectivity of the reaction {Jackson et
al., 1897). This decrease in adsorplive strength is thought to be as a
result of repulsion belween the substrate and the surface. Also, it was
found that certain intermediates, which are formed during the
hydrogenation reaction, cannot be formed from internal alkynes such as

2- and 3-hexyne,
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It s for these reasons that the technology developed for the purification of a
C-olefin stream cannot be directly transferred for the hydrogenation of higher

r-olefin streams.

2.5 Kinetics

The selective hydrogenation of highcr «-olefin strcams consists of a complex
series of parallel reactions. The main objective of selective hydrocgenation of
mpunties is 1o preserve maximum 1-glefin selectivity. A combination of factors
such as choice of catalyst metals and supports, catalyst particle size, operating
conditions, co-adsorbates, otc. will therefore play a major role in the selectivity

of tho reaction.

2.51 Hvydrogenation of impurities

It is well known that the more unsaturated molecules adsorb more strongly on
the surfacc of a metal catalyst than do the less unsaturated molecules.
Therefore, alkynes have higher adsorption strength than alkadienes and
alkadienes have higher absorption strength than the corresponding alkenes
(Ponec and Bond, 1985).

Originally it was thought that surface coverage by the alkyne is very high until
all the alkyne has reacted, after which the diene will adsorb and react. followed
by the mono-alkene. In other words, the 1-olefin will not be hydrogenated in the
presence of 8 more unsaturated impurity such as alkynes or alkadienes.
However, later experiments suggested that there are various sites present on
the catalyst surface, resulting in the hydrogenation of ethene even in the
presence of high concentrations of ethyne over a silica-supported palladium
catalyst (T = 20°C, Puz = 37.5 Tomn) (Al Ammar and Webb, 1879), "*C-labelling
also showed that there is a direct route to ethane formation from ethyne,

besides a route via the hydrogenaton of ethene,
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The volcano relaticnship llustrated in Figure 2.4 is known as a "thermodynamic
seleclivity” and the order of reactivity of the impurities can therefore be
expiained by the difference in adsarption strength. More severe conditions are
needed for the hydrogenation of alkynes as opposed to alkenes, as alkenes
interact with the metal surface more strongly. Thus, iLis expecled that there will
be a higher conversion of alkenes in @ mixiure than of alkynes due to these

differences.

. alkenes

-

e
-

| f...-‘r%ad ienes

Adsorption strength

: ,,..x-f"éTE;nes
Figure 2.4: Refalive Adsorption Strength
(Poniec and Bond, 1995}

The hydrogenation of ngn-conjugated dienes s very similar to  the
hydrogenation of monoenes. Dienes with a terminal double bond are slightly
more reactive than dienes with internal double bonds anly, They will compets
with the monoene for an active site. Due to the close proximity of the double
bonds in a conjugated diene, it was seen that these dienes are less reactive

than the non-conjugaled dienes (Safes ef al., 2000a).

2.5.2 Hydrogenation of alkenes

It was found that hydregen is dissociatively adsorbed on the surface of a metal
catalyst (Stadier et al.. 1984; Fonec & Bond, 1995). Ethene was used as a
modet compound to investigate the mechanism by which the dissociated
hydrogen reacts with an alkene on the surface of the catalyst (Ponec and Bond,

1885). This mechanism is shown in Figure 2.5
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H-H HH H,C - CH, H,C-CH, H HL GO
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Adsorption Adsorption and reaction Addition of 2H to Desorption of
of M. of ethene to intermediate the intermediate Ethane

Figure 2.5 Schemalic of the Hortto-Polaryi mechariism of hydrogenation

(adapted from Ponec and Bond, 1895)

Hydrogenation cccurs via the consecutive addition of hydrogen atoms to an
adsorbed alkene. This mechanism is the basis of all hydrogenation reactions,
inciuding the hydrogenation of higher alkenes. 1t is considered to be
indepandent of the isomerisation reactions, which also occur on the catalyst
surface (Ponec and Bond, 1885).

2.5.3 Reaction pathway

The selective hydrogenation of more unsaturated impurilies in the presence of
axcess amounts of 1-olefin consists of a system of consecutive and parallel
reaclions. Figure 2.6 shows the reaclion pathway for the selective

hydrogenation of a Cy-olefin stream over a palladium metal catalyst.

The impurities consist of both hexynes and hexadienes. The reaction pathway
illusirated in Figure 2.6 considers the non-conjugated 1,5-hexadiene and

terminal alkyne, 1-hexyne as impurities for simplicity.
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Figure 2.6: Reaction Pathways of impurity conversion
fadapted from Stadier ef al., 1984)

The impurily can be converted via several reactions. it can either be partially or
completely hydrogenated to a 1-clefin or paraffin, or it can undergo
isomerisation, forming either its own jsomers or, if simullanecus with partial
hydrogenation, internal glefins. [t has also been shown lhat a route doss exist
for the direct formation of the paraffin from the impurity. The 1-olefin follows a
very similar paltern of reactions — it is either fully hydrogenated 1o a paraffin or

isomerizes to internal olefins.

2.5.4 Simplified pseudo-parallel reaction scheme

Since the isomerisation products {impunty isomers and internal olefins) are of
no value, conversion by isomerisation results in no net removal of the impurities
in the stream. Additionally, the paraffin is of low commercial value. Therefore,
isomerisation and full hydregenation are undesired in this reaction scheme. The
complex reaction scheme may, hence, be simplified into a system of two
lumped pseude-parallel reaclions, which are the key reactions of significance,

as follows:
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»  Removal of impurities and impurity isomers by hydrogenation {(desired).

s |Loss of 1-clefin via hydrogenation or isomerisation {undesired).

This simplified scheme of desired and undesired reactions is shown in Figure
it

Impurity —— Removal
1-Hexene —3&— Loss

Figure 2.7: Simplified pseudn-paraffef reaction scheme

The pseude parallel reactions are assumed to be first order with respect to
hydrocarbon concentration (McPherson, 2003). The ratio of the desired vs.

undesired reactions overall was defined as Specificity (McPherson, 2003).

ximpurit}' + impJnty isomers

Specificity = Sp =
X1 hexene

Since conversion is independent of initial concentration for first order reactions,
the specificity term represents the relative reactivity of each component, that is
that the rate constants of the respective pseudo first order reactions determing

which reaction is favoured.

Specificity may be shown graphically by plotting the conversion of the impurity
{ Kinpity + impurity isamers) ¥S. the loss of 1-olefin (X.q000). Based on the assumption
of a pseudo first order reaction scheme, a set of idealised specificity curves can
be used as a model to demonstrate 3 regions:
s 3, =1 the rate of removal of the impurity is the same as the rate of
removal of the 1-olefin (this is the diagonal in the graph)
e S, > 1: the rate of removal of the impurity is higher than the rate of
removal of the 1-olefin
e 5, = 1: the rate of remaoval of the impurity is lower than the rate of
removal of the 1-olefin
For example, a specificity value of 2 indicates that the rate of impurity removal

is twice the rate of 1-olefin conversion.
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The idraliscd specificity curves are illustrated in Figure 2.8, For a series of
cxporiments al low conversion of impurity (< 25%), the model was shown to

reasonably fit the experimentally obscrved trends (MoPherson, 20035

IV

a0

B -

kimp = |'(1-o|{:ﬁr|

Impurity removal Imaol %]
&

0 10 20 30 44 50 B0 70 il G0 100
1-0lefin loss [mol %)

Figura 2.8: idealised specificity plot
(McPherson, 2003)

It is thus desired to operate under conditions of high specificity. where lhe rate

of impurity removal is much higher than the loss of 1-clefin.

Selectivity was defined as lhe ratio of hydrogenation vs. iscmerisation of the
1-olefin (McPherson, 2003). Selectivity therefore guantifies the extent to which

conversion happens via hydrogenalion.

Xl'l_‘,'l:]ll::_q eration

Selectiviy = 5 =

xh}'drogenation + isomerisdtion
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Conversion by hydrogenation is preferred as the resuiting product is of more
significance than lhe isomearisation product, i.e. itis more desirabie to obtain an
alefin as a product than an isomersed diene isomer, H is desirable to operate
at conditions which favour high selectivity. However, specificity is the more
crucial factor to consider in this reaction scheme as isomerisation activity was
shown to be almosl insignificant over a  litania-supported  bimetallic

palladium-silver catalyst (MoPrierson, 2003).

2.5.5 Rate laws

Kinetic data for selective hydregenalion are generally very scarce in literaturs.
Usually, rate laws which are derived arz applicable to a very narrow rangs of
conditions due to several simultansous reactions occurring on the surface of

the catalyst,
« Stadler, Schneider and Kochleefl (Stadler ef al, 1584)

Experiments were performed using a palladium catalyst, with a support
consisting of a 50 wt% mixture of a titania and y-alumina. The feed consisted of
3-10 maol% of 1.5-hexadiens in 1-hexene and the reaction was carried out in a
flow system in trickle phase, at temperalures in the range of 40 - 75 “C, and at

hydrogen pressures in the range of 5 — 30 bar (Stadler et al., 1984}

Results showed that the reaction is first order with respect to the alkadiens and

zeroth aorder with respect to hydrogen, The rate law would thus be;

JE s k ' (’ crikeacl i {1}

s Sales, Mendes and Bozon-Verduraz (Salfes et al, 2000a)

These experimenls were conducted at a temperature of 40 °C and constant
hydrogen pressure (~1 bar) in a well-stirred slumy reactor in the liguid phase.

The feed consisled of 2wt hexadiens (1,5 or 1,3} in an inert n-heptane
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solvent. Monometallic (Pd/ALO: and bimeatallic (Pd-Ag/AlzO.) catalysts were

used far the reaction (Safes et al, 2000a).

A simple meachanism was proposed, involving the adsorption of the diene on
the catalytic site, the surface reaction, and the desorption of products from the
catalylic site. The authars took the rate-contreling step to be the surface
reaction, with the adsorption and desorption steps in equilibrium. With the
further assumptions that the reversa reaction due to approach to equilibrium
can be negiectaed and that the alkadigne adsorbs much maore strongly than all
the other species, & rate expression resuited which shows a relationship which
is first order with respect to hydrogen and zerg order with respect to hexadiene
concentration, The rate law of the alkadiens hydrogenation reaction is not

conclusive, as literature sources reveal the possihility of 2 different rate laws.

There are saveral pussible reasons which could account for the difference in
rate law. Both experiments involved a palladium-based catalyst. had similar
conditions  of temperature and were carried out in the liquid phase.
Slurry-phase and irickle-phase systems are comparable, as the catalyst is
covered in liguid in both cases, hence the pores are filled and hydrogen is
dissulving in the liguid phase. The only significant difference between these two
axperiments is the hydrogen pressure. The experiments conducted by Sales &f
al. (2600a) are carried out at lower hydrogen pressure (~ 1 bar} and feed
concentration than the experiments conducted by Stadler ef al. (1984). This
could possibly explain why Stadler's rate law s independent of alkadiens

concentration.

The experiments carried out by McPherson (2003) confirmed Sales &t al's
result in terms of the rate law bsing zero order with respact to alkadiene
concentration. The experiments were conducted in the liquid phase at
temperaturaes of 55 — 65°C and a total pressure of 15 bar. The results showed
that an increase in alkadiene feed concanfration had no effect on the catalyst

specificity.
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2.6 Catalysts used for selective hydrogenation

The process of selective hydrogenation of C, — Cs olefinic streams is
succassfully performed in induslry to remove higher unsaturated impurities
rom the siream, with relatively good selectivity. Palladium is recognised by
most authors to have the highest selectivity compared to other catalysis (Cog
af al., 2001).

2.6.1 Principal catalytic metals

Selective olefin hydrogenation catalysts are generally comprised of the Group
Villa metals {Panec and Bond, 1885). Of these metais. palladium and platinum
are more commonly used for the purpose of hydrogenation because they are
active at room temperature and ambient pressure, making their industrial

utilization advantageous.

It was observed that palladium shows the highest catalytic selectivity with
respect to alkadiene hydrogenations {Arofd &t al. 1897). Since platinum is
more active than palladium and this can be a disadvantage in reactions where
the product is liable to further hydrogenation. Therefors, the probability of full
hydrogenation is higher aver platinum catalysts than palladium catalysts (Peiro
et afl., 1874). This was shown In an experimeant invelving the hydrogenation of
1,3-butadiene using supported palladium and  platinum  catalysts, under
comparable conditions. The palladium catalyst resulted in 100% selectivity to
1-hutene, while a more significant fraction of butane resulted with the Pt
catalyst (Webh, 1963). This result was confimed later by other authors
(Massardier ef al, 1988, Pradier et al., 1988, Oudar et al., 1987) and explained
by a difference in the mode of absorption of the semi hydrogenated
intermediate on each catalyst surface. In the case of palladium, it is assumed to
be a =—allyl species. However, the reason for the difference in selectivity over
palladium and platinum-based catalysts is not conclusive, as the conditions of

the experiments are unknown. It would be necessary to compare each catalyst
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under individually optimised conditions to be able to draw the above-mentioned

conclusion.

However, palladium can result in a higher degree of double bond isomerisation
probably due to a difference in the mode of adsorption of the semi
hydrogenated intermediate, It is assumed to be a n-allyl species (Boitiaux et al.,
1387}, This was shown in the hydrogenation of 1 3-butadiene, whare a much
highar rate of double bond isomerisation {i.e. higher yields of 2-butena) was

found when using a Pd catalyst.

2.6.2 Promoter metals

The selectivity to 1-hexene is known 1o be impraved by the addition of a second
metal to palladium (Sales et al, 2000a). Typically, the addition of metals from
the groups IB and iB of the periodic table are considered. Examples of these

metals inciude copper, gold, silver, zinc, mercury or cadmium.

A study conducted by Sales et ol (2000a) showed lhat selectivity of the
calalyst can be enhanced by the addition of a second metal from the groups IB
and |1B of the periodic table. The maore common metals used are silver, tin and
gald. Sales investigated the hydrogenation of 1.3- and 1.5-hexadiene in an inen
salvent heplane over various bimetallic catalysts on alumina supparts. The
experiments werg carried out at atmosphenc pressure and a temperature of
40%C. High conversions of the hexadiene were obtained in these experiments.
However, T1-hexene was not present in large excess, and thus the pseudo

parallel reaction scheme {presented in 2.5.4) is not applicable.

Bimetallic Pd/Ag and Pd/Sn catalysts resulted in an increase in the selectivity 1o
1-hexene but also a loss in catalyst activity. Conversion of up to 90% of
1,5-hexadiene is achieved. Generally, maore isomerisation occurs at higher
conversions than at lower conversions of the diene. At 70 % conversion of
1,5-hexadiene, significant isomerisalion activity (~63% vyield of 2- and

3-hexene} occurs over a monometallic palladium catalyst. A decrease in
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isomerisation (~46% vyield of 2- and 3-hexene) was seen in the experiments
involving the bimetallic Pd-Ag/Al,O3 catalyst under the same conditions and at
the same conversion (Sales et al., 2000a).

The increase in 1-hexene selectivity and decrease in isomerisation activity in the
case of the bimetallic catalyst is explained by a geometric effect of dilution. The
second metal (which dilutes the active metal on the catalyst surface) is thought
to hinder the formation of ensembles of active sites required for the
isomerisation reaction. This principle will be discussed in more detail in section
2.8.

2.6.3 Catalyst support

The most common supports used for hydrogenation catalysts are alumina,
silica and carbon. Alumina is the cheapest and therefore more commonly
applied to both mono and bi-metallic hydrogenation catalysts. Carbon was the
most widely used support for the purpose of hydrogenation in the chemical
industry as well as on a lab-scale (Blaser et al., 2000).

Activated carbon supports were commonly used due to their stability in both
acidic and basic media. Alumina and silica do not have this property, as they
are elther dissolved at high pHs or attacked at low pHs. Another advantage of
carbon supports is the ability to recover and recycle the active precious metal
with ease, as the carbon can be burnt off and the metal recovered (Auer et al.,
1998).

A study conducted by Skotak et al. (2002) investigated the catalytic conversion
of Cs alkenes over two palladium catalysts. It was found that the acidity of the
catalyst support affects the overall activity of the catalyst.

Alumina is a mildly acidic support, which favours double bond isomerisation of
the desired product, and thus decreases the selectivity, whereas titania is not.
This difference in properties of alumina and titania can be explained by the
difference in charge on the aluminium ion in the alumina support and the
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titanium ion in the titania support. In the case of alumina, the aluminium ion has
a charge of 3+, while the titanium atom carries a charge of 4+ in the titania
support. Surface hydroxyl groups are therefore bonded more strongly on the
alumina support than on the titania support and this results in the alumina
support being more acidic than the titania support (E van Steen, 2003).

Double bond isomerisation is known to occur in the presence of acidity. A less
acidic support, such as titania, will not provide the close neighbourhood of
acidic sites, which promotes isomerisation activity.

A comparative study of the liquid-phase hydrogenation of 1,5-hexadiene in
1-hexene over Pd/Al,O3 and Pd/TiO, catalysts revealed a marked decrease in
double-bond isomerisation in the case of the titania support (Stadler et al., 1984)

The addition of silica to the alumina carrier resulted in an increase in
double-bond isomerisation of 1,5-hexadiene at 75°C and hydrogen pressures
varied between 5 — 30 bar (Stadler et al., 1984).

Overall, the selectivity of the Pd/TiO, catalysts to 1-hexene was found to be
much higher than that of the Pd/Al,O; catalysts. Conversions of about 80% of
1,5-hexadiene were achieved, with a marginally small amount isomerised to
1,4- and 2,4-hexadiene. No 1,3-hexadiene was detected (Stadler et al., 1984).

The amount of n-hexane formed was found to increase rapidly after all the
hexadiene had been consumed. A substantial amount of 2- and 3-hexene
resulted, which indicates significant isomerisation activity (Stadler et al., 1964).

Another comparative investigation of alumina and titania supports in the
selective hydrogenation of impurities in a commercial 1-octene feedstock
showed that the alumina-supported catalyst produces significant double-bond
isomerisation (McPherson et al., 2000).

Overall, it has been shown that titania-supported catalysts result in a lower
degree of double-bond isomerisation than alumina-supported catalysts.
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2.6.4 Mass transfer effects in selective hydrogenation

Egg-shell type catalysts are commonly used for liquid-phase selective
hydrogenation reactions, where a very thin layer of the active metal (<100 um
in thickness) is deposited as a thin shell on the exterior surface of the catalyst
particle. As discussed before (section 2.5.1), the adsorption of olefins is
suppressed by the stronger absorption of ethynes and dienes on the catalyst
surface. However, a rapid decrease in concentration of the ethynes and dienes
in the catalyst pore will give the olefins a chance to react. The application of an
egg-shell type catalyst is thought to lessen the effect of these diffusion
limitations in the sense that the thin active layer of metal will limit the reaction to
the hydrogenation of the impurities mainly, and inhibit the hydrogenation of the
mono-olefin (Ardiaca et al., 2001).

Results from a hydrogenation of ethyne over a series of Pd/AlO3 catalysts,
with varying shell thickness, revealed the following relationship between the
selectivity and the metal loaded shell thickness. The feed mixture consisted of
1% ethyne, 1% hydrogen in 98% ethene and the selectivity was measured at
70% conversion for all catalysts. The catalysts all contained identical amounts
of palladium per mass of catalyst, but different solutions were used to
impregnate the support which yielded a range of egg-shell catalysts with
varying shell thicknesses.

Selectivity

Width of Pd shell

Figure 2.9: Effect of Pd-shell thickness on selectivity of ethyne to ethene
conversion [Pd/Al,O3 egg-shell catalyst; 1% ethyne, 1% hydrogen, 98% ethene]
(Gallei et al, 1999)
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Figure 2.9 suggests that in the case of ethyne hydrogenation, a smaller width of
the palladium shell results in higher selectivity to the desired olefinic product.
There is no single interpretation for this result, as it could be explained by
various factors such as diffusion time or relative metal density.

2.6.5 Hydrogen limitation

The results of a study conducted by Ardiaca et al. (2001) revealed that the
more dominant cause of mass transfer effects is the existence of a hydrogen
limitation. It was found that hydrogen in excess of the amount required to
hydrogenate the impurities inside the catalyst, activates the reaction of the
1-olefin.

A comparison of the hydrogenation activity of a given catalyst bed operated in
trickle mode for the selective hydrogenation of 1,5-hexadiene (5%) in 1-hexene
at different space times and various temperatures showed the existence of a
hydrogen mass transfer limitation from gas to liquid phase at temperatures
above 60°C (McPherson, 2003). The rate of hydrogen consumption was seen
to decrease slightly with increasing space-time. The observed hydrogen mass
transfer limitation was considered to result from a decreased gas-liquid
interfacial area due to reduced turbulence in the reactor. This, in turn, limits the
transfer of hydrogen from the gas to the liquid phase and therefore to the
catalyst surface.

It was shown, however, that catalyst specificity i.e. the rate of impurity removal
vs. rate of 1-olefin removal (section 2.5.3), is unaffected by the presence of a
hydrogen mass transfer limitation since the data points obtained from these
experiments were seen to all fall on the same line of specificity (figure 2.10).
This is as expected for a pseudo-parallel first order reaction scheme.
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Figure 2.10: Effect of mass transfer on catalyst specificity
[P = 15 barg, Hyoil = 0.2 (molar), WHSV = 4-12 hr]
(McPherson, 2003)

2.6.6 Catalyst deactivation

Catalyst poisoning and deactivation is undesirable and can be the result of
several factors or conditions. Therefore, knowledge about the reasons for loss

of activity or selectivity of the catalyst is essential for the optimisation of the
process conditions.

An increase in temperature can result in variation in the metal dispersion,
sintering and a loss of active area of catalyst metals. However, it was found

that for the catalysts of interest this effect is enhanced at temperatures around
500°C and above (Albers et al., 2001).

The chemical effects of poisoning on palladium catalysts are known to have an
impact on the catalytic activity. This involves the deposition and accumulation
of coke on the surface of the catalyst. However, sometimes the effect of
selective poisoning is known to modify the adsorption properties and catalytic
surface conditions, and thus affect the selectivity too. This can be a desired
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affect as well and is widely applied in the selective hydrogenation of ethyne to
ethene in the presence of traces of carbon monoxide (Albers et al, 2001;
Nierlich and Obenhaus, 1986). This is discussed in more detail in section 2.9.

2.6.7 The proposed catalyst

For the hydrogenative purification of commercial 1-olefin streams, a catalyst
must be used which will promote the hydrogenation of the impurities, inhibit the
hydrogenation of the 1-alkene to the respective alkane and suppress
isomerisation. With higher olefins i.e. 1-hexene, the proposed catalyst for this
reaction path is a titania-supported palladium catalyst. Palladium is ideal for its
low temperature activity, while the titania support is less acidic and will not

favour isomerisation.

2.7 Previous findings on selective hydrogenation
of C¢ - olefin streams

2.7.1 Relative reactivities of unsaturated C¢-compounds

An investigation into the use of palladium and gold catalysts for the selective
hydrogenation of a model Cg-olefin feedstock provided a basis for the work
which was carried out in this study. Various catalysts were investigated,
including a commercial bimetallic palladium catalyst on a titania support. The
experiments were carried out in a trickle-bed reactor, with an impurity feed
concentration of 5 mol% and Ho/oil ratio of 0.2. The temperature range was
between 50 — 65 °C and a pressure of 15 bar for all experiments over the
Pd/Ag-TiO, catalyst. The experiments were conducted under conditions of
large hydrogen excess with respect to the impurity concentration (McPherson,
2003).
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The simplified pseudo parallel reaction scheme presented in section 2.5.4
assumed the two key reactions to be first order with respect to hydrocarbon
concentration. The resulting specificity parameter (Sp) is used to represent the
relative ‘reactivity’ of various impurities in a bulk 1-hexene stream compared to
1-hexene. This was confirmed by testing the effect of three different
1,5-hexadiene feed impurity concentrations on the specificity of the catalyst,
while keeping all other experimental conditions constant (McPherson, 2003).
The three sets of data were found to lie on the same line of specificity, which
proves that the catalyst specificity is independent of the initial feed ratio and
therefore the assumption of a pseudo parallel scheme of first order reactions
holds.
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Figure 2.11: Relative reactivities of various impurities over a Pd-Ag/TiO, catalyst
[P = 15 barg, Ha/oil = 0.2 (molar), WHSV = 4-12 hr']
(McPherson, 2003)

Various impurities were investigated to determine the relative reactivities of
various dienes, hexynes and methyl cyclopentene. The results are shown in
Figure 2.11.
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It can be seen that in the investigated range of impurity conversions (<25%),
specificity curves derived from the kinetic model (shown in Figure 2.8) fits the
data reasonably with Kimpurty relative {0 ki-nexene being the only parameter fitted.
The x-axis represents the effective loss of feed (1-hexene), which is undesired.
Low initial slopes correspond to less reactive impurities i.e. low specificity
values (S, < 1), whereas high slopes correspond to more reactive impurities.

McPherson (2003) found that the hexynes generally had the highest relative
reactivity, while the cyclic olefin exhibited the lowest reactivity. The cyclic olefin
served as a representative of the group of substituted cyclo-alkenes. The
dienes are slightly less reactive than the hexynes.

Overall, the following order of reactivity for the impurities tested was found by
McPherson:

alkynes > alkadienes > 1-alkene >> cyclics (McPherson, 2003)

Furthermore, it is evident that the conjugated diene (2,4-hexadiene) is less
reactive than the non-conjugated dienes (1,5- and 1,4-hexadiene).

In general, it was found that the internal triple and double bonds are slightly
less reactive than the terminal triple and double bonds respectively. The
tendency of a molecule with an internal unsaturated bond to be less reactive
than those with terminal unsaturated bond is in agreement with literature
(Stadler et al., 1984; Molnér et al., 2001). It is explained by the reduced
accessibility of internal unsaturated bonds to the catalytic site.

The results of McPherson’s (2003) work with specificities (Kinpurity / K1-hexene ) Of
highly unsaturated impurities just somewhat above one, show the need to
improve catalyst specificity to far higher values, which only make a process of
selective hydrogenation industrially viable. At present, the loss of 1-hexene is
too large compared to the amount of impurity which is removed.
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2.8 The effect of dispersion on catalyst specificity

The theory of ensembles describes a common geometric effect in the area of
catalysis, and is sometimes used to explain the changes in catalytic activity and
selectivity of the selective hydrogenation of alkynes and dienes (Molnér et al.,
2001). 1t is well known that certain catalytic reactions require an ‘ensemble’ of
adjacent sites, such as the hydrogenation of alkynes and dienes. Therefore, the
regular or random replacement or coverage of a certain percentage of active
catalyst surface sites hinders the formation of ensembles and thus has an
influence on selectivity. There are several ways of achieving this “site dilution”
on the catalyst surface, two of which will be discussed in this chapter. The first
method is the application of a bimetallic catalyst. A second metal is added,
which is thought to ‘dilute’ the pure active metal surface, and thus suppress the
reactions which require ensembles of adjacent sites (Sales et al., 2000b). The
second method requires the introduction of an inert co-adsorbate, which has
the ability to temporarily block some of the active surface sites on the catalyst,
and thus also suppress the formation of ensembles (Guczi et al., 1984).

2.8.1 Bimetallic catalysts

Use of bimetallic palladium catalysts has been proven by many authors to
result in an increase in the selectivity to the 1-olefin in the process of selective
hydrogenation of highly unsaturated impurities (Sales et al., 2000a; Furlong et
al., 1994; Ponec and Bond, 1995). The effect was generally explained by a
geometric phenomenon.

it was shown that the addition of silver to palladium catalysts resulted in an
increase in the chemisorbed CO, and thus postpones the reduction of
palladium. Selectivity and activity of the catalyst is a result of the nature of the
metallic phases i.e. the presence of a silver-enriched surface suppresses the
formation of the B-Pd hydride phase and results in an increase in selectivity
(Sales et al., 2000b). The catalysts were used for the hydrogenation of
hexadienes, and were also found to suppress isomerisation activity.
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The type of surface bonding is influenced by the nature of the surface and the
number of active sites available. The adsorption of multi-bonded compounds
such as dienes (with 2 unsaturated bonds) is therefore affected. For example, if
the diene normally binds onto the surface in a region where the distance
between two palladium atoms is optimal for the adsorption of both the double
bonds, total hydrogenation and double bond shift is possible. Dilution of the
surface with atoms of a second metal will decrease this bonding probability and
leave the diene bond with only one of the two double bonds, that way inhibiting
immediate total saturation and double bond shift and achieving better selectivity
to 1-hexene (Ponec and Bond, 1995). It is expected then that bimetallic
catalysts will result in an increase in catalyst specificity (Kimpurity / K1-nexene )-

This effect was further investigated by Sales et al. (2000a), where the
palladium to silver ratio was varied to determine the effect on selectivity to
1-hexene. When the Pd/Ag mass ratio was unity, the 1-hexene selectivity was
improved but a decrease in catalytic activity was noted. When the ratio was
increased to 4, the result was an increase in selectivity, with no change in
catalytic activity. An increase in selectivity to 1-butene was also noted in a
study conducted by Furlong et al. (1994) which investigated the addition of
copper as a second metal to a Pd/Al,O; catalyst. The feed mixture consisted of
1,3-butadiene in the presence of excess 1-butene and the experiment was
carried out in a plug-flow reactor at temperatures ranging between 15 — 40°C
(Furlong et al., 1994).

2.8.1.1 The p-Palladium hydride phase

Hydride phases are formed by the interaction of palladium with hydrogen
(Molnar et al., 2001). The existence of these phases has been shown by
various analytical techniques. Two surface hydride phases were identified

under ambient conditions, a- and p-PdH.

Several studies, as reviewed by Molinér et al. (2001), have shown the p-PdH
phase to be related to the selectivity of ethene in the selective hydrogenation of
ethyne in the presence of excess ethene. It was found that the presence of the
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B-PdH phase increased the rate of hydrogenation of ethyne directly to ethane
and decreased the selectivity to ethene. Consequently, a suppression of the
p—PdH phase resulted in a significant increase in selectivity to ethene. A similar
result was reported for the selective hydrogenation of 1,3-butadiene in the
presence of excess 1-butene over a bimetallic Pd-Cu catalyst (Coq et al., 20017).

The probability of formation of the B-PdH phase is known to decrease with
increasing dispersion of the metal (Coq et al., 200; Sales et al., 2000b). There
are two ways of achieving high dispersion - either by the use of a bimetallic
catalyst which incorporates a second metal, or the use of smaller palladium
crystallites. Both methods alter the electronic properties of the metal particle
surface and therefore affect the relative adsorption strength of all reactants,
intermediates and hydrogen (Boudart, 1984). This would mean that the p-PdH
phase can be avoided by either decreasing the size of palladium crystallites, or
incorporating a second metal into a bulk palladium catalyst (Coq et al., 2001).

The increase in selectivity to 1-hexene as a resuit of the addition of a second
metal (such as Ag or Sn) to palladium was shown by Sales et al. (2000b) in a
series of experiments involving the selective hydrogenation of 1,3- and
1,5-hexadiene (2 wt%) in the presence of the paraffinic solvent n-heptane.
Temperature programmed reduction (TPR) confirmed the absence of the
p-PdH phase in the bimetallic catalyst. The overall activity of the catalyst
decreased, but this was counteracted by the significant increase in selectivity to
1-hexene.

It has also been speculated that the formation of the B-PdH phase is also
related to the amount of hydrogen dissociating on the surface of the catalyst
(Molnér et al., 2001). However, high alkene selectivity was noted in the
presence of the B-hydride phase. In a recent study, ethene selectivity was low
both in the presence and absence of the B-PdH phase (Pradier et al., 1994).
The above is mainly based on a recent review by Molnér et al. (2001) with 325
references in total. However, no conclusive relationship between the extent of a

B-PdH phase and the variation of conditions was apparent.
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2.8.2 Co-adsorbates

Several literature sources suggest the introduction of trace amounts of a
co-adsorbate to the reaction to improve the specificity and selectivity of the
catalyst (Molnér et al., 2001; Amold at el., 1997; Guczi et al., 1984). A typical
co-adsorbate is carbon monoxide (CO), which is successfully applied in the
selective hydrogenation of C2- and Cy-olefinic streams to improve the selectivity
to the 1-olefin (Al-Ammar and Webb, 1977; Guczi et al., 1984; Nierlich and
Obenhaus, 1986). This is explained by a temporary catalytic site-blocking
effect. CO is known to behave as a reversible poison, as shown in Figure 2.12.
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(‘.) conversion, (&) ethene selectivity, (llf) ethane selectivity, (x) C4+ selectivity.
Figure 2.12: Reversible effect of CO concentration on ethyne conversion and
selectivities (in presence of excess ethene) over a 0.04 wi% Pd-on-Y-Al,O; catalyst
(Guczi et al., 1984)

28.2.1 The effect of CO on the selective hydrogenation of ethyne

The selective hydrogenation of ethyne in the presence of excess quantities of
ethene is commercially carried out in the gas phase over an alumina-supported
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palladium catalyst (Marcilly, 2002). In the case of the C,-cut, ethyne is reduced
to concentrations of < 10 ppm (Guczi et al., 1984) in the presence of CO and
excess ethene. Certain operating conditions even yield a gain in ethene when
ethyne is removed from ethene streams by selective hydrogenation (Godinez et
al., 1995).

A study which investigated the effect of introducing a selective adsorbate to
enhance the selectivity of ethyne hydrogenation to ethene showed that very low
concentrations of CO strongly reduced the further hydrogenation of the product
ethene to ethane (Guczi et al., 1984). The concentrations of CO investigated
ranged from 50 — 10 000 ppm (volume). The lowest concentration of CO
applied (50 ppm) resulted in only a very slight decrease in ethyne conversion
(72.3 to 69.5%), but had a large effect already on the selectivities to ethene and
ethane. The results of this study are summarised in Table 2.3.

Table 2.3: Effect of CO on ethyne reaction rate and product selectivities
[0.27 — 0.34% ethyne in ethene, 0.04wt% Pd/Al,O3, 80°C, atmospheric
pressure]

(Guczi et al., 1984)

COinfeed Tethyne Xethyne Sethene Sethane

(%) (mol/gcats) (%) (%) (%)

0 3.30E-08 72.3 4.2 76.6

0.0058 3.18E-08 69.5 38.7 27.8

0.0224 2.98E-08 65.2 52.0 15.9
0.0843 2.38E-08 52.0 65.5 53
0.324 1.50E-08 32.8 70.0 1.3
1.250 9.82E-08 21.5 75.2 0.5

The improvement in ethene selectivity by the addition of trace amounts of CO
has two explanations. It is thought to either be a competition between the CO
and ethene for active sites (McGown et al., 1978), or CO blocking the sites for
hydrogen adsorption and dissociation (Al-Ammar and Webb, 1977).

McGown et al. (1978) explain the competition as a result of the differences in
adsorption strengths. CO molecules have an adsorption strength which lies
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between that of ethyne and ethene; therefore, the CO adsorbs onto the surface
after all of the ethyne has reacted and blocks the sites, inhibiting the
readsorption and hydrogenation of ethene to ethane.

Al Ammar and Webb (1978) explained the CO effect as a result of CO blocking
hydrogen adsorption sites i.e. CO competes with hydrogen for catalytic sites on
the palladium catalyst. It was shown that the presence of CO had no effect on
adsorbed ethyne or ethene by comparing the adsorption of CO relative to each
species on both freshly reduced catalyst surfaces and steady state catalysts.
The adsorption was identical on each of the catalyst surfaces. Therefore, the
partial poisoning of palladium catalysts was explained as a competition
between CO and hydrogen for the available surface metal sites.

Guczi et al. (1984) supports the explanation by Al Ammar et al. (1978), in that
the selectivity enhancement effect is due to competitive adsorption between
CO and hydrogen at the catalytic sites, thus lowering the concentration of
hydrogen at the surface and inhibiting the readsorption and hydrogenation of
ethene.

In both cases the CO is thought to partially cover some of the active sites,
thereby being a dispersion effect. Both authors offer evidence for their
explanations. Al-Ammar and Webb (1978) used "C tracer studies to prove that
improvement in ethene selectivity is not due to a hydrocarbon site-blocking
effect, but rather due to a competition between the hydrogen and CO for the
active palladium sites. It was further found that the amounts of ethane
produced from the hydrogenation of ethene were very small compared to the
total yield of ethane. This suggests another route to the formation of ethane,
possibly the direct conversion of ethyne to ethane via a series of ethylidyne
intermediates. It was speculated that three types of hydrogenation sites exist:

TYPE | - Csz — CzH4
TYPE I - CoHp >  CoHg

TYPE - GCHy =—/—= CyHs
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The nature of the three different sites was not discussed. It is speculated that
the enhancement in specificity of selective hydrogenation caused by the use of
CO occurs by the blocking of the Type Il sites.

2822 The effect of CO on selective hydrogenation of a C4-olefin

stream

A study conducted by Nierlich and Obenhaus (7986) investigated the selective
hydrogenation of a C4-olefin cut over a Pd/Al,O; catalyst. Alkynes and dienes
were present as impurities in the stream (ca. 50 and 500 ppm respectively) and
experiments were conducted at a temperature of 21°C and pressure of 13 bar.
This investigation also explored the issue of gas-phase hydrogen in the system
(see section 2.10).

The results of the introduction of a co-adsorbate (CO) to the process of
selective hydrogenation of C4 impurities are shown in Table 2.4.

Table 2.4: Feed and product composition (Nierlich and Obenhaus, 1986)
[Pd/AI,O5, T = 21°C, P = 13 bar, LHSV = 35l/]]

Feed Product
{with saturator)
no CO 0.6 ppm CO
1-Butene (mol %) 482 47.1 484
n-Butane (mol %) 216 21.7 2186
Butadienes (ppm) 5140 650 <4
Butynes (ppm) 56 6 <1

Firstly, the elimination of gas phase hydrogen to the reaction phase by the
introduction of a saturator, results in a substantial conversion of the impurities
(butynes and butadienes). This will be addressed in section 2.10. Furthermore,
the addition of trace amounts of carbon monoxide improves the selectivity more
in that the impurity concentrations are decreased to < 1ppm and a gain in
1-butene is obtained.
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2.8.2.3 Other co-adsorbates

in very early experimental work, it was found that organic bases such as
quinoline and ammonia increased the alkene selectivity in selective
hydrogenation reactions over a Lindlar catalyst (Molnér, 2001). This was
explained by the ability of nucleophilic compounds to increase the electron
density of palladium through donation of electrons, and therefore decrease the
strength of interaction with electron-rich compounds such as alkynes or dienes.
The mechanism of nitrogen and sulphur-based additives is apparently very
complex and cannot be explained by competitive adsorption or site poisoning.
The disadvantage of nitrogen-based additives is that they are often quite
difficult to remove from the product stream, and therefore very costly.

It is well known that industrial product streams sometimes contain a host of
ketones, aldehydes, alcohols and carboxylic acids in varying concentrations.
The influence of these compounds on the hydrogenation of highly unsaturated
impurities in an a-olefin stream is not known. However, it may be expected that
small quantities of alcohols such as methanol and ethanol will have an
influence on the selectivity of the reaction, which can be explained by the same
mechanism as CO addition.

2.9 Elimination of gas phase hydrogen

The study conducted by Nierlich and Obenhaus (1986) into the selective
hydrogenation of C4-olefin impurities (butadiene and butyne) in the presence of
excess 1-butene also investigated the absence of gas phase hydrogen to
improve the selectivity of the reaction. This was achieved by the introduction of
a saturator.

A saturator was added to the experimental setup, which was operated at the
same conditions as the reactor, to enable the gaseous hydrogen to dissolve in
the liquid hydrocarbon feed prior to reaction. A simplified diagram of the
saturator and reactor is shown in figure 2.13.
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Figure 2.13. Simplified experimental setup for the efimination of gas phase
hdrcgen
{(Mierdich and Ohenhaus, 1986)

The results of the introduction of a saturator ic achieve dissolved hydrogen in
the liguid phasc are shown in table 2.5, Trace amounts of CO were also
intreduced to the reaction to investigate the eflect of a co-adsorbate, as
discussed in section 2.9 2. The resulls of 2 experiments, one of which includes

the presence of CO, are compared in table 2.4,

Tabte 2.5: Feed and product composition (Niedich and Obenhaus, 1586)
{PdiAl-0s T=21°C, P = 13 bar, LHSV = 3504

Feed Product
Saturator MNo saturator
0.6 ppm GO 0.6 ppmCO
1-Butene fmol %) 45.2 48.4 355
n-Butane {mol %) 21.6 216 218
Butadienes {ppm) 5140 <1 2170
Butynes (ppm) 56 < 27

The elimination of gas phasc hydrogen by the introductlion of a saturator results
in significant removat of impurities. The diencs and butyne arc removed from
the foed almest completely, while even a slight gain in 1-bulene resulted. This
eflect is not explained by the authars. U is thought that the presence of
hydrogen in the liquid phase avoids any mass transfer limitation of hydrogen 1o

the liquid phase, resulting in improved conversion of impurities.
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2.9.1 The solubility of hydrogen in a Cs-hydrocarbon stream

The solubility of hydrogen in a Cg-olefin stream was calculated using Hysis, a
chemical engineering simulation program {Appendix A). Calculations were
baszed on the assumption of a feed consisting of pure 1-hexene since the feed
concentration of 1-hexene was always > 95 mal % in all experiments and the

impurities were olefinic as well. The solubility plot is shown in figure 2.14.
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Figure 2.14: The solubifity of hydrogen in T-hexene

The plot shows the mole fraction of hydrogen which dissolves in 1-hexene as a
function of temperature, at three different pressures. It can be seen that the
salubility of hydrogen at atmospheric pressure is insignificant. The hydrogen
solubility only starts becoming noteworthy at pressures above 10 bar. For

example, at 60°C and 15 bar. the amount af hydrogen which will dissolve in the
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liguid hydrocarbon feed is approximately 1 mol9%. Increasing the termperature
and pressure results in higher hydrogen soiubility until the system becomes

gasenus (temperatures > 140 °C).

In case the amount of hydrogen required for the total removal of highly
unsaturated impurities must be provided in dissolved form, elevated pressure is

required for the reaction {Nietich and Obenhaus, 1986).



3 OBJECTIVES OF THIS STUDY

It was shown in literature that bimetallic paliadium catalysts result in improved
selectivity to the 1-oiefin in the process of catalytic selective hydrogenation.
Also a non-acidic support, such as titania, was found to be more suitable

since it limits double-bond iscmaorisation.

The overail ebjcctive of this work is to selectively hydrogenate the highly
unsaturated  impuritics in a2 model  1-hexens  feedstock, but  avoid
hydrogenation of the 1-hoxene to n-hexane and isomerisation to internal

oletins.

Sevoral methods have been proposed to enhance the spocticity of the
catalyst that is increasing the removal of tha impuritics while reducing the ioss

of 1-hexens.

This study seeks to enhance the specificity of the catalyst to a commercially

acceplable level by

« FReducing the Hafell ratic to approximately sloichiometric and
sub-stoichiometric level compared to preliminary studics.

« Eliminating gas-phase hydregen in the reactor at these low Ho/oil ratios
by introducing a pre-saturation stage, whore tho gas is allowed to
dissclve in the liquid hydrocarbon phase prior to the catalytic reaction.

+ Introducing co-adsorbents {carbon oxide and ethanol) te the system to
cause a site 'diluting’ effect, which may hinder the formation of

ensombles of sites on the catalyst surface, which affect specificity.



4 EXPERIMENTAL PROCEDURE

An industrial bimetallic palladium catalyst, Pd-Ag/TiO,, was employed in this
study. It musl be noled that this catalyst is nol designed, optimized or supplied
specifically for the lask of Ce purification via selective hydrogenation. 1t was
sefected, based on the results of previcus studies (McPherson, 2003), for its

metal combination and the need for a non-acidic support.

Literature (see chapfer 2) showed that a bimetallic palladium catalyst on a
non-acidic suppert such as titania 1s the most suited catalyst for the task at

hand i.e. selective hydrogenation.

4.1 Catalyst

& commercial, bimetallic palladium-silver catalyst, supported on titania was
chosen for the experiments conducted in this study. It is an eggsheli type
catalyst in the form of tablets, in that the metals are deposited onto the
geometric surface of the catalyst tablets, The specifications of the catalyst, as
provided by the supplier. are listed in Table 4.1. Note that this catalyst is not

designed or cptimized for the task of selective hydrogenation.

Table 4.1: Composition of the catalyst employed in this study

Mezignation: T429%
Bource: Sid-Chemie
Suppart: Tio. "
Basze matal: 0.8 wi'ih Pd
Promotor rmatal: 013wt Ag
Catalyst oaricles: Diameter: 4.3 mm % 4.5 mm
Shanc: cylindrical teblets
Metal nrystallite siza: A onm
Motal dispersian 41 %
Surtace Araa: aTm'i 0




Chapter £ Experimental procedure 45

Motas: {1} The ltania support of this catalyst consists of Degussa P41
which comprises of 10 nm primary particles which are
agagregaled inlo 100 nm clusters and, finally, 10 um
agglomerates,

(2) Transmissicn  Electren  Micrescopy  (TEMY  and  CO
chemisorption analyscs were conducted in a previous study
(McPherson, 2003) and indicated that 142598 has a metal

particle size of between 2 — 3 nm.

4.2 Feedstocks

Sasol supplied 1-hexenc of = 99.99% purity, and this was used as the bulk
malerial for most feedstocks. n-Hexane was used as the bulk material in
specific studies. Various other Cy-hydrocarbons were used 1o “spike” the bulk
feed 1o represent the “impurities” likely lo be present in the existing industrial
streams. Compounds are listed in Table 4.2, For the most, the concentralion
of the impurity was maintained al 1 mol% in 1-hexcne but initial experiments
included impurity concentrations of 5 mol%. All experimental [zeds were
produced by weighing in a certain quantity ol impurity, then adding the
corresponding amount of bulk compound. Feed mixlures were slored in a

refrigerator to prevent evaporalion and stripping of the mere volatile

componenls.
Table 4.2: [reedslock conslituents used
Compound Suppliar Purity
1-Hewe eares ’ Sasok = 00999 Y%,
i

1 5-Mexadiene . Sigma Aldich T
1-Hewyme sigma Alddich 7%
n-Hexane Biimix S
Ethanuol Merck 09 7a%%
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The gaseous feedstocks, hydregen and nitrogen, were supplied by Messer
Fedgas. Purities were 88.999% (< 2 ppm H:O and < 3 ppm Oy} and 99.995%
respectively. Several dilute mixiures of carbon monowde (n hydrogen were
needed. These were either obtained from Air Liguide or made up in house

from pure gases.

4.3 Catalyst performance test apparatus

The experimental apparatus consists of a2 3-phase down-flow trickle bed
reacior mounted in an oil bath, stirred with a magnetic stirrer, for isothermal
operation. The flow sheet of the apparatus is shown in figure 4.1, Liquid feed
is supplied via a melering pump and gaseous feed via thermal mass flow
controllers. The reactor effluent proceeds wia a sampling locp to a liqud
knock-out vessel with gaseous effluent venting lo atmosphere via a throltle
valve. Pressure control is achieved by the intreduction of a high pressure gas
downstream between the knock-out vessel and the throttle. A detailed

description of the major compenents of the experimental apparatus follows.

4.3.1 Feed system

Gaseous Teed components (hydrogen, nitregen and carbon rmonoxide or
carbon monoxidefhydrogen mixtures) are supplied from cylinders, via a set of
mass flow controllers. The guard caleh pot located downstream the mass flow
controllers are designated to provide protection against backflow of the liquid

feed in case of accidental ling or reactor blockage.

An HPLC metering pump {(HP1100; 0.01 to 5 mifmin) supplies liquid feed 1o

the reactor.

4.3.2 Reactor

A section drawing of the reactor is provided in figure 4.2. The reactor body

consists of an 11 om long stainless steel tube with an internal diameter of 1.6
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cm. At its base, where it connects to the effluent line, the reactor is internally
tapered to minimize dead volume and backmixing. Four fins, protruding 1 em
radially from the reactor body, over the full length, serve to break up the vortex

formation in lhe oil Lath and to promote heat transfer.

The top of the reactor comprises a stainless steel gasketed VR fitting which
serves to connect the reactor body to the feed line and provides access for
recharging the catalyst. The top section includes an entrance point for the
feed and a 1/8" axial thermowell extending the full length of the reactor. The
reactor has a bed volume of approximately 14 ml and provides an eftective

bed volume of 1 88 ml per em of bed depth {considering the thermowell).

4.3.3 Saturator

For some experiments a saturator is introduced upstream the reactor. The
purpose of the saturator in combination with low Hz/oll ratios is to avoid the
prasence of gaseous feed components to the reactor. The saturator is
designed to achieve complete dissolution of the gaseous components in the

liquid feed prior to entering the reactor.

The body of the saturator is identical to the body of the reactor, with the
exception of the fins and gasketed VCR fitting. The top of the saturator
includes an entrance point for the gaseous and liquid feeds: the bottorn
connects to the adjacent reactor. The entire volume of Llhe saturator is packed
wilh inert silicon carbide particles (900pm) and maintained at the same

conditions as the reactor.

4.3.4 Sampling ling

A sampling hine is provided downstream of the reactor 50 as to permit the
recovery of an inslanlanecus liquid sample without depressurisation of lhe
reactor and the consequent flow disturbance. It comprises of a ca. 2.5 m 1/§"
stainless steel cooling coil {air-cooled) connected in parallel to the reactor

effluent line via two 3-way valves, In combination with an additional valve in
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the reactor effluent ling, flow may te directed to either pass through or bypass
the sample line. It is attached to the pressure regulating gas supply to allow
for loop repressurisation independently from the rest of the system, lherghy
preventing pressure drops in the system after sample collechion. (See section

4.5 4 3 for the samphng procedurs)

4.3.5 Pressure control

Pressure control 1s achieved by the introaduction of a back pressure regulating
gas (nitrogen) into the effluent gas stream downstream of the liquid knockout
vessal, A regulating valve is employed to throttle this combined gas stream
before venting, such that the pressure in the reactor is maintained by the

delivery pressure of the pressure regulating gas.
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4.4 Experimental operating procedures

4.4.1 Catalyst loading

A thin plug of silane lrealed glass wool Is postioned at the bottom of the
reaclor to cover the reactor exit and prevent any loss of calalyst and inert
diluent from the bed. The thermowell is positioned axially in the reactor and

leeit to rest just above the glass wool,

The reactor packing compriscs of 3 7zoncs as shown in figure 4.3 (see afso
section drawing, figure 4.2), Inent silicon carbide {(SiC) granulate (900 um)
packed above and below lhe catalyst bed serves as preheat and flow

distributor, and bed support, respectively.

Thermowell, 1/8° O D

silane treated glass waol

56 cm’ inert healing zohe

== g4 cm” diluted catalyst bod

h 5.6 cm” inert support and healing Zone
* ' silanc treaicd aglass woal

|G S -
Figure 4.3: Reactor packing

The central 5 om of the reactor length comprises a diluled calalyst bed,
typically 1 gram of catalyst diluted with incrt SIC granulate to a total volume of
approximatcly 9.8 cm® The packing is covered with another plug of silane

treated glass wool. Aflter closing the reactor, the thermowsll, which protrudes
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from the top section. is sealed in-place using a graphite ferrule and standard
1/8 inch tube fitling.

4.4.2 Reactor leak test

The frashly packed reactor Is leak tested by nitrogen pressurization at 25 bar.
The reactor is judged leak tight when no bubbles are seen and when no

pressure drop ocours.

Then the experimental apparatus is flushed with nitrogen and pressurized to
15 or 30 har. The entire rig is judged leak tight when no pressure drop occurs.
Finally the system is returnaed to atmospheric pressure for the aclivation /

reduction procedure,

4.4.3 Catalyst activation { reduction

The in-situ reduction follows a procedure recommeanded by S0d-Chemie AG,

the manufaciurer of the catalysts.

A dilule reduction mixture {5 vol % H. in N} is set to flow over the catalyst at
almospheric prassure and at the highesl flowrate {124 scem) achievable with
the installed eguipment. The reactor lemperature is ramped at 1°C/min from
ambient to 100°C. it is then maintained at 100°C for 2 hours, followed by a

further hour at this lemperature under pure hydrogen flow at 124 scom.

4.4.4 Reactor operation

4.4.4.1 Start-up procedure

»  After completion of the aclivalion [ reduclion procedure (section 4.4.3),
standard reaction temperature and pressure are set (see Table 4.3).
s Pressurisalion proceeds by closing the system throttle valve and adjusting

the feed gas (H.) delivery pressure under static conditions. Upon reaching
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the standard pressure {16 bar) the pressure regulating gas (16 bar) 1s
introduced and the throttle valve adiusted to maintain stable flow and
system pressura,

= (nce reaction temperature and pressure have stabilized, the feed pump is
purged with pure 1-hexene via ils own purge valve lo ansure removal of
air-bubbles trapped in the line or pump head.

» The apparatus is then primed with 1-hexene at a flowrate of 5 em*/min
until liquid can be drawn at the sample valve. Thereafter the standard
liquid and gas flows [Table 4.3} are set and the system is allowed to reach

steady-state (lypically 48 hours).
4.44.2 Cn-line procedure

Upon the alteration of experimental conditions, a period of at least one and a
half residence times (usually corresponding 1o about 1.5 hours at the standard
conditions) is allowed to elapse before sampling is intiated. Onfy upon
obtaining 3 sequential identical samples, is the system considercd to have
reached steady-state operation. Standard conditions are re-set after each
scries of experiments. Catalyst performance was consistently monitored by
running a standard condition after each secrics of condition settings. In the
case of no change of catalyst performance, experiments were continued. In
the case of a change to catalyst performance, the catalyst was recharged and

the last condition setting was repeated.

if catalyst performance is not monitored tor extensive perinds {e.q. over
weeckends), the hydrocarbon feed is switched to pure 1-hexenc under

standard conditions so as to conserve expensive feedstock mixiures.
4.4.4.3 Sampling

« Under normal operation, reactor effluent flows via the sample line o the
knockoul vessel (fhree-way valves in positions 4 and C respectively, see

fitire 4.1).
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« Samples are taken by opening the sample line bypass valve and isolating
the sample line switching 3-way valves to positions B and D. The sample
valve is then slightly opened and the sample is ejected from the sample
iine under the inflluence of the system pressure controlling gas. The lirst
ca. T ml drained is discarded. Thereforeg, the sample 1s collected ina 2 mil
glass vial which is immediately sealed with an airtight cap.

« [hereafter the 3-way valves are switched back and the sample line
bypass valve and sampiing valve are closed. Since the sample line is
pressurized to system pressure via the pressure control gas neither an
empty volume nor a pressure pulse is introduced and, no flow disturbance
OCCUTls.

+ All liguid samples are analysed by gas chromatography immediately after
collection and then are stored in 3 refrigerator to prevent volatile

components from evaporating,

4.44.4 Altering reaction variables

Procedures with respect to the alteration of specific reaction variables are as

follows:

Pressure

The system pressure Is increased by closing the throtfle valve and the
incoming feed is used to pressurize the system. Once the desired pressure s
reached, the pressure control gas regulator is st to the desired value and the

throtile valve is apensd slightly again to re-establish flow,

To decrease the system pressure, the delivery pressure of the pressure
control gas is lowered to the desired value and as a result, the system slowly

depressurizes across the throtlle.

Space velocity

Increasing and decreasing space velocity involves simultanecusly adjusting

MFC and pump setpoints to maintain constant Ha/oil ratios.
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H: / oil ratio

A change in the Hx/oil ratio is achieved by changing only the hydrogen flow at
a set liguid space velocity. The linear gas velocity through the reactor is
therefore depondent on the Hafoil ratio while the hydrogen partial pressure

remains constant.

Feed

Changing hydrocarbon feed type for testing a different impunity  or
concentration of impurity involves exchanging a freshly propared foed bottlo
with that already attached to the pump. This is undertaken with the pump
switched off but the gas feed maintained. A bricl pump-priming step 15
amployed to remaove air bubbles which may have been introduced into the
liquid feed lines during the changeover of feed. However, a typical feed
exchange procodure lakes less than 3 minutes and was found to have no

effect on catalyst performance (McPherson, 2003).

4.4.4.5 Shut-down procedure

v In order to recharge, the feed pump is switched off, and the gas feed is
changeod to nitrogen at the maximum possibte flowrate of 124 scom while
maintaining the ftemperature constant in order to strip  residual
hydrocarbons from tho system.

s After approximately 3 hours, heating is terminated, pressure regulating
gas is turned off and the system is allowed to depressurisa.

s Finally, all gas flow is turned off and the oil bath and the reactor are left to

coal. Then tho reactor is removed from the oil bath and opened.
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4.5 Operating conditions

4.5.1 Standard conditions

Preliminary experiments indicated a slight increase in catalyst activity prior to
the attainment of a steady-state conversion, after which time negligibie activity
loss is observed with increasing time-on-stream. As a result, pricr 1o the
commencement of all catalyst performance tests, the fresh catlalyst is allowed
to stabilize under “standard™ condilions, as provided in Table 4.3, Slandard
conditicns are routinely reset te ascertain whether catalyst deactivation occurs

during an experiment jsee section 4.4.4.2).

Tahle 4.3 Standard conditicns and applied range of operating conditions

. Condition Standard value"_ Range Units
Pressure 16 16 - 31 bar {absolute}
Molar Hutail ratio .2 01 - 02 M4 M0 hy drezaors

I'.lrl'.'I HE;"'«"I ? 9 ?5 = 1 6 QU“ .II '|_.‘_|',;_;_.| -h'

The molar Hx/cil ratio of 0.2 is in large excess of what was stoichiometrically

required to hydrogenate the impurities (1 — 5 mof%, see Table 5.1).

4.5.2 Reaction conditions for performance evaluation

For the purpose of evaluating the influence of operating variables on the
catalyst performance, pressure, space velocity (WHSY) and hydrogen/oil ratio
were varied within the ranges presented in Table 4 3. Initial experimants weare
conducted under conditions of large hydrogen excess (with respect to
impurity) to aveid the reaction being hydrogen limited. However, later runs
weare carried cut at conditions of stochiometric hydrogen supply with respect

to Imipurity.
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4.6 Feed and product analyses

4.61 Gas chromatography

Liquid samples were analysed by gas chromatography with manual sample

injection, Chromatographic conditions are given in Table 4.4,

Table 4 4: Gas chromatographic conditions

Gas chromatograph YWarian model 3700

Detactor F.ame ionisation detector (F 10}
Cramier s Halim

Make-up pas Mitrogen

Column head pressuene 47.2 =2

Camier gas lirear welocily 223 nnds

Sglit ratin 401

Liguid samgle wiume BB

Colurmr ternperature Ronm temperature

Cetector temperature 260 °C

Imjestar remperature 200 °C

Mzrfaciurer Tracer

column by pe Wall coatad fueen silica column
Shationary phase Dirnethylpalysiloxans (502 [H PONA)
Colurmn lengn S0m

Column intemal diameter 02 mim

Filmi thinkness 0.5

1he peaks observed in the chremategram were identified by making use of all

of:

» Pure model components
= Literature

« In-house data from Fischer-Tropsch product identification
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Typical chromatograms are presented in figures 4.4 and 4.5, indicating each
identified compound's dentity, retention time and basis of identification.
Although not all of the compounds are identified, the unidentified compounds
are considered to be irrelevant since they are marginal, or, when feed
constituents, were found to remain unchanged or change only marginaily

upon reaction over the catalyst.
Peaks in the region expected for cracked or hydrogenolysis products (= Cg)
were not observed. Also. dimers (in the Ci. range) were found o be

ngignificant, contributing < 0.01 % Lo the total chromatographic response.

4.6.2 Data work-up

FID response factors for all components are considered to be unity, This is
justified on the basis of the signal of the hydrocarbons in the flame ionization
detector being proportional to the amount of carbon and on the basis of there
being no evidence for relevant gquantities of cracked or polymeric products
{not obtained or < (.01 %, respectively}, so that the total number of moles and
the number of carbon atoms per molecule is unchanged. Additionally, a
carbon mass balance of 100 % is assumed as the basis for all caleutations so
that eventually the entire chromatogram could be evalualed simply on a peak

area percent basis with mole fraction being preportional to peak area parcent,

4621 Analytical error and scatter

Reproducibility of the gas chromatographic results was proved through

successive analyses of a single sample.



Chapter 4: Experimental provedurs ; Bl

Feed: Product:

| | ! | b
: | : 0
| | 5
& ! Pl JI'%, it bl
I-rll 3 r i i
TRRIEE ST i
|

] i
sl i F g e )
vy b ||| LR Bl

Peak number  Time {minutes) Compound

1 1015 1.5-hexadiene

2 10.59 3-methyl-pentane

%) 11.31 1-hexens

4 12.00 n-hexans

o 1212 3-hexens {trans and cis)
5 12.28 {trans) 2-hexene

7 12.47 2-methyl-2-pentene

B 12.82 Unknown

q 13.02 {cis}) 2-hexene

Figure 4.4: A sample chromatogram and analyses for 1,5-hexadiene as a
feed impurity
{1 mol% 1.5-hexadiene in 1-hexene, T = 80°C, P = 15 bar, molar Hxoil = 0.2,
WHSVY=87—152hr]

{Tahle 5.1 experiment 3a)
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7 12,47 2-methyl-2-pentene
g 12.82 LInknown
10 1377 1-hexyne

Figure 4.5: A sample chromatogram and analyses for 1-hexyne as a feed

impurity
[1 mot% 1-hexyne in 1-hexene; P = 15 bar, T=60°C: WHSV =7.5—- 158 hr'}
(fable 5.1 experiment §)
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it was found that results for species present in very low cancentrations (< 1
moi %} are prone to greater scatter. Overall, the scatier is low {< 0.5 %) since

the key compounds are generally present in amounts greater than 1 mol %.

4622 Conversion

The conversion of two Cs species, namely the impurity and 1-hexene, is of

interest.

Conversion of impurity

in calculating the conversion of the impurity, only impurity hydrogenation is of
inmterest as any double bond or skeleton isomerisation of the impurity is not
considered to be a net removal. Total impurity in the product is therefore
defined as the rest of the starting impurity plus any of its isomers. The

conversion {removal) of impurity is then defined as follows:

x . {ximpum-,-,[eed _xi.mpurilv:pmdurd }+ EZ Ximpuril‘g,-' i3rnera, feerd _Z ximpur'rry igcmers. produc }
impurity — {X +X }
irr L by Foe i purity isamens, feod

(1)
As outlined in the introduction to section 4.6.2, molar fractions are proportional

to percentage peak area (A%) given in the chromatogram data records, so that

Q. 4] 4] Q
- {A % Rnpurity ed A -"Ill‘r:'im purity preduct ) 55 {Z A -"{:'im purity isamars feed _Z A "{’impurityisnmers produd}

Ximpurity i

1] (§]
A ""Eirnpurity,ieed + A ""E’Impurity isomers, fesd
2)
Conversion of 1-hexene

The conversion of 1-hexene is calculated by measuring the molar fraction of

1-hexene in feed and product samples as follows:

X = {x'i—haxane.iee d ) —(x 1-hexena, gmduct } 3
1 hexeoe = " ( )
1-hexene fee d
{Anfh hexene fee d — A%1 hexene }
e | ; 5t L peaduct
x‘r—hmmﬂu - (4)

v}
A"'rl':"t P e, o o
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The loss of 1-hexene, via hydrogenation (to n-hexane), via isgomensation

{to hexena iscmers) or both, is taken into account in these eguations.

Impurities, hexadienes as well as hexynes, may form 1-hexene when
hydrogenated so that negative 1-hexene conversion values are possible. A
negative 1-hexene conversion value would indicate a net "gain” of 1-hexene
while a pasitive conversion value would indicate a net “loss” of 1-hexene.
However, no 1-hexene gains were observed under any conditions in this

study.

Hydrogen conversion

Hydrogen conversion is the result of both 1-hexene and impurity
hydrogenation. Certain  impurities (hexadienes and hexynes} may
consecutively be hydrogenated, first to hexenes and subsequently to
n-hexana. Therefore, net hydrogen consumption can be determined by
considering both impurity hydrogenation and n-hexane formation. Hence

hydrogen conversion is defined and determined according to equations b to 8.

It was found that the impurity was instantaneously saturated to n-hexane with
only traces of t-hexene being detectable (see sections 54 and 6.3). This
means that the impurity has to be considered twice in the hydrogen balance,
since two moles of hydrogen are required per male of impurity to get complete
hydrogenation to n-hexane, so that the degree of hydrogan conversion is

galculated as follows:

Conventional;

x = [{xhanana.pmduct = xhaxa‘.rm.l_(:_l.}_ﬂ }_+{Z Kimnuriq-'uisomﬁm:feed _Z ximpuﬁw—immerﬁ.pmdud }] (5)
2 molar H,/olf ratio

0 _ A0 o ‘o n
L [{A f“hemnﬂ.nmﬂum A J"IrDthi:mH_feed :I * {Z A fr_'irnuurityﬂsamurs.rmd Z A fnimﬂuritwisc-mcrs,prﬂdud :I]

b malar H./ail ratio

(%)
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Based on feed compaosition:

B o [{ximpurig.-_,'._a_u::d = :'_(Impumy.producr }X2 + (x'i—hexene.feed L x1—|‘exene.pm-:lu:t }] (7)
o molar H,/oil ratic

- A%,

o L1}
impurity, fevd 4 imaurity, procyct }Xz it (A "I;D'I—I'exane.:'uad _A "f01—r'axane.prnduc,1 :]]
molar H./oil ratic

AY%
. K

(8)

Specificity

The specificity parameter {S;) describes the overall reaction with respect to

desired and undesired reactions and is defined in equation 9.

impurity removal

immrity

e hexene loss )

1-herans

A specificity value of unity indicates that at low conversion, the rate of both
impurity removal and loss of 1-hexene is equal, whereas specificity values of
> 1 indicate that the impurity is being removed at a faster rate than the

1-hexene is lost.



5 RESULTS

5.1 Experiments carried out

5.1.1 Catalysts used

All experiments were carried out using a commercial Pd-Ag/TiO: catalyst
(T4299) which was supplied by Sid-Chemie (proporiics appear in tabic 4.1).
This is one of the catalysts McPherson (2003} studied so that results can be

comparetd.

5.1.2 Individual experiments and conditions

Saeveral factors contralling the selective hydrogenation of Ce-olefinic streams
were investigated. Such factors include the type of fead impurity, the pressure
and temperature of the reaction and the amount of hydrogen available for
reaction. The effect of pre-saturation of the feed with hydrogen and the effect
of co-adsorbates on the selectivity and specificity of the reaction using CO and

ethanol were also investigated. A record of all experiments is listed in table 5.1.

Catalyst performance was consistently monitored by running a standard
condition after each series of condition settings. In the case of no change of
catalyst performance, experiments were continuad. In the case of a change o
catalyst performance, the catalyst was recharged and the last condition setting

was repeated.,
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Table 5.1 List of experimental runs
[Reaction temperature: 68(°C]
Exp Feed composition Reactor | Amount of | Pressure WHSY " Hy S wil
N, packing catalyst malar
[mol%] Tal [bar] | [Qurhr fgad | ratio
NO SATURATOR o i i
1 200 % 1-hexene il - 15 nata (13 02
2 4% 1,5-heradiens n 1-hexena Sils - 15 note (1) 0.2
da 1% 1,5 hexadiens in 1-hexens Prol-fgTic 0.7 15 7.5-15 0z
3o 5% . B-hexadiens in 1-hexene Pa-aon il 0av 15 T.53-15 1.2
4 1% 1.5-haxadiens; 1% 1-hexena in n-haxane | Md-AgTick, 107 145 7T0-138 0.2
=) 1% 1,5 hexadigns in n-hexana Mi-AgiTic, 1.07 15 e 0.2
i 1030 % 1-hexane ! 1% -haxynein 1-hasene | Pd-agTiO- 1.05 15 80-17.3 0.2
i 1% 1-he=ynein 1-hexene Pro-AgTit .07 15 Fs i 0.2
] 1% 1-hewyne in 1-haxene M Agimick, 1.07 14 7.9-12.8 0.04
SATURATOR
4 1% 1-hexyne in 1-hexens Frol-AgiTic 1.07 1= =t 0.
10 1% I-hesyne in 1-hexene Pd-AgTich: 1.07 21 =158 0.0
i 1% 1-haxyne in 1-hexena (0 ppm 05 ° Pd-AgTilke 110 KH T.5-153 0.0
12 18 1-hexyne in 1-hasens (5 ppm £03 7 Md-Agmick, 140 3 TH5-153 0.0
12 1% 1-hemmein 1-hexena (25 ppm CO) & Med-AgTick, 1.10 KHI THET1a:3 2.1
W4 1% 1-hewymiein 1-hexena (50 ppm CO) 7 Probe Tl 1.0 cH| 7.5 153 HE
15 | 1% 1-hexyne in 1-hexene () pom Cthanal) © | P-AgTiO- 1.09 a0 77-155 9.0
18| 4% 1-haxyne in 1-hexena {100 ppm Cthanal) * | Pd-agTil; 1.09 30 rEss 0.0
1T |1% 1-hexyne in 1-nexens (1000 ppm Ethanol) 2| Md AgTic, 1.09 3 7.7-155 0.0
18 15 1-hexyne in 1-hexens (3000 ppm Ethanal) ©| Pd-AQTiC, 1.09 icH| 7.7 -155 HNEY
hedas: 1 The pump rates for expaaments 7 and 2 were equal fo experinenlis 3 - 7

2 Concenfralions of CC and Ellvanal are falar concentrafions refaiive fo Fouwid fead
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5.2 Preliminary findings

Catalyst spaciicity, which was defined in previous work (McPherson, 2003), is

used as a basis for perflormance for all effects investigated (see secifion 2.5.4).

5.2.1 Blank experiments

Blank experiments {experiments 1 and 2, table 5.1) were carried out using
100% inert catalyst diluent (SIiC) to confirm the background reactions in the
absence of the catalyst. No hydrogenation or isomerisation of both 100% 1-
hexene feed and 5 mol% 1,5-hexadiene impurity in 1-hexene feed was found
to occur at reaction conditions and reactor residence times as applied in
experiments over catalyst. The catalyst diluent and the reactor walls and lubing
weare therefore considerad to be completely inert under typical experimenlal
conditions. Therefore, all activity observed can be attributed to the presence of

the catalyst.

5.2.2 Reproducihility

The experimental reproducibility which is demonstrated in figure 1
{experiments 10, 11 and 15, lable 5.1), involved three separate experimental
runs over similar amounts of fresh catalyst. The figure shows he conversion of
the 1-hexyne impurity as a function of the loss of 1-hexene {‘specificity").
Impurity conversions range from 42 — 50% in all three experiments at various

WHEVs, with all other variables kept constant.
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Figure 5.1: Specificity plot for experimental reproducibifity (Pd Ag/TiQ, cafalysi)
{1.07 — 1.10g fresh catafyst in each of the experiments, 1 mol% 1-hexyne in
t-hexene, T=66°C, P = 30 bar, mofar Hx/0il = 0.01, WHSV =79 158 tr '}

(Table 5.1: experiments 10, 11 and 14)

§5.2.3 Catalyst stahility

Experiment § {table £.1) was carried out to determine the stability of the
catalyst. Initially, the catalyst was operated with pure 1-hexene at the standard
condition (T = 60°C, P = 15 bar, molar Hx/oil = 0.2, WHSV = 8.0) and allowed
to achieve steady state operation (0 — 7 hrs). Thereafter the feed was changed
to 1-hexene containing 1 mol% 1-hexyne impurity. WHSV was varied. After
130 hours on stream, the catalyst was once again exposed to the standard
condition with a 100% 1-hexene feed. It was found that conversion was

unchanged vs. the initial period at these conditions.
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Figure 5.2: Time-on-stream performance of catalyst at standard condifion and
varying space velocity

{Experiment G — table 5.1)

As mentioned previously, standard conditions using pure 1-hexsne feed were
rcpeated after cach series of condition settings to check for catalyst
perfarmance. In the case of no change of catalyst perfformance, experiments
werc continued. In the case of a change to catalyst performance, the catalyst

was recharged and the last condition setting was repeated.

In other expariments (sse table 5.1), iIndividual catalyst charges were on
stream for periods of up to 2 months without deactivation. All data was

obtained under non-deactivating conditions.
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5.2.4 Varation of Weight hourly space velocity (WHSV)

The weight hourly space velocity was altered by simulttaneously changing both
the gas and liguid flow in order to maintain a constant H./oil molar ratio
experiment 3a, table 5.1). Specificity was observed as a function of changing
WHSV for all experiments in this study. WHSVY was varied between 7.5 hr' to

about 16 hr ' This trend is shown in figure 5.3.
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/
:| | - K B E—
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Conversion of 1-hexene (%)

Canversion of Impurity (%)

Figure 5.3: Specificity plot for the effect of varying WHSV
11 mofts 1,.5-hexadiene in T-hexene, T=60"C, P = 15 bar. molar Haoif = 0.2]

(Table 5.1 expeniment 3a)

5.2.5 Variation of feed impurity concentration

The effect of varying the feed impurity concentration was investigated using
1.5-hexadiene as an impurity {(experimenis 3a and 3b, table 5.1). Two feed

impurity concentrations {1 mol% and 5 mol%) were lested by varying Lhe
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WHSV to change the conversion, while maintaining all the other variables. This
data was then compared with the results of McPherson (2003} (5 mal%
1,5-hexadiene in 1-hexene) for experimental reproducibility. The results are

shown in figure 5.4.
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w5 malth 1.5-nexadizne in 1-hexene;
T=65"C; WH3V =4 -12fhr
tcPharson, 2003)
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Figure 5.4. Specificity plot for the effect of varying WHSV
{T=80°C, P =158 bar, molar Hxoil = 0.2, WHSV = 8.7 — 15.2 hr' unfess
otherwise stafed]

(Table 5.1: expetiment 3a and 3b)

5.3 Mass transfer limitations

The experiment refers to indications of hydrogen mass transfer limitations from
gas to liquid phase reported by McPherson (2003) (sec section 2.6.5). To
probe these findings an experiment was carried out using n-hexane, the n-Cs

paraffin, as the bulk phase, which cannoet be converted consuming hydrogen.
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5.4 Reaction pathway

In arder to find out whethor the impurity is hydrogenated stepwise or in one
stop, an experiment was carried out with 1 mol% 1,5-hexadieng in paraffinic
solvent n-hoxanco i.e. with no 1-hexene present in the [eed (experment 5, table
5.1). ResuMts are given in table 5.2 and compared with results from cxpeariment
4.

Table 5.2: The effec! of inert bulk component n-hexane on conversiorn of
1. 5-hexadiene
[T = 60°C, P = 15 bar. rmolar Hx/oil = 0.2, WHSV = 7.9— 158 air ']
(Experiments 4 and 5 —fahfe 5.1)

WHSY |1 mal%h 1 :5-hexad'|eﬁ;1 maols 1-hexana| 1 molBh 1.5-hexadicne in nehexane
in n-hexano
[hr i] T R L e Foemogor | %1 Schamodicne  Y1-hoxere Kb
T.EE ~21%, ~144% Z2.804% ~Z24%; ~{1.(h %5 2.40%;
HER ~235% ~16% 21009 ~245% ~}.04% 2.A40%;
11.82 20" i HE 2.65% ~23% ~0.03% 2.304%,

Canversion of the impgurity is almost the same in both cxperiments. The
experiment which has no 1-hexane prasent in tho feed rosults in very low

viclds of 1-hexene compared to the 1,2-haexadiene conversion.

It can be seen that more hydrogen is consumed in the case where there is 1

mol%s 1-hoxeno present in the feed in addition.

5.5 Catalyst specificity

Catalyst specificity was shown to be aflected by several process conditions in
pravious work on selective hydrogenation (see secfion 2.8). Three of these
variables were investigated in this study. namely the H./oil ratio, the presence
ar absence of gas phasce hydrogen in the reactor and the effect of total

Prossure.
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All results were obtained with 1 mol% 1-hexyne impurity in 1-hexene. Graphs
include the “base’ case Hxfoll = 0.2 {molar), 15 bar, without pre-saturation

(experiment 7, table 5.1).

5.5.1 Variation of H,/oil ratio

Previous work (McPherson. 2003) showed the specificity ot 1-hexyne
hydrogenation in 1-hexene to approach a value of 2 at conditions of high molar
Hzfoill ratio of 0.2. This specificily meant that the 1-hexyne impurity was
removed at a rate which was approximalely two times higher than the rate of

1-hexene loss via hydrogenation or isomerisation.

Figure 5.6 shows the resulting specificity plot. The effect of Hafoll ratio on the
conversion of the impurity vs. the conversion 1., loss of 1-hexene was studied

in experiments 7 and & (table 5.1}

60 r - St
Sp=100 Sp=10 _,fl & 6 mobt 1-haxyne in 1-hexane, Hydrogendoil = 0.2,
| h Hwl roge nfimpurily = 4 [McPherson, 2003}
| f
s0 _.»'I A1 meFs 1-hexyne in 1-hoxene, Hydrogendoil = 0.2,
| Hydragenfimpurity = 20
«;;f i f,r 1 ok 1-hexme 10 1-hexene, Hydrogendodl = 0.04,
P 40 | ; Hydrogenfimpurity =4
il &
3 || i
E | ~ J,x’r WHEY = 0.9 hr'
‘% 204 M X REE
= i i ' e
a WHEYV = 11.8 hr
2 20 ! ;2}\ EiE
2 27 V.
O | Ly FiasE ik g
10 &
| WHEV= 138N
| ; e - ______,_,..--""""
|—h| r, o ..-n.______,__.--""'"
1} .L-' s T T
Li] 2 10 15

Conversion of 1-hexene (%)

Figure 5.6. Specificity plot for the effect of mofar Ha/oif ratio
{1-hexyne in 1-hexene; P = 18 bar, T = 60°C; WHSV =75- 158 hr'l unless
ofhierwise sfafed]

{Table 5.1: experments 7 and 8)
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It can be seen that the decrease in the molar H/oil ratio from 0.2 to 0.04
resulted in an increase in the specificity values from approximately 2 to close to
100. A curvature in the data is seen at low space velocities for the experiment

conducted at the lower Ha/oil ratic.

It can also be seen that the Hu/impurity ratio does not affect specificity.

5.5.2 Presence or absence of gas phase hydrogen

The influence of the absence of gas phase hydrogen in the reactor {as
discussed in section 2.10) was studied in experiment 9 (table 5.1). Results are
presented in figure 5.7. The elimination of gas-phase hydrogen was achieved
experimentally at a Hzfoil ratio of 0.01 (as calculated in section 2.10.1 for 60°C
and 15 bar total pressure). This corresponds still to a stoichiometric amount of
hydrogen with respect to impurity concentration for conversion of the triple
bond in 1-hexyne to a double bond ie. 1-hexene but only to half the
stoichiometric amount required for complete hydregenation {to n-hexane}.
Also, a saturator was introduced upstream the reactor. The saturator allowed
the complete pre-dissolution of the supplied hydrogen into the liguid

hydrocarbons, pricr to exposure to the catalyst in the reactor.
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Figure 5. 7. Specificity piot for the effect of the presence ("no saturator’) or

absence (“saturator’} of gas phase hydrogen

{1 moi% t-hexyne in 1-hexene; P = 15 bar; T = 60°C: WHSV =7.5- 158 hr ']

{Table 5.1, experiments 7, 8 and 9)

The elimnation of gas phase hydrogen resulted in a further increase of

specificity, The specificity is approaching values of approximately 106).

553 Pressure

While maintaining conditions of mproved specificity, the pressure was

increased from 15 bar to 30 bar (experiment 10, table 5.1) to ensure efficient

dissolution and complete soiubility of the hydrogen gas into the liguid phase

{sea section 2.9.1).
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Figure 5.8: Specificity plot for the effect of pressure and saturation

{1 mol% 1-hexyne in 1-hexene: T = 6(°C: WHSV = 7.5 158 hr'}
(fable 5.1: expenments 7 — 10)

Results arc shown in figure 5.8. The conversion of the 1-hexyne impurity morg
than doubled with a doubling of thc pressure, while the specificity was
maintained at a value of approximately 100. Impurity conversions around 50%

were achieved at the lowermost WHSV applied of 7.5 hr'.

5.6 The effect of co-adsorbates and potential poisons

Generally, the above results indicate that the specificity of the selective
hydrogenation process can be improved o around 100, i.e. to a level where
the rate of impurity removal is approximately 100 times faster than the rate of
1-hexene loss. This is achieved by operating at conditions of stoichiometric

amounts of hydrogen supplied with respect to the feed iImpurity concentration
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and at elevated pressure, where all the hydrogen is dissolved in the liquid

phase.

However, literature reveals the possibility of introeducing a co-adsorbate to the
selective hvdrogenation reaction mixture as a means of enhancing specilicity

(see section 2.8.2).
The effect ol oo-adsorbates ©0 and ethanal was studied. The amount of

co-adsaorbate in all of the experiments is given as a melar concentration with

respact to moles of feed.

5.6.1 Introduction of carbon oxide

Carbon oxide was introduced to the feed at wvarious concentrations to
determing the effect on specificity. Since it was shown in previous work {see
section 2.8.2) that anly trace amounts of the co-adsorbate were necessary to
have an effect on specificity, very low concentrations (in the ppm range) were

employed. (experiments 11 — 14, table 5.1)
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Figire 5.9: Specificity plof for the effect of carbon monoxide {mofar ppm with
respect fo off)
[Saturator: 1 mot% 1-hexyne in 1-hexene; molar Hu/oit =0.01: P=30 bar: T =
60°C; WHSV =76 —15.2hr']
(Table b.1: cxperiments 11— 14)

The results shown in figure 5.9 indicate that the introduction of CO results in
impurity conversions and specitficity values which are still in the range of the
previous results where no co-adsorbate was used (0 ppm dala) i.e. specificity

values between 50 ang 100.

Figure 5.10 shows an expansion of the data points in figure 5.9. The same
trend is observed as in the other expenments, whereby an increase in WHSY
is accompanied by a slight decrease In impurity conversion but a significant

increase in specificity,
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Figure 5.10; Expanded from figure 5.9 - Specificity plot for the effect of CO
{(molar ppm with respect to oil)
[Saturator; 1 mol% 1-hexyne in 1-hexene; molar Hiy/oil = 0.01; P = 30 bar;
T =60°C: WHSV =76—15.3hr"]
(Table 5.1; experiments 11— 14}

A concentration of 5 ppm CO seems to have little or no effect on specificity but

the specificity appears to decrease slightly at higher concentrations of CO.

5.6.2 Introduction of ethanol

Since oxygenates are sometimes present in small quantities in industrial
streams, prior to the extraction of 1-hexene as a chemical, it was decided to
investigate the influence of small concentrations of oxygenates on the
specificity of selective hydrogenation, using ethano! as a model compound.
{experiments 15-18, table 5.1}
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ft can be seen in figures 5.11 and 5.12 that the introduction of up ta 5000 ppm
(moi) ethanot resulls in a specificity which is still within the same range as the
previous results where no co-adsorbate was used. Once again, the resuits of
all experiments using ethancl as a co-adsorbate are compared to lhe base

experiment which contains 0 ppm of ethanol for the purpose of experimental
reproducibilily.

B0
%  DppmEOH
A 100 ppm ERCH
50 A &
I 1000 ppm EYCH
F < BOO0 ppm EtOH
=
b
=
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=
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o
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Conversion of 1-hexene {%}

Figure 5.11; Specificity plot for the effect of ethanof {molar ppm with respect to
oif)
{Saturator; 1 mol% 1-hexyne in 1-fiexene; mofar Ha/oif = 0.01; P = 30 har;
T=60°C; WHSV =7.6— 153 "]
(fable 5.1 experirmients 15— 18)

The expansion of figure §.11 shows that there is no effect beyond scatter.



Chapter & Results . Bz

G}
BA - - “ o _f.‘"'ﬂ o
ﬁ @ e &
I e
ey o
-
40 .:’___ l._.l:_ i
£ & »
=
=8
E
'E 306 4
=
o
¢
£ o20
=
3
& 0 ppr EFOH
0 A 100 ppr EHOH
" 100D pprn ELOH
2 5000 pprm ELOH
0 T T T
0o (18- 1.0 1.5 20

Coanversion of 1-hexene [}

Figure D12 Expanded from fgure 511 - Specificity plof for the effect of
athanof (mofar ppm with respect to oif)
[Saturator; 1 mol% 1-hexyne in 1-hexene; molar H./oi = 0.01; P = 30 bar;
T=60°C; WHSV = 7.6 — 15.3hr']
(Table 5.1: experimenis 15— 18)

5.7 Hydrogen balance

Both equations € and 8 (see section 4.6.2.2, 'hydrogen conversion’) should
yvield the same result lor hydrogen conversion and hydrogen consumption,

respectively, that is, just differ by the typical range of experimental scatier,

However, with the experiments at very low H.foil ratios and correspondingly
low 1-hexene conversions and n-hexane yields, differences were found to be
far beyond the range of experimental scatter that is typically obtained with this

kind of experiment.
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Consequently, no hydrogen balance can be carried oul, Conversions of
impurity and 1-hexeng as well as the vield of n-hexane, clearly indicate that
about twice as much hydrogen was available in the system than expected from

the setting of the Hx/oil ratio and the hydrogen mass tlow controller.

According to figures 5.8, 510 and 512 at a melar Hzoll ratio of 0.01 {i.e.
1 mol*s hydregen in the réaction system), around 20% impurity conversion {at
a feed concentration of 1 mol%) and 1% 1-hexene conversion were cbtained,
This requires a hydrogen consumption correspending to around 2 mol% (note
that 2 mol hydrogen are reguired per mole of impurity converted due to the

instantaneous per-saturation to n-hexane, see sections 5.4 and 6.3,

Catalyst coking can be excluded as the source of the additional hydrogen.
Coking was not observed and is very unlikely to cccur at the given reaction
temperature of G0°C. Also, given the space velocities applied and the long

catalyst lifetimes achieved, coking cannot account for the additional hydrogen.

The nobserved discrepancy is prebably due to operating the hydrogen mass

fiow controller close to its lower limit {5% of scale).

5.8 Thermodynamic equilibrium at low H»/oil ratios

A molar Hefoil ratio of 0.01, i.e. 1 moi% hydroegen in the system, and an
impurity cencentration of 1 moll  1-hexyne in 1-hexene, correspend
stoichiometrically to the complete conversion of 1-hexyne to 1-hexene.
Theraefore, the equilibricm distribution  between 1-hexyne, 1-hexene and
n-hexane can be ftrealed in thermodynamic calculations simply as a

disproperlionation of 1-hexene as follows:
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1-hexyne

1-hexene

/ \

n-hexane

Mote that in this system 1-hexyne and n-hexane form in egqual amounts

{1:1 molar ratio} with the hydrogen balance being fulfilled.

Supporting calculations of the thermodynamic equilibrium distribution are
presentad in Appendix B. Results show equilibrium distributions to be far on
the side of 1-hexene at around 99.9 mol% at 60°C {(and still 95.0 moi% at
200°C) and corresponding concentrations of n-hexane and 1-hexyne of
0.05 mol%.



6 DISCUSSION

The effects of reaction variables such as temperature, pressure, WHSV and
Hz/oil ratic on hydrogenation activity and specificity were invesfigated
thoroughly in previous studies (McPherson, 2003). It was found that catalyst
specificity is not affected by any reaction variables except Ha/cil ratic. Based
on these results, a set of conditions (60°C, 15 bar and WHSV between 7.5

and 15 hr'') were chosen and used as a basis for this study (see table 5.1).

Preliminary studies proved the following:

Reactor wall and tubing materials as well as the catalyst diluent (SiC)
are inert with regard to the conversion of both 1-hexene and impunty
{section 5.2.1}.

+ Results are reproducible within the range of scatter (see section 5.2.2
and Figure 2.1).

« The same amount of catalyst was used in repeating experiments and
this therefore also confirms that the catalyst pellets have consisient
metal loadings. The variation in conversions is generally less than 3%.

» Catalyst activity is stable with time on stream. The presence of the
impurity does not cause deactivation {section 5.2.3 and Figure 5.2).

s n other experiments {see table 5.1), individual catalyst charges were
on stream for periods of up to 2 months without deactivation.

s All data was obtained under non-deactivating conditions.

= Reproduction of earlier results using the same equipment (McPherson,

2003) was possible {Figures 5.4 and 5.6).

6.1 Effect of feed impurity concentration

It can be seen in Figure 2.4 {section 5.2.5) that the datg obtained for different

impurity concentrations in the feed roughly lie on the same line of catalyst
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specificity (~1.5), and compares favorably fc the results obtained by
McPherson (2003). Figure 5.3 shows that conversicn i.e. change of
concentration due to consumption, has no effect on specificity either. This
confirms that the catalyst specificity is independent of the concentration of the
impurity in the feed. Therefore the assumption is valid of a2 simplified
pseudo-parallel reaction scheme (as discussed in section 2.5.4) and its
application on determining catalyst specificity as the key parameter of interest
in this study.

6.2 Absence of mass transfer limitations

Indications of hydrogen mass transfer limitations were reported to occur at
temperatures above 55°C in previous studies (McPherson, 2003). The aim of
a respective experiment carried out in this study was to ensure that the
amount of hydrogen in the bulk phase would be unchanged along the catalyst
bed using a paraffinic solvent n-hexane, which cannot be hydrogenated.
Therefore, a decrease in hydrogen concentration in the liquid phase and
correspondingly hydrogen transfer limitations from the gas to the liquid phase
could be excluded.

The results in Figure 5.5 show that the specfficity is unchanged by the
absence of 1-hexene as a bulk feed component, when zall the other variables
are kept constant. The fact that using 1-hexene as the bulk feed constituent
produced the very same specificity and similar conversion to the experiment
where hydrogen mass transfer control could be excluded {using n-hexane as
the bulk feed constituent) proves, that in the former case mass transfer

limitations do either not exist or do not have any effect on catalyst specificity.
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6.3 Instantaneous per-saturation of feed impurities

In the conversion of 1 mol% 1,5-hexadiene in  n-hexane at approximately
25% conversion (fabfe 5.2, fast cofumn), the potential intermediate, 1-hexene,
was ohserved cnly in trace amounts. This clearty indicates that the impurity is
converted on the catalyst surface straight through to the paraffin without
descrption of oleflinic intermediates. It can be anticipated that this conclusion

holds even more for alkyne-type impurities.

This means that the steichiometric amount of hydrogen reguired for complete
conversion of the impurties is twice the amount of the impurities present in
the feed so that 1 mol% of impurity stoichiometrically requires a molar Hzfoil
ratic of 0.02.

1T 1.5-hexadiene and 1-hexene were both present on impurity level
concentration in n-hexaneg (fable 5.2, migdle column), the conversion of the
diene is almost the same as in the absence of 1-hexene (table 5.2, last

Coftinm),

The conversion of 1-hexene i a "true” conversion, since no 1-hexene is
formed from the hydrogenation of the 1.5-hexadiene impurity, According to
the specificity of 1.5 and the fact that only 1 mole of hydrogen is consumed
per mole of l-hexene converted, the result is that the total hydrogen

consumption increases only moderately (table 5.2).

6.4 Improvement of specificity at low Hjfoil ratio and

absence of gas phase hydrogen

Catalyst specificity was defined as the ratio of the conversion of the impurity

vs, the conversion of l-hexene. The specificity plot is a measure of the
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removal of the impurity relative to the simuitaneous removal (loss} of

1-hexene.

Catalyst specificity increased from vatues of around 2 in previous work to
values argund 100 (as illustrated in Figure 6.1}, Such high specificities are
very desirable for the process of selective hydrogenation, as the impurity is
remaved at a rate which is approximately 100 times faster than the rate of
loss of 1-hexene. The results shown in Figure 6.1 are consistent with the
findings of Nierlich and Obenhaus (1984), where a similar specific increase in
impurity conversion was obtained with only the use of dissolved hydrogen
fand absence of gas phase hydrogen} in the reactor and near-stoichiometric

amounts of hydrogen.

The observed increase in specificity is the resuit of two improvements:
+ A significant decrease in the Hz/oii ratio

+« The absence of gas phase hydrogen

Based on the limited number of data available (section 5.4.1, Figure 5.6 and
section 5.4.2, Figure 5.7), it cannot yet be distinguished which of the two

factors is controlling.

Based on the amount of hydrogen fed (molar Hz/cil ratic = 0.01 i.e. 1 mol%)
limited by the hydrogen sciubility ievel (hydrogen solubility in the feed at
reaction conditions is ca. 1.7 mol%, see Figure 2.14}, the available amount of
hydrogen is less than the stoichiometric amount needed to hydrogenate 1
mol% of impurity in the feed. It must be taken into account that the impurity
was found to react through to the paraffin immediately with only minimal

formation of intermediate 1-hexene.
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Figure 6.1: Specificity plot for the overalf effect of hydrogen cordent and
pre-saturation
[T mot% 1-hexyne in 1-hexcne; T = 60°C: WHSV = 7.5— 15.8 hr'}

The interaction of palladium with dissociated hydrogen on the surface of the
catalyst to form an «- and (-hydrde phase s a well-known phenomenon
(sectionr 2.8.1.1) It is thought to play a role in hydrogenation reactions. The
suppression of the [3-PdH phase has been shown to decrcase the rate of
1-alkene hydrogenation to the respective paraffin in the case of Co- and
Cs-olefinic cuts. Therefore the increase in specificity, at low hydrogen/oil ratios
and in absence of gas phase hydrogen, in the casc of Cs-olefin cuts might be

explained by the diminishing of the [}-PdH phase.

However, literaiure does not present a clear relationship between reaction
conditions and the presence or absence. or the concentration of the [3-PdH

phasc hydrogen on the catalyst surface.



Chapter &: Discussion a0

6.4.1 Stoichiometric limitation — hydrogen depletion

It appears from Figures 5.8, 5.10, 5.12 and 6.1 that impurity conversion at low

molar Ha/oll ratio of 0.0 was limited to about 50%.

As outlined in section 5.7, the stoichiometric amount of hydrogen to
completely remove the impurity would be 2 mol%, Considering the
consumption of hydrogen for the simultaneous hydrogenation of 1-hexene at
a specificity of 100, another 1 mol% of hydrogen, .e. a minimum molar Ha/oil

ratio of 3 would be required.
This indicates that the limitation of impurity conversion to about 50%, as
observed in the low Hy/oll ratio experiments, may be an artificial effect due to

hydrogen depletion.

6.4.2 Thermodynamic limitations

According to thermodynamic calculations on a mixture containing 1 mol% of
1-hexyne in 1-hexene and anocther mol®% of hydrogen {at a molar Hz/oil ratic
of 0.01), only traces of 1-hexyne should be left {0.05 mol%) and only traces of

n-hexane should be formed (0.05 mol%), see section 5.5 and Agpendix B.

From the only around 50% conversion of impurity obtained in the experiments
(0.5 mol% remaining) and the fact that the hydrogen content in the system
was even higher than 1 mol%, it is clear that the reaction system is still

kinetically controiled.

6.5 Effect of co-adsorbates

Co-adsorbates have been shown to significantly improve the selectivity and
specificity of selective hydrogenation catalysts {see section 2.8.1). This is

thought to be caused by altering the geometric properties of the catalyst
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surface. The theory of ensembles (see section 2.8.1) predicts that the partial
replacement or coverage (by the co-adsorbate} of a certain number of active
sites, restricts the possibility of formation of ensembles of adjacent active sites
which are required by certain hydrogenation reacticns. Two methods of
achieving this "dilution” effect were discussed in section 2.8 .2 — one of which
is the introduction of trace amounts of strong co-adsorbates to the reaction

rmixture.

In the case of feeding CO as a co-adsorbate, the results (Figures 5.9 and
5.10) show that trace amounts of CO (5 molar ppm in H;) in the reaction
mixture resulted in no significant change of the specificity of the reaction. In
fact, even a negative effect, ie a slight decrease in specificity, seems to
occur at higher concentrations of CC (up to 50 molar ppm in Hz). However,
the cbserved trend is very unsteady so that this slight decrease in specificity
is rather guestionable. Results could still be within the experimental error
range of the base experiment {0 ppm CO} so that any effect of CO in fact

could not be demaonstrated clearly.

An even clearer indication of the absence of an effect can be seen for the
case where sthanaol is used as a co-adsorbate (Figures 5171 and 5.12). There
is scatter between the series but no trend of the specificity with increasing
amounts of ethanal, even at ethancl concentrations of approximately 5000

molar ppm in the oil, i.e. 3.5 mol%.

It is known that the use of a bimetallic catalyst is a way to achieve surface site
dilution fsee section 2.8.2). The replacement of some of the surface Pd
atoms, i.e. catalytic sites, by a second metal geometrically hinders the
formation of ensembles. Therefore the result of no effect being caused by co-
adsaorbates can be explained by the fact that the “dilution” effect is already
present, achieved by the use of the bimetallic catalyst Pd-Ag. Thus the use of
a co-adsorbate to further improve selectivity 8 merely redundant. It is
expected that the specificity of the reaction will be enhanced by co-adsorbates

when a monometallic palladium catalyst is employed, as repored in literature
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for the case of ethyne hydrogonation in the prosence of cthenc (see section
2.82).

6.6 Effect of reaction conditions

The amount of hydrogen available for reaction. which was controlled by
manipulating the Hx'oll ratio, was observed in this study to have a significant
ahtoet on specificity (section 5.5, Figures 5.6 — 5.8) and therefore became a
focus of this study. Small amounts of hydrogen with respeoct to the amount of
impurity present in the feed (e.g. @ molar Hzfoll ratio of 0.01 at 1 mnl%
impurity concentration) resulted in vory high specificity values around 100,

which achieve one of the objectives of th's study.

Pressurc has no direct effect on catalyst specificity (see scefion 5.5.3, Figure
5.7, resuits from operating with saturator at 15 bar and 30 bar raspectively).
Higher pressure was emplioyed to ensure camplete dissolution of hydrogen in
the liguid phasc, according to the solubility data [see section 2.5.1, Figure
2.14), since it is the issue of the absence of gas phase hydrogen at low
hydrogen/nil ratios, which is seen as being responsible for the enhancement

in specificity (see section §.4).



7 CONCLUDING REMARKS

This study has evaluated the feasibility of selective hydrogenation for the
remeval of impurities from industrial 1-hexcne streams, where the impurities
could be present in the ppm range. Experiments were conducted over a

commercial Pd-AgiTiO: catalyst.

The focus of the study was to improve the specificity of the catalyst 1.e. the
extent of impurity removal vs. the extent of 1-hexene loss to a commercially
acceptable level by investigaling the effects of Hy/oil ratio, pre-saturation of
hydrogen in the liguid phase and the Introduction of co-adsorbents to the

reaction mixture.

Catalyst specificity proved to be an efficient catalyst evaluation tool as it was
found to be insensitive to temperalure, pressure and WHSY, Specificity 15 a

direct measure of the desired vs. the undesired reaction.

From the limited findings of this study it may be deduced that operating at
very low malar Hy/oil ratios so that the presence of gas phase hydrogen in the
reactor could be avoided, dramatically improves the specificity from vaiues of
about 2 as chserved in previous studies to values of about 100, The removal
of the impurity (the desired reaction) at a rate which is che hundred limes
faster than the simullaneous loss of the 1-olefin (the undesired reaction), now
makes the process of selective hydrogenative purfication of industrial

1-hexene sireams feasible.

The introduction of low concentraticons of co-adsorbents {carbon moenoxide
and ethanol) to the reaction mixture had no effecl on catalyst activity and
specificity, suggesting thal the expected site “dilution” effect is already
achieved by the use of the bimetallic palladium-silver catalyst and that

co-adsorbants are redundant.
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Undoubtedly, there is still need for a deeper understanding of the observed

phenomena and there is still reom for improvement in terms of approaching

100% impurity conversion while maintaining high specificity.

It iz recommended that future studies include:

iy

Vil

vii |

viil)

Irmprovement of the operation of the exparimental apparatus in

terms of maore accurate Hz/oll ratio sattings.

Optirmsation of design variables to achieve high impurily

conversion at still high specificity values such as:

» Application of higher pressure to increase the hydrogen
content in the system in absence of gas phase hydrogen.

« Using a multi-stage design with intermediate hydrogen
supply and saturation.

Lowering impurity concentrations o < 1 mol%.

Clarification if the specificity enhancemeant is either a rasult of:

= The effect of operating in absence of gas phase hydrogen
{i.e. with & pre-saturaled feed).

o The effect of reduced H, [ impurty { oil ratio.

o  The effect of total hydrogen depletion.

o  Orthe effect of a combination of two or more of these faciors.

An attempt o & better understanding of the role of the

f-palladium hydride phase and, if favourable, how (o avoid or

minimize its formaticon.

Investigation of the effect of other co-adsorbents such as water

and ammonia.

Investigalion of the role of the co-adsorbents (carbon oxide and

ethanol} over a monometallic palladium catalyst.

Evaluation of the selective hydrogenstion of a commercial

1-hexene feedslock, which containg a host of impurities of the

alkadiene and alkyne-type once process design and reaclion

parameters have been optimised.
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Appendix A

Solubility of hydrogen in 1-hexene

Data basis for figure 2.14.

A HYSIS simulation was done, where equimolar amounts of hydrogen and 1-
hexene were fed to 8 mixer via separate streams. The temperature of the
mixer was then varied from -20 to 155°C at three different pressures with the
maximum temperature limited by the boiling point of 1-hexene at the given
pressure. The liguid fraction of each component in the product stream was
then used to calculate the solubiity of hydrogen in 1-hexene. The results of
the simulation and the hydrogen solubility are tabulated.

Results from HYSYS simulation (basis: 100% 1-hexene, liquid) are the following:

Solubility
Temp H, 1-Hexene mol Ha {
g 1-hexene Xhydragen Xi-hezena
el [mal] [mol] [g] [mol frac] [mol %] |[mel frac]|
Pressure: 1 bar
20 0.40 97390 B1966.68 4 B5E-0G 0. 00 o 0408 0.0996
0 040 913,60 F6BS1.40 H.21E-06 OO 00438 0.95496
20 0.32 3730 6205346 5 11E-06 0004 0.0430 0. 59596
30 0.21 532.95 44854 58 4. 7DE-DB 00004 D036 | 0.5096
40 .04 108.04 908z a7 3.91E06 00003 00329 | 0.8097
Pressure: 15 bar
20 6,22 998.20) £84011.34 7 A0E-05 D002 06182 | QDa3s
-10 6.1 99676 8388985 7 .BRE-DS 00066 0.6588 .9934
0 702 994 44 23694 .72 5.38E-05 0.4070 07005 £.8830
20 7.78 H85.47 3284035 9.38E-05 0.0078 0.7835 Q.9922
40 8.59 96653 B1346.23 1.06E-D4 0.00BE [D.BBOY 0.9912
G0 912 L2947 TR2Z26.73 1.17E-04 D.00e7 0.9713 .9903
a0 9.12 859.47 233515 1.26E-04 D05 1.0502 0.9895
100 &.08 726,11 61111.85 1.32E-04 04110 1104 0.5800
120 502 455,12 3430480 1.31E-04 00109 1.0915 0. 9591
130 2.23 209.72 176L0.83 1.2BE-04 0.0105 1.0508 0.9895
Pressure: 25 bar

=20 10.32 9498 87 8406823 1.23E-04 0.0102 1.0224 .98498
0 11.68 996,57 83874.24 1.39E-04 00116 1.10086 0.0584
20 13.13 291.15 83418.24 1.57E-D4 0,013 1.23079 0, 9859
al 15,33 o7 8170628 1.82E-04 0.0155 1.5547 0.9845
80 17.02 51959 7739512 2. 20E-04 00182 1.B167 | 0.8818
100 17.21 85051 7168173 2.40E-04 0.0198 1.98536 0.9802
130 13.80 B25. 87 02759 43 2.64E-D4 0.0217 2.16897 0.9783
150 656 279.85 23552.549 2. 78E-D4 0.0229 2.29M 0,977
155 3.29 140,05 V1FE7.20 2. 7OE-[4 0229 22930 08771




The following calculations were used to calculate the solubility of each
component in the mixture:

y y H.,(mols)
mAmen = [H,(mols) + 1-hexene(mols})]
1—hexene{mols)
x1—n&mane

" [HJ(mols)+1—hexena(mols)|
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Appendix B

Thermodynamic equilibrium of 1-hexyne, 1-hexene and n-hexane

Calculated as disproportionation of 1-hexene {(see section 3.8).

In this system 1-hexyne and n-hexane are formed in equal amounts {1:1
molar ratio) with the hydrogen balance being fulfilled.

1-hexyna

1-hexens

n-hexans

Defining the equiibrivm consfant.

K = K'I—hex'_.'ne & xn—he_v_x:-_'na

Dt
Where X : mole fraction
Solving the equation for X1 pexene:
B i x:haxar'»a
X homanc = ¥ K

SINGE X1 hagne = Xn-hexane (diSproportionation), it follows that:

1 2'_
X o ||{x1—haxyl1a}
1 boxenes '1|I| = _K

1

X ase x’l--hewne i 1|'|| K



Also:
e - {1 K']—hEIF!I“E }
i-he
T 2
50 that:
_{1_:{1—|‘EHEI‘|E} ||1
xl—hexene_ 2 ]HIE
I’T IT
2x. Tl 'll.:K L hise ~e 'Il.|I K
=
1 1
| 1
2‘}‘:1 T s + X, bEasnR 1|l| K = ‘I'II K
9 |IT |'T
X hexel*a{ I-1[.I Kj_lll.:K_.
Finalky:
11
I
YK
Lo hewena = _1_
E o)
VK
D dectta G i molar distribution
Temerature i delta Gg:
1-hexens 1-hexyne n-hexane: K 1-hexene 1-hexyne n-hexane
L [kealimeol] Ckeabimel  kJimol [mal fraction]
295 28 20,50 5224 -5 0 10,38 43.4 iG.[J[JGE-[JGE-:_’ .98y 0oo0ts  0G00ME
] D 21.09 52.37 GOE 106,57 423 'gO0CoocUa | 08997 poDntT  LGO0ST
333 B0 2462 A4 96 4.73 10.46 4171 - 0.00000054| 08385 000053 000053
400 127 1 3178 2023 1385 10.63 44.4 000000158 | GBYYS LODMZS 00025
L 42 594 36,24 2531 05T 445 GOGL0Zed | G99y 0GDd4sd 0004454
gue o 32V 24,41 TEAD 4302 179,05 4.4 DOGDOD213 [ G812 NODGdZ 000042
TG0 42?i (G, 10 .51 ST.E8 11,24 47.2 OOGOANGET [ 006535 001677 001677
00 52?! Eracl B 2 FRO8 11.48 45.0 COCCTISYS | O.8485  0.02573 002573

Note: AG® values at temperature = 60°C were interpolated.




Appendix C:

Tabulated hydrogenation data

The raw data was worked up according to the equations shown in section
4.6.2.

MNotes:

1. The data for each experiment outlined in table 5.1 (section 5.1} is
shown in the following tables, where both the feed and product is listed.

= The most important mole fractions are listed i.e. impurity, 1-hexeneg and
n-hexane. The values listed are all steady-state readings.

3. The cenversions of impurity, 1,5-hexadiene or 1-hexyne, were
determined by equations 2 and 4 respectively (section 4.6.2.2). Bear in
mind that only impurity hydrogenation is considered, and thus a
conversion of impurity to an impurity isomer is not considered as
impurity conversion.

4, The specificity is calculated for each WHSV.



Experimant la

14 1 S-hescardiene in 1hexans, BO'C, 18 bar, ol atio = 0.2, 0.97g Pd-Ag Mo,

WHSH |'|1':||g":- xf"lnlll‘":f x1-rm-|n SD
[Ga ||r1rq.,,] 1.5-hexadiens  F-hexene rFx ang 15a) (%)
Tecd . 1.065 EE.GE1 - - - -
8685 0.866 86,855 11.286 18.628 11.968 1.5
0,866 ar.ora 6361 18,662 §1.730 1.59
D872 87,359 10.138 18.154 11,455 1.58
0872 B7.147 10621 18.103 11.670 1.55
0.859 a7.090 G476 18.411 11.728 1.57
10,531 0,884 BH.D8E 1693 16.953 10.718 159
0.268 23.011 8471 16 595 10. 754 .54
0.88 87.761 2,480 16672 114 1.51
0. 680 87.95% 9,317 16438 10,840 1.5
o 12,508 0,905 £9,284 B.597 14.936 84498 1.57
0.839 89,323 8400 15.5:8 5 464 165
0.805 E&9.4n2 86871 14936 9,584 1.60
0806 B9 105 162 14 827 9,681 1.54
0210 B9 425 8.7684 14549 Q.36 1.55
15,164 0.520 50,496 7.795 13838 a.zm 165
0.5 SOE0 6850 13.506 8160 1.66
0.91s o) 341 7.9/8 14103 8433 157
0.920 a0.344 £.4908 13,588 8429 1.81
0,920 Q0,430 7.847 3,578 8.342 1.E3
[ v B0.576 7 BE2 13,403 8.198 1 .64
Expariment b
5% 1 B-haxadienc in 1-hexene, G0'C, F5 bar, Hyoll rabe = 0.2, 0.97g Pd-Ag/TiO;
WHEV mol*% gy Araaure Sp
jau e ig.] tS5huxadiene  1-hexsne n-hexane 1%} %)
Feed - 5124 94 508 - - . .
8 665 A 654 T5.A64 18.477 #3692 15.038 1.44
3652 76327 14,780 2870 18238 144
am 76,654 18,452 27674 16,665 1.48
3879 /1 6A5 17442 24 209 17.785 1.37
10831 3.0ar TH.505 16,545 PRIy 16,632 1.37
3674 75,740 108,529 24 38E 18, THA 1.30
Product 3.989 78520 16,583 21 a5 1B.516 1.30
3.900 T2 17.830 23 586 8213 .
12,966 4071 70025 16.270 20544 16 38F 1.25
4038 79490 16649 195 16,548 $.25
3850 78.293 16. %00 24 BRE V56 145
3 862 TT.489 17687 24 675 18.006 1.3
4035 75.085 15 248 21245 15361 .33
3834 75 204 20,255 25176 20 425 §.23
Experimont 4

1% 1. 5-hexadisne, 1% t-hageng in n-haxang, BO5C, 15 bar, H/oil tatio = 0.2,1.07g Fd-Anmid.,

WHEWV il X gy Kinevera Sp
fge v 1gey]  BA-hexadisne  1-hexene  n-hexane ) {3
Feed - 1.031 1.016 a7.955 - - =

7.878 g2 0363 8,322 21,289 14.548 148

0809 0866 0836 21504 14 805 145

5848 0.788 0.852 98.361 23557 16,148 1.46

0.7T9 0.852 8,356 23272 16,1289 144

0.782 0.863 8,355 23.181 T6.064 1.44

Product 11817 0818 0.874 95 303 20,585 13 942 i48
0a1v 0.E73 98,308 20,759 4073 T 48

baz2 0876 48505 20.2h5 13,800 1.47

13.787 0.247 0.899 098,263 17.858 11.536 145

0845 0895 86,260 17,8465 11.933 150

0.647 0895 08256 1/.890 11.640 1.51




Experimant §

1% 1,5-hexadiene in n-hexane, 60°C. 15 Bar. Ha'il ratio = 0.2, 1.07g Pd-AQ'TiCh

WWHSWY mal % Hiapniy Y natetn
(ot hr iG] 1.5-hexadiene  1-hexene  n-hexane ("] (e}
Feed = 1.055 - 93.904 - -
TATE BE47 0.4 29112 22 6453 (.04
0535 0.040 98,123 2371 040
330 Q.034 24,131 24,223 Bo3n
[ B2 0.0 98,130 24447 042
Q.84 330 (.08 949.114 24 260 [ 055
Preduct 0L E2T 0.043 85131 24 525 .43
0826 0.045 or.130 24.50 [ 045
0332 0,045 2T 24,063 043
11.817 .64 0.038 G 04T 21102 0038
0364 0,600 Wl 135 21,148 0 DO
0436 0.037 85126 23,880 0057
Experment &

100% 1-hexene ! 1% 1-hexyne in 1-hexene, B0°C, 15 Bar, Haoil elio = 0.2,

1.05g Pd-AgTio,

WHSY el Keopeery  Sidien 108
[gm,.hr"."g“,] 1-hewyne  1-hexene (%) %) fhrs)
Faead 1 - - 100 - . =
Feed 2 - 1.088 93.375 2 &
F.995 FO_405 - 20,004 213
[feed 1) £0.124 - 14346 406
A01.20E - 19.792 524
141436 - 20064 B35
e ) 745 a0.205 31.535 £.309 23.02
ifieed 2] 743 BELAEE 31.7hb A.529 24.02
744 o202 3.635 5,312 27.558
0747 w108 31.313 A.404 29.03
0746 0004 31.3M 8,013 a0.5¢
L850 0.F73 Bi.238 FE.573 7257 4713
n.7ve oha2y 25434 B.aBa 49,54
[_FE0 50354 28.335 8127 a1.19
0776 Qh.109 28,554 BA08 K23
Praduct 11.994 0796 .47 26,810 11.648 F(.56
(I e BiB12 27104 11.757 7206
.F85 5. 744 27485 11.821 T3.04
07493 #5818 271584 11.466 14.00
n.ra2 #6558 27206 11,914 A0
13930 0.aza 91.048 24368 7452 a7
0.820 Gl 434 24 B70 7587 &7.57
n&1s WLETF 24534 .83 10014
a4 a0.585 24,834 flls s 10D
(.821 L1 24.570 7.an0 102 00
7.5 80,303 - 19597 136.16
[feed 1) 79871 - 20.024 138.81
PEReE 1L - 20.055 139.87
78839 20.061 141 52
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Experiment 10

SATURATOR: 1% 1-hexyne in 1-haxens, 8097, 30 bar, Hzail ratio = 441,
1.07a Pd-Ag,TilD.

WHEY [l ke ximpulily X hanaa Sp
[gﬂ-|.h|"|."g,_q-_] i-hexyne 1-hexens  n-hexane 1) [}
Fead . 14077 Ba_189 2 3 E G
T ERR 4.533 o7 a7t 1.590 S0.473 0.B3d 809
&.521 97 .557 1.62E 51.584 0044 871 06
GETT o7 581 1528 46,400 0.B20 T4 B4
0572 a7 Bi7 T.543 4B.9132 0.554 To.04
0,520 O7.o1o9 1683 51,280 0633 o9
k=T 0,553 L ERATE DA 1.329 45 168 0.405 111.56
0.538 97 4659 1.652 L0 Qa0 07aEd RR.1G
0.508 57 411 1,793 H2.B96 0.&03 B5.85
0. 544 U7 458 1.703 44527 0.745 BE.AT
0523 97281 1.8%% 51.408 0.925 95,54
Praduct 0,535 G7 436 1.735 50226 0767 G547
11.804 0.R1% U7 .Ha4d 1.221 42 563 0311 136,595
0.585 SF &7 1.453 45701 0.h24 E7.18
0.544 7251 1.885 49512 0,856 21.758
0562 47 405 1.731 47 776 0.798 ha.BT
&4.067 a7 477 1,664 47 .8¢8 3725 GE.03
11.5496 q7.707 1413 44 514 491 90.78
15771 622 97,794 1.205 42 240 1,402 104,98
G808 97653 1417 42485 3006 85,97
1018 g7 7E2 1.282 42 554 F445 93 B2
3007 ar.Rii 1,488 44 567 4.589 7o
Experimeant 11
SATURATOR: 1% 1-hexyne in 1-hexene {1 pprm GO, 6095, 30 bar,
1i,fail ratio = 044, 1.14g Pd-AgTi0y
WH S meH % vty Aroneae Sp
i T Yol  1-hexyne  1-herene (%] (%%
Feed = 1.050 L. RERS - - -
7648 &.508 7745 91.547 08933 Sh27
1.505 Ly E1.89] 0.957 h4.20
{519 or&0n 202 0 &LF a3
1.521 a7 5 50,252 0.345 G 61
G507 a7.749 o1.732 0,928 5e72
{512 ar.7i6 51.206 0.962 53.24
9560 0505 498, t0E 46185 [.567 21.47
0.541 97 887 48445 0.794 64,93
Prosdust 0,315 g7 726 a0.915 0.952 348
0,548 48.351 ei= Rl b 0.319 122,42
0,693 98,589 33,963 0.077 i, B
0.553 97993 47297 0581 63,47
0.538 a7 8479 48716 GFaT B1.15
11.473 [h.584 98.156 44 380 &4.516 #5.58
0,597 498,207 A3175 0.454 Y306
0623 98.337 40,655 0.332 12240
0.B53 08.174 37793 3498 75.91

Experiment 12
SATURATOR; 1% t-hexyna in 1-hexene (& ppem O, BOPC, Ad bar, Ha'oll ratio = 001,
1.10g Pd-AgTiCk,

WS mal%s xiﬂ:‘.amily X4 reveane Sp
{ghr'ige,] 1-hexsne  1-hexene  nehexane (%) i)
Faad - 1.47 98 582 - 4 - z
7.6448 .55 LE.OT4 1014 44818 Q815 798
513 Ov. &6 1.337 a1.571 0829 Bd.23
0.513 87 542 1.317 S2.031 A5 £1.14
0,528 YT.ETT 1.259 50,555 &.81E 62404
550 a7 942 1.1G% 48524 G740 5,85
2561 .63 88310 &.7el 41.144 376 100834
Froduct . 585 98051 1.05% 45,00 0.63% T0.58
[.EEE 87 &80 1.286 481480 1.312 %31
0.524 97714 1.454 Aty 1.975 53.32
11473 0535 aF 7oz b a0.003 1801 5448
4614 98.058 1044 42 676 632 G751
B34 4. 180 0.9 40747 1.509 80.11
0544 EER T 1,218 44130 & 336 5880




Experiment 10
SATURATOR: 1% 1-hexyng in 1-hexene, 60°C, 30 bar, Hy/oll ratio = 0.01,
1.07g Pd-Ag/TiO,
WHSV mol% Kevpaty  Kt-hexane Sp
[geahr'/gend _1-hexyne 1-hexene n-hexane (%) (%)
Feed - 1.077 8.189 = - - -
7.869 0.533 97.571 1.580 50473 0.630 80.09
0.521 97.557 1.626 51.584 0.644 80.08
0.577 97.581 1.528 46.400 0.620 74.84
0572 97.607 1.543 46.913 0.584 79.04
0.525 97.519 1.683 51.280 0.683 75.09
9.837 0.580 97.792 1.329 45.168 0.405 111.56
0.538 97.469 1.652 50.000 0.734 88.15
0.509 97.401 1.793 52.696 0.803 65.65
0.540 97.458 1.703 49.827 0.745 66.87
0.523 97.281 1.899 51.408 0.925 55.56
Product 0.538 97.438 1.735 50.226 0.767 65.47
11.804 0.619 97.884 1.221 42.553 0.311 136.96
' 0.585 97.675 1.453 45.701 0.524 87.18
0.544 97.251 1.885 49.512 0.956 51.79
0.562 97.406 1.731 47.778 0.798 59.87
0.561 97.477 1.664 47.898 0.725 66.03
0.596 97.707 1.413 44,614 0.491 90.78
13.774 0.622 87.794 1.306 42.249 0.402 104.98
0.608 87.693 1.417 43.485 0.506 85.97
0.618 897.752 1.353 42 554 0.445 95.62
0.597 97.611 1.486 44.567 0.589 75.61
Experiment 11
SATURATOR: 1% 1-hexyne in 1-hexene (0 ppm CO), 60°C, 30 bar,
Ho/oil ratio = 0.01, 1.10g Pd-Ag/TIO,
WHSV mol% Kimpurty  Kt-henane Sp
[gaahr'/gee]  1-hexyne  1-hexene (%) (%)
Feed - 1.050 98.665 - - -
7.648 0.508 97.745 51.547 0.933 55.27
0.505 97.720  51.890 0.957 54.20
0.519 97.810 50.602 0.867 58.37
0.521 97.831 50.362 0.845 59.61
0.507 97.749 51.733 0.928 55.72
0.512 87.716 51.206 0.962 53.24
9.560 0.565 98.106  46.186 0.567 81.47
0.541 97.881 48445 0.784 60.98
Product 0.515 97726 50915 0952 53.48
0.640 98.351 39.005 0.319 122.42
0683 98.589 33.963 0.077 440.91
0.563 97.993 47.297 0.681 69.47
0.538 97.879 48.716 0.797 61.15
11473 0.584 98.156 44,380 0.516 85.98
0.597 98.207 43175 0.464 93.06
0.623 98.337 40655 0.332 122.46
0.653 98.174 37.793 0.498 75.91
v Experiment 12
SATURATOR: 1% 1-hexyne in 1-hexene (5 ppm CO), 60°C, 30 bar, Hy/oil ratio = 0.01,
1.10g Pd-Ag/TIO,
WHSV mol% Kimpurty Xt-nexene Sp
[goshr'/ges] 1-hexyne  1-hexene  n-hexane (%) (%)
Feed - 1.07 98.682 - - - -
7.648 0.690 98.074 1.019 44.918 0615 72.98
0.518 97.864 1.337 51.571 0.829 62.23
0.513 97.842 1.317 52.031 0.851 61.16
0.529 97.877 1.259 50.585 0.815 62.04
0.550 97.942 1.165 48.594 0.749 64.85
9.560 0.630 98.310 0.792 41,144 0.376 109.34
Product 0.588 98.051 1.069 45.092 0.639 70.58
0.555 97.880 1.286 48.180 0.812 598.31
0.524 97.719 1.454 51.019 0.975 52.32
11.473 0.535 97.792 1.321 50.003 0.901 5548
0.614 98.058 1.044 42.676 0.632 67.51
0.634 98.180 0.921 40.747 0.509 80.11
0.544 97.857 1.319 49.130 0.836 58.80




Experiment 13
SATURATOR: 1% 1-hexyne in 1-hexene (25 ppm CO), 60°C, 30 bar, Hy/olt ratio = 0.01,

1.10g Pd-Ag/TiO,
WHSY mol% Xu“m Xt-nexens Sp
[Goahr /ge)] 1-hexyne 1-hexene n-hexane (%) (%)
Feed - - - - -
7.648 0.661 98.007 1.150 36.344 0.8679 53.49
0.638 98.000 1.363 30.025 0.759 51.43
0.620 97.634 1411 40.735 1.129 36.07
0.617 97.673 1429 40.998 1.081 3759
0.709 98.210 0.822 32.183 0.547 58.85
0.644 97.855 1.252 38.431 0.806 4242
0.8610 97.701 1.450 41.724 1.062 39.28
Product 9.560 0.663 97.848 1.152 36.616 0.913 40.10
0.660 97.942 1.140 38.937 0.818 45.17
0.624 97.723 1.351 40.318 1.040 38.78
0.619 97.732 1.366 40.851 1.030 39.65
11473 0.645 98.007 1.146 38.363 0.752 51.03
0.696 98.026 0.990 33.470 0.732 45.70
0.766 98.251 0.713 26.773 0.505 5§3.03
0.637 97.770 1.283 39.087 0.992 39.38
0.647 97.810 1,212 38.135 0.952 40.07
Experiment 14
SATURATOR: 1% 1-hexyne in 1-hexens (50 ppm CQ), 60°C, 30 bar, H./oil ratio = 0.01,
1.10g Pd-Ag/TiO,
| [goshrV/ges] 1-hexyne 1-hexene n-hexane {%) {%)
Fead - 1.066 98.607 = - - -
7.648 0.609 97.488 1.583 42.851 1.135 37.76
0.596 a7 414 1.836 44.099 1.210 36.44
0.580 a97.471 1.662 45.538 1.152 39.51
0.558 97.359 1.782 47.624 1.265 3763
0.807 97.413 1.616 43.044 1.211 35.54
0597 97.512 1.577 44.014 1.110 3985
0.591 97.511 1.580 44.520 1.111 40.06
Product 0.595 97.403 1.639 44.180 1.221 36.19
0.586 97.389 1.686 45.008 1.255 35.85
8.560 0.640 97.641 1.437 39.800 0.979 40.74
0.623 97.533 1.487 41,542 1.080 38.12
0.637 97.691 1.360 40.213 0.929 43.28
0.633 97.862 1.201 40.549 0.755 53.70
11.473 0.753 98.054 0.804 28.348 0.560 52.37
0.757 98.247 0.784 28.820 0.385 79.16
0.721 98.011 0.874 32.358 0.605 53.51
Experiment 15
SATURATOR: 1% 1-hexyne in 1-hexene (0 ppm Ethanol), 60°C, 30 bar, Hy/oll ratio = 0.01,
1.09g Pd-Ag/TiO;
WHSY miol% X;mpmy Xinexene Sp
[goahr'la]  1-hexyne  1-hexene n-hexane (%) {%)
Feed - 1.048 98.670 - - - -
7.729 0.515 97.691 1.639 50.897 0.993 51.28
0.511 97.666 1.673 51.240 1.017 50.36
0.510 97.657 1.673 51.352 1.027 50.01
0.512 97.678 1.654 51.112 1.005 50.86
0.513 97.695 1.648 51.083 0.988 51.68
0.518 97.662 1.612 50.556 1.022 4948
Product 9.661 0.571 98.051 1.238 45.536 0.627 72.63
0.547 97.827 1481 47.795 0.854 55.94
0.521 87.671 1.658 50.265 1.012 49,67
0.648 98.296 0.928 38.355 0.379 101.31
0.559 97.839 1.339 46.647 0.741 62.97
0.544 97.825 1.491 48.066 0.857 56.11
11.593 0.580 98.101 1.173 43.730 0.576 75.90
0.602 98.153 1.104 42.526 0.524 81.16




Experiment 16

SATURATOR: 1% 1-hexyne in 1-hexene (100 ppm Ethanol), 60°C, 30 bar,
Ho/oll ratio = 0.01, 1.09g Pd-Ag/TiO,

WHSVY mol% Xynpumy X1m, Sp
[gonht” 1"95& 1-hexyne 1-hexene n-hexane (%) (%)
Feed 1.041 98.648 - - -
7.729 0.532 97.496 1 642 48.869 1.168 41.86
0.522 97.454 1.714 49.850 1.211 41147
0.522 97.469 1.700 49.893 1.195 41.75
0.529 97.444 1.703 49.174 1.221 40.28
Product 9.661 0.572 97.774 1.372 45.056 0.686 50.84
0.574 97.804 1.343 44.846 0.855 5243
11.593 0.619 g7.975 1.077 40.542 0.682 5942
0.621 98.007 1.097 40.364 0.650 62.13
0.629 98.042 1.051 39.607 0.614 64.51
Experiment 17
SATURATOR: 1% 1-hexyne in 1-hexene {1000 ppm Ethanol), 60°C, 30 bar,
Ho/oll ratio = 0.01, 1.08g Pd-Ag/TiO;
WHSV moi% Xmm X1.;m Sp
[Gox- hr"/gd i-hexyne i-hexene n-hexane (%) (%)
Feed 1.019 98.674 - - -
7.729 0.575 98.250 0. 873 43.561 0.430 101.28
0.589 98.261 0.835 42.258 0.419 100.97
0.463 97.512 1.664 54.575 1.477 46.35
0.456 97.515 1.690 55.249 1.174 47.05
0.470 97.552 1.642 53.877 1.137 47.39
0.516 97.935 1.248 49.384 0.749 65.93
0.526 97.973 1471 48422 0.711 68.11
0.528 97.994 1.159 48.227 0.689 70.03
Product 9.661 0.541 98.059 1.006 46.903 0.624 75.20
0.550 98.067 1.073 46.083 0615 74.95
0.540 98.034 1.121 47.070 0.649 72.53
0.489 97 696 1.484 51.997 0.991 5248
0.493 g7.718 1.539 51.630 0.971 £3.18
0.534 97.982 1.184 47.580 0.701 67.87
0.539 97.958 1.148 47.146 0.726 64.94
11.593 0.502 97.630 1.348 50.760 1.058 47.98
0.501 97.661 1.523 50.843 1.026 49.54
Experiment 18
SATURATOR: 1% 1-hexyne in 1-hexene {5000 ppm Ethanol), 60°C, 30 bar,
Holoil ratio = 0.01, 1.08g Pd-Ag/TiO,
WHSYV mol% HKenpurity Ki.naxone Sp
[Gor. hr"/gg_,g 1-hexyne  1-hexene  n-hexane {%) (%)
Feed 1.05 98.563 - - - -
7.729 0.513 97.456 1629 51.152 1.123 45.55
0.514 97.306 1.740 51.066 1.276 40.03
0.518 97.317 1.688 50.6614 1.264 40.07
0.521 97.397 1.680 50.415 1.183 4263
0.522 97.384 1.688 50.306 1.196 42.05
9.661 0.559 97.616 1.425 46.797 0.961 48.68
Product 0.551 97.559 1.487 47 482 1.019 46.60
0.548 97.507 1.526 47.782 1.071 44.59
0.535 97.387 1.671 49.058 1.183 41.12
0.609 97.980 1.022 41.989 0.591 71.03
0.627 98.070 0.914 40.324 0.500 80.67
11.583 0.622 98.002 1.012 40.729 0.569 71.58
0.624 98.078 1.030 40.560 0.492 82.44

Xi





