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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, H~oil ratios in the range 0.01 - 0.2 mol/mol, and oil (1-hexene) 

space velocities in the range 8 - 16 gig. 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 H2/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 

P-hydride phase may be at least partially responsible. 
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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. 

Regardless 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 (Marcil/y, 2003). Other applications of a-olefins 

include the production of synthetic lubricants, methylamines and surfactants. It 

was found that polymers including 1-hexene and i-octene co-monomer are 

growing more than two times the rate of those including i-butene co-monomer 

( colin-houston. com). 

Linear a-olefins are produced either by ethylene oligomerisation or recovered 

from Fischer-Tropsch hydrocarbon streams. The C5-CS alpha olefin range is 

extracted from Fischer-Tropsch synthesis product streams. i-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.saso/.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 

i-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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Chapter 1: Introduction 2 

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 C2 - C4-0lefin 

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 1-0lefin 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-AglTi02 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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Chapter 1: Introduction 3 

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 

C4-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 a/., 1984; McPherson et a/., 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. 
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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 (LAO) in the C4 - C30 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 Marlcet Reporter, 2002; www.sasol.com) 

Producer Capacity 
(tons per 
annum) 

BP Chemicals 470000 
Shell 590000 

Chevron Phillips 680000 
Sasol 252000' 

1 Excluding production of 1-butene. 
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Chapter 2: Industrial background 5 

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 a-olefin manufacturing capacity 

include a new Chevron 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.saso/.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. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 2, Indllstriul bW;:karwrll! 

sur/actanls other 
In<ltt>;I. m.... 2''!. 7% 

" 

J>I . stici "" r 
.lcohols j 

:::,""I(} 
lubrICants" -

'" 
d. wrgenl 
~Icohols 

'" 
Figure 2.1: Uses of Linear Dlerins in 2002 

(Chemical Market Reporter - a-Olefins, 2002) 

The C4 , c" and C~-oIefins are used as co-monomers in polymer production, 

while the C1~ (L-olefins are in slrong demand for producing lubricanls. C,) and 

C14 a-olefins are used mainly in the production of sulfactants, and lhe longer 

chain olefins 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 35% of the total GO-monomer 

consumption in polymer production in 2005 (Chemical Markel Reporter, 1999). 

However, the fastest-growing markets are those using LAOs as raw materials 

for synthetic lubricants and for rnelhylamines, with these categories collectively 

representing about 19% of the total demand for 1-hexene 

2.1.3 The <x-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 sum of prcxluction plus the difference between imports and exports for the 

Co to Cit) fractions, and exdudes the prcxluction of 1-butene (Chemical Markel 

Reporter, 2002). 
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Chapter 2: Industrial background 7 

The key factors responsible for a change in the growth rate are 

(http://www.colin-houston.com. 2002): 

• Expansion of companies 

• Adoption of new processes 

• Catalyst technology 

• 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.saso/.com) 

Product Production Market Share 
(tpa) 

1-pentene 5000 90% 
1-hexene 200000 30% 
1-octene 47000 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.saso/.com. 2004). 

The world market for 1-hexene was 260 000 - 280 000 tpa in 1996 (Chemical 

Week, 31flI96). 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 



Univ
ers

ity
 of

  C
ap

e T
ow

n

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 a-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 oliaomerisation 

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): 

• 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, Cs - C10 and C12 - C18 

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 possible 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. 

• 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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a-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 Cs 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 21 Block flow diagram of 1-IJexene purification process (Sasol) 

(W BoiJriflger, 2001: P Jacobs, 20(4) 

Etherification: The additioro of aro alcohol (methanol) in the preseroce of 

aro acid catalyst results in the formation of an ether, from 

the tertiary olefins_ The etherification reaction is: 

OCH3 

+ Alcohol • R·-C-CH--I 0 

R 

A B 

The difference in boiling points betweero the resulting 

ethers and 1-hexeroe is large enough to now to allow 

distillative separation of the branched, tertiary olefins from 

the mixtlJre 

Superfractionalion: This highly efficient distillation separates the lower boiting 

branched a-olefins, and unconverted methanol and 

dimethyl ether as well as the higher boiling internal 

olefins, the n-paraffin and ethers from the desired LAO_ A 

cu t is left which still corotains 1-hexene cyctic oletins, 

dienes and hexynes as impurities_ 
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Extmctive Distillation: The addition of a polar solvent affeels tho volatility of the 

compounds such that the iso-pararrins become moro 

volatilo than the 1-hexene and the cyclics, and the 

oxygenates left become less volatilo rcsulbng in a 2-

s!ilge distillation which removes these compoumJs from 

the 1-hexene product. The solvent is worked up in il 

solvent recovery column and recycled, 

The result is il 99,3 I'/t% 1-hexene final product stream, which is then polished 

and sold. 

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

Industrial l-hexeno is acquired on a large scale and purified, However, there 

are still impurities present in the product stream such as dienes, alkynes, 

cyclics and branched compounds, which may affect the performance of 

catalysis in the polymerisation process, Examples of these impuritios arc 

shown in Figure 2.3. Some arc only preson! in the ppm rilnge (e,g dienes ilnd 

ethynes) but may still noed to be removed. 

Currently, tho Sasol process consists of a product polishing step to remove the 

impurities in the commorcial 1-hexene stream before the product is transferred 

to storage. This stage consists of a 2-stage absorption procoss. which employs 

the use of guard bods to absorb the 'Impurities. However, even though this 

process successfully removes the impurities, a significant amount of 1-hoxene 

is losl. Another disadvantage is that the guard beds require frequent 

regeneration, which is costly. 
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15-hexadicnc 

l-hexyne 

1.4-hexadieI1C 

~ 
2-hexYlle 

l -mclJJyl- l-cycJup,mlene 

J ,3 -h ~xadicnc 

3-hcx)'nc 

2,.f-ocndielle 

Figure 2.3: Typical impurities present in B C6 a-oIefm feedstock 

An alternative purification method is proposed in this work. This SEL. ECTIVE 

HYDROGENATION Is currently widely applied in the case of C2 to C4 olefin 

purifICation and makes use of a catalyst to selectively hydrogenate the 

undesired impurities In lhe slream. 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 Cllkyne "md diene impurities from ethene-, propene- Clnd 

butene-rich streams is crucial to avoid dowllstream poisoning of polymerisation 

cablysts_ Selective hydrogellatioll is successfully applied for the removal of the 

highly unsaturflted impurities in the C2 - C. olefin streams from the steClm cracker 

The aim of this purification method is to selectively hydrogenate the impuri ties 

in the stream, while inhibiting the hydrogenation or isomerisCltion of the 1-oIefin 

This is achieved for instance ill the case of C2 olefin purificatkm. with ethyne 

being reduced to levels of less than 10 ppm (GuGzi et EJI., 1984). Furthermore, it 

is even possible to obtain a gClin in the 1·oIefin yield by selective partial 

hydrogenatiOll at the highly unsaturated impurities. Indeed, a gain in ethyne 

was obtained under optimal 0:mditions in the selective hydrogenation at a 

C"-olefill stream (Godinez et EJI., 1995). However, in the hydrogenatiOll of CJ 

and C4-0letin streams, Cl gClin in I-olefin is not typically observed. 

A key issue of this reacUon is the selectivity. Activity is of secondClry 

importClnce. SelecUve hydrogenatioll is not industrially employed for the 

purification of C5*-0Iefin streams (Molnfir et al., 2001). There are two possible 

explanatiolls for this: 

• Double bond isomerisation can take place, which is Ilot possible with 

Cr alld C:J-oletills due to the structure of the molecules but double bond 

isomerisatkm is especially prevalent in higher ((-olefin streams, and this 

results in a loss of the valuable I-olefin. 

• It has also been shown thCll the replacement of C-H with C-R groups 

results in a decrease in the adsorptive strength ot the compound wi th the 

cClblyst surface. thus affecting the selectivity of the reClction (JEJckson ef 

al., 1997)_ This decrease in adsorptive strength is thought to be as a 

resul t at repulsion between the substrate and the sunace. Also. it was 

found that certain illtermediates, which Clre formed during the 

hydrogenation reaction, cannot be formed from internal alkynes such as 

2- and 3-hexyne. 
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It is for these reasons thaI the technology developed tor the purification of a 

Cz-~efin stream cannot be directly transferred for the hydrogenation of higher 

o:-olelin streams. 

2.5 Kinetics 

The selective hydrogenatiorl of higher ({-018Ii[1 streams consists 0' a complex 

series of parallel reactions. The main objective of selective hydrogens/iOrl of 

impurities is 10 preserve maximum I-olefin selectivity. A combination of factors 

such as choice of catalyst metals and supports, catalyst particle size, operating 

conditions, co-adsorbates, etc. will therefore playa major role in the selectivity 

of the reaction, 

2.5.1 Hydrogenation of impurities 

It is well known that the more Urlsaturatcd molecules adsorb more strongly on 

the surface 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 corresfXlnding alkenes 

(Pollec and Bond. 1995). 

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 1-0lefin will not be hydrogenated in the 

presence of a 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, P~2 = 37.5 Torr) (AI Ammar ilnd Webb, 1979). 14C_labelling 

also showed that there is a direct route to ethane formation from ethyne, 

besides a route via the hydrogenation of ethene. 
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The volcano relationship illustrated in Figure /,4 is known as a 'thermodynamic 

seleclivity' and the order of reactivity of the impurities can therefore be 

explained by the difference In adsorptiOil strength More severe conditions are 

needed for the hydrogenation of alkynes as opposed to alkenes, as alkenes 

interact with tl1e metal surface more strongly. Thus it is expecleci that there will 

be a higher conve~ion of alkenes in a mixture than of alkynes due to tl1ese 

differences. 

alkenes 

V//·arkYneS 

Figllre 2.4. Relative Adsolption Strength 

(Ponee and Bond, 1995) 

The hydrogenation 01 non-conjugated dienes is very similar 10 Ihe 

hydrogenation of monoenes Dienes with a terminal double bond are slightly 

more reactive Ihan dienes with internal double bonds only. They will compete 

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 readive 

than the non-conjugated dienes (SEl/es et El/., 2000El). 

2.5.2 Hydrogenation of alkenes 

II was found that hydrogen is dissociatively adsorbed on the surface of a metal 

catalyst (Sladler el a/ .. 1984: Ponee & Bond, 1995). Ethene was used as a 

model compoond to investigate the mechanism by which the dissociated 

hydrogen reacts with an alkene on the surface of the catalyst (Ponec and Bond. 

1985) Thi~ mechani~m is shown in Figure 2.5. 
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I 

H-H 

D 
Adsorption 

of He' 

/ 
HH 

1 I' 

2 

" H 2C - CH, 
;-" 

I 
Adsorption and reaction 
of ethene to il1termediate 

3 

Addition of 2H to 
the II1termediate 

I 

4 

Desorption of 
Ethal1e 

F'if)Ule 2.5: Scllematic of tile Horiulo-Polanyi mechanism of hydrof)enalion 

(adapled from POllec and &Jrld, 1995j 

Hydrogel1atiol1 occurs via the consecutive addition of hydrogel1 atoms to an 

adsorbed alkene. This mechal1ism is the basis of all hydrogenation reactions 

including the hydrogenation of higher alkenes. It is considered to be 

il1dependent of the isomeriSiltion reactions, which also occur on the catalyst 

surface (Pollee and &Jrld, 1985) 

2.5.3 Reaction pathway 

The selective hydrogenation of more ul1saturated impurities irl the presence of 

excess amourlts of I-olefin cOrlsists of a system of consecutive and parallel 

reactions Figure 2.6 shows the reactiorl pathway for the selective 

hyrlrogenatiorl of il C,,-olefirl stream over a palladium metal catalyst. 

The impurities consist of both hexynes and hexilrlierles. The reaction pathway 

illustrated in Figure 2.6 considers the nOI1-conjugated 1,5-hexadiene and 

terminal alkyne, l-hexyne as impurities for simplicity 
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Figure 2.6: Reaction Pathways of impurity conversion 

(adapted from Stadler et al. 1984) 

The impurity can be converted via several reactions It can either be partially or 

completely hydrogenated to a 1-0lefin or paraffin, or it can undergo 

isomerisation, forming either its own isomers or, if simultaneous with partial 

hydrogenation, internal oletins. It has also been shown that a route does exist 

for the direct formation of the paraffin from the impurity. The 1-0lefin follows a 

very similar pattern 01 reactions - it is either fully hydrogenated to a paraffin or 

isomerises to internal olelins. 

2.5.4 Simplified pseudo-parallel reaclion scheme 

Since the isomerisation products (impurity isomers and internal oletins) are of 

no value, conversion by isomerisation results in no net removal 01 the impurities 

in the stream. Additionally, the paraffin is of low commercial value. Therefore, 

isomerisation and full hydrogenation are undesired in this reaclbn scheme. The 

complex reaction scheme may, hence, be simplified into a system of two 

lumped pseudo-parallel reactions, which are the key reactions of significance, 

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

• Loss of I-olefin via hydrogenation or isomerisation (undesired). 

This simplified scheme of desired and undesired reactions is shown In Figure 

2.7. 

Impurity 
1-Hexene x 

• Removal 

Loss 

Figure 2.7' Simplified pseudo-parallel reaclioJ1 scileme 

The pseudo 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). 

Specificity " Sp 
XI 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 determine 

which reaction is favoured. 

Specificity may be shown graphically by plotting the conversion of the impurity 

(X;nV "iW' '''P'Xit,i'x"",) vs. the loSS of I-olefin (XI.ole n) 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: 

• Sp = I the rate of removal of the impurity is the same as the rate of 

removal of the I-olefin (this is the diagonal in the graph) 

• Sp > I: the rate of removal of the impurity is higher than the rate of 

removal of the 1-olefin 

• Sp" I: the rate of removal of the impurity is lower than the rate of 

removal of the I-olefin 

For example, a specificity value of 2 indicates that the rate of impurity removal 

is twice the rate of I-olefin conversion 
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The idealised specificity Cllrves are illustrated in Figure 2,8, For a series of 

experiments at low conversion of impuri ty « 25%), the model was shown to 

re<lsonably fit the experimental ly ohserved trends (McPherson, 20(3). 
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1·0lefin loss [mol ~.l 

Figure 2.8: Idealised specificity plot 

(McPherson. 20(3) 

I k;"", <: k1 -<> 1 " ;~ 

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

of impuri ty remov<ll is much higher than the loss of 1-0Iefin. 

Selectivity was defined as lhe ratio of hydrogenation vs. isomerisation of the 

1-olefin (McPherson. 20(3), Seledivity therefore quantifies the extent to which 

conversion happens via hydrogenation. 

Selectivity " S = 
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Conversion by hydrogenation is preferred as the resulting produd is of more 

significance than lhe isomerisation product, i,e. it is more desiraNe to obtain an 

olefin as a product than an isomerised diene isomer, It is desirable to operate 

at conditions which favour high selectivity. However, specificity is the more 

crucial factor to consider in this reactH:lIl scheme as isomerisation activity was 

shown to be almosl insignificant over a titania-supported bimetallic 

palladium-silver catalyst (MLPherson, 2003). 

2.5.5 Rate laws 

Kil1etic data for selective hydrogellation are generally very scarce in literature, 

Usually, rate laws which are derived are applicable to a very narrow range of 

cOllditions due to several simultaneous reactions occurring on the surface of 

the catalyst. 

• Stadler, Schneider and Kochloefl (Stadler et aI., 1984) 

Experiments were performed using a palladium catalyst. with a SUPJXlrt 

consistillg of a 50 wt% mixture of a titania and ,'-alumina. The feed consisted of 

8-10 mol% of 1 ,5-hexadiene in 1-hexene and the reaction was carried out ill 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 (Stadleret aI., 1984), 

Results showed that the readion is first order with resped to the alkadielle alld 

zeroth order with respect to hydrogen, The rate law would thus be: 

(1 ) 

• Sales, Mendes and Bozon-Verduraz (Sales et aI., 2()(){)a) 

These experiments were conducted at a temperature of 40°C and constant 

hydrogen pressure (-1 bar) ill a well-stirred slulT)' reactor in the liquid phase 

The feed consisted of 2 wt% hexadiene (1,5 or 1,3) in an inert n-heptane 
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solvent. Monumetallic (PdiAI20 J ) and bimetallic (Pd-AgiAI20,) catalysts were 

used for the reaction (Sales lOt a/., 20008). 

A simple mechanism was proposed, involving the adsorptiun of the diene un 

the catalytic site the surface reactiun, and the desorption of pruducts from lhe 

catalyl'lC site. The authors took the rate-controlling step to be the surface 

reac!ion, with the adsorption and desorption steps in equilibrium With the 

further assumptiuns that the reverse reaction due to appro<lch to equilibrium 

can be neglected and that the alkadiene adsorbs much more strongly than all 

the other species, a rate expression resulted which shows <l relationship which 

is first urder with respect to hydrogen and zero order with respect to hexadiene 

concentration, The rale l<lw of the alkadiene hydrugenation reaction is not 

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

There are several pussible reasons which could account for the difference in 

rale law, Buth experiments involved a palladium-based catalyst. had similar 

conditions of temperature and were ,~'lrried out in the liquid ph<lse. 

Slurry-phase and trickle-phase systems are comparable, as the catalyst IS 

covered in liquid in both cases, hence the pores are filled and hydrogen IS 

dissulving in the liquid phase. The only significant difference between these two 

experiments is the hydrogen pressure. The experiments cunducted by Sales el 

ai, (20008) are carried out at lower hydrogen pressure (- 1 bar) and feed 

concentratiun than the experiments oonducted by Stadler el a/. (1984) This 

could possibly explain why Stadler's rate law is independent of alkadiene 

concentration. 

The experiments carried out by McPher!;of) (2()03) confirmed Sales et al.'s 

result in terms of the rate law being zero order with respect to alkadiene 

concentration. The experiments were conducted in the liquid phase <ll 

temperatures of 55 - 65cC and a tOlal pressure of 15 bar. The results shuwed 

that an increase in <llk<ldiene feed concentratiun had no effect on the catalyst 

specificity. 
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2.6 Catalysts used for selective hydrogenation 

The process of seleclive hyrJrogenation of C2 - C4 olefinic streams is 

successfully performed in inrJuslry 10 remove higher unsClturated impurities 

from Ihe slream, with relatively good selectivity. Palladium is recognised by 

most <luthors to have the highest selectivity comp<lred to other cat<llysts (Coq 

etal .. 2OOI) 

2.6.1 Principal catalytic metals 

Selective olefin hydrogenation catalysts <Ire generally comprised of the Group 

Villa metals (Ponec and Bond, 1995) Of these metals, pClllCldium Clnd plCltinum 

are more commonly userJ for the purpose of hydrogemlion becCluse they are 

Clclive at room temperature and ambient pressure. making their industrial 

utilizCltion advantageous. 

It was observed that palladium shows the highest c<ltalytic selectivity w,th 

respect to Cllk;;xJiene hydrogenations (Arnold et aL 1997) Since plCltinum is 

more <lctive than pClllooium and this can be a disadvantage in reClctions where 

the producl is liClble to further hydrogenation. Therefore, the probability of full 

hydrogenation is higher over platinum catCllysb than pCllladium catalysts (Petro 

et al .. 1974). This was shown in an experiment involving the hydrogenation of 

1,3-butadiene using supporterJ p<lllarJium <lnci plCltinum cat<llysts, uncier 

comparable conditions. The palladium C<ltalyst resulted in 100% selectivity to 

1-hutene, while a more significant fraction of butane resulted with the Pt 

catalyst (Webb, 1963), This result was confirmed IClter hy other <luthors 

(Massardier el ai, 1988: Pradier el al., 1988; Oudar et ai" 1987) and explained 

by a difference in the mode of absorption of the semi hydrogenated 

intermediate on each catalyst surface. In the C<lse of pall<lrJium, it is assumed to 

be Cl ,,-allyl species. However, the re<lson for the ciifference in selectivity over 

p<lliadium Clnd platinum-based catalysts is not conclusive, as the conditions of 

the experiments are unknown, It would he necessClry to compare eacll 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 aouble bona isomerisation 

probably due to a difference in the mode of <ldsorption of the semi 

hydrogenated intermediate. II is assumed to be a1t-<lllyl species (Boitiaux et al._ 

198?). This W<lS shown in the hydrogenation ot 1,3-butadiene. where a much 

higher rate of aoub[e bond isomerisation (i e, higher yields of 2-butene) was 

found when using a Pd catalyst. 

2.6.2 Promoter metals 

The selectivity to 1-hexene is known to be improved by the <lddition of <l secorK1 

metal to palladium (Sales at ai, 2000a) Typical[y, the addition of metals from 

the groups [B and [IB ot the periooic t<lb[e are considered Examp[es of these 

metals include copper, gold, silver, zinc, mercury or cadmium 

A study conducted by Sales at aI. (20ooa) showed th<lt selectivity of the 

catalyst can be enhanced by the addition of a second metal from the groups IB 

and liB of the periodic table_ The more common metals used are silver, tin and 

gold. Sales investigated the hydrogenation of 1.3- and 1.5-hexadiene in an ineri 

sol'llent heptane over various bimetallic catalysts on alumim supporis_ The 

experiments were c<lrried out at atmospheric pressure and a temper<llure ot 

40"C. High conversioos of the hexadiene were obtained in these experiments 

However, 1-hexene was not present in large excess, and thus the [lseudo 

parallel reaction scheme ([lresented in 2.5.4) is not applicable_ 

Bimetallic PdfAg and PdlSn catalysts resulted in an incre<lse in the selectivity to 

1-hexene but also a loss in catalyst activity. Conversion of up to 90% ot 

1,5-hexadiene is achieved Generally. more isomerisation occurs at higher 

conversions than at lower converSIOns of the diene_ At 70 % conversion of 

1,5-hexadiene, significant isomerisation activity (-63% yield of 2- and 

3-hexene) occurs over a monometallic palladium catalyst. A decrease in 
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isomerisation (-46% yield of 2- and 3-hexene) was seen in the experiments 

involving the bimetallic Pd-Ag/A1203 catalyst under the same conditions and at 

the same conversion (Sa/es 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 (Blaseret 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 either 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/AJ203 and PdfTi~ 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 PdITi02 catalysts to 1-hexene was found to be 

much higher than that of the Pd/AI20a 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 fonned 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 at al., 1984). 

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 J.1m 

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 oletins 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 oletins 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-oletin (Ardiaca et al., 2001). 

Results from a hydrogenation of ethyne over a series of Pd/AI20 a 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. 

Width of Pd shell 

Figure 2.9: Effect of Pd-shell thickness on selectivity of ethyne to ethene 

conversion [pdlA1203 egg-shell catalyst; 1% ethyne, 1% hydrogen, 98% ethene] 

(Gallei et a'. 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 tum, 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, H;loil = 0.2 (molar), WHSV = 4-12 hr1] 

(McPherson, 2003) 

2.6.6 Catalyst deactivation 

28 

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 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 2: Industrial background 30 

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 i-olefin streams, a catalyst 

must be used which will promote the hydrogenation of the impurities, inhibit the 

hydrogenation of the i-alkene to the respective alkane and suppress 

isomerisation. With higher olefins i.e. i-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 C6" olefin streams 

2.7.1 Relative reactivities of unsaturated Ct-compounds 

An investigation into the use of palladium and gold catalysts for the selective 

hydrogenation of a model Cs-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 H2foil ratio of 0.2. The temperature range was 

between 50 - 65°C and a pressure of 15 bar for all experiments over the 

Pdf Ag-Ti02 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. 

28~----------------------~----~~----------~ 
Feed klmrJIU·hx=2 

24 5% particular impurity 
~ 95% i-hexane c 

"0 20 
E -1i 16 > 
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Figure 2.11: Relative reactivities of various impurities over a Pd-Ag/Ti02 catalyst 

[P = 15 barg. H:;/oil = 0.2 (molar), WHSV = 4-12 h;1] 

(McPherson, 2003) 

28 

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 ~mpurity relative to k1-hexene 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 (Sp < 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 > i-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; Molnar 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 (~mpUrity I 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 (Molnar et a/., 

2001). It 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 a/., 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 a/., 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 a/., 2oo0a; Furlong et 

a/., 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 ~-Pd hydride phase and results in an increase in selectivity 

(Sales et a/., 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 (\<jmpurity I k1-hexene ). 

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/AI20 3 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 

(Molnaf et al., 2001). The existence of these phases has been shown by 

various analytical techniques. Two surface hydride phases were identified 

under ambient conditions, (1.- and p-PdH. 

Several studies, as reviewed by Molnaf 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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p-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 at a/., 2001). 

The probability of formation of the P-PdH phase is known to decrease with 

increasing dispersion of the metal (Coq at a/., 200; Salas at a/., 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 at a/., 2001). 

The increase in selectivity to 1-hexene as a result of the addition of a second 

metal (such as Ag or Sn) to palladium was shown by Salas at a/. (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 P-PdH phase is also 

related to the amount of hydrogen dissociating on the surface of the catalyst 

(Molnar at a/., 2001). However, high alkene selectivity was noted in the 

presence of the P-hydride phase. In a recent study, ethene selectivity was low 

both in the presence and absence of the P-PdH phase (Pradiarat a/., 1994). 

The above is mainly based on a recent review by Molnar at a/. (2001) with 325 

references in total. However, no conclusive relationship between the extent of a 

P-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 (Molnar et a/., 2001; Arnold at e/., 1997; Guczi et a/., 1984). A typical 

co-adsorbate is carbon monoxide (CO), which is successfully applied in the 

selective hydrogenation of C2- and C4-olefinic streams to improve the selectivity 

to the 1-olefin (AI-Ammar and Webb, 1977; Guczi et a/., 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. 

III 
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(+) conversion, (&) ethene selectivity, (II) 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 wfO....t» Pd-on-'1-AI203 catalyst 

(Guczi et al., 1984) 

2.8.2.1 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 Cz-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% PdlAI20 3, 8(fC, atmospheric 

pressure] 
(Guczi et al .• 1984) 

CO in feed rethyne Xethyne Sethene Sethane 

(%) (moVgcatS) (%) (%) (%) 

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 5.3 

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 (AI-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. 

AI 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 AI 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. AI-Ammar and Webb (1978) used 14C 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 III - ~H4 
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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 III sites. 

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

stream 

A study conducted by Nierlich and Obenhaus (1986) investigated the selective 

hydrogenation of a C4-olefin cut over a Pd/AI20 3 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) 

[PdIAI203, T = 21°C, P = 13 bar, LHSV = 351A] 

feed Product 

(with saturator) 

noCO 0.6 ppm CO 

1-Butene (mol %) 48.2 47.1 48A 

n-Butane (mol %) 21.6 21.7 21.6 

Butadiene. (ppm) 5140 650 <1 

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 < 1 ppm 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 Undlar catalyst (Molnar, 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 elimination of gas phase 

hydrcgen 

(Nierlicil and Obenhaus, 1986) 

The results of the introduction of a saturator to achieve dissolveU hyurogen in 

the liquid pllase are shown in table 2.5. Trace amounts of CO were also 

introduced to tho reaction to investigate the errect of a co-adsorbate, as 

discussed in soction 2.9 2 The results of 2 experiments, one of Wllich includes 

the presence of CO, are compared in table 2.4. 

Table 2.5. Feed and product composition (Nierlich and Obenhaus, 1986) 

[PdIAI;:03, T = 2rC, P = 13 bar, LHSV = 35M] 
~ 

.~ 

Feed Product 

Saturator No saturator 

0.6 ppm CO 06 ppm CO 

I-Butene (mol %) 48.2 48.4 35.5 

n.Butane (mol % ) 21.6 21.6 21.8 

Butadienes (ppm) 5140 < 1 2170 

Butynes (ppm) " < 1 " 
The elimination of gas pll<lSe hydrogen by the introduction of a saturator results 

in significant removal of impurities. The diones and butyne are romoved from 

tile feed almost completely, while evon a slight gain in I-butene resulted. This 

errect is not explained by the authors. II is thougllt that tile presence of 

hydrogen in the liquid phase avoids any mass transfer limitation of hydrogen 10 

the liquid phase, resulting in improved conversion of impurities. 
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Chapter 2 Irtdustr iat lJ ;X;kY'W ld 

2.9.1 The solubility of hydrogen in a Cs-hydrocarbon stream 

The solubility of hydrogen in a Cn-olefin stream was calculated using Hysis. a 

chemical engineering simulatiO!1 program (Appendix A). Calculations were 

based on the assumption of a feed consis ting of pure 1-hexene since the feed 

concentratiO!1 of 1-hexene was always> 95 mol % in all experiments and the 

impurities were olefinic as well The solubility plot is shown in figure 2.14 

",------------------, 
2S bar 

'0 

, 
0 " , 
~ 15 bar 
= 

" ~ 0 '0 • 
" " 

0.' 

1 bar 

TcmpcratlJl"c IC) 

Figure 2.14: Tile solubility of hydrogen in 1-/Jexene 

The plot shows the mole fraction of hydrogen whicll dissolves in 1-hexene as a 

function of temperature, at three different pressures. It can be seen that the 

solubility of hydrogen at atmosplleric pressure is insignificant. The hydrogen 

solubility only starts becoming noteworthy at pressures above 10 bar. For 

example, at 60cC and 15 bar. the amount of hydrogen which will dissolve in the 
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Ch"Pter 2: Irldustrial boc~ground ---------------------------" 

liquid hydrocarbon feed is approximately 1 mol%_ Increasing the temperature 

and pre%ure results in higher hydrogen solubility until the system be=me~ 

gaseous (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 (NierliciJ and ObeniJaus, 1986). 
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3 OBJECTIVES OF THIS STUDY 

It was shown in literature that bimetallic palladium catalysts result in improved 

selectivity to the I-olefin 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 isorncrisation. 

The overall objective of this work is to selectively hydrogenate the highly 

unsaturated impurities In a model I-hexene feedstock, bul <lvoid 

hydrogenation 01 the I-hexene to n-hexane arK! isomerisation to internal 

olelins. 

Several methods have been proposed to enhance the specificity 01 the 

catalyst that is increasing the removal 01 the impurities while rcdudng the ioss 

of 1 "hexene 

This study seeks to enhance the specificity 01 the Gltalyst to a commercially 

acceptable level by' 

• Reducing the Hlloil r<ltio to approximately stoichiometric and 

suh-stoichiometric level compared to preliminary studies. 

• Eliminating gas-phase hydrogen in the reador at these low HJoil ratios 

by introducing a pre-saturation stage, where the gas is allowed to 

dissolve in the liquid hydrocaroon phase prior to the catalytic reaction. 

• Introducing co-adsorbents (carbon oxide and ethanol) to the system to 

cause a site 'diluting' effect, which may hinder the formation of 

enscmhles 01 sites on the catalyst surface, Which affect specificity. 
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4 EXPERIMENTAL PROCEDURE 

An industrial bimetallic palladium cat<llyst Pd-Ag/TiO/. was employed ill this 

study. It must be noted that this catalyst is rwi designed optimized or supplied 

specifically for the task of C" purificatioi1 via selective hydrogenation. It was 

selected. based on the results of prellious studies (McPherson, 2003) for its 

metell combinatioi1 al1d the need for a nun-acidic support 

Literature (see chapter 2) showed that a bimetallic palladium catalyst on a 

nun-acidic support such as titania is the most suited catalyst for the task at 

hand Le. selective hydrogenation. 

4.1 Catalyst 

A commercial, bimetallic palladium-silver catalyst, suppurted OIl tilal1ia was 

chosen for the experiments cunducted in this study. It is all eggshell type 

catalyst in the form of tablets, in that the metals are deposited onl0 the 

geometric suliace of the catalyst tablets. The specificCltions of the cCltCllyst, as 

provided by the supplier. Clre listed in Table 4 1 Note thClt this catCllyst is not 

designed or optimized for the task of selective hydrogenation_ 

Table 4,1: Composition of the catalyst employed in this study 

ncsi[Tl<,IK>r1 

Source 

SUpp:J'1 

Ba,., metal: 

PrC<TK>lc, rr",tul: 

C3t"IYSI aarticles' D'ameler 

Sh,",c­

M~tal trys!,.lile s<ze: 

Mcl81 d,spcr,;on 

Su,tocc Are2-

T4299 

SW-Chemie 

TiO, ':" 

O. ',8 wt'}; Pd 

O.13wl%Ag 

4.5 mm ,4.5 mm 

c-,Iinchic," tool e's 

3 '1ll :" 

~H, 

]7 m" i 9 
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Noles: 

-" - -------------"'-

(1) The lilania support of this c<>talys! CQrlsis ls of Degussil P41 

which comprises of 10 nm primary part icles which are 

aggregated into 100 nm clusters and, fin<)lly, 10 ~lm 

agglomer<1lcs. 

(2) T ransmission Electron t..·\icroscopy (TEM) <1nd co 
chemisorpliOfl analyses were conducted in a previous study 

(McPherson, 2003) and indicated that T4299 has a melaj 

p<1rticie size of between 2 - 5 nm. 

4,2 Feedstocks 

S<1SoI supplied l-hexene of > 99.99% puri ty, ;;nd this was used as the bulk 

maler'",,1 for most feedstocks n-Hexane was used as the bulk material irl 

sped~c studies. V<1rious other C,,-hydrocamons were used to "spike' the bulk 

feed to represent the "impurities" likely La be present in the existing industrial 

streams. Compounds are listed in Table 4.2. For the most. the conccntralion 

of the impurity was milinlil ined at 1 mol% in 1-hexene but ini tial experiments 

included impurity concentratioos of 5 mol% All experimentill feeds were 

produced by weighing in a certain quantity of impurity, then adding the 

corresponding amount of bulk compound. Feed mixlu res were slored in a 

refrigera tor to prevent evaporation and stripping of the more volil tile 

c.omponenls. 

Table 4.2" f'eedstock consli tuents used 

Compound I Suppli~r Purity 

'·H"" .,.,., Sase< > 'fl'tl % , 
1.5-Hexad_ Sigma Ald.ich 97'1'0 

1 .. H~<yr>e Sigm" Al~ch ,'7% 

~- H exane Kimix W, 
Eth., n,,1 Me-rc< fl 9.7S% 
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The gaseous feedstocks, hydrogen and nitrogen, were supplied by Messer 

Fedgas Puritie5 were 99.999% « 2 ppm H"O and < 3 ppm O2 ) and 99 995% 

respectively, Several dilute mixtures of carbon monoxide in hydrogen were 

needed These were either obtained from Air liquide or made up in house 

from pure gases. 

4.3 Catalyst performance test apparatus 

The experimental apparatus consists of a ::I-phase down-flow trickle bed 

reactor mounted in an oil bath, stirred with a magnetic stirrer, for i50thermal 

operahon. The flow sheet of the apparatu5 i5 5hown in f!gure 4.1. liquid feed 

is supplied via a metering pump and gaseous feed via thermal mass flow 

controller5. The reador effluent proceeds via a sampling loop to a liquid 

knm;k-out vessel with gaseous effluent venting to atmosphere via a throttle 

valve. Pressure control is achieved by the introduction of a h~h pressure gas 

downstream between the knock-out ve55el and the throttle. A detailed 

description of the major comfX)nent5 of the experimental apparatus follows. 

4.3.1 Feed system 

Gaseous feed components (hydrogen, nitrogen and carbon monoxide or 

carbon monoxide/hydrogen mixtures) are supplied from cylinders, via a set of 

mass flow controllers. The guard catch pot located downstream the mass flow 

controllers are des!gnated to provide protection against backflow of the liquid 

feed in case of accidental line or reactor blockage. 

An HPLC metering pump (HP1100; 0,01 to 5 ml/min) supplies liquid feed to 

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 em 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 cm 

radially from the reactor body, over the full length, serve to break up the vortex 

formation in the oil bath and to promote heat transfer. 

The top of the reactor comprises a stainless steel gasketed VCR 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 1i8' axiat thermowetl extending the full length of the reactor, The 

reactor has a bed volume of approximately 14 ml ,md provides an effective 

bed votume of 1 88 ml per cm 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 H;:/oil r<ltios is to avoid the 

presence of gaseous feed components to the reactor, The S<lturator is 

designed to <lchieve complete dissolution of the g<lseous components in the 

liquid feed prior to entering the reactor. 

The body of the S<lturator is identical to the body of the re<lctor, with the 

exception of the fins and ~J<lsketed VCR fittin~J. The top of the S<lturator 

includes an entrance point for the gaseous <lnd liquid feeds: the bottom 

connects to the adjacent reactor The entire volume of the saturator is packed 

with inert silimn C<lrbide particles (900I.lm) and maintained at the same 

conditions as the reactor. 

4.3.4 Sampling line 

A samplin~J line is provided downstrear:l of the reactor so as to permit the 

recovery of an instantaneous liquid sample without depressurisation of the 

reactor <lnd the consequent flow disturbance It comprises of <l ca 2.5 m 1/8' 

stainless steel coolin~J coil (air,cooled) mnnected in parallel to the re<lctor 

effluent line via two 3-way valves, In combination with an <ldditional valve in 
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the reactor effluel'ltlil'le, now may be 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, thereby 

preventing pressure drops in the system after sample collection (See seclion 

4.5.4.3 for the samp/mg procedure) 

4.3.5 Pressure control 

Pressure control is achieved by the introduction of a back pressure regulating 

gas (nitrogen) into the effluent gas stream downstream of the liquid knockout 

vessel. 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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Figure 4.1: Schematic 01 experimen/alappara/us, saturatof included 
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_ _ Coo in 

Figure 4,2: Sec/ion drowing of the reactor 
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4.4 Experimental operating procedures 

4.4.1 Catalyst loading 

A thin plug of silane treated glass wool is positioned at the oottOlll of the 

reaclor to cover the reactor exit and prevent any loss of catalyst and inert 

diluent from the bed The thermowell is positioned axially in the reactor and 

left to rest just above the glass wool. 

The reactor packing comprises of 3 70nes as shown in figure 4.3 (see also 

section drawing. figure 4.2). Inert silicon carbide (SiC) granulate (000 ~!m) 

paGked above and below Ihe catalyst bed serves as preheat and flow 

distributor. and bed support. respectively. 

'·8 COl 

., "m 

j 

f------- Them-lOwell. tis" OD 

silane treated glass wool 

56 em" inert reali rg zone 

94 em3 dilLtcd catalyst bed 

'::d.b:ft===== 5.6 cm" inert Sl.p port am healirg zone 
i: sHare treated glass wool 
_'_ 1;; om_ 

Figure 4.3.- Reactor packing 

The central 5 em of the reactor length comprises a diluted catalyst bed, 

typically 1 gram of catalyst diluted with inert SiC granulate to a total volume of 

approximately 9.8 Gm" The packing is covered with another plug of silane 

treated glass wool After closing the reactor. the thermowell, which protrudes 
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from the top section. is sealed in-place using a graphite ferrule and standard 

1/1l inch tube fitting 

4.4.2 Reactor leak test 

The freshly packed reactor IS le<lk tested by nitrogen pressurization at 25 bar. 

The reactor is judged leak tight when no bubbles are seen and when no 

pressure drop occurs 

Then the experimental apparatus is flushed with nitrogen and pressuri7ed to 

15 or 30 bar. The entire rig is judged leak tight when no pressure drop occurs. 

Finally the system is returned to <ltrnospheric pressure for the activ<ltion / 

reduction procedure. 

4.4.3 Catalyst activation I reduction 

The in-situ reduction follows a procedure recommenr1ed by SQr1-Chemie AG, 

the m<lnufacturer of the catalysts. 

A dilute reduction mixture (5 vol % H" in N;) is set to flow over the c<lt<llyst at 

atmospheric pressure and at the highest flowrate (t24 sccm) achievable with 

the installed equipment The reactor temperature is ramped at tOC/min from 

ambient to 100nC. It is then maintained at 100"C for:l hours, followed by a 

further hour <It this temperature under pure hydrogen flow at 124 sccm. 

4.4.4 Reactor operation 

4.4.4.1 Start-up procedure 

• After completion of the activation / reduction procedure (section 4.4.3), 

stand<lrd reaction temperature and pressure are set (~ee Table 4.3) 

• Pressuris<ltion proceeds by closing the system throttte valve anr1 adjusting 

the feed gas (H/) detivery pressure under static conditions. Upon reaching 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CIWptt14 Exo",imoot;o'rrocp.nLJrp. 

the standard pressure (16 bar) tile pressure regulating gas (16 bar) is 

inlroduced and tile tilrottle valve adjusted to maintain st<Jble flow and 

system pressure, 

• Once reaction tempcr<Jture and pressure h<Jve stabilized. the feed pump is 

purged with pure l-hexene via ib own purge valve 10 ensure removal of 

air-bubbles trapped in the line or pump head. 

• The appar<Jtus is then primed with l-hexene at a riowrate of 5 cmJ/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 allowcd to reach 

ste<Jdy-state (lypically 48 hours), 

4.4.4.2 On-line procedure 

Upon tile alter<Jtion of experimental conditions, a period of at least one and a 

half residence times (usually corresponding to about 1,5 hours at thc standard 

conditions) is allowed to elapse before sampling is initiated, Only upon 

obt<Jining 3 sequential identical samples, is tile system considercd to h<Jve 

reached steady-st<Jte operation Standard conditions are re-set after each 

series of experiments. Catalyst performance was consistently monitored by 

running a standard condilion after each series of condition settings. tn the 

case of no change of catalyst performance. experiments were continued. In 

the case of a change to catalyst pertormance, the catalyst was rech<Jrged and 

the last condition setting was repeated. 

If catalyst performance is not monitored for extensive perioos (e g. over 

weekends). the hydrocarbon feed is switched to pure l-hexene under 

standard conditions so as to conserve expensive feedstock mixtures. 

4.4.4.3 Sampling 

• Under normal oper<Jtion, reactor effluent flows via the sample line to the 

knockout vessel (thrcc-way valvcs in positions A and C respectively. see 

figure 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 Band 0 The sample 

valve is then slightly opened and the sample is ejected from the sample 

line under the influence of the system pressure controlling gas The first 

ca. 1 ml drained is discarded. Therefore. the sample is collected In a 2 ml 

glass vial which is immediately sealed with an airtight cap. 

• Thereafter the 3-way valves are swi tched back and the sample line 

bypass valve and sampling 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 

occurs 

• All liquid samples are analysed by gas chromatography immediately after 

collection and then are stored in a refrigerator to prevent volatile 

components from evaporating. 

4.4.4.4 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 throttle valve and the 

incoming feed is used to pressuriLe the system. Once the desired pressure is 

reached. the pressure control gas regulator is set to the desired value and the 

throttle valve is opened 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 resul t. the system slowly 

depressurizes across the throttle. 

Space velocity 

Increasing and decreasing space velocity involves simultaneously adjusting 

MFC and pump setpoints to mainta in constant HJoil ratios. 
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H2! oil ratio 

A change in the Hz/oil ratio is achieved by changing only the hydrogen flow at 

a set liquid space velocity The linear gas velocity through the reactor is 

therefore dependent on tl10 Hjoil ratio while the hydroqen partial pressure 

remains constant 

Feed 

Cl1anginq hydrocarbon feed type for testing a different impurity or 

concentration of impurity involves excl1anging a freshly prepared feed bottle 

with that already attached to the pump_ Tl1is is undertaken with the pump 

switched off but tile gas feed maintained A brlCf pump-primin~J step is 

employed to remove air bubbles which may have been introduced into the 

liquid feed lines during the changeover of feed. However, a typical feed 

exchange procedure lakes less than 3 minutes and was found to have no 

effect on catalyst performance (McP/JersoIJ, 2003). 

4.4.4,5 Shut-down procedure 

• In order to recharge, the feed pump is switched off, and the gas feed is 

changed to nitrogen at the maximum possible flQlNrate of 124 seem while 

maintaining the temperature cons'k"lnt In order to strip residual 

hydrocarbons from the system 

• After approximately 3 hours, heating is terminated, pressure regulatin~J 

gas is turned off and the system is allowed to depressurise 

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

cool Then the reactor is removed from the oil batl1 and opened 
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4.5 Operating conditions 

4.5.1 Standard conditions 

Preliminary experiments indicated a slight increase in ca talyst activity prior to 

the attainment of a steady-state conversion, after which t'lme negligible activity 

loss is observed with increasing time-an-stream As a result, prior to the 

commencement of all catalyst performance tests, the fresh catalyst is allowed 

to stabilize under "standard' conditions, as provided in Table 4.3. Standard 

conditions are routinely reset to ascertain whetller catalyst deactivation occurs 

during an experiment (See section 4.4.4.2). 

Table 4,3' Standard conditions and applied ran~e of operatin~ conditions 

Condition St~r>d~rd value Range 

-< -
rL~ r V'""tu rG 6J W 

<.:==:,:."'= ___ -":;::"-______ Units 

C 

Press ure " " " ba-- (absol ute) 

MoI,..- :-1,l(~1 r~:io " O.Ot - 0) 

wHSV 7.9 7,5 - t6 

Th e molar Hz/oil ratio of 0.2 is in lar~e excess of what was stoichiometrically 

required to hydrogenate the impurities (1- 51710/%, see Table 5.1). 

4.5.2 Reaction conditions for peliormance evaluation 

For the purpose of evaluating the influence of opera tin~ variables on the 

catalyst performance, pressure, space velocity (WHSV) artd Ilydrogen/oil ratio 

were varied within the ran!]es presented in Table 4.3. Initial experiments were 

conducted urtd er conditions of large hydrogen excess (wi th respect to 

impurity) to avoid tile reaction being hydrogen limited However, later runs 

were carried out at conditions of stoclliometric hydrogen supply with resped 

to impurity 
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4.6 Feed and product analyses 

4.6.1 Gas chromatography 

Liquid samples were analysed by gas chromatography with manual sample 

injection. Chromatographic cooditions are given in Table 4.4. 

Table 4.4 Gas chromatographic conditions 

Gas Chtomatogrnpl1 

Detecta< 

Ca'-Ticr U"~ 

Mah·~;J Ll<lS 

Column h~OI<.t prcss~x 

Can;e, gas lirea< \€Iocity 

Split ratio 

I iquir1 sample ",'ume 

Coturw· tcrn,JCwturc 

Detector temperatL<e 

f lje<,tor ''''''I>efatLre 

1 .. OLTlfl type 

StOiliom1fy IXl<)SC 

C"~mn leng:h 

Coh.mn interr",1 diwTldcr 

riln, iilir)mess 

Var; "" moo:!cl 3f(jj 

Fzm~ 'o ri satbn dctccto, (r U ) 

HeliL1"l 

N:trogen 

47.2 x:a 

22.3 Gm' ~ 

40 - 1 

C.5,1 

f<oom tempef3ture 

2GO 'c 
2C() 'c 
-I"",er 

Wall c03t!)(1 fr.;sec silica column 

r:l;melI1]'IjX>ysiklX31e (5C2 If< PONA) 

GOm 

0.2 "'''' 

0.5 LL'" 

1 he peaks observed in the chromatogram were identified by makillg use of all 

of 

• Pure model componellts 

• Literature 

• IIl-hOlise data from Fischer-Tropsch product idelltification 
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TY>lical chromatograms are presented in figures 4.4 elnd 4.~. indicating each 

identified compound·s identity, retention time and basis of identification. 

Although not elll of the compounds are identified. the unidentified compounds 

are considered to be irrelevant since they are marginell, or, when feed 

constituents. were found to remain unchanged or change only melrglnelily 

upon reaction overthe catalyst 

Peelks in the region expected for crelcked or hydrogenolysis prcxJuds (< Co) 

were not observed. Also dimers (in the Cp range) were found to be 

insignificant. contributing < 0.01 % to the total chromatogra>lhic response. 

4.6.2 Data work-up 

FlO response factors for elll components are considered to be unity. This is 

justified on the belsis of the signal of the hydrocaroons in the flame ioni7ation 

detector being proportional to the amOlint of carbon and on the basis of there 

being no evidence for relevant quantities of cracked or [lolymeric products 

(not obtained or < () ()1 %, respedively). so that the total number of moles and 

the number of carbon atoms per mdecule is unchanged. Additionally. a 

carbon mass balance of 100 % is assumed as the basis for all calculeltions so 

that eventually the entire chromatogram could be evaluelted simply on a ~ak 

area percent basis with mote fraction being proportional to >leak area percent. 

4.6.2.1 Analytical error and scatter 

Reproducibility of the gas chromatographic results was proved through 

successive analyses of a single sample. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapt..- 4: Experime1bl proc edure_ 

Feed: 

, 

, 
:1 
, i 

I I 
I 

~ , 
\ M-hl-; ',', i \: Ij:J) 

Peak number 
1 

2 

3 

4 

5 

6 
7 

8 

9 

, 

I rlW'1 ,',\ 

Time (minutes) 
10.15 

10.59 

11.31 

12.00 
12,12 

1228 

12.47 

12.82 

13.02 

HI! 

Product: 

, 

I 

I , 

Compound 
1 5-hexadiene 

3-methy1-pentEne 

1-hexene 

n-hexEne 

3-hexene (tmns End cis) 

(tmns) 2-hexene 

2-methy1-2 -pentene 

Unknown 

(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-iJexene. T = 6(j'C, P = 15 bar. lIlo/Dr H;/oi/ = 0.2, 

WHSV=fl,7-15,2IJr i j 

(Table 5.1. experiment 3D) 
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Feed: Product: 

, , l ,-, 
• 0 

I 
J(,)J \;) '"" ""'flWI ' 1Irr" , 

Peak number Time (minutes) Compound 

2 10.59 3-methyl-penlane 

3 11.31 l-Ilexene 

4 12.00 n-hexane 

5 12.12 3-hexene (trans and cjs) 

6 12.28 (trans) 2-hexene 

7 12.47 2-methyl-2-pentene 

8 12.R2 Unknown 

W 13.77 l-hexyne 

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

impurity 

[1 mol% 1-hexyne in 1-hexene: P = 15 bar, T= 6Cfc: WHSV= 7.5- 15.8 h('] 

(Table 5.1 experiment 9) 
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It was found that results for species present in very low concentrations « 1 

mol %) are prone to greater scatter. Overall. the scatter is low « 0.5 %) since 

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

4.6.2.2 Conversion 

The conversion of two C6 species, namely the impurity and l-hexene, is of 

interest. 

Conversion of impurity 

In calculating the conversion of the impurity, only impurity hydrogenation is of 

interest 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. 

(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 

(2) 

Conversion of 1-hexene 

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

l-hexene in feed and product samples as follows. 

= (x, "',..,Joo. ) - (x, ...,ono,,...,,, ) 

x ,_"",","", 100 d 

= (A%, t>e.""" ... ~ -A%,_...., ..... ,,,,,,,,,,,,, ) 

A%, "',"~ "'d 

(3) 

(4) 
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The loss of l-hexene, via hydrogenation (to n-hexane), via isomerisation 

(to hexene isomers) or both, is taken into account in these equations, 

Impurities, hexadienes as well as hexynes, may form l-hexene when 

hydrogenated so that negative l"hexene conversion values are possible. A 

negative l-hexene conversion value would indicate a net "gain" of I-hexene 

while a positive cooversion value would indicate a net "loss" of I-hexene 

However, no l-hexene gains were obsel"lled under any conditions in this 

study. 

Hydrogen conversion 

Hydrogen converSIOn IS the result of both I-hexene and impurity 

hydrogenation Certain impurities (hexadienes and hexynes) may 

consecutively be hydrogenated, first to hexenes and subsequently to 

n-hexane. 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 5 to 8. 

It was found that the impurity was instantaneously saturated to n-hexane with 

only traces of I-hexene being detectable (see sections 5.4 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 mole of impurity to get complete 

hydrogenation to n-hexane, so that the degree of hydrogen conversion is 

calculated as follows: 

Conventional: 

x = [(x"""""""",,,,,,, - x ""-'-",~~, )_:(L: x ....., ,'Y ,~ __ - L x_"._;."m.",.,-.-, )] (5) 

H, molar H,Ioil ratio 

(6) 
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Based on feed composition: 

Xc;, 

[(X"""" "" ",,, - ~Io:'""'~"""""'''' )X2 + (X,_" ... "., ... , - x, _""' .... ,proju<! 1] 
molar H)oil ratio 

[(A%_~!oud -:- A%m",~w .. """, )X2 + (A%w."...,." .. , -A%w."""",...,<>x< )] 
molar H,Ioil ratio 

Specificity 

(7) 

(8) 

The specificity parameter (Sp) describes the overall reaction with respect to 

desired and undesired reactions and is defined in equation 9. 

x 
Sp = Specificity = ,.,,"'~.,. 

X,_",_ 

impurity removal 

hexene loss (9) 

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 
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5 RESULTS 

5.1 Experiments carried out 

5.1.1 Catalysis used 

All experiments were carried out using a commerci;;1 Pd-AgrTiO. catalyst 

(T4299) which was supplierJ by Sud·Chemie (properties appear in table 4.1). 

This is one of the catalysts McPherson (2003) s\uriied so that results can be 

comparerL 

5.1.2 Individual experiments and conditions 

Several Factors controlling the selective hydrogenation of Co-olefinic streams 

were investigated, Such factors include the type of feed impurity. the pressure 

ana temperature of the reaction ami the amount of hydrogen available for 

reaction The effect of pre-saturation of the feed with hyrJrogen ami the effect 

of co-adsorbates on the selectivity and specificity of the readian using CO and 

eth"mol 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 continued. In the case of a change to 

catalyst performance, the catalyst was recharged and the last condition setting 

was repeated. 
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Table 5_ 1_ List of experimental runs 

[Reac/ion temperature: 6ifC] 

Feed composition Reactor ...-oount of Pressure 

packing catalyst 

[mol'!o] '" [bar] 

NO SATURATOR 

I COO 'I!, 1-I.,xet'-9 SiC " , ! ,ik 1",..I.,«-o "",,:c_ l-hexene SiC 15 

" 1% 1,5-he,Jd""e'" l-he xene Pd--/>gTiO, 0_q7 " 
~ 5" , 1 ,5-I-.exadi8ne in 1-he'8oo Pc!-I'Q'TiO, 0.97 " " 1'-, 1,5-~exJdeoo; 1% 1-hex""" " c __ hexone rd0'TiO, 107 15 , 10

" 1 ,5 h<",xl """ ,., o_hexone rd-AgiTiO, 1.07 15 

G lQJ % 1-h."~ ",, ... 1% 1-h~x)'n e in 1-h€,,'ne Pd-I'Q'TiO, 1.05 15 , 1')', l -he>.yne in H-.exooe P~-I'Q'TiO, 1.07 " e 1% 1-he>)"ein l·~ex,",e rd 0'TIO, 1.1)7 15 

SATURATOR 

fI 1 % l-he xyn e in 1-1",,""e Pd-/>gTiO, 1_07 15 

W l'·'1-hexyne ' ,1-1-.e"""e P~-/>gTiO, 1_07 " ~ '1 1'1, 1-hexyne ,., l .. he'""e (0 ppm CO) , Pd'A;jITIO, 1.10 " " 1 % l_he xyr;c ,., l_h~"""" (,' ppm CO) ' rd-0'TIO, 1 10 CO 

W 1% 1-he 'l',e in 1-he,""" (25 wm CO)' rd-AJ.'TiO, I W ~ 

" 1'., 1-he'l',e in 1-he,_(50 ppm CO)" Pc!-kJ,'T'O, 1 .10 " " 1 % 1-heX)lne ,,_ H>ex,",e (0 >Pl1 [(han oi) " Pc!-I'Q'TKJ, I~ " W C'I(, 1-heX)o1,e in l·~ex,",_e (11~) ppm [then ~ )' Pc!-I'Q'H), 1m " H 1% 1.~"<}''''' ''' 1-'",,,,,,,, (lOCI] >Pl1 Elh""ol) ' rd ,Ig.'TiO, I~ ~ 

" 1'", l-he'yne i1 '1-1-""""" (58 ClJ pf"ll Ell,,,,,,.)' Pd-klITD, 1_"'" " 
Nd.e,- I TI)8 pump r&l.es fof experiments 1 and 2 ),ere equ<>l to exper;meni.s 3 - 7. , ConcenlraliCXIs cf CO and Ellloroi are mol", CCXlC"",I",jions relMive to 0qiJid rOO<} 

G5 

~W H, I oit 

molar 
[1J.;>hr'Ig..,J : ratio 

OOt8 (1) C., 
note (1) C., 
7.5 - V, 

'" 7.5- " 0_2 

7.9 - 158 0.' 
7,9 - 15.8 "' 8.0 - 17.3 02 

7.5- " 0_2 

7.9 - 15.8 'W 

HI _ 15.8 0.01 

7.9 - 158 8.01 

7.5 - 15.3 0.01 

7.5 - 15.3 0.01 

7,G - 15,3 0.01 

H V,,3 001 

n - 15_5 801 

7.7 - 15_5 0.01 
7,7 _ 15.5 0.01 
7.7_155 8,01 
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5.2 Preliminary findings 

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

used as a basis for performance for all effects investigated (Sf;C scciioll 2.5.4). 

5.2.1 Blank experiments 

Blank experiments (experiments 1 and 2, table 5,1) were carried out using 

100% inert catCllyst diluent (SiC) to confirm the bClckground reactions in the 

absence of the catalyst No hydrogenation or isomerisation of both 100% 1-

hexene feed Clnd 5 mol% 1.5·hexadiene impurity in l·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 

were therefore considered to be completely inert under typical experimenlal 

conditions. Therefore, all Clctivity observed can be attributed to the presence of 

the catalyst 

5.2.2 Reproducibility 

The experimental reproducibility Wllich is demonstrated In figure 1 

(experiments 10. 11 and 15, lable 5,1), involved three separate experimentClI 

runs over similar amounts of fresh catalyst. The figure shows the conversion of 

the l-hexyne impurity as a function of the loss of l-hexene ("specificity"), 

Impurity conversions range from 42 - 50% in all three experiments at various 

WHSVs. with all other variables kept constant 
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Figure 5.1- Specificity plot for experimental reproducibility (PdAglTi02 catalyst) 

[ 1. 07 - 1.10g fre sh catalyst in each of the experiments, 1 mol"/o 1-hexyne in 

1-hexene, T = 60"C, P = 30 bar, molar H:!oi! = 0,01, WHSV = 7.9 - 15.8 flr'j 

(Table 5.L experiments 10. 11 and 14) 

5.2.3 Catalyst stability 

E.xperiment 6 (t<lble 5.1) W<lS C<lrried out to determine the stability of the 

catalyst. Initially. the catalyst was operated with pure l-hexene at the standard 

condition (T = liOoC, P = 15 b<lr, mol<l r H)/oil = 0.2, WHSV = 8.0) and allowed 

to achieve steady state operation (0 - 7 hrs), Thereafter the feed was changed 

to 1-hexene cont<lining 1 mol% l-hexyne impurity. WHSV was v<lried. After 

130 bours on stream, the c<ltalyst was once again exposed to the standard 

condition with <l 100% 1-hexene feed. It was found that conversion was 

unchanged VS, the ini tial period at these conditions. 
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Figl1re 5_2_ Time-on-stream performance of catalyst at standard condition and 

varying space velocity 

(Experiment 6 - table 5_1) 

As mentioned previously, standard conditions using pure 1-hexene feed were 

rcpeated aftcr cach scrie~ of condition settings to check for catalyst 

performancc_ In the case of no change of catalyst performance, experiments 

were continucd_ In thc case of a change to catalyst performance, the catalyst 

was recllarged and tile last condition setting was repeated. 

In otller experiments (see table 5.1), indivkJual catalyst charges were on 

stream for periodS of up to 2 months without deactivatioo. All data was 

obtained under non-deactivating conditions_ 
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5.2.4 Variation of Weight hourly space velocity (WHSV) 

The weight hourly space velocity was altered by simultaneously changing both 

the gas and liquid flow in order to maintain a constant HJoil molar ratio 

(experiment 3a. table 5.1l. Specificity was observed as a function of changing 

WHSV for all experiments in this study. WHSV was varied between 7.5 hr 1 to 

about 16 hr 1 This trend is shown in figure 5.3. 

co --

b 15 

, 

W ""V • 10.' I" ' 

/-<,;.o WHSV _ " .",' 
1>."', ' 

-------

Conve rs;"" of 1-hexene (% ) 

Figure 5.3: Specificity plot for the effect of varying WHSV 

/1 mol% 1 ,5·hexadiene in 1-hexene, T = 6(/'C, P = 15 bar. molar H;/oil = 02] 

(Table 5.1 -' experiment 3.1) 

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 (experiments 3a and 3b, table 5.1). Two feed 

impuri ty concentrations (1 mol% and ti moI%) 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 mol% 

1,5-hexadiene in 1-hexene) for experimental reproducib~ily. The results are 

shown in figure 5.4. 

<C r-~ -- .-- ---.. 

-:; ]0 

·f ", o 
o , 
'0 20 
o ., 
i2 " , 
o 

(3 10 

.. 5 mor~ 1,5-h ... d;'"" in H,oxene; 
T=6~OC WHSV=4_12 i1l r 
I MoP""", 0." 2003 I 

Conversion ,,' 1·hexene ("k ) 

Figure SA. Specificity plot for the effect of varying WHSV 

[T= 6rfC, P = 15 bar, molar H,/oil = 0.2, WHSV c- 8.7- 15.2 /J(' unless 

otherwise st"fedj 

(Table 5.1: expeJiment 321 and 3b) 

5.3 Mass transfer limitations 

The experiment refers to indications of hydrogen mass transfer limitations from 

gas 10 liquid phase reported by McPherson (2003) (see section 2.6.5). To 

probe these findings an experiment was carried out using n·hexane, the n·es 

paraffin, as the bulk phase, which canl10l be converted consuming hydrogen. 
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5.4 Reaction pathway 

In order to find out whothor the impurity is hydrogemted ~teplVise or in one 

stop, an oxperiment was carried out with 1 rnol% 1,5-hexadi8n8 in parafrinic 

~oIvent n-hoxano i e with no I-hexane pre~ent in the leed (experiment 5, table 

5.1). Results are given in lable 5,2 and compared with results from experimont 

4 

Table 5.2. The efiee! of inerl bulk component n-hexane on conversion of 

1,5-hexadiene 

788 

9RS 

11,82 

IT = 6Cf'C, P = 15 bar, molar Hjoil = 0.2. WHSV = 7.9 _ 15,8 hr '] 

(Experiments 4 and 5 - laNe 5.1) 

X I ,_ 

-21% -14% 

-230/0 -16% 3.10% -24% -004°,;, 2.40% 

Convorsion of the impurity is almo~t the sarno in both experiments_ The 

experimont which h<ls no 1-hexane present in tho food rosults in very low 

yields of I-hexane compared to tho 1 ,5-hoxadione r.onversion 

It "an be seen that more hydrog~n is consumed in the c,,'lse where there i~ 1 

mol% 1-hoxcno present in the feed In addition. 

5.5 Catalyst specificity 

C<lt<llyst specificity was shown to be afrected by ~everal proccss conditions in 

pr~vious work on ~elective hydrogonation (see section 2.8) Three of these 

vari<lbles were investigatcd in this study. namely the I-Lioil ratio, the presence 

or <lbsence of gas phaso hydrogen in the reactor and tho offoct of total 

prossuro_ 
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All results were obtained with 1 mol% 1-hexyne impurity in 1-hexene. Graphs 

include the "base' case H2/0il " 0.2 (malar), 15 bar, without pre-saturation 

(experiment 7, table 5,1). 

5.5.1 Variation of H2foil ratio 

Previous work (McPherson, 2003) showed the specificity at 1-hexyne 

hydrogenation in 1-hexene to approach a value of 2 at conditions of high molar 

H2/oil ratio of 0.2. This specificity meant that the 1-hexyne impurity was 

removed at a rate which was approximately two times higher than the rate of 

l-hexene loss via hydrogenation or isomerisation. 

Figure 5,6 shows the resulting specificity plot. The effect of H2ioil ratio on the 

conversion ot the impurity vs. the conversion i.e. loss of l-hexene was studied 

in experiments 7 and 8 (table 5.1) 

I 
I 
I 
I / 

/ 
I /' FE 
I , 
I ,--, / _SV . '-8 ",' 

fI ' 
IM<SV _ '''' ",' 

t. 5 ".".,-. '-,",,,,e ;" ,-t-.e . . .. , f./y<f '''9''"''''' " 0, "­
HjodrOlJ<""',."....'· 4 IM<P",,""'"', 2OO:lJ 

__ \ 1 ,,-.,"% '_"",,,,,,;n ,_""'coo, HyO'"",,_' 0,"­
f./y<f'_",~- 20 

,,-,s ,_"",""'"' ,_""xc .. , Hjod,,,,,,, ",,," . 0,"", 

Hy"'-"'~- ' 

o , , ' 

''" : ,/ 8 I , 

10 I WiSIf=1).8"'" _" __ ~_------------" 
-" 

I _-
o ~,~--~-~,-=-----__ ----------__ ---------" 

o , 
Conv"",;on of i-hellene ('I. ) 

Figure 5.6, Specificity piot for tile effect of molar Hyoil ratio 

[1-hexyne in 1-hexene; P " 15 bar, T" 6(fC; WHSV" 75 - 15,8 flr r unless 

olherwise slaled] 

(Table 5. l' experiments 7 and B) 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 5: Results 

It can be seen that the decrease in the molar Hz/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 

cooducted at the lower H2/0il ratio. 

It can also be seen that the H,,/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 Hz/oil ratio of 0.D1 (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 l-hexyne to a double bond i.e. 1-hexene but only to half the 

stoichiometric amount required for complete hydrogenation (to n-hexane) 

Also, a saturator was introduced upstream the reactor. The saturator allowed 

the complete pre-dissolution of the supplied hydrogen into the liquid 

hydrocarbons, prior to exposure to the catalyst in the reactor. 
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;o ~------------~,--------------------__, 
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• 

I f, NOSATURATOR Hydrogc% ). a.2 (m <>la'i sp ' 1~ 

, 
/ 

, 

r NOSATURATOO Hydmgeolo~' Q,a4 (moI..-1 

" 5ATURA TOR _ Hydrogcolo i = a.a, (moIa~ 

Conversion of l_hexene ('l'. ) 

Figure 5,7: Specificity plot for the effect of the presence (no satumtor) or 

absence ('saturator) of gas phase hydrogen 

{1 mol% 1-hexyne in 1-hexene: P = 15 bar; T'" 6(j)C: WHSV = 7.5 - 15.8 hr '1 

(Table 5, 1: experiments 7, 8 and 9) 

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

specificity, The specificity is approaching values of approximately 100. 

5.5.3 Pressure 

While maintainillg conditions of improved spocificity. the pmssum was 

incmasod from 15 bar to 30 bar (expmimont 10. table 5 1) to ensure efficient 

dissolution and complete solubility of the hydrogen gas into tho liquid phaso 

(see section 2.9.1) 
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Figure 5.8: Specificity plot for the effect of pressure and saturation 

[1 mof'1n 1-hexyne in l-hexene: T = 6(fC: WHSV = 7.5 - 15.8 hrl] 

(Table 5.1: experiments 7 - 10) 

1/ 

Results arc shown in figure 5.8. The conversion of the 1-hexyne impurity more 

than douhled wi th a doubling of the pressure, while the specificity was 

maintained at a value of approximately 100_ Impurity conversions around 50% 

were achieved at the 10wermostWHSV applied of 75 h('_ 

5.6 The effect of co-adsorbates and potential poisons 

Generally, the above results inuK:ate that the speci~city of the selective 

hydrogenation process can be improved to 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 

amoonts of hydrogen supplied with respect tu the feed impurity concentration 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Cr"pter S Res«!.ls _________________________ -'C"'--

and at elevated pressure, where all the hydrogen is dissolved in the liquid 

phase. 

However, literature reveals the possibili ty of introducing a co-adsorbate to the 

selectIVe hydrogenation reaction mixture as a means of enhancing specificity 

(see section 2 S 2) 

Ihe effect of co-adsorlJates CO and ethanol was studied. The amollnt of 

co-adsorbate in all of the experiments is given as a molar concentrabon with 

respect to moles of feed. 

5.6.1 Introduction of carbon oxide 

C;ubon oxide was introduced to the feed at various concentra tions to 

determine the effect on speci ficity. Since it was shown in previous work (see 

section 2.8.2) that only 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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Conversion of1·hexene ("!. ) 

Figure 5.9: Specificity plot for the effect of carbon monoxide (molar ppm with 

respect to oil) 

[Saturator: 1 mo!"/o l-hexyne in 1-hexene; molar H/oil = 0.01; P = 30 bar; T = 

60'C, WHSV= 7.6-15.3hr'1 

(Table 5.1: oxperimonts 11- 14) 

The results shown in figure 5.9 indicate that the introduction of CO results in 

impurity conversions and s[}eciticity values which are still in the range of the 

previous results where no co-adsorbate was used (0 ppm data) i.e specificity 

vatues between 50 and 100. 

Figure 5 10 shows an expansion of the data points in figure 5.9. The same 

trend is obselVed as in the other experiments, whereby an increase in WHSV 

is accompanied by a slight decrease in impurity conversion but a significant 

increase in specificity. 
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• 
••• ••• 

Sp - 50 

, .• 
Conversion of 1_hexen" ('.4) 

" 

• OppmCO 

A 5ppmCO 

o 25pp",CO 

• 5DppmCO 

" 

Figure 5.10: Expanded from flfjure 5.9 - Specificity plot for the effect of CO 

(molar ppm with respect to oil) 

[Saturator; 1 mol% 1-hexyne in 1-hexene; molar H;/oil = 0.01; P = 30 bar; 

T = WC; WHSV = 7.6- 15.3 MIJ 

(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 ethanol as a model compound. 

(experiments 15 -18, table 5.1) 
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It can be seen in figures 5.11 and 5.12 that the inlroducbon of up to 5000 ppm 

(mol) ethanol results in a speciHcity which is still within the same range as the 

previous results where no co-adsorbate was used. Once again, the results of 

all experiments using ethanol as a co-adsorbate are compared to the base 

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

reproducibility 

Sp ~ 100 

"' li Sp - 50] 

• It . 
~ 

~ ~'" '0 , , 

" 0 ppm EIOH 

_ 1000ppmEtOH 

( . saoo ppm EtCH 

0 , , , , 
"5 " I, 
0 ,I 0 , , ' • " I > 
0 

" 

0 , 
u , Sp'1 

" 
, 
, 

" Conv~rsion of 1-hexene ('t, ) 

Figure 5. 11' Specificity plot for the effect of ethanol (molar ppm with respect to 

oil) 

{Saturator, 1 mol% 1-flexyne in 1-!Jexene; molar H,Ioil = 0.01: P = 30 bar. 

T = 60"C; WHSV = 7.6 - 15.3 /J, t] 

(Tabif> 5.1. experiments 15-18) 

The expanskm of figure 5.11 shows that there is no effect beyond scatter. 
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Figure 5.12 __ Expanded from figure 5.11 - Specificity plot for the effect of 

ethanol (molar ppm with respect to oil) 

[Saturator; 1 mol% 1-hexyne in 1-hexene, molar H;loil = 0.01. P = 30 bar; 

T = 6a)e. WHSV" 7.6 - 15.31)('] 

(Table 5.1: experiments 15-18) 

5.7 Hydrogen balance 

Both equatiorls 6 arid 8 (see section 4.6.22. 'hydrogen conversion') should 

yield the same result for hydrogen conversion and hydrogen consumption 

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

However. with the experiments at very low H;loil ratios and mrrespondingly 

low 1-hexene conversions arid n-hexane yields, differences were found to be 

far beyond the range of experimental scatter thaI is typically obtained with this 

kind of experiment 
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Consequently, no hydrogen balance can be carried ou t. Conversions of 

impuri ty and 1-hexene as well as the yield of n-hexane, clearly indicate that 

about twice as mLich hydrogen was available in the system than expected trom 

the setting of the Hjoil ratio and the hydrogen mass flow controller. 

According to figures ".8, ".10 and 512 at a molar H,,/oil ralio of 0.01 (i.e. 

1 mol~o hydrogen in the reaction system). around 50% impurity conversion (at 

a feed concentration of 1 mol~-(,) and 1% 1-hexene conversion were obtained. 

This requires a hydrogen consumption corresponding to around 2 mol% (note 

that :2 mol hydrogen are required 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 occur at the given reaction 

temperature of 60°C Also. given the space velocities applied and the long 

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

The observed discrepancy is probabty due to operating the hydrogen mass 

flow controller close to its lower limit (5% of scale) 

5.8 Thermodynamic equilibrium at low H2foil ratios 

A molar Hjoil ratio of 0.01, i.e. 1 mol% hydrogen in the system, and an 

impurity concentration of 1 mol% 1-hexyne In 1-hexene, correspond 

stoichiometrically to the complete conversion ot l-hexyne to 1-hexene. 

Therefore, the equilibriLim distribution between l-hexyne. 1-hexene and 

n-hexane can be trea ted in thermodynamic calculations si mply as a 

disproporlionation of l-hexene as tollows 
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1-hexyne 

1-hexene 

n-hexane 

Note tha t in this system 1-hexyne and n-hex<lne form in eqU<l1 <lmounts 

(1:1 mol<lr r<ltio) with the hydrogen balance being fulfilled 

Sup~rting calculations of the thermodynamic equilihrium distribution are 

presented in Appendix B Results show equilihrium distrihutio ns to be f<lr on 

the side of 1-hexene at around 99,9 mol% at 60'oC (and still 99,0 mol% at 

200QC) and corres~nding concentrations of n-hexane and 1-hexyne of 

0,05 mol",t" 
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6 DISCUSSION 

The effects of reaction variables such as temperature, pressure, WHSV and 

H210il ratio on hydrogenalioo activity and specificity were investigated 

thoroughly in previous studies (McPherson, 2003). It was found that catalyst 

specificity is not affected by any reaction variables except H210il ratio. Based 

on these results , a set of condilions (60°C, 15 bar and WHSV between 7,5 

and 15 h(1) were chosen and used as a basis for this study (see table 51). 

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 impurity 

(section 5.2.1). 

• Results are reproducible within the range of scatter (see section 5.2.2 

and Figure 5.1). 

• The same amount of catalyst was used in repeating experiments and 

this therefore also confirms that the catalyst pellets have consistent 

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). 

• In other experiments (see table 5.1), individual catalyst charges were 

on stream for periods of up to 2 months without deactivation. 

• 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 5.4 (section 5.2.5) that the data 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 to the results obtained by 

McPherson (2003). Fig;re 5.3 shows that conversion i.e. chaage 01 

concentration due to consumption. has no effect on specificity either. This 

confirms that ttle catalyst speclficily IS independent of the concentration of the 

impuri ty in the feed, Therefore the assumption is valid of a simplified 

pseudo-parallel reaction scheme (as d~cussed in section 2.5.4) and its 

application on delennining catalyst specificity as the key parameter 01 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 th is study was to ensure that the 

amount oll"lydrogen in the bulk phase would be unchanged along the ca talyst 

bed using a paraffinic solvent n-hexane, which cannot be hydrogenated. 

Therefore, a decrease in hydrogen ooncentration in the liquid phase and 

correspondingly hydrogen transfer limitations from the gas to the liquid phase 

could be exduded. 

The results in Figure 5.5 show that the specificity is unchanged by the 

absence of 1·hexene as a bulk feed component, when all the other variables 

are kepi constant. The fact that uSing 1·i"leJlene as the bulk feed consti tuent 

produced the very same specillcity and similar conversion to the eJlpenment 

where hydrogen mass transfer control [;Quid be e~duded (using n-hexane as 

the bulk feed ccnslituenl) proves, that in the fo rmer case mass transfer 

limitations do either not eXist or do not have any effed 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'/'0 conversion (Iable 5.2, last Golumn), the potential intermediate, 1-hexene, 

was observed only in trace amounts This clearly indicates that the impuri ty is 

converted on the catalyst surface straight through to the paraffin without 

desorption of olefinic in termediates . It can be antici pated that th is conclusion 

holds even more for alkyne-type impurities. 

This means that the stoichiometric amount of hydrogen required for complete 

conversion of the impurities is twice the amount of the impurities present in 

the feed so that 1 mol% of impuri ty stoichiometrically requires a molar H2/oil 

ratio of O.ll2 

If 1,5-hexadiene and 1-hexene were both present on impurity level 

concentration in n-hexane (table 5.2, middle column), the conversion of the 

diene is almost the same as in the absence of 1-hexene (table 5,2, last 

column). 

The conversion of 1-hexene is 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 fad that only 1 mole of hydrogen is consumed 

per mole of l-hexene converted, the resul t is that the total hydrogen 

consumption increases only moderately (Iable 5.2). 

6.4 Improvement of specificity at low H2/0il 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 simultaneous removal (loss) of 

I-hexene. 

Calalysl specificity increased from values of around 2 in previous work to 

values around 100 (as illustrated in Figure 5.1). Such high specificities are 

very desirable for the process of selective hydrogenation. as the impurity is 

removed at a rate which is approximately 100 times faster than the rate of 

kJss of l-hexene_ The results shown in Figure 6 1 are consistent with the 

find ings of Nierlich and Obenhaus (1984), where a similar specific increase in 

impurity conversion was obtained with only the use of dissolved hydrogen 

(and absence of gas phase hydrogen) in the reactor and near-stoichiometric 

amounts of hydrogen. 

The observed increase in specificity is the result of two improvements: 

• A significant decrease in the Hz/oil 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 Hioil ratio" 0.01 i.e. 1 mol%) 

limited by the hydrogen solubility level (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 tile overall effect of hydrogen content and 

pre-saturation 

[1 mofO/o 1-hcxyne in 1-hexene; T = 6Cf'C. WHSV" 7.5 - 15.8 h('J 

The interaction of palladium with dissociated hydrogen on the surface of the 

catalyst to form an !t- and Il-hydride phase is a well-known phenomenon 

(section 2.8.1.1) It is thought to playa role in hydrogenation reactions. The 

suppression of the rl-PdH phase has been showll to decrease the rate of 

1-alkene hydrogenation to the respective paraffin in the case of Cr and 

C4--olefinic cu ts. Therefore the increase in specificity, at low hydrogen/oil ratios 

and in absence of gas phase hydrogen, in the case of Cu-olefin cuts might be 

explained by the diminishing of the 1\-PdH phase 

However, literature docs not present a clear relatiollship between reaction 

condi tions and the presence or absetlGe. or the concentra tion of the rl-PdH 

phase hydrogen CHl the catalyst surface 
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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 H2/oil ratio of 0.01 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 l-hexene at 

a specificity of 100, another 1 mol% of hydrogen, i.e. a minimum molar H2/oil 

ratio of3 would be required. 

This indicates that the limitation of impurity conversion to about 50%, as 

obseNed in the low H2/oil ratio experiments, may be an artificial effect due to 

hydrogen depletion. 

6.4.2 Thermodynamic limitations 

According 10 thermodynamic calculations on a mixture containing 1 mol% of 

l·hexyne in 1·hexene and another mol% of hydrogen (at a molar H2/oil ratio 

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 5.8 and Appendix B. 

From the only around 50% con\lersion of impu rity obtained in the experiments 

(0.5 mol% remaining) and the fact that the hydrogen cootent in the system 

was even higher than 1 mol%, it is clear that the reaction system is still 

kinetically controlled. 

6.5 Effect of co-adsorbates 

Co-adsorbates ha\le 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 reactions. 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 

mixture. 

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, i e, a slight decrease in specificity, seems to 

occur at higher coocentrations of CO (up to 50 molar ppm in H2). However, 

the observed trend is very unsteady so that this slight decrease in specificity 

is rather questionable. 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 demonstrated clearly, 

An even clearer indicatioo of the absence of an effect can be seen for the 

case where ethanol is used as a co-adsorbate (Figures 5.11 and 5.12). There 

is scatter between the series but no trend of the specificity with increasing 

amounts of ethanol, even at ethanol concentrations of approximately 5000 

molar ppm in the oil, i,e. 0.5 mol%. 

It is known that the use of a bimetallic catalyst is a way to achieve sulface site 

dilution (see section 2.8.2). The replacement of some of the sulface 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

adsorbates 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 is merely redundant. It is 

expected that the specificity of the reactioo will be enhanced by co-adsorbates 

when a monometallic palladium catalyst is employed, as reported in literature 
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for the case of etilyne hydrogenation in the presence of ethellC (sec section 

2.B.2j. 

6.6 Effect of reaction conditions 

The amount of hydrogel) available for reaction which was controlled by 

manipulating the H)/oil ratio was ooseliied 111 this study to have a significant 

eftect on specificity (section 5.5. Figures 5.6 - 5.8j aoo therefore became a 

focus of this study Small amounts of hydrogen with respect to the amount of 

imp<Jrity present in the feed (e.g. a molar H;,/oil ratio of 0.01 at 1 mol% 

impurity cOr1centratiol)j resulted in very iligh specificity values aroulld 100. 

which achieve one of the objectives of th-s study 

Pressure has no direG! effeG! on catalyst specificity (sec section 5_5.3, Figure 

5.7, results from opera tiny with liaturator at 15 bar and 30 bar respectively), 

Higher pressure was employed to ensure complete dissolution of hydrogen in 

tile liquid phase. according to the solubility data (see section 2.9.1. Figure 

214j, since it 'IS the issue of the absence of gas phase hydrogel) at low 

hydrogen/oil ratios, which is seell as being respol)sible for the enhancement 

in specincity (see section 6.4) 
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7 CONCLUDING REMARKS 

This study has evaluated the feasibility of selective hydroger1<ltion for the 

removal of impurities from industrial l-hexcne streams, where the impurities 

could be present il1 the ppm range Experiments were conducted over a 

GOIDrnercial Pd-Ag/TiO:: catalyst 

The focus of the study was to improve the specificity of the catalyst i.e the 

extel11 of impurity removal vs_ the extent of l-hexene loss to a commercially 

acceptable level by irwestigating the effects of Hjoil ratio, pre-saturation of 

hydrogen in the liquid phase and the introduction of co-adsorbents to the 

reactiOrl mixture. 

Catalyst specificity proved to be an efficient catalyst evaluation 1001 as it was 

found to be insensitive to temperature, pressure and WHSV, Specificity is 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 molar Hjoil ratios so th<lt the presence of gas ph<lse hydrogen in the 

reactor could be avoided, dr<lmatically improves the spec'lficity from values of 

about 2 <lS observed in previous studies to values of about lOa. The removal 

of the impurity (the desired reaction) <It a rate which is one hundred times 

faster than the simultaneous loss of the 1-0lefin (the undesired reaction), now 

makes the process of selective hydrogenative purification of industrial 

l"hexene streams feasible, 

The introduction of low concentrations of co-adsorbents (carbon monoxide 

and ethanol) to the reaction mixture had no effect on catalyst activity and 

specificity, suggesting that the expected site "dilution" effect is <llready 

<lchieved hy the use of the bimetallic palladium-silver catalyst and that 

co-adsorbents are redundant 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Undoubtedly. there is still need for a deeper understandin~J of the observed 

phenomena and there i~ still room for improvement in terms of approaching 

100% impurity conversion while ma'intaining hi~Jh specificity, 

It is recommended that future studies include: 

i) Improvement of the operation of the experimental apparatus in 

terms of more accurate Hz/oil ratio ~etting~. 

ii) Optimisation of design variables to ar.hieve high impurity 

conversion at still high specificity values such as 

o Application of higher pressure to increase the hydrogen 

content in the system in absenr.e of gas phase hydr~Jen. 

o Using a multi-stage design with intermediate hydrogen 

supply and saturation. 

iii) Lowering impurity concentrations to < 1 mol%. 

iv) Clarification it the specifir.ity enhclncement is either a result of: 

o The effect of operating in absence of gas phcme hydrogen 

(i e with a pre-saturaled feed), 

o The effer.t of reduced H/ (impurity (oil ratio, 

o The effer.t of total hydroqen depletion. 

o Or the effect of a combination of two or more of these tar.tors 

v) An attempt to a better understanding of the role ot the 

P-palladium hydride phase and. if favourable, how to avoid or 

minim'ILe its formation, 

vi) I nvestigation of the effect of other co-adsorbents such a~ water 

and ammonia. 

VII) Investigalion of the role of the co-oosorbents (carbon oxide and 

ethanol) over a monometallic palladium catalyst 

viii) Evaluation of the selective hydroqenation of a r.ommercial 

l-hexene feedslock. which contains a host of impurities of the 

alkadiene and alkyne-type once pror.ess design and reaction 

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 a 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 al the given 
pressure, The liquid fraction of each component in the product stream was 
then used to calculate the solubility 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: 

Temp ", 1·H .. xvnu mol H, I 
Solubility 

g 1-h.,xunu "".'0'" ",.",,"" 
rC] [mol] [mol] [,I [mol fmc] [mol %1 Imol fmc 

Pressure: 1 bar 
~,o 0040 973,90 8196668 485E-06 0"'" 00408 09996 , OAO 913,60 76891,40 521 E-06 0"'" 0.0438 0,9996 

" 0.32 737,30 6205346 5,11E-06 0.""" 0.0430 09996 

'" 0,21 532,95 4485459 470E-<)6 '''''" 0.0396 0._ 

'" ,0< 100 04 9092,97 391 E.(16 0.0003 0.0329 09997 

Pressure: 15 bar 

~" 6,22 998.20 84011.34 740E-05 0,0062 0.6188 09938 

~'" 661 996.76 83889.98 7,88E-06 ,- 0.6588 09934 , "" 994.44 83694.72 8,38E-06 0.0070 0.7005 0.9930 

" 7. 78 985.47 82940.36 9,38E-05 0,0078 0,7836 0.9922 

'" 8,59 00<>.;' 81346.23 1 OOE4\ ".,,' 0.8807 0,9912 

'" 9,12 929.47 78226.73 1 17E-<)4 0.0097 0.9713 0.9903 

" 9,12 859,47 72335.15 1,26E-D4 0.0105 1.0502 0,9895 

'"' 808 726,11 61111.85 132E-<)4 0.0110 1.1001 0.9890 

'" 5,02 455,12 38304.80 1,31E-04 0.0109 1.0915 0,9891 

'''' 2,23 209,72 17650.83 1,26E-D4 0,0105 1.0508 0,9895 

Pressure: 25 bar 
~o 10,32 998.87 84068.23 1.23E-D4 0.0102 1.0224 09898 , 11 ,68 996.57 83874.24 1,39E-04 0.0116 1.1586 0,9884 

" 13,13 991.15 83418.24 1,57E-04 0.0131 1.3079 0,9869 

'" 15,33 970.81 81706.28 188E4\ 00155 1.5547 0,9845 

.0 17. 02 919.59 m95.12 2,20E-D4 0.0182 1.8167 09818 

'"' 17,21 8&1.51 71581.73 2.40E-D4 0.0198 1.9835 0,9802 

n' 13,90 626,87 52759.43 2,84E-04 0.0217 2.1697 0,9783 

'''' ." 279,85 23552.59 2,78E-04 0.0229 2.2901 0,9771 

". 3,29 140.05 11787.20 279104\ 0.0229 2.2930 09771 
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The following calculations were used to calculate the solubility of each 
component in the mixture: 

~~~"H,,"(~"",IC')'--~~" 
x~ = [H,(mols)+1-hexene(mols)] 

1- hexene(mols) 
x, __ = [H,(mols)+1 hex-ene(mols)j 

" 
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Appendix B 

Thermodynamic equilibrium of 1-helC:yne, 1-hexene and n-hexane 

Calculated as disproportionatioo of 1-hexene (see section 5.8). 

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

/' 
'·OO>:yne 

l·OO""ne , 
r>- he xane 

Defining the equilibrium constant: 

K = x, "" ,"" _lC , t_ ... 

(lC, he,....., 'I 

Where lCi : mole fraction 

Solving the equation for lc, ... -.. : 

Since lC'.hoX)<>< = xn.hex,,"" (disproportionation). it follows that: 

" , 
1K 
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So lilat: 

Finally: 

T"meralu,e 
I·h" x""e 

della G, 

1-I,exyne 

'c;z:,-'oiC_"C;"-,I".~ca'!mO 
I :;2.24 

I'J rO] 
~e " 20.90 

J% n 21Hl 

m " 24.62 

4CO 127 J1 7~ 

mo 227 42.94 

oGO 327 54,41 

7GO m GG.10 

&;0 527 77 H1 
L'"'~'--"',,---

52.37 

54.96 

%.23 

+,824 

76.89 

85.~1 

94.22 

'J 

(1 - x, ,."""' ) '1 ,-
2 \' K 

, 1 , 1 , 

'K x. . ' , "".-. \' K 

, 1 
2x, '''._ono ... X. "~"' ''' \,' K 

x. ""~_' (2 

11 , 

X., ,,.,,,,,,, 
~K 

, del13 G •• 
n-hexane , 

kC311moi kJimol 

-GrIG 1C.3il 43.4 i G. W JCO"J02 

G.W 1G.J7 43.S ' G. lXX; l (x; U3 

4 .73 10.46 4371 000000054 

13. ,H, 1C.63 44.4 G. W J OO 1O<J 

2~.31 1G.o7 44 0 G.lX;l(l2191 

43.02 11 (l'J 4GA O I).;l(l9 21-' 

~7. 9~ 11,2":, 47.2 0.r~;Oy~;q7 

73 C8 1148 4 ~.G 0. lYJ07J~~j 

No1c !J.Gro values at tempera ture = fiOoC were interpolated 

IV 

molar distribution 

1·I,exene 1.hexyne n·l,exane 

[mollraclionl 

0.9\fJ7 0.GCO(Y0 O.GCo()1b 

0,99":,7 UCl( J" 7 U,Gl(l H 

0.9989 0.00053 0.00053 

G'}\J7'o 0.%'2'0 0.%12'0 

G.c«;7 0.Gl>4 +}4 O,Gl>4+A 

C.9R12 O.CrFJ4 2 O.CrFJ42 

C.9635 0.G1677 0.G1677 

G.943'o 0.02:;73 0.G2:;7J 
-
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Appendix C: 

Tabulated hydrogenation data 

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

Notes: 

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. 

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

3. The conversions 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 consklered as 
impurity conversion. 

4. The specificity is calculated for each WHSV. 
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,. 
O.a12 a l "7 10.62. 18.103 " &/0 

,. 
O. !I69 af DW ... 18.42 1 1172* '" 10 8) , ,~ -* .~ ,,~ 10.71a '. a.lln M,OI> ~ '71 ,,~ 11),110< '" o.!.s/ ~7 1&1 9.0110 ,".672 "m~ ," 
.~ ~7.(I';E g,) l1 ," .• os 1 0 , !Io!~ ,. 

,-, 12.* m enal S , ~1 ".9:1> g.4911 1.51 
0- !I\l.JZ3 & .• 10 15.S!a . ~ , . 
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0. 915 .~, 19,1 " 10l .,. ." '" ,= .~. 1.001 13._ .. ~ '" .= .~ 7.&.01 1l.~11! .~ ,M , 

E • .-.... "'~b 

~ , ,~ ... "'~.,c ... H"u~.OO"C. , ~tw ..,...,. ... · 0.1. UI~ ~oO, 

,~ 1&.3:17 ' 8,fIO ~= , .. 
3 7 11 16 .1\&) ta ,062 Z1."" '" M7" 1/ .&1!~ 17."2 ,,~ 11'109 l .l I 

10 831 u~, 'a ."'~ 1 6.5'~ 2J.279 l a.Dll u r 
~~7' )'(PM l M 21 ".3M ' USB ," _., S.I"" 7!.520 ' e ,i5/) ) 21.%1 1 &' ;' ~ ,M 
,~ nl .. l1a~ ,,- '&.21 3 '" n ilOll 01111 "'_.~l lUl0 "~. ' lUI '" ... TII.'go '&1149 2 . 195 ,~ '" ,~ .,. ,nOD "- 1f. 15<'1 '" "~ .. - " , 

""" 16.3111 , ~ , 
~'I>OI~t • 

, % 1. ~i'o&>.O<Ier>e, W. , ...... " .. " n·""" ..... we. 15 ~r, ~0iI "",, - 0.<', 1.07Q 1>d • .o.grrIO-, 

••• '" 0.191 .~ ~8 16.1<111 ,.. 
0.192 .~ ~~ n.t~, .. ~ I." "-, " .! 11 nt. M14 .~ ",. l J 9' 3 I.,! 
~ en M13 .~ 20.759 " .013 ' .. 
0.~22 a.S1" .~ 2O .2M 1:\ ,/100 1.,7 

1 3.?~' ".M! om ge,2(;3 17,~S 11 .S3/! I.M 

OM' .- .~ n.,.." It ,5133 .. .. , ... Rt H6 " 3"" 
,,~ '" 
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1"4 1 ,5_hexodien< in n-he"""", OO"C. 15 001'. Hie>! rot", • 0,2, 1 ,07g P<!-IIIiTo, 

, 
0."35 0.040 99.123 21.771 ~.a.oO 

0.= 0.019 W,131 2',223 M3" 
0-,,2" 0.042 99.130 24.«7 ~.a.o2 

9.1\018 ~,810 O.~ W,lH 2'.26(l ,~ 

e~~ ~.1l27 0.043 99.1l1 24.525 O~ 

~.~2f5 0.0.10 ~.l:)O 2..,<);) 0.04" 
0.832 0,043 0/1,127 24,003 ~,041 

11.817 0.~4 0.0:)8 ~.0"7 21.102 0.03e 
0_ O.~ "".13~ 21,146 ,~ 

~.p<>rlmo tll5 

1 (>O'~ l-h~",,'l '~ l_he,1"< in l_he.<eoe. W"C, 15 Mr. Hjoil rMo • ~,2, 

1.1lSIl Pd ..... 'nO, 

N84~ ,. 
19.792 5.24 

Nm~ "~ 0.35 
7._ 0.745 00= 31.535 0.= 23.02 

(foed 2) ~.7" • . = 31.1"" ".~:l9 24.02 
0.744 00= 1',039 ~,312 27.56 
0,747 00.1011 31.313 HIM :19.03 
0.746 OO ~ ] 1.3'" M13 30.5f 

9,900 0.173 "'.2:)9 2" .973 7.2~7 47.13 
0.779 9'H27 2M3oI MN '9.~ 
OJ&:! 90.384 2" .3)5 8.127 51.19 
0.776 OO.10!l 28,6601 O~ ~2.21 -, 11.994 0.796 ~.~71 26,519 l1M6 70,51; 
0.19:) >6.01 2 27.1[14 11.757 72.00 
OJI!9 >6.7.9 2fA"" l U .21 73.04 
0.793 00,616 27.1~ 11._ IH>:J 
0.792 ~.65B 27.206 11,91' 75,00 

13.900 o.m 91.D.u 24.:169 H5.2 97,11 
0,~20 "'."3' 24.070 FE7 97.57 
oms 90.577 24.184 7.931 100." 
0."," OO.~ 24.1\34 7.921 1~1,OO 

0.~21 00.1% 24.570 ,= 102.00 
m &J.J~l 19.69f 136.16 

(fooo 1) 79.971 , 
f9."'" 

y" 
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Expo,_n! 10 

SATLRATCR ' ''' 1 ,",x,.n";" 1·" . """., 6{}"C, 30 bloc, ",laO ''';0 _ 0.01, 
1.07g Pd-Ag,mJ, 

0.5:>1 97.",,1 1.626 51.084 0 . .,.4 
0.577 97.~1 1.5n 46.400 0.620 
0. "72 ~7.f5IJ7 1.5-13 4S.g13 0.09'1 
0,525 97.5 19 ,= 51.2eo 0.683 

9.&31 0.500 ~7.7(!2 1.329 40.1SB 0.405 
0.53" 97-'69 1.502 "~ ,m 
O~ 97.401 1,793 52.600 O.eo~ 
0.",,0 97.4011 1.703 4g.~21 0.740 
0.523 97.2"' '-"99 51.400 0,(!25 
0. 5)6 97.436 1.735 w= 0.767 

11.!104 0. ~ 19 9r.~84 1.221 42.' 03 0.311 
0.= 9H75 '-'53 45.701 0.524 
O.~ 97.251 1.1lI35 49." 2 O~ 

0.562 g1.400 1.731 47.776 m 
0.56! 97.4n ,- 47.S00 0.725 
M g,\ gU07 1.411 44,614 0.491 

13.111 0.622 91.794 ,~ 42.249 M02 
0.600l 97.691 1.417 43.485 m 

Ex"".I",on! 11 

SA TlRATClR" 1 '~ H >ex)'ne ;" 1-... """ (~ PP'" COl, (l{I"C, 30 0"' , 
"laO ",10 = 0.01, 1.1(>g Pd-Aa'TO , 

0.519 9H10 5:},6{t2 0.' 
~,521 g7 a31 ",3()~ 0.840 
0.5(17 97.749 51,731 0. g2~ 

0."2 97.715 51.X16 0.002 
9.560 0,51\5 g~.I00 4~.1 ffi 0.$1 

0I!.3l' 
5~.61 

55.72 
>.1.24 
M .47 

<00 
74.M 
n. 
7509 

111.51\ 
1\lI.15 
65.65 
SU7 
55,5(i 
65." 
1:l1i,OO 
~7. 1 ~ 

5U9 
W"' 
66.01 
\>J.n 

1(1.<, 91\ 
~5.97 

0. >41 97.SS ! 4~.445 0.794 6{t,98 

-" 0,015 g1.1W 00.91 " 0.952 " 3.4B 
o.~ g~ .351 39.000 0.J19 122.42 
0.693 9~, 5!19 J;J,003 0,077 "~,91 

0.553 97.993 47.297 0,6~1 69.47 
0.53B 9H79 4~.716 0.797 61.1 5 

11.473 O~ 9" .1 M ".380 0 .516 ~5.9B 

0,597 g~,207 43.175 M64 93. 00 

Expo"",""! 12 

SATURATOR; 1'l> 1-1 .. " ". '" 1-he,."" I" ppon CO), SCPC, J{I ~ .. , I ';'all ""0 = 0.01, 
1.10gPd-A~o, 

61.16 
0,529 9Hn 1.259 OO.MO 0. " ," ~'.<l4 
0.55(1 97.942 1,165 4~.594 0.749 84,35 

9'>68 MOO 9~.310 0.1~2 4 1.1 44 0.J16 100.14 .- .= 911.051 1, 009 45.092 M39 ra."" 
O. M" 97.8&l 1.21\6 4S.1&:J n12 59.31 
0.0""' g1.11g 1.4>4 ' l-01g 0.97 " "2.1, 

11.<73 0.515 97.792 1.121 oo.cm 8.981 5o ,4~ 

0 .61. 91.058 1.0« 42.515 0.6.32 67.51 
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Product 

experiment 10 

SATURATOR: 1% 1-hexyne in 1-hexene. 6O"C. 30 bar, H~on ratio .. 0.01, 
1.079 Pd-AglT~ 

WHSV mol% ~ X1..-

[9oI.hf1/g...il 1-hexyne 1·hex9n9 n-hexane (%) (%) 

Feed 

- 1.0n 98.189 - - -
7.869 0.533 97.571 1.590 50.473 0.630 

0.521 97.557 1.626 51.584 0.644 
0.5n 97.581 1.528 46.400 0.620 
0.572 97.607 1.543 46.913 0.594 
0.525 97.519 1.683 51.280 0.683 

9.837 0.590 97.792 1.329 45.168 0.405 
0.538 97.469 1.652 50.000 0.734 
0.509 97.401 1.793 52.696 0.803 
0.540 97.458 1.703 49.827 0.745 
0.523 97.281 1.899 51.408 0.925 
0.536 97.436 1.735 50.226 0.767 

11.804 0.619 97.884 1.221 42.553 0.311 
0.565 97.675 1.453 45.701 0.524 
0.544 97.251 1.865 49.512 0.956 
0.562 97.406 1.731 47.776 0.798 
0.561 97.4n 1.884 47.898 0.725 
0.596 97.707 1.413 44.614 0.491 

13.771 0.622 97.794 1.306 42.249 0.402 
0.608 97.693 1.417 43.485 0.506 
0.618 97.752 1.353 42.554 0.445 
0.597 97.611 1.486 44.567 0.589 

experiment 11 

SATURATOR: 1% 1-hexyne in 1-heX90e (0 ppm CO), 6O"C, 30 bar, 
~oil ratio .. 0.01, 1.10g Pd-AgITiO:z 

WHSV mol% x-"purIIy Xl..- Sp 

l:9oII.hr'1/9cad 1-hexyne 1-hexene (%) (%) 

- 1.050 98.665 - - -
7.648 0.509 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 97.716 51.206 0.962 53.24 

9.560 0.565 98.106 46.186 0.567 81.47 
0.541 97.881 48.445 0.794 60.98 

Sp 

-
80.09 
80.06 
74.84 
79.04 
75.09 
111.56 
68.15 
65.65 
66.87 
55.56 
65.47 
136.96 
87.18 
51.79 
59.87 
66.03 
90.78 
104.98 
85.97 
95.62 
75.61 

Product 0.515 97.726 50.915 0.952 53.48 
0.640 98.351 39.005 0.319 122.42 
0.693 98.589 33.963 0.077 440.91 
0.553 97.993 47.297 0.681 69.47 
0.538 97.879 48.716 0.797 61.15 

11.473 0.584 98.156 44.380 0.516 85.98 
0.597 98.207 43.175 0.464 93.06 
0.623 98.337 40.655 0.332 122.46 
0.653 98.174 37.793 0.498 75.91 

experiment 12 

SATURATOR: 1% 1-hexyne in 1-hexene (5 ppm CO), 6O"C. 30 bar, H~oil ratio = 0.01, 
1.10g Pd-AgITIO:z 

WHSV mol% Xlmpurlly 

X
1 

__ 

Sp 

[g.".hr"l/1katl 1-hexyne 1-hexene n-hexane (%) (%) 
Feed . 1.07 98.682 - - - -

7.648 0.590 98.074 1.019 44.918 0.615 72.98 
0.518 97.864 1.337 51.571 0.829 62.23 
0.513 97.842 1.317 52.031 0.651 61.16 
0.529 97.8n 1.259 50.585 0.815 62.04 
0.550 97.942 1.165 48.594 0.749 64.65 

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 59.31 
0.524 97.719 1.454 51.019 0.975 52.32 

11.473 0.535 97.792 1.321 50.003 0.901 55.48 
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 

IX 
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Experiment 13 

SATURATOR: 1% 1-hexyne in 1-hexene (25 ppm CO), 60"C, 30 bar, H;z/oil ratio:::: 0.01, 
1.1Og Pd-AglTiOz 

WHSV mol% Xu"puriIy 
X

1
_ 

Sp 
[9oII.h,l/g."J 1-hexyne 1-hexene n-hexane (%) (%) 

Feed - - - - -
7.648 0.661 98.007 1.150 36.344 0.679 53.49 

0.638 98.000 1.363 39.025 0.759 51.43 
0.620 97.634 1.411 40.735 1.129 36.07 
0.617 97.673 1.429 40.998 1.091 37.59 
0.709 98.210 0.822 32.183 0.547 58.85 
0.644 97.855 1.232 38.431 0.906 42.42 
0.610 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 36.937 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 

11.473 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 53.03 
0.837 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-hexene (50 ppm CO), 6O"C, 30 bar, Haloil ratio:::: 0.01, 
1.10g Pd-AgJ1102 

/' WHSV mol% ~ X1.-... Sp 

19o!J.hr"l /gcgJ 1-hexyne 1-hexene n-hexane (%) (%) 
Feed - Ul66 98.607 - - - -

7.648 0.609 97.486 1.593 42.851 1.135 37.76 
0.596 97.414 1.836 44.099 1.210 36.44 
0.580 97.471 1.662 45.538 1.152 39.51 
0.558 97.359 1.782 47.624 1.265 37.63 
0.607 97.413 1.616 43.044 1.211 35.54 
0.597 97.512 1.577 44.014 1.110 39.65 
0.591 97.511 1.590 44.520 1.111 40.06 

Product 
0.595 97.403 1.639 44.180 1.221 36.19 
0.586 97.369 1.686 45.009 1.255 35.85 

9.560 0.640 97.641 1.437 39.900 0.979 40.74 
0.623 97.533 1.487 41.542 1.090 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 0.894 29.348 0.560 52.37 
0.757 96.247 0.784 28.920 0.365 79.16 
0.721 98.011 0.974 32.358 0.605 53.51 

Experiment 15 

SATURATOR: 1% 1-hexyne in 1-hexene (0 ppm Ethanoi), 6O"C, 30 bar, Haloil ratio:::: 0.01, 
1.099 Pd-AglTIO:z 

WHSV moI% ~ 
X

1
_ 

Sp 
[QoII.h(l/g""J 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 0.986 51.68 
0.518 97.662 1.612 50.556 1.022 49.48 

Product 
9.661 0.571 98.051 1.238 45.536 0.627 72.63 

0.547 97.827 1.481 47.795 0.854 55.94 
0.521 97.671 1.858 50.265 1.012 49.67 
0.646 98.296 0.928 38.355 0.379 101.31 
0.559 97.939 1.339 46.647 0.741 62.97 
0.544 97.825 1.491 48.066 0.857 56.11 

11.593 0.590 98.101 1.173 43.730 0.576 75.90 
0.602 98.153 1.104 42.525 0.524 81.16 

x 
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experiment 18 

SATURATOR: 1% 1-hexyne in 1-hexene (100 ppm Ethanol). 60"C. 30 bar. 
~011 ratio = 0.01. 1.09g Pd-AglTi~ 

WHSV mol% Xm,purIIy X1",-e 

kIoii.hr"l/g.",J 1-hexyne 1-hexene n-hexane (%) (%) 

- 1.041 98.648 - - -
1.129 0.532 91.496 1.642 48.869 1.168 

0.522 91.454 1.114 49.850 1.211 
0.522 91.469 1.100 49.893 1.195 
0.529 91.444 1.103 49.114 1.221 

9.661 0.512 91.114 1.312 45.056 0.886 
0.514 91.804 1.343 44.846 0.855 

11.593 0.619 91.915 1.011 40.542 0.682 
0.621 98.001 1.091 40.364 0.650 
0.629 98.042 1.051 39.601 0.614 

experiment 11 

SATURATOR: 1% 1-hexyne in 1-hexene (1000 ppm EthanOl), 6O"C, 30 bar. 
H21011 ratio::: 0.01. 1.09g Pd-AglTIO:! 

WHSV mol% Xm,purIIy 
X

1
_ 

[9<>I.hf1/gcatl 1-hexyne 1-hexene n-hexane (%) (%) 

- 1.019 98.614 . - -
1.129 0.515 98.250 0.813 43.561 0.430 

0.589 98.261 0.835 42.258 0.419 
0.463 91.512 1.664 54.515 1.111 
0.456 91.515 1.690 55.249 1.114 
0.410 91.552 1.642 53.811 1.131 
0.516 91.935 1.248 49.384 0.149 
0.526 91.913 1.111 4~.422 0.111 
0.528 91.994 1.159 48.221 0.689 

9.861 0.541 98.059 1.096 46.903 0.624 
0.550 98.061 1.013 46.083 0.615 
0.540 98.034 1.121 41.010 0.649 
0.489 91.696 1.484 51.991 0.991 
0.493 91.116 1.539 51.630 0.911 
0.534 91.982 1.184 41.580 0.101 
0.539 91.958 1.148 41.146 0.126 

11.593 0.502 91.630 1.348 50.160 1.058 
0.501 91.661 1.523 50.843 1.026 

experiment 18 

SATURATOR: 1% 1-hexyne in 1-hexene (5000 ppm Ethanol), 6O"C, 30 bar, 
~oIl ratio ::: 0.01, 1.09g Pd-AglTi~ 

Sp 

-
41.86 
41.11 
41.15 
40.29 
50.84 
52.43 
59.42 
62.13 
64.51 

Sp 

-
101.28 
100.91 
46.35 
41.05 
41.39 
65.93 
68.11 
10.03 
15.20 
14.95 
12.53 
52.48 
53.18 
61.81 
64.94 
41.98 
49.54 

WHSV mol% Xm,punty 
X

1
_ 

Sp 

19<>I.h(1/9catl 1-hexyne 1-hexene n-hexane (%) (%) 
Feed - 1.05 98.563 - - - -

1.129 0.513 91.456 1.629 51.152 1.123 45.55 
0.514 91.306 1.140 51.066 1.216 40.03 
0.518 91.311 1.688 50.661 1.264 40.01 
0.521 91.391 1.680 50.415 1.163 42.63 
0.522 91.384 1.688 50.306 1.196 42.05 

9.661 0.559 91.616 1.425 46.191 0.961 48.68 
Product 0.551 91.559 1.481 41.482 1.019 46.60 

0.546 91.501 1.526 41.182 1.011 44.59 
0.535 91.381 1.611 49.058 1.193 41.12 
0.609 91.980 1.022 41.989 0.591 11.03 
0.621 98.010 0.914 40.324 0.500 80.61 

11.593 0.622 98.002 1.012 40.129 0.569 11.58 
0.624 98.018 1.030 40.560 0.492 82.44 

XI 




