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1. Einleitung / Introduction 
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Lineare alpha-Olefine sind sehr vielseitig einsetzbare Intermediate zur Herstellung 

von z.B. Co-Polymeren (1-C4 bis 1-C8), Weichmacheralkoholen (1-C6 bis 1-C10), 

Waschmittelzusätzen und Schmiermitteln (C12 bis C14). Dabei gibt es für die 

verschiedenen Kettenlängen unterschiedliche Märkte mit individuellen 

Herausforderungen und Anforderungen. Dies betrifft z.B. die Größe, das Wachstum 

und die Lage des Marktes, sowie etwaige technische Dienstleistungen für Kunden. 

Zur Zeit wächst das Marktsegment der Co-Monomere (insbesondere 1-Hexen und 1-

Okten) mit jährlich 6 % überproportional stark an, während andere Segmente in ihrer 

Nachfrage konstant bleiben oder sogar stagnieren. Diese Entwicklung stellt eine 

große Herausforderung für Firmen dar, die im Besitz einer so genannten „full range“ 

Technologie sind, d.h. lineare alpha-Olefine von unterschiedlichster Kettenlänge 

herstellen. Diese Prozesse führen stets zu einer Verteilung der Kettenlänge 

entsprechend einer mathematischen Verteilung (z.B. Schulz-Flory oder Poisson), die 

nicht der Nachfrage am Markt entspricht.1 

 

Aus diesem Grund ist die Entwicklung neuer Katalysatoren für die selektive 

Herstellung von reinstem 1-Hexene und 1-Okten (Qualitätsstufe „co-monomer 

grade“) gerade unter industriellen Gesichtspunkten höchst wünschenswert. Die 

selektive Trimerisierung von Ethen wurde bereits in den späten 1960er Jahren von 

Manyik bei der Union Carbide Corporation beschrieben.2 Allerdings wurde diese 

Entdeckung erst durch Reagan bei Chevron Phillips Chemicals in den späten 1980er 

Jahren wieder aufgenommen und zu einer industriell verwertbaren Technologie 

weiterentwickelt.3, 4 Nach vielen Verbesserungen wurde diese dann im Jahre 2003 in 

einer großtechnischen Anlage implementiert und in Qatar in Betrieb genommen (50 

000 jato).5 Bis jetzt ist diese Anlage das erste und einzige Beispiel für die 

großtechnische selektive Herstellung von 1-Hexen durch Trimerisierung von Ethen. 

 

Dieser Erfolg hat dazu beigetragen, dass das Interesse von akademischen und 

industriellen Forschungsgruppen an der selektiven Umsetzung von Ethen in den 

letzten Jahrzehnten stark zugenommen hat. Mittlerweile haben ausführliche Studien 

zum Einfluss von Liganden zur Entwicklung von einer Reihe sehr vielversprechender 

Chrom basierter Katalysatorsysteme geführt. Mechanistische Studien legten den 

Schluss nahe, dass im Mechanismus der selektiven Trimerisierung von Ethen 

Chromacyclopentan und –heptan Intermediate beteiligt sind. Es wurde zunächst 

postuliert, dass größere Ringe energetisch ungünstig sind. Dies würde die hohe 

Selektivität zum Trimer erklären (>95 % für einige Katalysatorsysteme). Im 



E I N L E IT U NG  /  INT RO D U CT I O N  

 10 

Widerspruch dazu steht allerdings die Entdeckung von Bollmann et al., dass die 

selektive Tetramerisierung von Ethen mit ausgewählten Katalysatoren möglich ist.6 

Hierbei konnte eine Selektivität von bis zu 75 % zum Tetramer 1-Okten erzielt 

werden (siehe Schema 1).  
CrIII(acac)3

(Ph2P)2N-R
MAO

 

Schema 1: Selektive Tetramerisierung von Ethen mit einem Chrom basierten 
Katalysator. 

Im Rahmen der vorliegenden Dissertation sollte nun aufbauend auf dieser 

Entdeckung ein Beitrag zur Entwicklung einer kommerziell verwertbaren Technologie 

für die selektive Herstellung von 1-Okten und 1-Hexene geleistet werden. Dabei ist 

hervorzuheben, dass alle Untersuchungen in enger Zusammenarbeit mit der 

südafrikanischen Firma Sasol durchgeführt wurden. Wichtige Bausteine bei der 

Entwicklung eines Technologiepaketes waren vor allem die Steigerung der 

Katalysatoreffizienz (Selektivität und Aktivität) und eine intensive 

Prozessentwicklung. Während ersteres vor allem durch Maßschneidern von 

Liganden und geschickte Parameterwahl erreicht werden sollte, war für das letztere 

die Übertragung des Katalysatorsystems auf eine kontinuierliche Pilotanlage im 

Labormaßstab notwendig. Abbildung 1 zeigt einen Überblick über die im Rahmen 

dieser Dissertation durchgeführten Arbeiten.  

 

Abbildung 1: Im Rahmen der vorliegenden Dissertation durchgeführte 
Untersuchungen. 
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Linear alpha-olefins (LAOs) are very versatile intermediates for the production of e.g.  

co-polymers (1-C4 to 1-C8), plasticizer alcohols (1-C6 to 1-C10) detergents and 

synthetic lubricants (C12 to C14). Obviously, each segment has its own market with 

distinctively different market size, growth, geography, technical service and so forth. 

At present, the market for 1-olefins in the co-monomer range (specifically 1-hexene 

and 1-octene) is growing at an over-proportional 6 % per annum while other 

segments are constant or stagnating. This development poses a serious challenge 

for full-range LAO producer using technologies that inevitably yield a mathematical 

distribution (i.e. Schulz-Flory or Poisson) of chain-length, which does not match 

market demands.1  

Therefore the development of new catalyst systems for the selective production of  

co-monomer grade 1-hexene and 1-octene is highly desirable from an industrial point 

of view. Although the selective trimerization of ethylene was already observed in the 

late 1960s by Manyik at Union Carbide Corporation,2 it was Reagan at Chevron 

Phillips Chemicals3,4 who picked up the discovery in the late 1980s and developed an 

industrially viable technology that was – after many modifications and significant 

improvement – implemented in a 50 000 tons / annum plant in Qatar in 2003. Up to 

date, this is the only example of an operational selective ethylene oligomerization 

process.5  

Initiated by this success, research on selective ethylene transformation was followed 

up both by industry and academia in the late 1980s. Extensive ligand variation 

studies carried out by numerous groups led to the development of a number of 

promising chromium based catalyst systems for the trimerization of ethylene. 

Mechanistic studies aimed at elucidating the nature of the selective formation of 1-

hexene were undertaken and led to the proposal of a metallacycle mechanism 

involving Chromacyclopentane and Chromacycloheptane intermediates. It was 

postulated that larger ring sizes were energetically unfavourable which would explain 

the high selectivity of ethylene trimerization (>95 % in some cases). Contrary to this, 

Bollmann et al. at Sasol discovered the selective tetramerization of ethylene in 

2003.6, 7, 8 For the first time, 1-octene could be produced with selectivities >75 % 

using a chromium based catalyst (as depicted in Scheme 1). 
CrIII(acac)3

(Ph2P)2N-R
MAO

 

Scheme 1: Selective tetramerization of ethylene with a chromium based catalyst. 
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This thesis follows up on the first promising results on ethylene tri-and tetramerization 

made by Bollmann et al. and will aim at developing an industrially viable technology 

in cooperation with the industrial partner Sasol Technology. Important milestones on 

the way to commercialization are first and foremost the improvement of catalyst 

selectivity (in %-wt towards the most desired products 1-octene and 1-hexene) and 

activity (in g / g Cr h). Hence, ligand fine tuning and parameter evaluation will be an 

important part of this thesis. Kinetic measurements will be carried out to collect vital 

data for up-scaling and continuous processing. The latter will pose another very 

important milestone that will be described in this thesis. Together with Sasol 

Technology process development will be carried out in order to implement the 

catalyst system in a continuous lab-scale pilot-plant. A concise overview of all 

important aspects that will be presented in the following is given in Figure 1. 

 

Figure 1: Scope of this PhD thesis. 
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CHAPTER II 
 

2. General Part 
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2.1 General considerations 

 

Since the original discovery of selective trimerization by Manyik at Union Carbide 

Corporation during their investigations on a catalyst system comprising 

chromium(III)2-ethylhexanoate and partially hydrolyzed triisobutylaluminium 

(PIBAO),9 a plethora of catalyst systems – mainly based on chromium and titanium – 

has been developed. The most prominent among these certainly is the Phillips 

catalyst system that was discovered by Reagan and comprised 

chromium(III)chloride, a pyrrole ligand, triethylaluminium and an electron donor such 

as tetrahydrofurane.3,4 Interestingly, only a small part of this literature is openly 

published in scientific journals. The number of patents, however, is much larger and 

is witness to the significant industrial interest in this technology. Figure 2 depicts the 

number of patents and publications on ethylene trimerization per year (up to mid-

2006). While the activity from the industrial scientific community in terms of patents 

seemed to have reached a peak around 2000, the interest among academic 

researchers was clearly on the increase after that. 
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Figure 2: Patents and publications per year on “trimerization” (SciFinder® search) up 
to 20.06.2006. 
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Due to the diversity of patent and open literature the following general part should not 

be aimed at giving a complete overview on all selective ethylene oligomerization 

catalysts. An excellent review was already presented by Dixon et al. The following 

chapter will therefore concentrate on more recent work that involves mechanistic and 

kinetic investigations that are related to the context of this thesis.10  

 

However, a short introduction into the field of selective ethylene oligomerization will 

be presented in the following, which will obviously start with uses of linear alpha-

olefins and full-range LAO processes. After that, the most important ethylene 

trimerization and tetramerization systems will be introduced in some detail in order to 

provide a certain background for the investigations that will be presented in the 

context of this PhD thesis. As ligand variation will be the first topic in the results and 

discussion part, all catalyst systems that are related to the presented tetramerization 

catalyst will be described in the following. Figure 3 highlights the most important 

developments in the field of selective ethylene transformation of the past decades.  
 

 

Figure 3: Milestones in the development of selective olefin tri- and tetramerization 
catalysts (E=ethylene, 3=trimerization, 4=tetramerization). 

 

Although several decades have elapsed since the metallacycle mechanism was first 

proposed by Manyik9 and later by Briggs11, the number of mechanistic studies and 

thus the level of fundamental understanding of the ethylene trimerization reaction is 

still limited to some extent. Since the development of a mechanistic model will be an 

integral part of this thesis, all related literature will be presented in the following.  
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Finally, the investigations on ethylene tri- and tetramerization were ultimately aimed 

at supporting the industrial implementation of this technology into a continuous 

process. Understanding process parameters and the development of a kinetic model 

were thus of pivotal importance in this PhD thesis. Although literature information on 

reported chromium and titanium systems in this context is scarce, some kinetic 

investigations were carried out and will be presented in more detail. 

 

The investigations carried out on the continuous pilot plant had to be regarded as 

pioneering work as no openly published literature regarding continuous production of 

1-hexene or  

1-octene was available up to date. Therefore, the general part will focus mainly on 

general aspects of reaction engineering on which the development of the mini-plant 

was based, i.e. the potential advantages of a plug flow tubular reactor concept over 

other feasible reactor concepts. 
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2.2 Applications and Demand of Linear Alpha-Olefins 

 

The industrial use of linear α-olefins is mainly dependent on the chain-length. An 

overview on the most important products is presented in Table 1.  

 

Table 1: Uses of linear α-olefins. 

Chain length Final Products Market Share* 

C4-C8 Copolymers (HDPE, LLDPE) 

Lubricant additives (oxo-alcohols) 

33 % 

5 % 

C6-C10 Plasticizer alcohols 

Synthetic lubricants (PAO, SHC) 

10 % 

21 %  

C12-C18 Detergent alcohols 

LAS, LABS, AOS 

22 % 

2 % 

C16-C18 Amines 3 % 

C30+ Lubricants  

* Percentages reflect data from 2002.  

 

The lower C4-C8 oligomers are mainly used as co-monomers for the polymerisation 

of ethylene. Several related processes are in use today with the most important being 

(a) the production of high density polyethylene (HDPE) with improved characteristics 

(higher crack / strain resistance) by incorporation of small amounts of α-olefins 

(typically 2-4 wt-% are used) during polymerisation and (b) the production of linear 

low density polyethylene (LLDPE) by co-polymerization of ethylene with 1-hexene 

(gas phase) and 1-octene (liquid phase).12 The latter is by far the more important 

product (here, typically 8-10 wt-% are used) and its growing demand leads to a 

significantly increased market for 1-hexene and 1-octene. C6-C8 olefins are also 

hydrocarboxylated to give acids and esters that are used as additives for lubricants. 

Hydroformylation of C6-C10 LAOs delivers linear primary alcohols which are used as 

PVC plasticisers with phthalic anhydride. Synthetic lubricants (poly α-olefins – PAO 

or synthetic hydrocarbons – SHC) are produced by oligomerization of 1-decene. 

Epoxidation of C10-C12 olefins leads to non-ionic surfactants. Long-chain LAOs are 

mainly used for producing biodegradable detergents, such as linear alkyl-benzene 

sulfonates (LAS or LABS) or α-olefin sulfonates (AOS). 
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2.3 Commercial Processes for the Production of LAOs 

 

The three largest full range producers of LAOs via ethylene oligomerization are Shell, 

Innovene and Chevron Phillips. An inherent feature of the chemistry of these metal 

catalysed ethylene oligomerisation processes is that they produce a mathematical 

distribution (Schulz–Flory or Poisson) of α-olefins, which is presented in Figure 4.10 
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35%

40%
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C24
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Chevron-Phillips Low Temperature

Innovene

 

Figure 4: Product distribution of full-range LAO producers (mass-%). 

 

The Chevron Phillips process reaches back to Zieglers “Aufbaureaktion”, which is the 

insertion of ethylene into trialkylaluminium species.13 Although this process has the 

considerable disadvantage that it uses stoichiometric amounts of aluminium 

compounds, many plants are still in use today. Innovene’s process is a slightly 

improved Ziegler type process that combines stoichiometric with catalytic steps and 

thus generates a slightly more favourable chain-length distribution with a maximum at 

C6 and C8, respectively.  

 

The Shell Higher Olefin Process (SHOP), finally, has to be regarded as the 

pioneering process for two-phase catalysis in industrial chemistry, as it uses a nickel 

catalyst that is immobilized in polar 1,4-butanediol which is immiscible with the 

produced linear α-olefins. Thus, catalyst separation is facilitated. The capacity of the 

plants at Geismar (LA, USA) and Stanlow (UK) is nearly 1 million tons per year. A 

detailed flow scheme is presented in Figure 5. 

mass-% 
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Figure 5: Shell Higher Olefin Process – Flow scheme.1 

 

In fact, three processes are combined in a very elegant and efficient manner: 

oligomerisation, isomerisation and metathesis. The ethylene oligomerisation is 

catalysed by a nickel complex containing a P∩ O chelating ligand as depicted in 

Figure 6 and gives rise to linear α-olefins in a Schulz-Flory type of distribution ranging 

from C4-C30+.14 As the non-polar products are insoluble in the polar phase (1,4-

butanediol), separation of the products and the catalyst solution is simple and allows 

for efficient catalyst recycling. 
 

O
Ni

P

O

Ph Ph

 

Figure 6: Example for a SHOP catalyst. 

 

In a series of distillations, the desired α-olefin cuts C4-C18 are separated and the C4 

and the C18+ olefins are combined to be isomerised to internal linear olefins (Na / K 

on Al2O3 catalyst, 90 % conversion). These internal alkenes are then subjected to an 

olefin metathesis with ethylene. The desired C10-C14 fraction is isolated, whereas 

the remaining olefins are again recycled into the isomerisation reaction. The 

possibility to control the chain length distribution and the position of the double bond 

by distillation, process conditions and catalyst makes the Shell Higher Olefin Process 

very flexible and efficient. 

1. Oligomerization 

2. Separation 

3. Product Wash I 

4. Product Wash II 

5. Light Ends Column 

6. Heavy Ends Column 

7. Distillation Column I 

8. Purification 

9. Isomerization 

10. Metathesis 

11. Distillation Column II 
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2.4 On-Purpose Catalysts for the Production of LAOs 

 

The variety of catalyst systems for the selective oligomerization of alkenes has 

broadened substantially after the pioneering work of Manyik2 and Reagan3, so that a 

complete overview has to be regarded as overly ambitious in the context of this PhD 

thesis. However, those catalyst systems that have a substantial impact on the results 

described in this thesis will be highlighted in the following. 
 

2.4.1 Chromium Pyrrolyl catalyst – the Phillips system (E3) 
 

Keeping in mind that the Phillips catalyst developed by Reagan is the only ethylene 

trimerization system that has already made its way to commercialization, it might be 

surprising that little is known about the nature of the catalytically active species. 

Nevertheless, Reagan was able to isolate some compounds of the original catalyst 

that comprised a chromium source, sodium pyrrolide, tetrahydrofurane and 

triethylaluminium (depicted in Figure 7).3, 4 These included a pentanuclear chromium 

complex (Cr5(C4H4N)10(C4H4O)4), a dianionic square planar complex 

({Cr(C4H4N)4}{Na}2 (C4H4O)2)  and a polymeric material containing bridging 

amidopyrrolide ligands. More important than their structural properties, however, 

were the ability to selectively transform ethylene into  

1-hexene.2,9  
 

Phillips catalyst Generation I

CrCl3
N Na O

Et3Al

Phillips catalyst Generation II

Cr(2-EH)3

H
N

Et2AlCl Et3Al

Activity:  156 666 g / g Cr h
S(1-C6): 93.2 %

Mitsubishi improved protocol

Cr(2-EH)3

H
N

C2Cl6 Et3Al

Activity:  3 780 000 g / g Cr h
S(1-C6): 95.4 %

 

Figure 7: Various chromium pyrrolyl catalysts for the trimerization of ethylene. 
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On the way towards the implementation of this technology in a continuous technical 

process, Phillips Petroleum Company made considerable improvements on their 

original catalyst system (as depicted in Figure 7). These included work on the 

activation protocol (in-situ activation using chromium(III)2-ethylhexanoate, ligand and 

activator in a paraffinic solvent)15, subtle changes on the ligand structure (2,5-

dimethylpyrrole was the ligand of choice) and the addition of a halogen containing 

compound such as diethylaluminiumchloride.16 By 1999, these alterations had led to 

a significantly improved catalyst rate of up to 156 666 g product / g Cr h with 

unprecedented high selectivity towards 1-hexene (93.2 %).17  

 

A number of other companies have subsequently picked up the research on the 

Phillips catalyst system, but Mitsubishi Chemical Corporation certainly made the 

most significant contribution to this field. They found that the addition of chloro 

compounds such as hexachloroethane and non-coordinating Lewis acids such as 

B(C6F5)3 together with a specific in-situ activation protocol led to a very active 

catalyst system that produced 1-hexene with 95.4 % selectivity at a rate of 3 780 000 

g / g Cr h.18, 19 

 

2.4.2 Chromium OMe-PNP catalyst – the BP system (E3) 
 

Following up on his encouraging results using P-ortho-methoxyaryl PNP ligands for 

the co-polymerization of CO and ethylene (with Pd20) and ethylene polymerization 

(with Ni21), Wass discovered in 2002 that these ligands can also be used with 

chromium (e.g. Cr(III)Cl3*THF3) for the selective trimerization of ethylene upon 

activation with MAO (as depicted in Figure 8).22  

CrCl3*THF3 P
N
Me

P
OMeMeO

MeO

OMe
MAO

Activity:  1 033 200 g / g Cr h
S(1-C6): 90.0 %

BP catalyst

 

Figure 8: BP catalyst for the trimerization of ethylene. 
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Wass observed that the activity of the catalyst system exceeded 1 000 000 

g product / g Cr h at 80 °C and 20 barg ethylene pressure (thus being one order of 

magnitude more active than the Phillips catalyst system) and that deactivation was 

extremely low. He observed C10 olefins as the main by-products, accounting for up 

to 30 % of the total product mixture upon prolonged reaction time (90 min). Since the 

addition of 1-butene to the reaction resulted in the increased formation C8 product, a 

secondary incorporation of 1-hexene (or 1-butene, respectively) into the catalytic 

cycle was proposed as the origin for these by-products. Wass also examined the 

influence of added hydrogen on the performance of the active catalyst and observed 

that the catalyst activity could be increased by a factor of two upon addition of 1 barg 

hydrogen (80 °C, 8 barg ethylene pressure). 

Interestingly, other ligand systems with ortho-ethyl and para-methoxy substituents at 

the P-Ar moiety were also investigated for the selective trimerization of ethylene, but 

proved to be inactive. Wass therefore claimed that the hemi-labile ortho-methoxy P-

Ar group was crucial for obtaining an active trimerization catalyst. Various carbon 

bridges (i.e. CH2 and CH2CH2) were also evaluated, but were found to be equally 

inactive.  

More recently, Wass investigated the same catalyst system for the selective co-

trimerization of ethylene and other olefinic substrates such as styrene.23 Applying the 

same protocol as for ethylene homo-trimerization (Ar2P-N(Me)-PAr2 with Ar=ortho-

OMe-Ph, 300 eq. MAO, 25 °C, 1 barg ethylene pressure), but adding styrene as co-

monomer led to the selective formation of C12 co-trimers (one styrene plus two 

ethylene molecules) and no C18 co-trimers (two styrene plus one ethylene molecule) 

or styrene homo-trimers were observed.  
 

 

Figure 9: Co-trimerization of ethylene and styrene – possible mechanism and 
products.23 
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The possible reaction mechanism of styrene co-trimerization with two ethylene 

molecules is depicted in Figure 9. In contrast to ethylene homo-trimerization the 

formation of metallacycle intermediates is complicated by the possible 1,2- (giving B 

and D) and 2,1-insertion (giving C and E) of styrene into the metallacyclopentane or 

metallacycloheptane intermediate. Obviously, the potential diversity of the resulting 

product mixture is substantial. Wass however, found that a typical co-trimerization 

experiment mainly yielded the skeletal isomers 1, 2 and 3 with a combined yield of up 

to 75 %. This suggested that the 2,1-insertion of styrene into the metallacycle (either 

in the first step involving a chromacyclopentane or the second step involving a 

chromacycloheptane) was strongly favoured over 1,2-insertion. This was supported 

by the observation that 4 and 5 were not detected at all. The products 6 and 7 were 

also formed with up to 15 % selectivity. Although intermediate B (and thus 2,1-

insertion) could account for their formation, the involvement of intermediate C (and 

thus 1,2-insertion) could not be ruled out completely. However, there seemed to be a 

strong overall preference for 2,1-insertion, which could make co-trimerization of 

ethylene and other olefinic substrates a potentially interesting route to ω-

functionalized alkenes. 

 

2.4.3 Chromium PNP / SNS catalysts – the McGuinness trimerization systems (E3) 

 

During their studies on chromium catalyzed ethylene trimerization, Wasserscheid and 

McGuinness discovered that PNP ligands of the general structure given in Figure 10 

could be used to selectively generate 1-hexene upon coordination with chromium 

chloride and activation with MAO.24  

 

R2P

H
N

PR2 CrCl3*THF3 MAO

Activity:  37 400 g / g Cr h
S(1-C6): 93.2 %

McGuinness catalyst

 

Figure 10: McGuinness PNP catalyst for the selective trimerization of ethylene.  

 

They found that when R was an aromatic phenyl group, moderate activity of <10 000 

g / g Cr h could be achieved and that the catalyst system was completely inactive 
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when replacing that moiety against a basic sterically demanding cyclohexyl group. 

However, introducing an ethyl group in that position led to a highly selective (over 93 

% 1-hexene) and considerably active (>37 000 g product / g Cr h) ethylene 

trimerization catalyst. The main drawback of system was the requirement of a large 

excess of methylaluminoxane based activator (i.e. 850 equivalents) and the thermal 

instability at temperatures exceeding 80 °C.  

 

RS

H
N

SR CrCl3*THF3 MAO

Activity:  160 840 g / g Cr h
S(1-C6): 98.1 %

McGuinness catalyst

 

Figure 11: McGuinness SNS catalyst system for the selective trimerization of 
ethylene. 

 

Following up on the work on the chromium PNP catalyst, the same authors 

discovered that structurally similar SNS ligands (see Figure 11) were also suited for 

ethylene trimerization in combination with chromium(III)chloride and 

methylaluminoxane (MAO).25 The main benefit of this catalyst system was its 

relatively straightforward ligand synthesis in comparison to the related PNP system 

and the fact that activation could already be achieved with a relatively low excess of 

the costly MAO (i.e. 100 equivalents) when a long n-decyl chain was the rest R 

(activity >160 000 g / g Cr h was achieved in this case). By lowering the amount of 

MAO to 30 equivalents, good activities of up to 85 000 g / g Cr h could still be 

achieved. Up to date, this is the first and only example of a chromium complex 

bearing a thioether based ligand.25, 26 

 

2.4.4 Chromium η2-PNP catalyst – the Sasol tetramerization system (E4) 

 

Following up on the ortho-OMe PNP BP catalyst Bollmann et al. at Sasol found that 

the selective tetramerization of ethylene yielding 1-octene was possible with various 

ligand systems that were structurally related to Wass’ trimerization systems.6 When 

omitting the ortho-OMe substitution at the P-Ar moiety 1-octene was formed with a 

selectivity of around 55.5 % with the main side products being 1-hexene (9.8 %), 
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methylcyclopentane and methylenepentane (approximately 7 % each). 

Chromium(III)acetylacetonate could be used as a chromium source and the 

activation was carried out with a methylaluminoxane based activator (i.e. MAO or 

modified MMAO-3A). Both aromatic solvents such as toluene and aliphatic solvents 

such as cyclohexane could be used with the latter in general showing higher 

activities. In the early days of this thesis, joint research efforts on Sasol and CRT side 

were carried out to elucidate the structural ligand properties necessary for efficient 

ethylene tetramerization. An exchange of the N-methyl group against an isopropyl or 

cyclohexyl moiety led to improved selectivity towards 1-hexene of up to 27.3 % 

((Ph2P)2N-cyclohexyl) and 28.3 %, respectively ((Ph2P)2N-isopropyl). Thus, a 

combined α-selectivity (combined yield of 1-hexene and 1-octene) of up to 88.4 % 

could be achieved using an isopropyl substituent at the N-atom of the PNP backbone 

(at 60 °C and 35 barg ethylene pressure). The selectivity towards 1-octene could be 

raised by an adjustment of process conditions. It was found that increased 

temperature favoured the formation of 1-hexene while higher pressure led to an 

increase in 1-octene formation. A preliminary optimization of process conditions 

revealed that maximum 1-octene yield and good total α-selectivity could be obtained 

at 45 °C and 45 barg ethylene pressure (S(1-C8) = 66.5 % and S(1-C6) = 8.9 %) 

while an initial investigation on the combination of activator and solvent led to a 

catalyst system with activities of up to 591 000 g / g Cr h. 

Interestingly, the selective formation of 1-octene could also be observed when the 

ligand backbone was changed to hydrazine PNNP (S(1-C8) = 57.9 %) or 

diphenylphosphinoethane PCCP (S(1-C8) = 39.7 %).  

 

Cr(III)acac3

Activity:  591 000 g / g Cr h
S(1-C6): 8.9 %
S(1-C8): 66.5 %

Sasol catalyst

Ph2P
N

PPh2

R

MAO

 

Figure 12: Sasol PNP catalyst system for the selective tetramerization of ethylene. 

 

In an effort to investigate the pivotal structural ligand features of the PNP system that 

would determine 1-octene versus 1-hexene selectivity Blann et al. and Overett et al. 
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synthesized a number of PNP based ligands and tested them for selective ethylene 

conversion.27, 28  

 

Table 2: Ethylene tri- and tetramerization experiments with PNP ligands.* 

Entry Activity S(C6) S(C8) S(1-C6 in C6) S(1-C8 in C8) SSolids 

 [g / g Cr h] [wt-%] [wt-%] [%] [%] [wt-%] 

1 298 800 86.0 10.5 99.5 99.0 2.5 

2 96 940 41.5 41.9 81.9 98.3 12.0 

3 26 460 29.8 47.6 26.0 94.9 9.0 

4 44 000 24.8 59.0 22.0 93.0 10.0 

5 52 360 38.3 49.1 39.1 95.9 3.9 

6 110 010 59.1 34.1 94.1 99.0 2.8 

* Standard conditions: 45 °C, 45 barg, 0.033 mmol Cr(acac)3, 2 eq. ligand, 300 eq. activator, 100 ml 
toluene solvent, 30 minutes. 

 

Their first set of ligands comprised PNP ligands with a varying number of ortho-

methyl substituents (see Figure 13 and Table 2) at the P-Ar moiety. While a 

peralkylated PNP ligand gave an active ethylene trimerization catalyst (86.0 % C6), 

the removal of only one methyl substituent led to a mixture of C6 and C8 (with a 1:1 

ratio, approximately). Further reduction of the number of methyl substituents to two 

and zero further shifted the selectivity towards predominantly tetramerization. While a 

symmetrical PNP ligand with two methyl subsituents already afforded 47.6 % C8, the 

unsubstituted analogue gave an active tetramerization catalyst with a C8 selectivity 

of 59.0 %. Blann et al. were thus able to prove that increased bulk around the 

catalyst centre increased the formation of 1-hexene at the expense of C8. 

 

P
N

P

Me

R4R1

R2 R3

1: R1 = R2 = R3 = R4 = Me
2: R1 = R2 = R3 = Me; R4 = H
3: R1 = R3 = Me; R2 = R4 = H
4: R1 = R2 = R3 = R4 = H

P
N

P

R5

Et
Et

5: R5 = Me
6: R5 = isoPr

 

Figure 13: PNP ligands for ethylene tri- and tetramerization with P-Ar alkyl and N-
alkyl substituents. 
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Following up on this, the authors tried to establish whether a similar effect could also 

be observed by introducing bulk at the nitrogen atom of the PNP backbone. 

Therefore they synthesized a symmetrical PNP ligand with two ortho-ethyl P-Ar 

substituents and exchanged the N-Me group against an isopropyl moiety (entries 5 

and 6).28 

 

While the N-Me substituted PNP ligand gave predominantly tetramerization (49.1 % 

C8) an increase of steric encumberance at this position also led to increased 

trimerization (59.1 % C6). The authors referred to this as translated steric effect, as it 

resembled the observations that they made when increasing the steric 

encumberance around the P-Ar moieties.  
 

Table 3: Ethylene tri- and tetramerization experiments with PNP ligands.* 

Entry Activity S(C6) S(C8) S(1-C6 in C6) S(1-C8 in C8) SSolids 

 [g / g Cr h] [wt-%] [wt-%] [%] [%] [wt-%] 

1 159 600 82.0 13.0 99.0 99.0 1.0 

2 25 400 16.0 22.0 55.0 90.0 22.0 

3 54 600 17.0 38.0 35.0 91.0 12.0 

4 272 400 17.0 68.0 70.0 99.0 1.0 

5 45 600 48.0 6.0 99.0 99.0 7.0 

6 243 900 63.0 17.0 99.0 99.0 1.0 

* Standard conditions: 45 °C, 45 barg, 0.033 mmol Cr(acac)3, 2 eq. ligand, 300 eq. activator, 100 ml 

toluene solvent, 30 minutes. 

 

In a subsequent approach Overett et al. tried to elucidate the role of methoxy 

substitution at the aromatic ring of the PNP ligand as BP claimed in their patent22 on 

the trimerization PNP system that ortho-OMe substitution would be vital for catalyst 

performance.27 In the first series of experiments, the methoxy substituents were 

removed further away from the ligand backbone, i.e. from ortho to meta to para 

position in order to probe the effect on ethylene oligomerization. (see Figure 14 and 

Table 3 entries 1-3).27 
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R2
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1: R1 = OMe; R2 = R3 = H
2: R2 = OMe; R1 = R3 = H
3: R3 = OMe; R1 = R2 = H

P
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P

R4 R5
Ph Ph

4: R4 = R5 = H
5: R4 = R5 = OMe
6: R4 = H; R5 = OMe  

Figure 14: PNP ligands for ethylene tri- and tetramerization with P-Ar OMe 
substitution. 

 

Changing the methoxy substitution from ortho to meta led to a drastic swing from 

predominantly trimerization (82.0 % C6) towards a chain-length distribution with 

significantly more C8 (22.0 %) than C6. This swing towards tetramerization was even 

more pronounced when the methoxy group was further removed to para position 

(38.0 % C8).  

 

However, the most efficient tetramerization catalyst was obtained when omitting the 

methoxy groups and replacing the N-methyl moiety against an isopropyl rest (68.0 % 

C8, see Table 3, entry 4). In order to advance the understanding of P-Ar methoxy 

substitution, Overett synthesized a number of ortho-OMe PNP ligands with varying 

number of substituents (i.e. two, one and zero) at the P-Ar moiety. This should shed 

light onto whether steric bulk or hemilable coordination would account for increased 

trimerization. A similar series of experiment was already described above for ortho-

alkyl substitution and clearly revealed that steric bulk around the catalyst centre 

favoured trimerization over tetramerization.28 Interestingly, reducing the number of 

ortho-methoxy substituents to two and one still led to predominantly trimerization (i.e. 

62 % with only one ortho-methoxy group, entry 6) with only a smaller of amount of C8 

being formed. That clearly suggested that the methoxy group was coordinated in a 

hemilable mode, as steric bulk alone could not account for this high 1-hexene to 1-

octene ratio.  
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2.4.5 Titanium Cyclopentadienyl catalyst – the Deckers system (E3) 

 

During their studies on (η5-C5H4C(Me)2R)TiCl3 catalyst for the polymerization of 

ethylene and propylene29,30, Deckers found that exchanging R = Me against a 

pendant hemilable R = Ph moiety led from predominantly polymerization (with some 

butyl side chains present in the formed polymer) to the selective formation of 1-

hexene upon activation with MAO. The main side products he observed were C10 

co-trimers which were formed by incorporation of 1-hexene into the catalytic cycle.  

 

Ti

Me

R

Me

Cl Cl
Cl

MAO

Deckers catalyst

S(C6):    86 %
Activity: 131 083 g / g Ti h

 

Figure 15: Deckers’ titanium based catalyst system for selective ethylene 
trimerization. 

 

Systematic variation of the rest R revealed that hemilable coordination of the arene 

group to the metal centre was essential for selective ethylene trimerization. When R 

was a phenyl group, the authors observed 86 % selectivity towards C6 with a good 

activity of over 130 000 g / g Ti h.31 At the time of its discovery, this system was the 

first non-chromium ethylene trimerization catalyst. 

 

Following up on their initial discovery, Deckers and Hessen later described the 

synthesis and catalytic properties of a number of titanium based catalysts with 

cyclopentadienyl-arene ligands.32 They were able to show that the nature of the 

bridge between cyclopentadienyl and pendant arene moiety was crucial for good 

catalyst selectivity (a C(Me2) spacer being most favourable). Introducing an additional 

substituent at the 3-position of the cyclopentadienyl ring improved catalyst activity 

(Me3Si substituent) and the catalyst selectivity (C(Me2)Ph substituent), respectively. 

In an effort to elucidate the swing between ethylene polymerization and trimerization 

Hessen investigated the role of the pendant arene moiety and proposed a 

mechanism in which reversible coordination towards the metal centre could play a 

vital role.33 
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2.5 Metal hydride mechanism for ethylene oligomerization 

 

Prior to the discovery of ethylene trimerisation, the oligomerisation of ethylene to 

linear alpha olefins was well understood. The mechanism involves both metal hydride 

and alkyl species and is therefore known as “metal hydride mechanism”. Since it is 

originally based on studies by Cossee et al.34 and Arlman et al.35, this mechanism is 

often referred to as Cossee-Arlman type mechanism. It is depicted in Scheme 2. 

Prior to reaction with ethylene, the active catalyst species is formed by reaction of a 

metal salt with an activator (e.g. AlEtCl2). Thus, a metal hydride species is generated 

(R=H in Scheme 2). In the next step of the mechanism ethylene is coordinated to the 

metal and a metal π-complex is generated. Subsequently, the ethylene moiety is 

inserted into the metal-hydride bond forming a metal alkyl species, where a metal-

carbon bond is formed and the hydrogen atom is transferred to the β-carbon atom of 

the alkyl chain. Since this insertion vacates a coordination site of the metal, further 

ethylene can now be coordinated and again inserted into the metal-carbon bond. By 

repeated insertion of ethylene moieties longer metal alkyl species are generated. 

 

M R

M
R

H

M
R

H

M
R

H

n

n

β-hydride elimination

insertioninsertion

RRR
n

 

Scheme 2: Formation of linear α-olefins according to Cossee and Arlman.34, 35 

 

However, each of the different metal alkyl species that is formed during the 

mechanism through ethylene insertion can also undergo β-hydride elimination and 

release the respective 1-olefin (a metal butyl species would then liberate 1-butene 

and so forth). In this step, the β-hydrogen atom of the alkyl chain is transferred to the 
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metal atom and the origin catalytically active species is recovered. Thus, the catalytic 

cycle would recommence. 

The selectivity of the catalyst towards the different chain-lengths mainly depends on 

the rate of insertion over the rate of elimination. In a scenario where insertion is 

strongly favoured over elimination, long-chain polymers are formed. If the rates of 

insertion and elimination are in the same order of magnitude, ethylene oligomers are 

formed according to a mathematical distribution of chain-length (Schulz-Flory 

distribution36, 37, 38, see Figure 16). The rates of elimination and insertion are 

influenced by the choice of transition metal, ligand, reaction temperature, ethylene 

concentration and solvent.3940 For a mechanistic pathway that only involves chain-

growth and neglects possible side-reactions of the formed oligomers, Schulz36, 37 and 

Flory38 have developed a mathematical model that describes the distribution of chain-

length. 

 

 

Figure 16: Schulz-Flory distribution by oligomerisation of ethylene (mass-%). 

 

They assumed that (a) the probability for chain-growth by ethylene insertion is similar 

for all metal-alkyl species and that (b) higher oligomers would only be formed by 

ethylene oligomerization and not by re-insertion of short-chain 1-olefins into the 

catalytic cycle.41, 42, 43 It is assumed that both insertion of ethylene and elimination of 

1-alkenes is first order with respect to the active metal alkyl species. The distribution 

of chain-length can then be described for two distinctively different scenarios.  

 

Insertion : Elimination C Number 
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(a) If insertion and elimination are pseudo-zero order with respect to monomer 

concentration the following equation describes the rate of chain-growth over 

termination. 

 

(1) α=
+

=+

nelininatioinsertion

insertion

n

n

kk
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1  

 

(b) If insertion is first order with respect to monomer concentration and elimination 

independent of monomer concentration, the following equation describes the 

distribution of chain-length. 

 

(2) α=
+

=+
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Ainsertion

n

n

kck

ck

X

X
1  

 

In these equations, α represents the chain-growth probability of further monomer 

insertion into the active metal alkyl species over 1-alkene elimination. For scenario 

(a), this value is independent of monomer concentration, whereas monomer 

concentration is included for scenario (b). The ratio of rate of elimination over rate of 

insertion is called β-coefficient: 

 

(3) 
α

α
β

−
=

1
 

(4) 
insertion

nelininatio

k

k
=β  for scenario (a) 

(5) 
Ainsertion

nelininatio

ck

k
=β  for scenario (b) 

 

The distribution of chain-length – as shown in Figure 16 – is thus a function of the  

β-coefficient; high values of β lead to shorter oligomers and low values of β lead to 

longer oligomers.  
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2.6 Metallacycle mechanism for selective ethylene oligomerization 

 

Since the discovery of selective ethylene trimerization by Manyik was in stark 

contrast to any previously reported chain-length distribution in ethylene 

oligomerization, he proposed a novel mechanistic pathway involving metallacycle 

intermediates (see Scheme 3).9 After generating the chromium catalytic centre by 

activation with i.e. MAO he suggested that two ethylene molecules could coordinate 

to the chromium metal and form a chromacyclopentane species by subsequent 

oxidative coupling. This was supported by the observation that these species could 

be isolated by McDermott in Pt chemistry.44, 45 Further metallacycle growth, however, 

was not suggested by Manyik at that time. Instead, he proposed that further ethylene 

coordinated to the chromium should transform to an ethyl butenyl chromium species 

by β-hydride transfer. Subsequent reductive elimination should then liberate the 

desired 1-hexene.  

 

Cr
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Scheme 3: Metallacycle mechanism for ethylene trimerization as proposed by Manyik 
and Briggs. 

 

Some 12 years later Briggs suggested a slightly different pathway for ethylene 

trimerization involving chromacycloheptane instead of ethyl butenyl chromium with 
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the former being formed by insertion of ethylene into the chromcyclopentane 

species.11 This suggestion was also supported by studies on platinumcycloheptane, 

which upon thermal decomposition selectively liberated 1-hexene.44 For the 

chromium metallacycle mechanism Briggs postulated that 1-hexene could be formed 

by β-hydride transfer to the metal yielding a hexenyl hydride chromium species that 

would liberate 1-hexene by reductive elimination.  

 

Although the above reported mechanistic models were already reported in 1977 

(Manyik9) and 1989 (Briggs11), systematic studies aiming at supporting this 

mechanism were only undertaken over a decade later. These more sophisticated 

studies will be described in the following.  

 

2.6.1 Mechanistic investigations on the BP system (E3) 

 

In an attempt to elucidate the mechanism of the Wass ethylene trimerization catalyst 

system Bercaw and co-workers synthesized structurally defined chromium precursors 

for the oligomerization of ethylene (see Scheme 4).46 These compounds could be 

activated with H(Et2O)2B-[C6H3(CF3)2]4 (compound 3) and NaB-[C6H3(CF3)2]4 

(compound 4), respectively, and gave active ethylene trimerization catalysts.  
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Scheme 4: Synthesis of structurally defined catalyst precursors for mechanistic 
studies on ethylene trimerization (as reported by Bercaw).46 
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When reacting the activated compounds with a mixture of deuterated and non-

deuterated ethylene (C2D4:C2H4 in a 1:1 ratio) the authors observed the formation of 

C6 isotopomers with an even number of deuterium atoms – in fact, only C6H12, 

C6H8D4, C6H4D8 and C6D12 isotopomers were observed. This was consistent with a 

metallacycle mechanism, where no H/D-scrambling would be involved.  

 

In order to gain fundamental inside into the activation mechanism of the catalyst 

precursor and the structural nature of the active catalyst, Schofer et al. of the same 

group synthesized the deuterated catalyst precursors (PNPOMe-d12)Cr(Ph)3 and 

(PNPOMe-d12)Cr(Ph)2Cl with PNPOMe being an (ortho-CD3OC6H4)2PN(CH3)P(ortho-

CD3OC6H4)2 ligand bearing four deuterated methoxy groups.47 These precursors 

were characterized in solid by XRD analysis and showed η3 P,P,O coordination 

around the chromium metal. Low-temperature 2H-NMR revealed an analogous 

structure in solution (at -95 °C), where one methoxy group is coordinated to the 

chromium metal and three methoxy groups remain uncoordinated. Temperature 

ramping experiments hinted that exchange processes of the methoxy groups may 

occur at different distinct temperatures; e.g. at -75 °C the authors observed that a 

methoxy group from one phosphorus was replaced by a methoxy group from the 

other phosphorus. In a more detailed, separate study, the same authors also found 

that exchange of pendant methoxy groups of the same phosphorus was possible 

through Berry pseudo-rotation (this involves the rearrangement of the unsaturated 

pyramidal intermediate which is generated by uncoordination of one methoxy 

group).48  

 

Schofer et al. then activated the synthesized catalysts precursors either by 

protonation with H+(OEt2)2B(C6H3(CF3)2)4
- (in the case of the triphenyl chromium 

complex) or by precipitation of NaCl with Na+B(C6H3(CF3)2)4
- (in the case of the 

diphenyl chloride chromium complex). By doing so, a structurally “defined” catalyst 

could be generated (as depicted in Scheme 5), although it clearly is argueable 

whether the suggested structure would retain its geometry during catalysis.  
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Scheme 5: Activation of deuterated PNPOMe catalyst precursors for ethylene 
trimerization (as reported by Schofer et al.46). 

 

However, the fact that these compounds were active for the trimerization of ethylene 

certainly suggested that the active species comprises a cationic chromium species 

with a non-coordinating anion. This was supported by the observation that both the 

cationic and the neutral chromium species gave styrene and other phenylene 

compounds upon reaction with ethylene, but only the cationic species proceeded to 

produce 1-hexene through selective ethylene trimerization. These observations also 

suggested that the generation of the active species involved insertion of ethylene into 

the Cr-Ph metal carbon bond with eventual replacement of the alkyl or aryl species 

by ethylene through β-hydride elimination and reductive elimination.  

 

2.6.2 Mechanistic investigations on the Sasol system (E4) 

 

Shortly after the discovery of ethylene tetramerization the Sasol tetramerization team 

carried out mechanistic studies on this novel reaction.49 Similar to Bercaw’s work46 on 

the BP trimerization catalyst he also used deuterium labelling studies to determine 

whether the reaction would occur via a mechanism that involved hydride species or 

chromacycle intermediates. Since it had been previously shown that subtle ligand 

tuning determined the ratio of 1-hexene and 1-octene27, 28, a common 

chromacycloheptane intermediate was suggested for the formation of both products 

(see Scheme 6, species 1). 
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Scheme 6:  Suggested mechanistic pathways for the formation of 1-octene with the 
Sasol PNP catalyst (adapted from Overett et al.49). 

 

For the subsequent transformations leading to 1-octene, the authors suggested two 

distinctively different pathways. After the coordination of an additional ethylene 

molecule to the chromium centre, this could potentially be inserted into the 

metallacycle and give a chromacyclononane species (pathway A, species 2), which 

would then liberate 1-octene by β-hydride transfer and reductive elimination (as 

suggested by Briggs11) or by concerted β-agostic assisted reductive elimination (as 

supported by DFT calculations50, 51). A second potential pathway for the formation of 

1-octene would involve β-hydride transfer from the metallacycle to the coordinated 

ethylene to yield an ethyl hexenyl chromium species (pathway B, species 3). 

Reductive elimination would then liberate 1-octene. In both pathways further insertion 

of ethylene into the metallacycle or the chromium alkyl bond should be slow in 

comparison to liberation of 1-octene in order to account for the high selectivity 

towards 1-octene.  

 

To support these mechanistic suggestions, Overett carried out an ethylene 

oligomerization eyperiment using a mixture of deuterated and undeuterated ethylene 

(C2D4 and C2H4 in a 1:1 ratio). The observed isotopomer pattern of the formed C8 

products was in accordance with a mechanism involving metallacycle intermediates 

rather than chromium hydride species (Cossee-Arlman type mechanism).  
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Since the number of different side products in a typical tetramerization experiment is 

quite substantial (a plethora of alkenes with different chain-length is usually 

observed, see Chapter IV for a typical gas chromatogram), the authors also 

investigated a number of potential pathways that would account for this variety of 

side products. They suggested that long chain 1-alkenes could be formed by 

extended metallacycle growth (albeit to a low extent). This assumption was 

supported by the fact that no H/D scrambling could be observed. Furthermore, the 

distribution of chain-length ranging from 1-C10 to 1-C20 was not consistent with any 

known mathematical distribution (e.g. Schulz-Flory or Poisson). The formation of 

branched C10-C14 side products by incorporation of 1-octene and 1-hexene into the 

catalytic cycle (so-called co-trimerization and co-tetramerization) was also 

suggested. The fact that adding pentene to an ethylene tetramerization reaction led 

to the formation of C9 and C11 products supported this assumption. Furthermore, 1-

nonene or 1-undecene were not formed during this experiment, so that the authors 

deduced that 1-decene or 1-dodecene did not originate from co-trimerzation or co-

tetramerization.  
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Scheme 7: Suggested mechanistic pathways for the formation of methylcyclopentane 
and methylenecyclopentane with the Sasol PNP catalyst (as suggested by Overett et 
al.49). 
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The most abundant side products during ethylene tetramerization, however, are 

methylcyclopentane and methylenecyclopentane (typically up to 8 wt-%), which are 

formed in 1:1 ratio. Consistent with a metallacycle mechanism, the observed 

isotopomer distribution did not involve H/D scrambling. As a key intermediate the 

authors suggested a methylenecyclopentane hydride chromium intermediate 

(species 4, see Scheme 7) that could be formed either by hydride transfer to the 

metal and subsequent cyclization of the hexenyl chain or by concerted cyclization. 

From this intermediate, two alternatives may be considered. First, the Cr 

cyclopentylmethyl hydride species undergoes two competitive reactions with similar 

rates, namely, reductive elimination to give methylcyclopentane and β-hydride 

elimination to give methylenecyclopentane (pathways C and D). Second, however, 

the equimolar formation of methylcyclopentane and methylenecyclopentane under a 

variety of reaction conditions is suggestive of a disproportionation process 

(pathway E). 

 

2.6.3 Oxidation state of the active metal 

 

While the general understanding of the metallacycle mechanism for ethylene tri- and 

tetramerization has significantly improved over the last two decades, the nature of 

the active metal centre remains unclear up to date. Conclusive determination of the 

oxidative state is mainly hampered by the fact that the active catalytic species is very 

unstable and could not be isolated for any catalyst system, so far. However, some 

preliminary alternatives have been elucidated. Assuming a two-electron redox couple 

(oxidative coupling ↔ reductive elimination), several combinations are possible. 

 

(a) Cr(III)↔Cr(I); while Cr(III) generally is a stable oxidation state Cr(I) is relatively 

unstable and only observed with donor ligands such as aryl isocyanide or 

bypyridine.52 Nevertheless, this redox couple was suggested for the Phillips 

catalyst by Hu et al.53 and for triazacyclohexane chromium complexes by Köhn 

et al.54  

(b) Cr(III)↔Cr(V); since typical Cr(V) complexes only have oxygen or halide 

ligands, this redox couple can be regarded as unlikely.10, 55 

(c) Cr(IV)↔Cr(II); although these oxidation states are generally less stable than 

Cr(III), this redox couple was suggested for several catalyst systems. Theopold 

et al.56 suggested Cr(IV)↔Cr(II) for chromium cyclopentadienyl based ethylene 
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polymerization, while it was suggested for for chromium based ethylene 

trimerization systems by Morgan et al.57 (with aryloxide ligands), McGuinness et 

al.58 (with PNP and SNS ligands) and Duchateau et al.59 

 

The observation that several redox couples are suggested for different catalyst 

system reflects the complexity of the metallacycle mechanism for ethylene tri- and 

tetramerization. Since the isolation of reactive catalyst intermediates (not precursors) 

has still not been achieved successfully in one fully conclusive example, the need for 

more detailed and fundamental studies is obvious and will lead to more detailed 

insight into the mechanism of this reaction.  
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2.7 Kinetic investigations on selective ethylene oligomerization 

 

Although the fundamental mechanistic understanding for the selective ethylene tri- 

and tetramerization has progressed rapidly over the past two decades, kinetic 

investigations have only been carried out by a few research groups. Table 4 gives a 

general overview on the available data. Kinetic measurements are of vital importance 

for the evaluation and scale-up of a continuous process as well as for general 

understanding of process parameters and elementary steps in the catalytic cycle (i.e. 

mechanistic insight, improvement of DFT calculations etc.). 

 

Table 4: Reported kinetic measurements for ethylene tri- and tetramerization. 

Metal / Ligand 
Tri-

/Tetramerization 
[M]m [C2H4]

n 
EA 

[kJ/mol] 
Authors 

Cr 2-EH Tri - 2 - Manyik et al.9 

Cr Me-N(P(Ph-OMe)2)2 Tri - 2 - Wass et al.21 

Cr iPr-N(PPh2)2 Tetra 1 1.57 64.6 Walsh et al.60 

Ti (Me3SiC5H3CMe2C6H3Me2) Tri 1 1 27.7 Hagen
61 

 

Manyik et al.9 and Wass et al.22 observed second order dependence on ethylene for 

their chromium based trimerization systems and Deckers reported a first order 

dependence for the titanium based system.29 Excluding mass transfer effects, these 

preliminary kinetic studies suggested that the rate determing steps were the 

coordination and oxidative coupling of two ethylene moieties in the case of the 

chromium catalysts, and the insertion of ethylene into the metallacyclopentane 

intermediate in the case of the titanium catalyst. More detailed kinetic measurements, 

however, were only reported for two catalyst systems (chromium tetramerization and 

titanium trimerization). Due to their high relevance for this PhD thesis, they will be 

presented in more detail below. 

 

2.7.1 Kinetic investigations on the Deckers system (E3) 

 

Detailed kinetic investigations for ethylene trimerization are in fact only available for 

Deckers’ titanium based catalyst system ((Me3SiC5H3CMe2C6H3Me2)TiCl3) and were 

recently reported by Hagen.61 He chose the power-rate-law approach for the 

development of a detailed kinetic expression: 
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Since deactivation could be observed during the ethylene trimerization experiments, 

he introduced a deactivation term for the changing metal concentration: 
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with kd being the coefficient for the deactivation constant that is dependent on 

temperature, as well: 
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Hagen found that the experimental data could be best fitted to his model, when a 

catalytic mechanism involving first order dependence in ethylene concentration and 

second order dependence in metal for catalyst deactivation was assumed. This was 

in accordance with the preliminary investigations carried out by Deckers31 and also 

with several independent DFT calculations that suggested the insertion of ethylene 

into the titaniumcyclopentane as the rate determining step.50, 62, 63 The activation 

energy of the reaction was determined to be 27.7 kJ / mol, whereas the activation 

energy for catalyst deactivation was found to be 75.9 kJ / mol. 

 

2.7.2 Kinetic investigations on the Sasol system (E4) 

 

The second detailed kinetic study reported in the literature was carried out by Walsh 

et al. on ethylene tetramerization.60 They used the catalyst system described by 

Bollmann et al.6 (chromium(III)acetylacetonate, (Ph2P)2N-CH(CH3)2, MAO, cumene) 
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and suggested the use of the following formal kinetic expression to describe the rate 

of product formation: 

 

(10) 
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where k1 is the intrinsic rate coefficient that is temperature dependent according to: 
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This study also considered catalyst deactivation with the following temperature 

dependency: 
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In order to determine the kinetic parameters, temperature (35-45 °C), pressure (30-

45 barg) and chromium concentration (5-15 µmol) were varied. Interestingly, the 

authors found a rate dependence on ethylene concentration of broken reaction order 

(1.57). This indicated the presence of competing reaction pathways between first and 

second order dependence. The reaction dependence in chromium was found to be 

first order; the activation energies were 64.6 kJ / mol for the reaction and 

136.1 kJ / mol for the deactivation. 
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2.8 Reactor options for continuous selective LAO production 

 

In general, detailed information on continuous homogeneous catalysis is scarce in 

the open literature. This makes the evaluation of process concepts for the continuous 

selective tetramerization of ethylene difficult. Nevertheless, two types of reactors that 

are used in existing technical oligomerization technologies are known. These 

processes are either carried out in a continuous stirred tank reactor (Phillips 1-

hexene process) or in a tube reactor (i.e. Ziegler type processes or SHOP). 

Therefore, these reactor concepts seem natural options for a continuous ethylene 

tetramerization process.  
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Figure 17: Local concentration profile in an ideal CSTR. 

 

The characteristic local concentration profile for an ideal CSTR is depicted in Figure 

17. Due to complete back-mixing, ethylene concentration is at the constant low 

concentration level of the reactor outlet in the complete reactor. The product 

concentration, however, is always at a relatively high level – namely also at the level 

of exit concentration. As a consequence, a chromium catalyst present in the reactor 

will always operate at a high concentration level of products (i.e. 1-hexene and 1-

octene), which facilitates the formation of secondary incorporation. Furthermore, the 

residence time distribution in a CSTR is broad, which makes the removal of 

impurities (i.e. oxygenates, decomposed catalyst) more difficult and would facilitate 

catalyst fouling at long residence times. On the other hand, heat removal is relatively 

efficient, if a part of ethylene is allowed to evaporate for cooling.  
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The local concentration profile for a plug flow tubular reactor is depicted in Figure 18 

and is equivalent to a timely resolved profile of a discontinuous tank reactor. 
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Figure 18: Local concentration profile in an ideal PFTR. 

 

In contrast to the CSTR, the entrance concentration of ethylene and of the catalyst is 

high while the product concentration at the entrance is low (with the border condition 

cproduct=0 at L=0). Over the reactor length, ethylene conversion and thus depletion 

leads to higher product and lower ethylene concentration. In a potential ethylene 

tetramerization reaction this would facilitate good selectivity towards 1-octene and 1-

hexene, since the formation of side products by secondary incorporation into the 

catalytic cycle is at a lower level in comparison to the CSTR. The residence time in 

an ideal tube reactor is sharply defined, which facilitates the removal of impurities 

and should therefore reduce polymer formation. Heat removal, on the other hand, is 

only efficient if turbulent flow and a high heat transfer co-efficient can be realized, 

which requires high flow rates (Re>2300) and thus a relatively long reactor (if long 

residence time is needed to obtain the desired conversion). 
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CHAPTER III 
 

3. Experimental Set-Up 
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3.1 General Remarks 

 

The scope of this thesis comprised the synthesis of catalyst systems at molecular 

level as well as kinetic investigations. Finally, based on the kinetic results a 

continuous mini-plant has been designed and operated. Thus the variety of 

equipment used for these investigations was relatively broad. While the synthetic part 

only involved Schlenk glassware that will be described in more detail together with 

the experimental protocols in Chapter VI, ethylene tetramerization experiments were 

carried out in different high-pressure reactors. In order to understand the reported 

results in Chapter IV, it is important to know the reactor set-up. Therefore, this will be 

described in the following. 
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3.2 Ethylene Tetramerization – Semi-Batch Experiments 

 

In all semi-batch experiments that were carried out to investigate the influence of 

reaction parameters and to determine the tetramerization kinetics, ethylene was fed 

on demand. The catalyst activation was achieved by: (a) ex-situ activation in a 

Schlenk tube (this was applied for experiments conducted in the 75 ml autoclave) by 

adding MAO-based activator to a solution of chromium source and ligand; (b) in-situ 

activation in the autoclave under ethylene atmosphere (this method was applied for 

the kinetic measurements conducted on the 450 ml autoclave).  

 

3.2.1 Semi-batch experiments – 75 ml autoclave 

 

The preliminary ligand and parameter screening experiments were carried out with a 

75 ml autoclave that is depicted in Figure 19. 

 

Figure 19: 75 ml autoclave for semi-batch ethylene tetramerization experiments. 

 

This set-up comprised a pressure vessel, which could be charged with solvent and 

activated catalyst. Ethylene and argon were fed via a regulating valve that was 

mounted on top of the autoclave. Pressure indication was provided by a manometer 

and safe operation was ensured by a rupture disc. The reaction solution was stirred 

by a magnetic follower. Unfortunately, stirring speeds exceeding 500 rpm could not 

be realized due to the follower loosing contact with the magnetic field of the hot-plate. 

The autoclave was heated with an oil-bath and external thermo-couple.  
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3.2.2 Semi-batch experiments – 450 ml autoclave 

 

All detailed parameter screening experiments and kinetic investigations were 

conducted on a more sophisticated 450 ml Parr autoclave. A schematic drawing is 

given in Figure 20 while a picture is presented in Figure 21.  
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Figure 20:  Schematic drawing of 450 ml Parr autoclave as used for the semi-batch 
ethylene tetramerization experiments. 

 

The pressure vessel itself consisted of a 450 ml shell (P1) with gas entrainment 

stirrer (P2), thermo-couple (P4) and internal cooling coil (P3) that was connected to a 

cooling bath (P15). The autoclave head (P5) was connected to the gas-feed line 

(P6), which itself had multiple connections to various feed lines. Inert gas (helium) 

could be added via valve P8 while ethylene was fed via valve P9. The pressure was 

indicated on a manometer (P11) as well as on a digital control panel (P14). The gas 

entrainment stirrer was agitated with an overhead engine (P13) with the stirring 

speed being set on a digital control panel (P14). 

The catalyst (chromium source and ligand) was charged into a burette (P19) that 

could be pressurized with ethylene and injected into the pressure vessel containing 
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the solvent and MAO-based activator. Thus, in-situ activation under ethylene 

atmosphere could be achieved. 

 

 

Figure 21:  Picture of 450 ml Parr autoclave for semi-batch ethylene tetramerization 
experiments. 

 

3.2.3 Semi-batch experiments – General Procedure 

 

All catalytic runs were carried out according to the following procedure. 5 µmol of 

Cr(acac)3 and an equimolar amount of the respective ligand was taken from a 

prepared stock solution and transferred into a Schlenk-tube inside a glove box. This 

solution was made up with cyclohexane to a total volume of 5 ml. The solution was 

activated under inert Argon atmosphere with 270 equivalents MMAO-3A (7 wt-% 

solution in heptane) with respect to the chromium. This activated solution was 

transferred immediately into the autoclave containing 195 ml cyclohexane at the 

desired reaction temperature. The reaction was initiated by pressurization with 

ethylene which was fed on demand throughout the duration of the experiment. The 

temperature was monitored via an internal thermocouple and maintained by cooling 

the autoclave through an external cooling bath. After the indicated reaction time 
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(usually 30 minutes), the reaction was terminated by closing the ethylene supply, 

switching off the gas entrainment stirrer and cooling the autoclave to 0 °C. Next, the 

autoclave was depressurized slowly. The liquid product was filtered and submitted for 

GC-FID analysis.  
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3.3 Ethylene Tetramerization – Continuous Experiments 

 

All experiments involving the continuous production of 1-hexene and 1-octene were 

carried out in the in-house built plug flow tubular reactor (=PFTR) mini-plant. 

Schematic drawings of the experimental set-up are given in Figure 22 and Figure 23, 

while Figure 24 and Figure 25 show pictures at different stages of this thesis. Since 

solvent-gas pre-saturation was found to be imperative (this will be discussed in more 

detail later) different approaches of contacting ethylene with cyclohexane as solvent 

before entering the reactor were evaluated during the experiments:  

(a) Tubular saturator (Figure 22 and Figure 24); this set-up comprised a pressure 

vessel with internal cooling coil that was filled with Raschig-rings. Thus an intense 

mixing of both phases (large exchange surface area) should be achieved by feeding 

gas and liquid at the bottom of the saturator and passing the combined feeds through 

the packing (average residence time = 30 minutes). 

(b) Stirred-tank saturator (Figure 23 and Figure 25); in this set-up, the tubular 

saturator was removed and replaced by a 450 ml Parr autoclave with gas 

entrainment stirrer. Again, ethylene and cyclohexane were fed into the saturator, 

contacted by intense mixing and led into the reactor through a stand pipe (average 

residence time = 10 minutes).  

All other parts of the mini-plant were in essence not replaced during the experiments 

that will be presented in this thesis and will be described in the following. Pictures of 

the most vital parts are given in Figure 26.  

 

Liquids dosing: 

P1:  Catalyst dosage – chromium source and ligand were weighed and dissolved in 

an appropriate amount of cyclohexane in a Schott bottle inside the glove box. To 

prevent contamination of the stock solution, argon was fed via a shut-off valve and 

the liquid was pumped through “Quick-fix” connections that prevent contact with air 

and moisture. The dosing was achieved with a Knauer HPLC pump. 

P2:  Activator dosage – the MAO-based activator was force-fed into the reactor by 

differential gas pressure with the flow rate being adjusted by a fine-dosing valve. This 

flow-rate was monitored on a balance.  

 

(…) to be continued on page 56 
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Figure 22:  Schematic drawing of mini-plant for continuous ethylene tetramerization – 
tubular saturator. 

 

Figure 23:  Schematic drawing of mini-plant for continuous ethylene tetramerization – 
stirred-tank saturator. 
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Figure 24:  Picture of mini-plant for continuous ethylene tetramerization – tubular 
saturator. 

 

 

Figure 25:  Picture of mini-plant for continuous ethylene tetramerization – stirred-tank 
saturator. 
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 (a)  

 

(b)  

 

(c) 

 

(d)  

 

(e) 

 

(f) 

 

 

(g) 

 

 

Figure 26: Picture of vital mini-plant parts: (a) Schott bottle for catalyst dosing; (b) 
pressure vessel for MMAO-3A dosing; (c) liquid-gas separator; (d) reactor with 
heating mantle; (e) reactor without heating mantle; (f) liquid-solid separator; (g) 
Coriolis ethylene dosing unit. 
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P3:  Solvent dosage – cyclohexane was stored in a 25 l vessel under argon 

atmosphere and pumped into the reactor with a Latek HPLC pump (max. flow 

rate 40 ml / min). 

P4:  Gas dosing – ethylene 3.5 was dosed into the saturator with a Bronkhorst 

Coriolis instrument (maximum flow rate 10 g / min) while additional gases (MAO 

feeding) were added via a Brooks mass-flow controller (maximum flow rate 100 

ml / min). 

P5:  Saturator – parts as described above. 

P6:  Reactor – the tubular reactor was fitted with internal cooling coil and external 

three-zone heating mantle. Thus, a constant temperature profile over the reactor 

length could be maintained. Liquid samples were taken shortly after the reactor 

to monitor the product distribution of the resulting reaction mixture. 

P7:  Solids separator – in order to prevent blockage of the pressure regulating valve, 

the reaction mixture was filtered through a double layered mesh to prevent 

aggregation down-stream. 

P8:  Pressure regulating valve – this spring-operated safety-valve maintained a 

constant pressure of 50±1 barg throughout the experiments. Due to safety 

reasons, this part was checked prior to each experiment for the deposit of solid 

material. 

P9:  Gas-liquid separator – the product mixture was expanded from 50 barg to 

ambient pressure in this vessel. Ethylene that was not consumed was led into 

the off-gas, while the liquid solvent-product mixture was stored in a 25 l 

container. 

 

3.3.1 Continuous ethylene tetramerization – General Procedure 

 

Prior to each experiment all vital parts of the mini-plant related to its safe operation 

were checked thoroughly against deposition of solid material. This especially 

included: safety valves, pressure regulating valve, cooling coils, thermocouples, fine 

dosing valve for MMAO-3A dosing and solids separator. If necessary, contaminated 

parts were disassembled and the polymer was dissolved in xylene at 140 °C. 

Furthermore leaking tests were carried out to ensure safe operation before each run.  

 

Typically, a continuous experiment on the mini-plant needed the following 

preparation. Inertization was achieved by evacuating the set-up at 100 °C over 48 h. 
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After cooling to reaction temperature, cyclohexane was pumped through the reactors 

at slow flow rates (i.e. 10 ml / min) for 5 h to remove any residual liquid impurities. 

Further cleaning was achieved by the slow addition of diluted MMAO-3A solution (i.e. 

20 ml in 500 ml cyclohexane) to the system. After removing the MMAO-3A scavenger 

by purging with cyclohexane, the experiments were started by feeding ethylene, 

catalyst and MMAO-3A at the indicated flow rates. Catalyst and MMAO-3A stock 

solutions were prepared in the glove box and transferred into the force-feeding unit 

(for MMAO-3A only). Liquid samples were taken throughout the duration of the 

experiment at regular intervals (typically every 15 minutes).  

The reaction was terminated by stopping the feeds and purging the HPLC pumps 

and the MMAO-3A force feeding unit.  
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CHAPTER IV 
 

4. Results & Discussion 
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4.1 General Remarks 

 

The practical work presented in this PhD thesis was carried out in close collaboration 

with the industrial partner Sasol R&D. The results are presented according to the 

chronological development of the joint research project. Thus the scope of this thesis 

is threefold: a) ligand design and catalyst screening; b) evaluation of process 

parameters and kinetic studies; c) design and operation of a mini plant (continuous 

plug flow tubular reactor). Although all these aspects were in essence investigated in 

chronological order, some basic concepts are vital to all three fields and will therefore 

re-appear throughout this thesis. This especially includes mechanistic considerations, 

which have an impact on all areas of the presented investigations. Also, the product 

distribution provided by a typical ethylene tetramerization catalyst is of major 

importance and is therefore presented below. 
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Figure 27: Product distribution of a typical ethylene tetramerization experiment.  
(1: 1-hexene, 2&3: methyl- and methylenepentane, 4: cyclohexane 
(solvent), 5: heptane (MMAO-3A), 6: 1-octene, 7: C8-cyclics, 8: C10 by-
products (1-decene and co-tri/tetramerization), 9: C12 by-products  
(1-dodecene and co-tri/tetramerization), 10: C14 by-products  
(1-tetradecence and co-tri/tetramerization)) 
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The most abundant products are obviously 1-octene and 1-hexene, whose ratio can 

be adjusted by ligand design or choice of process parameters. The number of by-

products, however, is quite substantial (> 50) and reflects the different possibilities of 

ethylene transformation by the catalyst system. Most prominent by-products are: a) 

methyl- and methylenepentane (up to 5 %); b) long-chain 1-olefins (e.g. 1-decene, 1-

dodecene etc.) formed by extended metallacycle growth; c) co-trimerization and co-

tetramerization products which are built by incorporation of 1-hexene and 1-octene 

into the catalytic cycle (the number of possible by-products through this route alone is 

40); d) polymers. Other side-products like alkanes and extended cyclics (C8, C10 

etc.) are also found in traces, but neglected in the following discussion due to their 

insignificance.  

 

An additional key issue of the presented investigations is given by the process 

economics. Since all research efforts on ethylene tri- and tetramerization were 

ultimately directed at the realization of a technical process, economic considerations 

provide a vital background. Especially the following cost drivers had a major 

relevance for this thesis: 

 

• Ethylene price – being cost-driver number one it is not surprising that selectivity 

towards the most wanted products is of pivotal importance.  

• Total alpha-selectivity – this combined yield of 1-octene and 1-hexene is one 

of the most important targets in this area of research. Factors that hamper 

total alpha-selectivity are:  

(a) formation of methylene- and methylcyclopentane – this can potentially be 

addressed by appropriate ligand design;  

(b) co-tri- and co-tetramerization – the inclusion of either 1-octene or 1-hexene 

into the catalytic cycle leads to the formation of long-chain olefins in the C10-

C14 range; this can be addressed by either ligand design or by choosing the 

appropriate reactor concept (see later sections for further comments);  

(c) polymerization –this phenomenon not only poses an undesired route of 

ethylene transformation; in a continuous process polymer formation would 

lead to uncontrollable reactor fowling, which prevents proper reaction heat 

removal and will ultimately lead to the shut-down of the process. 

• 1-Octene to 1-hexene ratio – although both products are highly desirable 

from a commercial point-of-view 1-octene is clearly the more interesting target 

from a strategic perspective, since no process for its selective production is 
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available up to date while access to 1-hexene is manifold (trimerization in 

Qatar, extraction from Fischer-Tropsch streams, dimerization of propene, 

hydroformylation of pentene). Therefore, maximum yield of 1-octene should be 

achieved by either ligand design or choice of process parameters (pressure 

and temperature). 

• Co-catalyst price – the second cost-driver of any selective ethylene tri- or 

tetramerization technology is the cost of the MAO-based activator. Since its 

production requires a certain level of sophistication, the number of commercial 

suppliers is limited and prices are steep. It is therefore highly desirable to  

(a) use as little excess amount of MAO as possible for the effective activation of 

the catalyst;  

(b) make maximum use of the activated catalyst, i.e. convert as much ethylene as 

possible into desired product. Therefore, activity (in g / g Cr h) and efficiency (in 

g / g Cr) are vital factors for the evaluation of potential catalyst systems and 

reactor concepts. 

• Catalyst price – interestingly this parameter does not influence the process 

economics significantly. Metal and ligand prices are moderate due to good 

chromium availability and straightforward ligand synthesis. 

• Cost of investment – this is mainly dictated by the choice of reactor concept. 

The most obvious concepts are continuous stirred tank reactor (CSTR) and plug 

flow tubular reactor (PFTR). 
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4.2 Ligand Precursor Synthesis 

 

The tailoring of ligands and thus the ligand precursor synthesis carried out during this 

thesis mainly aimed at reducing the formation of unwanted side products in the C6 

fraction – namely methyl- and methylenecyclopentane. Ligand modifications at Sasol 

Technology showed that switching between tri- and tetramerization was possible by 

reducing the number of alkyl- or methoxy-substituents in ortho-position of the P-Ar 

moiety.27, 28 For maximum 1-octene yield, no substituents were most favourable. 

Main drawback of these first generation ligands was the low selectivity towards 1-

hexene in the C6 cut. This could be raised from a relative 20 % (1-hexene in C6) for 

N-Me PNP to 70 % for N-Cyclohexyl PNP: Therefore it was assumed that adjusting 

the alkyl substitution pattern attached to the N-Atom of the PNP backbone would be 

an appropriate tool for achieving higher total alpha selectivity. Since cycloalkyl 

substitution in general and a cyclohexyl moiety in particular proved to be particularly 

promising it was decided to probe the effect of including additional alkyl groups in 2-, 

3- and 6-position of the N-cyclohexyl PNP skeleton. These positions were chosen 

due to their close vicinity to the PNP backbone; they should thus have an impact on 

the steric environment of the active centre around the metal. 
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Scheme 8: Routes to cycloalkyl functionalized PNP ligand precursors. 
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Since the number of commercially available alkyl-cyclohexylamine precursors is very 

limited (only 2-methylcyclohexylamine can be purchased), different synthetic routes 

towards cyclohexyl functionalized PNP ligand precursors were tested and evaluated. 

Scheme 1 depicts the three different approaches that have been studied. The results 

will be discussed in the following sections. 

 

4.2.1 Alcohol and Ketone Functionalization (Routes I and II)  

 

The most appealing advantage of alcohol and ketone functionalization is the broad 

range of available precursors at relatively cheap prices. Menthol and menthone are 

even available from the chiral pool which makes them particularly interesting ligand 

precursors due to their well defined steric environment (no formation of isomers). The 

detailed synthetic procedure for the transformation of cyclohexanol derivatives is 

given in Scheme 9 and was carried out as described by Steffens.64  
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Scheme 9: Route I – Transformation of cyclohexanol derivatives. 

 

The first straightforward step is the deprotonation and mesylation of the alcohol 

compound with triethylamine and mesylchloride. The resulting intermediate is then 

reacted with sodium azide to yield the cyclohexylazide, which can be reduced in a 

subsequent step with triphenylphosphine and hydrochloric acid. Thus, the final 

product should be obtained as amine hydrochloride.  

 

Table 5: Transformation of cyclohexanol and cyclopentanol derivatives. 

Entry Substrate Yield [%] 

1 3-MeC6H4OH 20 

2 4-MeC6H4OH 58 

3 2,6-diMeC6H3OH 0 

4 2-MeC5H3OH 43 

5 Menthol 0 
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It becomes evident from Table 5 that this synthetic approach is only suited for a 

limited number of substrates and generally gives low to moderate yields. Although no 

clear trend could be deduced from the experiments the fact that 2,6-

dimethylcyclohexanol and menthol (isopropyl group in 2-position) could not be 

converted at all certainly suggested that increased steric demand in 2- and 6-position 

is problematic for this route. Sterically less demanding substrates like 2-

methycyclopentanol and 3-methylcyclohexanol could be transformed successfully – 

albeit with relatively low yields (43 % and 20 % respectively). Only 4-

methylcyclohexylamine could be synthesized in 58 % yield – this substrate, however, 

is the least interesting as a ligand precursor for ethylene tri- and tetramerization since 

the attached methyl group is furthest away from the catalyst centre. Bearing in mind 

that the reactions involved in the ligand precursor synthesis according to these route 

are mainly SN type, it might not be surprising that steric demand hampers the 

substrate reactivity.  

 

Scheme 10 depicts the detailed synthetic procedure that was attempted for the 

transformation of menthone. The first step comprises the conversion of the substrate 

into the corresponding hydroxylamine by reaction with hydroxylamine hydrochloride 

and sodium acetate in ethanol.  
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Scheme 10: Route II – Transformation of menthone. 

 

The subsequent reduction of the obtained hydroxylamine proved to be impossible 

using a number of reducing agents: lithiumaluminiumhydride, 

diisopropylaluminiumhydride, sodiumaluminiumhydride and hydrogenation over 

palladium on charcoal (100 bar, 100 °C, reaction time several days). Although it was 

decided not to investigate the reason for the low reactivity of the hydroxylamine 

reactivity further, it seems likely that steric encumberance in close vicinity to the 

functional group again hampers its conversion. 

Summing up, it could be shown that the synthesis of 2- and 2,6-substitued 

cyclohexylamine precursors is difficult by alcohol and ketone functionalization due to 

the sterically demanding substituents attached to the cyclohexyl moiety. These 
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results prompted us to investigate an alternative route that should not have this 

disadvantage; the most straightforward approach seemed to be the direct 

hydrogenation of aniline derivatives. 

 

4.2.2 Hydrogenation of Aromatic Amines (Route III) 

 

The hydrogenation of aniline derivatives has a number of apparent advantages that 

seemed to make this approach especially promising: (a) availability of several 

precursors at very low price (< 20 € / l); (b) very straightforward one-step synthesis 

(some catalysts could even be operated in substance, which made work-up very 

easy or obsolete); (c) potentially easy up-scale and thus bulk production. However, a 

few disadvantages should also be mentioned here that had to be taken into account: 

(a) costly catalysts – the use of noble metal catalysts (i.e. PtO2) demanded for 

efficient recycling; (b) costly set-up – high pressure equipment is imperative for this 

approach (autoclave as well as high-pressure hydrogen). Scheme 11 depicts the 

hydrogenation of aniline derivatives.  
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Scheme 11: Route III – Hydrogenation of aniline derivatives. 

 

As a starting point for the evaluation of this synthetic route the reactivity of three 

different substrates (2-isopropylaniline, 2,6-dimethylaniline and 2-methoxyaniline) 

was investigated using the Adam’s catalyst (PtO2). This catalyst is known to form 

finely dispersed zero-valent platinum under reaction conditions and is thus the most 

active hydrogenation catalyst.65 The reaction vessel for substrate and parameter 

screening was a 75 ml autoclave with magnetic follower suited for pressures up to 60 

barg. Table 6 shows the results of the preliminary substrate screening with platinum 

oxide. 

 

For these experiments the autoclave was loaded with substrate, solvent and catalyst, 

heated to the desired temperature and pressurized with hydrogen. Hydrogen 

pressure was not made up during the course of the experiment so that the 
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conversion could be roughly monitored by pressure decay. The reaction was 

terminated by depressurization and the yield was determined by GC-MS after 

neutralization of the reaction solution with triethylamine and extraction with diethyl 

ether.  

 

Table 6: Hydrogenation of aniline derivatives – preliminary experiments with PtO2.
* 

Entry. Substrate Time p T Conversion Yield 

  [h] [barg] [°C] [%] [%] 

1 2-(CH3)2CHPhNH2 16 60 60 12 12 

2 2,6-diMePhNH2 16 60 60 13.5 13.5 

3 2-OCH3PhNH2 16 60 60 0 0 

4 2-OCH3PhNH2 240 60 90 63.4 0 

* 75 ml autoclave with magnetic follower, stirrer speed: 400 rpm, catalyst: PtO2 (0.5 wt-%), solvent: 
acetic acid, p(H2) corresponds to starting pressure, yield determined via GC-MS. 

 

Table 6 reveals that 2-isopropyl- and 2,6-dimethylaniline could be converted to some 

extent (12-14 % conversion with 100 % selectivity towards the desired product) while 

the ortho-methoxy substituted aniline derivative showed no reactivity at all when 

reacted over a period of 16 h. It was therefore decided to increase the reaction 

temperature to 90 °C and prolong the reaction time to 240 h. Although a significant 

degree of conversion (> 60 %) was observed, the desired product 2-

methoxycyclohexylamine was not found in the GC-MS. Instead, a number of higher 

boiling products with fragmentation patterns that indicate the formation of secondary 

and tertiary aromatic amines by aniline condensation under reaction conditions were 

found. At this stage, it was decided to concentrate on the alkyl-substituted aniline 

derivatives and pursue the optimization of reaction parameters in order to achieve 

higher yields. 

 

Table 7: Hydrogenation of aniline derivatives – temperature variation with PtO2.
* 

Entry Substrate Time  p T Conversion Yield 

  [h] [barg] [°C] [%] [%] 

1 2,6-diMePhNH2 18 60 40 37.1 37.1 

2 2,6-diMePhNH2 19 60 60 45.2 45.2 

3 2,6-diMePhNH2 17 60 80 55.1 55.1 

4 2,6-diMePhNH2 18 60 100 70.4 70.4 

5 2,6-diMePhNH2 18 60 120 70.3 36.2 

* 75 ml autoclave with magnetic follower, stirrer speed: 400 rpm, catalyst: PtO2 (1 wt-%), solvent: 
acetic acid, p(H2) corresponds to starting pressure, yield determined via GC-MS. 
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2,6-Dimethylaniline was therefore chosen as model substrate to investigate the effect 

of temperature on conversion and selectivity. It is known from the literature that the 

reactivity of the Adam’s catalyst is largely affected by this parameter.65 Table 7 

shows the results of a temperature variation from 40 to 120 °C carried out in 20 °C 

intervals. Note that the amount of catalyst loading was doubled from 0.5 to 1 wt-% 

compared to the results presented in Table 6. 

 

As can be derived from entries 1 to 4, an increase from 40 °C to 100 °C led to a 

drastic improvement in conversion and yield from 37.1 % to 70.4 %, respectively. A 

further increase of temperature, however, led to an almost constant conversion 

around 70 % and a significantly decreased yield of the desired 2,6-

dimethylcyclohexylamine (36 %), which could be readily explained by the formation 

of secondary and tertiary aromatic and aliphatic amines (identified by boiling point 

and fragmentation pattern from GC-MS). It was therefore deduced that the reaction 

temperature should not be increased above 100 °C.  

 

In the next optimization step it was decided to investigate the feasibility of scaling up 

the reaction to a 600 ml Parr autoclave in order to be able to produce a large amount 

of catalyst precursor and improve the reaction rate by gas entrainment into the liquid. 

As reaction parameters 60 barg and 100 °C were chosen, since this setting had 

delivered good results in the 75 ml screening autoclave. Table 8 shows the results of 

the respective hydrogenation experiments carried out in the 600 ml Parr autoclave. In 

the first attempt, the substrate load was increased from 5 to 50 g. A significantly 

lower conversion of 46.2 % was observed here than in the comparative experiment 

with the 75 ml screening autoclave (compare entry 1, Table 8 with entry 4, Table 7). 

Also, the selectivity towards the desired 2,6-dimethylcyclohexylamine was only 26.1 

%, which again could stem from the condensation of amines to secondary and 

tertiary products. Given the fact that this was unprecedented in the smaller autoclave, 

this was quite surprising. The only feasible explanation for this could be catalyst 

deactivation throughout the experiment. In order to elucidate this possibility the used 

catalyst was collected and a recycling experiment was carried out.  
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Table 8: Hydrogenation of aniline derivatives – up-scale and alternative catalysts.* 

Entry Substrate Catalyst Wt-% Cat. Time p T Conversion Yield 

    [h] [barg] [°C] [%] [%] 

1 2,6-diMePhNH2 PtO2 1 19 60 100 46.2 26.1 

2** 2,6-diMePhNH2 PtO2 1 18 60 100 5.0 1.5 

3 2,6-diMePhNH2 Ra-Ni 5 18 100 100 4.2 3.5 

4‡ 2,6-diMePhNH2 Ru/C 5 18 100 100 48.6 37.5 

* 600 ml reactor (Parr), stirrer speed: 1000 rpm, p(H2) is constantly made up, solvent: acetic acid, yield 
determined via GC-MS. 
** recycling experiment. 
‡ reaction carried out without solvent. 

 

This recycling experiment is presented in entry 2 (Table 8) and led to a drastically 

decreased conversion of only 5 %, which supported the conclusion that the catalyst 

had been deactivated in the previous run.  

 

Due to the fact that the Adam’s catalyst is one of the most expensive hydrogenation 

catalysts and that successful recycling is therefore imperative, it was decided to 

evaluate alternative catalysts for the hydrogenation of aniline derivatives. Since 

ruthenium on charcoal and Raney-Nickel are very common hydrogenation catalysts 

and were available in large quantities from other projects, it was decided to test these 

in two benchmark experiments in the 600 ml autoclave. While Raney-Nickel required 

the use of acetic acid as acidic solvent, the hydrogenation over Ru/C was carried out 

in substance. Both catalysts were operated at higher pressure (100 barg) and higher 

catalyst load (5 wt-%) due to their expected lower reactivity.65  

While Raney-Nickel proved to be rather inefficient for the hydrogenation of 2,6-

dimethylaniline (4.2 % conversion, entry 3), ruthenium on charcoal was the most 

active catalyst in this set of experiments. Although a certain amount of condensation 

reactions could again be observed (yield 37.5 %, conversion 48.6 %), this initial 

results seemed quite promising – especially due to the facile work-up of the reaction. 

Simple filtration separated catalyst from product and atmospheric distillation yielded 

the purified desired compound without problem. It was therefore decided to carry out 

a parameter optimization for this catalyst in order to evaluate whether its 

performance could be further improved. 

 

Although a number of parameters should influence the hydrogenation reaction with 

Ru/C, the most important parameters are clearly temperature and pressure. It was 

therefore decided to carry out a statistical optimization of these variables according to 
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the Simplex method.66 The considerations which led us to the conclusion that this 

approach might be most efficient were twofold: (a) a simple one-parameter-variation 

often fails to deliver the global optimum for a given reaction, since certain parameters 

interact with each other (i.e. temperature and pressure); (b) statistical design of 

experiments should allow fast and accurate allocation of optimum process 

parameters – most often the number of experiments required with this method is far 

less than in any conventional approach.67, 68, 69  

 

The procedure for carrying out a statistical optimization according to the Simplex 

method is as follows: 

 

• Determine starting simplex = starting set of experiments. This is done by 

choosing one fixed set of parameters (T = 100 °C and p = 100 barg in this 

case) and a step-width for the given parameters (∆T = 40 °C and ∆p = 40 barg 

in this case). The parameter settings are then calculated with coded variables 

which depend on the number of parameters, which should be optimized.  

• The starting set of experiments is carried out and the results of these 

experiments are sorted according to the target value (which is the yield in this 

case). The worst experiment is neglected and the parameters of the remaining 

experiments are averaged and reflected on the worst parameter setting. Thus, 

a new parameter setting is calculated. 

• This new parameter setting is tested in an experiment and the results are 

again sorted in accordance to their target value.  

• The above described procedure is repeated until the optimum has been found. 

 

For this optimization 100 °C and 100 barg were chosen as starting point and 40 °C 

and 40 barg were fixed as a good step-width for the exploration of these parameters. 

It has to be noted that the step-width should not be chosen too narrow as this would 

increase the number of experiments necessary to find the optimum. The starting set 

of experiments was then calculated according to the following formulae: 
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(1) T1 = 0 (coded variable): T = Tstart+T1*∆T = 100+0*40 = 100 °C. 

p1 = 0 (coded variable): p = pstart+p1*∆p = 100+0*40 = 100 barg. 

(2) T2 = 1.0 (coded variable): T = Tstart+T2*∆T = 100+1.0*40 = 140 °C. 

p2 = 0 (coded variable): p = pstart+p2*∆p = 100+0*40 = 100 barg. 

(3) T3 = 0.5 (coded variable): T = Tstart+T3*∆T = 100+0.5*40 = 120 °C. 

p3 = 0.87 (coded variable): p = pstart+p3*∆p = 100+0.87*40 = 135 barg. 

 

The temperature and pressure optimization according to the above described method 

was carried out for 2,6-dimethylaniline and 2-ethylaniline. The results of the first 

optimization round are given in Table 9. For the first substrate the optimization was 

particularly successful. While both set-points 2 (100 barg / 140 °C, entry 2) and 3 

(135 barg / 120 °C, entry 3) yielded complete conversion, the experiment at lower 

temperature and higher pressure showed less formation of side products. While the 

selectivity towards 2,6-dimethylcyclohexylamine was already 94.4 % at set-point 2 

this could be pushed to 99.4 % for set-point 3. It was thus possible to isolate the 

desired ligand precursor by filtration and flash distillation in a rotary evaporator in a 

total 90 % yield (180 g of 200 g starting material).  

 

Table 9: Hydrogenation of aniline derivatives – Simplex optimization and substrate 
variation with Ru/C.* 

Entry Substrate Time p T Conversion Yield 

  [h] [barg] [°C] [%] [%] 

1 2,6-diMePhNH2 18 100 100 48.6 37.5 

2 2,6-diMePhNH2 24 100 140 100 94.4 

3 2,6-diMePhNH2 24 135 120 100 99.4 

4 2-C2H5PhNH2 24 100 100 100 70.9 

5 2-C2H5PhNH2 24 100 140 100 78.4 

6 2-C2H5PhNH2 24 135 120 100 44.0 

7 2-(CH3)2CHPhNH2 24 100 100 100 91.1 

8 2-OCH3PhNH2 24 100 100 0 0 

* 600 ml reactor (Parr), stirrer speed: 1000 rpm, p(H2) is constantly made up, yield determined via GC-
MS. 
 

Figure 28 shows the concentration profile for the hydrogenation of 2,6-dimethylaniline 

at 120 °C / 135 barg. It is obvious that the conversion of the starting material was 

very rapid during the first 3-4 h of the reaction and that the reaction was almost 

completed after 8 h. 
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Figure 28: Hydrogenation of 2,6-dimethylaniline – concentration profile. 

 

The same approach was chosen for 2-ethylaniline (see entries 4-6, Table 9). 

Interestingly, this substrate obviously required different optimum conditions, as the 

previous optimum set-point 120 °C / 135 barg only yielded 44.0 % of the desired 

product. However, at 100 barg / 140 °C a total yield of > 78 % could be achieved, 

which was more than sufficient to isolate the desired compound by atmospheric 

distillation.  

 

After these encouraging results, a number of additional substrates were tested for the 

hydrogenation with Ru/C. 2-Isopropylaniline could be efficiently hydrogenated at 100 

°C / 100 barg with complete conversion and > 91 % selectivity. However, 2-

methoxyaniline could neither be converted with this catalyst.  

 

Summing up, a facile and very straightforward route for the synthesis of alkyl-

substituted cyclohexylamine PNP ligand precursors was explored. The 

hydrogenation over ruthenium on charcoal as catalyst could be carried out in 

substance (substrate load of 200 g unproblematic), which allowed easy separation 

and work-up. All precursors could be obtained in good (2-ethylcyclohexylamine; 78 

%) to excellent (2,6-dimethylcyclohexylamine; 99 %) yields. 
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4.2.3 Synthesis of PNP Ligands 

 

The synthesis of PNP ligands was carried out according to standard literature 

procedure.70 An overview on the successfully synthesised and tested ligands is 

provided in Figure 29. 
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Figure 29: Overview of synthesised and tested PNP ligands. 
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4.3 Ligand Screening 

 

The testing and evaluation of the synthesized PNP ligands was carried out in 

different autoclaves and will thus be presented in two separate sections. The 

common goal, however, was to identify the influence of structural fine tuning at the N-

cycloalkyl moiety of the PNP backbone on the selectivity in the C6 and C8 fraction. 

Since these values are largely independent on i.e. activity, solvent and set-up, a 

comparison of results obtained in two different reactors should be possible – even if 

not straightforward.  

The first round of ligand evaluation was carried out in 75 ml autoclaves with magnetic 

follower. These had the major disadvantage of limited gas entrainment into the liquid 

and thus rather limited activity. Also, the removal of reaction heat proved to be 

difficult and blockage of the stirrer occurred at high level of polymer formation (for a 

more detailed discussion of the experimental problems with this kind of set-up see 

below). However, this autoclave proved to be suitable for a preliminary ligand 

screening.  

The second round of ligand evaluation comprises selected alkylcyclohexyl PNP 

ligands from the aniline hydrogenation programme. These were tested under fully 

optimized conditions in the Erlangen laboratories and at Sasol R&D and will be 

presented in the second sections for completeness sake.  

 

4.3.1 Ligand Screening I – 75 ml Autoclave 

 

All ligands tested in the screening programme were benchmarked against the best 

ligand (i.e. the most selective catalyst) known at that stage, which was isopropyl 

PNP. A comparative run in the 75 ml autoclave showed that a catalyst containing this 

ligand typically yielded 74 % 1-octene and 11 % 1-hexene. The major side products 

clearly were methyl- and methylenecyclopentane, which is obvious from the fact that 

their relative selectivity in the C6 cut was as high as 26 % (given as S(cyC6 in C6) in 

Figure 30). The selectivity towards 1-hexene within the C6 cut was around 72 %. As 

was already described above, the aim at this time was to probe the effect of 

structural fine tuning at the N-moiety of the PNP backbone by subtle cycloalkyl and 

alkyl variation. The structural similar cyclopentyl PNP ligand revealed slightly lower 

selectivities to its isopropyl PNP analogue. While the selectivity towards  

1-octene dropped to 69 %, the yield of 1-hexene was slightly increased to 13 %, 
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which resulted in a lower total alpha selectivity of 82 %. Closer analysis of the C6 cut 

also revealed that the formation of cyclics was slightly more increased than with the 

isopropyl PNP ligand (30 % and 26 %, respectively). 
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Figure 30: Ligand screening of cyclopentyl PNP structures (all runs carried out at 
45 °C, 45 barg, [Cr]:L=1:2, [Cr]:MAO=1:125, n([Cr])=18 µmol, 
solvent=toluene, V=20 ml). 

 

The attachment of a benzyl group in 2,3-position of the cyclopentyl ring led to the 

indane PNP ligand also presented in Figure 30. With this ligand a total alpha 

selectivity of around 86 % could be achieved as well, which is comparable to the 

isopropyl PNP system. The most remarkable observation, however, was the fact that 

the selectivity towards 1-hexene in the C6 cut was clearly increased at the expense 

of cyclics. While it was only 67 % for the cyclopentyl PNP ligand it increased to 78 % 

for the indane PNP ligand. This effect should be investigated further with a number of 

cyclohexyl PNP ligands, since a larger variety of alkyl substituted precursors was 

available for this ring size. 

 

The results of the ligand screening with cyclohexyl PNP analogues is presented in 

Figure 31. Again, the isopropyl PNP ligand is given for benchmarking purposes. The 

evaluation of cyclohexyl PNP revealed that the total alpha selectivity was descreased 

compared to the isopropyl PNP (78 % vs 86 %, respectively). This trend was already 

observed with the analogue cyclopentyl PNP ligand. In the C6 cut 22 % cyclics and 

74 % 1-hexene could be found, which compares to the isopropyl PNP system. 
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However, upon attachment of a methyl group in 2-position of the cyclohexyl moiety, a 

drastic improvement in selectivity could be observed. The total selectivity was now 21 

% 1-hexene and 67 % 1-octene and thus the resulting total alpha selectivity was as 

high as 88 %. This was primarily due to the significantly decreased formation of 

cyclics, which could be lowered to 14.2 % in the C6 fraction. The formation of 1-

hexene in the C6 cut, on the other hand, could be increased to 84 % (in the C6 

fraction).  
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Figure 31: Ligand screening of cyclohexyl PNP structures (all runs conducted at 45 
°C, 45 barg, [Cr]:L=1:2, [Cr]:MAO=1:125, n([Cr])=18 µmol, solvent=toluene, 
V=20 ml).  

 

In order to verify whether this effect could still be observed when moving the methyl 

group further away from the N-atom of the PNP backbone, 3-methylcyclohexyl PNP 

was tested. Surprisingly, it was found that the selectivity within the C6 cut was still 

comparable to the one provided by the 2-methylcyclohexyl PNP system. The 

selectivity towards cyclics in the C6 fraction was at a relatively low 14.8 % and the 

selectivity towards 1-hexene at 83.1 %. This suggested that the beneficial effect of 

alkyl substitution at the cyclohexyl ring was also obvious at a position further 

removed from the N-atom. Only the total amount of C6 formed by this catalyst was 

lower than before (15.3 % vs 21.1 % with 2-methylcyclohexyl PNP), so that the total 

alpha selectivity decreased to 82 %. The last ligand that was evaluated in this round 

was 1,2,3,4-tetrahydronaphthyl PNP, which had a 2,3-benzyl substitution at the 
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cyclohexyl ring and thus compares to the indane PNP system. Again, the relative 

product distribution within the C6 stayed at a constant level: 14.9 % cyclics and 82.5 

% 1-hexene. The absolute selectivities towards 1-octene (69.6 %) and 1-hexene 

(19.4 %) were comparable with the 2-methylcyclohexyl PNP and the indane PNP 

systems.  

It was therefore deduced that high total alpha selectivity (around 90 %) and 

decreased formation of cyclics in the C6 cut could be achieved with 2- or 2,3-

substituted cycloalkyl PNP systems. 

 

4.3.2 Ligand Screening II – 450 ml Autoclave 

 

Since the above mentioned alkyl substituted cyclohexyl PNP ligand systems were 

among the most successful ones tested in the whole ligand evaluation programme (> 

100 ligands tested), it was decided to (a) pursue the subtle structural fine tuning 

further and (b) test all resulting ligands under fully optimized conditions in the 

laboratories of Sasol R&D. Figure 32 shows the results obtained with 2- and 2,6-

substituted cyclohexyl PNP ligands. 
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Figure 32: 2-alkylcyclohexyl and 2,6-dimethylcyclohexyl PNPs. (all runs conducted 
at 60 °C, 50 barg, [Cr]:L=1:1, [Cr]:[MMAO-3A]=1:270, n([Cr])=5 µmol, 
solvent=cyclohexane, V=200 ml; runs conducted at Sasol R&D) 
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In order to probe the effect of increased steric bulk at the 2-position of the cyclohexyl 

PNP moiety, 2-ethylcyclohexyl PNP and 2-isopropylcyclohexyl PNP were tested. Two 

major effects could be found. On the one hand, the selectivity towards the undesired 

cyclics in the C6 cut could be decreased even further. While it was 14.3 % with 2-

methylcyclohexyl PNP it dropped to 11.4 % with 2-ethyl- and 6.9 % for 2-

isopropylcycloxyl PNP. At the same time the selectivity towards 1-hexene within the 

C6 cut increased from 85.4 % to 88.3 % and 92.9 %, respectively. 

 

The second effect that was obvious from this series of experiments was a slightly 

decreased formation of 1-octene at the expense of 1-hexene (total alpha selectivity 

remained constant). While the 1-octene / 1-hexene ratio was 64 % / 26 % with 2-

methylcyclohexyl PNP, it changed to  60 % / 30 % with 2-isopropylcyclohexyl PNP.  

 

Both effects (decreased cyclics formation and swing to more trimerization) were even 

more pronounced with the 2,6-dimethylcyclohexyl PNP ligand. While the cyclics 

formation dropped to an unprecedented 3.7 % (the C6 cut thus almost exclusively 

consisted of 1-hexene), the ratio 1-octene / 1-hexene changed dramatically 

compared to 2-methylcyclohexyl PNP. While it was 64 % / 26 % for the former it 

became 47 % / 42 % for the latter. This swing from predominantly tetramerization to 

an almost 50 % / 50 % mixture of tri- and tetramerization was not observed before in 

variation of the R-group attached to the N-atom of the PNP backbone. However, a 

similar effect occurred when increasing the number of ortho-methyl substituents at 

the P-Ar moiety of the ligand. While a PNP ligand without ortho-methyl P-Ar 

substituents catalyzed predominantly ethylene tetramerization, a stepwise increase in 

the number of substituents from 0 to 4 led to predominantly trimerization.27 These 

results together with the ones presented here suggest that trimerization of ethylene is 

favoured by increased steric bulk around the catalyst centre either by increased 

number of ortho-methyl P-Ar substituents or by increased steric demand at the N-

cyclohexyl moiety.  

 

The effect that one additional methyl group in 6-position of a 2-methylcyclohexyl PNP 

group drastically influences the 1-octene / 1-hexene ratio is unexpected and 

demands for further explanation. Figure 33 depicts the proposed steric interactions 

between the ligand structure and the growing metallacycle. The methyl group in the 

[Cr]+2-methylcyclohexyl PNP complex should not point directly towards the catalytic 

centre due to steric encumberance and rotability along the N-C axis. Thus the 
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interaction with the growing metallacyle should be weak. However, introducing a 

second methyl group in 6-position of the cyclohexyl moiety forces interaction with a 

growing metallacycle since the sterically demanding group cannot be rotated in such 

a way that the steric interactions disappear. This could in fact account for the 

pronounced influence in the mechanism – especially if it is assumed that 1-octene 

and 1-hexene are formed by different catalyst isomers (see kinetic and mechanistic 

investigations later). The assumption that the isomeric species producing 1-octene is 

disfavoured over the one producing 1-hexene would provide one explanation for the 

observed change in selectivity.  
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Figure 33: Proposed steric interactions between alkylcyclohexyl PNPs and growing 

metallacycle. 

 

However, this attempt at explaining the observed changes in 1-octene / 1-hexene 

ratio could not be pursued in greater detail, since no information on the detailed steric 

environment of the active catalyst species is available, yet. Also, the detailed dual-

site metallacycle mechanism that will be presented later will have to be investigated 

further. 

 

In conclusion, a number of very efficient ligands with the general structure (Ph2P)2N-

cyclohexyl-R could be synthesised and successfully tested for the tetramerization of 

ethylene. The formation of cyclics in the C6 cut could be reduced from 26 % to 3.7 % 

comparing isopropyl PNP to 2,6-dimethylcyclohexyl PNP. Total alpha selectivity was 

at a high 88-90 % which makes these ligands very interesting from a commercial 

point of view. 
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4.4 Parameter Screening I – 75 ml Autoclave 

 

After successfully screening a number of N-substituted PNP ligands, it was decided 

to carry out an extensive parameter evaluation for one fixed catalyst system. Due to 

its relatively high total alpha selectivity and increased yield of 1-hexene in the C6 cut, 

1,2,3,4-tetrahydronaphthyl PNP (=THN PNP) was chosen as ligand. Previous 

preliminary experiments had shown that ethylene pressure and temperature 

profoundly affected product distribution while chromium concentration heavily 

affected catalyst activity. It was therefore decided to investigate these parameters 

using the standard 75 ml autoclave. 

 

4.4.1 The influence of chromium concentration (75 ml autoclave) 

 

Since the homogeneous chromium catalyst and more important the expensive MAO 

based activator will not be recycled in a continuous industrial process, it is of vital 

importance to make maximum use of the activated catalyst. Therefore high activity is 

highly desirable. In an effort to determine the minimum catalyst concentration 

sufficient for effective catalysis a variation of catalyst load ranging from 50 to 4 µmol 

in 20 ml solvent was carried out. The results from this series of experiments are 

given in Table 10. 

 

Table 10: Tetramerization with THN-PNP – variation of chromium concentration.* 

Entry cCr Activity S(1-C6) S(1-C8) Stotal S(1-C6 in C6) S(1-C8 in C8) mSolids 

 [µmol / l] [g / g Cr h] [wt-%] [wt-%] [wt-%] [%] [%] [g] 

1 2 500 3 910 19.4 69.6 89.1 82.5 99.5 0.84 

2 1 250 11 134 21.0 64.0 85.0 82.7 99.2 1.81 

3 750 12 070 20.3 68.3 88.7 81.9 99.4 0.23 

4 200 15 630 15.1 72.4 87.5 71.0 99.4 0.50 

* 45 barg, 45 °C, [Cr]:MAO=1:125, [Cr]:L=1:2, solvent: toluene (20 ml), MAO from Aldrich (10 wt-% in 

toluene), 30 min run time, activity and selectivity based on liquid product alone. 

 

The total alpha selectivity obtained ranged between 85 % and 89 % and showed the 

same kind of fluctuation as the selectivity towards 1-hexene and 1-octene. Taken into 

account the imperfect ethylene uptake in the 75 ml autoclave, no apparent trend was 

visible and all values seemed roughly constant. The same applies for the relative 
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distribution in the C8 and in the C6 cut as well as for the formation of solids. The 

activity, however, clearly increased with decreasing chromium concentration. This 

behaviour was particularly interesting as it indicated that (a) a relatively low amount 

of chromium is sufficient for effective catalysis and (b) the observed effective reaction 

order with respect to chromium seemed to be lower apparently than 1 (in fact, 

plotting ln(rate) against ln[Cr] (entries 2-4) revealed a chromium concentration 

dependence to the power of 0.8). The chromium concentration for the following 

experiments was fixed at 750 µmol / l. 

 

4.4.2 The influence of ethylene pressure (75 ml autoclave) 

 

The next set of experiments consisted of a pressure variation from 20 to 50 barg at a 

constant 45 °C; the results are presented in Table 11. It is obvious that the 

distribution of the main products 1-octene and 1-hexene is influenced significantly by 

increasing ethylene pressure. While only 51 % 1-octene is formed at 20 barg, a 

maximum yield of 68 % could be obtained at 45 barg. This is accompanied by an 

equivalent shift in 1-hexene selectivity from 38 % to 20 %. Remarkably, the total 

alpha selectivity remained at a constant 89 %. The selectivity within the C6 and C8 

fraction towards the different products remained at a nearly constant level and also 

solids formation was in most cases relatively low. 

 

Table 11: Tetramerization with THN-PNP – variation of pressure.* 

Entry p Activity S(1-C6) S(1-C8) Stotal S(1-C6 in C6) S(1-C8 in C8) mSolids 

 [barg] [g / g Cr h] [wt-%] [wt-%] [wt-%] [%] [%] [g] 

1 20 1 490 38.0 51.3 89.3 88.7 100.0 0.03 

2 25 2 440 35.8 52.2 88.0 89.2 99.7 0.31 

3 30 3 640 30.1 59.5 87.7 88.5 99.8 0.18 

4 35 6 250 25.3 64.1 89.4 85.9 99.3 0.21 

5 40 6 150 28.9 58.9 87.8 87.9 99.4 0.27 

6 45 12 070 20.3 68.3 88.7 81.9 99.4 0.23 

7 50 8 590 25.3 63.3 88.5 86.2 99.4 0.35 

* 45 °C, [Cr]:L=1:2, 15 µmol [Cr], solvent: toluene (20 ml), MAO from Aldrich (10 wt-% in toluene), 30 

min run time. 

 

The activity within this set of experiments generally increased with ethylene pressure, 

which is proportional to ethylene concentration. This is in some accordance to the 
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kinetic studies carried out on the system isopropyl PNP / MAO / cumene by Walsh60 

(ethylene dependence shows order of 1.6) and also with the investigations on the 

system THN-PNP / MMAO-3A / cyclohexane in the 450 ml Parr reactor (ethylene 

dependence shows order of 1.7), which will be presented later. Although these 

experiments were by no means suitable for detailed kinetic evaluation, a roughly 

second order in ethylene concentration dependence could be observed here (order 

of 2.2).  

 

4.4.3 The influence of temperature (75 ml autoclave) 

 

While the trends in selectivity could be clearly identified for a changing ethylene 

concentration, the investigation of reaction temperature proved to be not as 

straightforward. Table 12 shows the results of a temperature variation from 0 °C to 60 

°C at a constant 45 barg ethylene pressure. Within a limited temperature range of 25 

°C to 45 °C (entries 2 to 6) the total alpha selectivity stayed at a roughly constant 

level of 85 % to 89 %. In this range, the ratio of 1-octene to 1-hexene stayed almost 

constant (68 % 1-octene and 18 % 1-hexene in average), although a slight trend 

towards more 1-hexene at elevated temperature was apparent. A further increase in 

temperature to 50 °C and 60 °C led to drastically reduced reaction rates and total 

alpha selectivity. Also, the formation of solids was quite pronounced, so that these 

values had to be evaluated with care. 

 

Table 12: Tetramerization with THN-PNP – temperature variation.* 

Entry T Activity S(1-C6) S(1-C8) Stotal S(1-C6 in C6) S(1-C8 in C8) mSolids 

 [°C] [g / g Cr h] [wt-%] [wt-%] [wt-%] [%] [%] [g] 

1 0 2 620 7.1 64.9 72.0 42.3 97.6 0.23 

2 25 10 340 16.7 70.8 87.5 77.5 99.2 0.34 

3 30 5 380 15.6 72.3 87.9 74.8 99.2 0.13 

4 35 5 090 17.9 66.2 84.2 77.2 99.0 0.36 

5 40 9 490 20.4 65.3 85.8 82.2 99.2 0.80 

6 45 12 070 20.3 68.3 88.7 81.9 99.4 0.23 

7 50 5 380 18.6 59.5 78.1 81.3 98.7 4.72 

8 55 5 750 19.0 59.7 78.8 81.3 99.9 1.04 

9 60 2 700 7.7 40.4 48.1 76.4 96.1 0.43 

* 45 barg, [Cr]:L=1:2, 15 µmol [Cr], solvent: toluene (20 ml), MAO from Aldrich (10 wt-% in toluene), 30 

min run time. 
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In order to provide an explanation for the scattered results from the temperature 

variation, one 75 ml autoclave was equipped with thermocouple and monitor the 

reaction temperature throughout the duration of the experiment. It was previously 

assumed that the reaction exotherm would be absorbed by the steel autoclave to 

allow for isothermic reaction conditions. Figure 34 shows the temperature profile for 

one ethylene tetramerization experiment at 45 °C. 

During the first five minutes of the experiment the temperature increased slightly and 

stayed at a constant 47 °C. After that, however, a nearly constant increase of 

temperature over the duration of the experiment could be observed with a maximum 

temperature of 57 °C after 50 minutes, which is equivalent to a temperature 

difference of 12 °C compared to the oil bath. 

Thus, it could be shown that the reaction system could indeed not be regarded as 

isothermal. Therefore an evaluation of the temperature influence was not possible 

using this set-up. The observation that isothermal reaction conditions could not be 

achieved with the 75 ml autoclave set-up also effects the evaluation of ethylene 

pressure and chromium concentration. Reliable comparison should always be based 

on constant reaction parameters. While the general trends, e.g. that lower chromium 

concentration favours higher activity and higher ethylene pressure shifts the 1-octene 

/ 1-hexene ratio towards more 1-octene seemed to be reasonable results, a re-

evaluation with a more sophisticated set-up was highly advisable at this stage. 
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Figure 34: Ethylene tetramerization with THN-PNP – reaction temperature over time 
(run conducted at 45 barg, TStart=45 °C; see entry 6, Table 12). 
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4.5 Parameter Screening II – 450 ml Autoclave 

 

The prerequisites for a more sophisticated autoclave design were as follows:  

 

a)  Internal cooling coil with solenoid valve, which is operated by internal 

thermocouple;  

b)  Heating mantle preferable to oil bath due to easier operation;  

c)  Specifically designed gas entrainment stirrer;  

d)  Dosing of catalyst solution (activated or unactivated) under ethylene pressure 

for obtaining reproducible activities – therefore installation of a charging burette;  

e)  GC samples to be taken over time – autoclave should allow for bottom draining.  

 

All these features were realized in a 450 ml Parr autoclave, which is described in 

Chapter III above. 

 

Parallel to the changes concerning the set-up the catalyst system was adjusted, as 

well. While it comprised Cr(acac)3, ligand (THN-PNP, ratio 2:1), MAO (10 wt-% 

solution in toluene) and toluene as solvent thus far, thorough optimization carried out 

at Sasol R&D showed that significantly improved catalyst performance could be 

obtained by: a) adjusting the chromium to ligand ratio to 1; b) using MMAO-3A 

(containing isobutyl-modified methylaluminoxane and a large proportion of free TMA) 

in heptane as an activator; c) using aliphatic solvents instead of aromatic 

(cyclohexane was the solvent of choice).  

For better comparability the pressure and temperature experiments were carried out 

with this “second generation” catalyst system, as these parameters showed the most 

profound influence on selectivity and activity in the previous studies. 

 

4.5.1 The influence of pressure (450 ml autoclave) 

 

In an effort to fully elucidate the influence of ethylene pressure on both selectivity and 

activity of an ethylene tetramerization catalyst it was decided to carry out a broad 

pressure variation ranging from 10 to 100 barg. The results of the respective 

experiments are presented in Table 13.  
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Table 13: Tetramerization with THN-PNP (optimized conditions) – variation of 
pressure.* 

Entry T P Efficiency S(1-C6) S(1-C8) Stotal S(1-C6 in C6) S(cyC6 in C6) S(1-C8 in C8) Solids 

 [°C] [barg] [g / g Cr] [wt-%] [wt-%] [wt-%] [%] [%] [%] [wt-%] 

1 40 10 8 156 49.1 44.8 93.9 90.0 6.0 99.3 0.9 

2 40 15 13 350 37.7 56.0 93.7 88.1 8.8 99.0 0.5 

3 40 20 34 035 29.5 62.8 92.3 87.3 11.0 98.3 0.4 

4 40 25 46 870 24.8 67.1 91.9 82.8 13.2 99.4 0.8 

5 40 30 64 570 22.6 68.4 90.9 84.3 14.7 98.2 0.8 

6 40 35 75 290 19.9 71.6 91.5 81.5 16.3 98.4 0.9 

7 40 40 103 410 18.4 71.6 90.0 81.8 17.0 98.1 0.7 

8 40 45 153 570 16.3 72.7 88.9 77.7 18.1 99.2 0.9 

9 40 70 120 970 14.1 74.6 88.7 74.9 19.3 99.2 1.3 

10 40 100 140 260 13.6 74.5 88.1 74.4 19.8 98.2 1.1 

* [Cr]:L=1:1, [Cr]:[Al]=1:479, Cr-source=Cr(acac)3, solvent: cyclohexane (purification over commercial 

solvent purification system), MMAO-3A from Akzo-Nobel (7 wt-% in heptane), 30 min run time, 

efficiency and selectivity based on liquid product alone. 

 

The selectivity vs pressure is also given graphically in Figure 35. It became apparent 

that the ratio of 1-octene and 1-hexene was very sensitive towards ethylene pressure 

in a regime from 10 to 40 barg, approximately. While predominantly trimerization 

could be observed at 10 barg (entry 1, 49 % 1-C6 and 45 % 1-C8) a slight increase 

of only 10 barg already led to predominantly tetramerization with a selectivity of 63 % 

towards 1-octene and only 30 % towards 1-hexene (entry 3). This trend was also 

consistent at pressures up to 40 barg, where a maximum 1-octene yield of 72 % 1-

octene could be found (18 % 1-hexene, entry 7), albeit to a much lesser extent than 

from 10 to 20 barg. At pressures exceeding 40 barg (entries 8-10), it could be found 

that the selectivity only changed insignificantly. Increasing the pressure from 45 to 

100 barg only led to a raise of 2 % in 1-octene selectivity and was accompanied with 

a corresponding lower 1-hexene yield.  
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Figure 35: Ethylene tetramerization in 450 ml autoclave – the effect of pressure 
variation ([Cr]:L=1:1, [Cr]:[Al]=1:479, Cr-source=Cr(acac)3, solvent: 
cyclohexane (purification over commercial solvent purification system), 
MMAO-3A from Akzo-Nobel (7 wt-% in heptane), 30 min run time, 
selectivity based on liquid product alone.T = const. = 40 °C). 

 

Interestingly, the combined total alpha selectivity stayed at roughly the same level 

(90-94 %) throughout the entire pressure variation experiments although the relative 

changes in product distribution were quite significant. In fact, the higher alpha 

selectivity at low pressures could be attributed to very low catalyst efficiency and thus 

product concentration. This will be later discussed in more detail. The pressure 

variation thus showed that the ratio of the two main products 1-octene and 1-hexene 

could be easily adjusted by ethylene pressure. However, high 1-hexene yields are 

only possible at the expense of low catalyst efficiency (8 000 g / g Cr h at 10 barg vs 

150 000 g / g Cr h at 45 barg, compare entries 1 and 8, Table 11).  

 

Regarding the relative ratio of 1-hexene and C6 cyclics (methyl- and 

methylenecyclopentane) in the C6 cut, an interesting observation could be made. 

While low pressure almost exclusively favoured the formation of 1-hexene (relative 

selectivity of 90 %, see entry 1, Table 11), an increase of pressure up to 100 barg led 

to a decrease in 1-hexene proportion to below 75 %. At the same time the formation 

of C6 cyclics was increased from a mere 6 % to almost 20 % (relative selectivity). 

The formation of solids was not affected significantly by varying ethylene pressure 

and stayed at a roughly constant level of 0.5-1.3 wt-%. 
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4.5.2 The influence of temperature (450 ml autoclave) 

 

Since the pressure variation revealed that maximum 1-octene yield could already be 

achieved at 45 barg, it was decided to carry out a temperature variation ranging from 

20 to 80 °C at this fixed pressure. The results are presented in Table 14.  

 

Table 14: Tetramerization with THN-PNP (optimized conditions) – variation of 
temperature.* 

Entry T p Efficiency S(1-C6) S(1-C8) Stotal S(1-C6 in C6) S(cyC6 in C6) S(1-C8 in C8) Solids 

 [°C] [barg] [g / g Cr] [wt-%] [wt-%] [wt-%] [%] [%] [%] [wt-%] 

1 20 45 9 170 7.4 77.4 84.8 51.4 35.3 99.7 1.8 

2 25 45 41 370 9.5 77.0 86.5 63.8 31.5 99.4 1.5 

3 30 45 46 340 11.8 77.1 88.9 70.2 26.7 99.4 0.9 

4 35 45 66 120 13.9 75.9 89.8 75.4 22.7 99.4 0.7 

5 40 45 85 160 16.9 73.8 90.7 80.1 18.4 99.3 0.9 

6 45 45 84 440 20.2 71.2 91.4 83.7 15.1 99.2 0.8 

7 50 45 61 240 24.8 67.2 92.0 86.9 11.9 99.2 1.3 

8 60 45 70 560 32.1 58.8 90.9 86.9 7.5 98.7 4.9 

9 80 45 63 200 49.1 41.5 89.2 92.6 3.3 96.5 25.9 

* [Cr]:L=1:1, [Cr]:[Al]=1:479, Cr-source=Cr(acac)3, solvent: cyclohexane (purification over commercial 

solvent purification system), MMAO-3A from Akzo-Nobel (7 wt-% in heptane), 30 min run time, 

efficiency and selectivity based on liquid product alone. 

 

During the experiments it became obvious that a maximum 1-octene yield around 77 

% could be achieved at 20-30 °C. This decreased slightly to 74 % at 40 °C and then 

more significantly to 59 % at 60 °C and 41 % at 80 °C (also see Figure 36). At the 

same time, 1-hexene selectivity was constantly increased upon increase in 

temperature (from 7 % at 20 °C to 49 % at 80 °C). Although the comparison of total 

alpha selectivity should ideally be carried out at identical product concentration, 

which was not achieved in these experiments, some conclusions became apparent in 

this series nevertheless. While the combined yield of 1-hexene and 1-octene was 

only 85 % at low temperature (i.e. 20 °C, entry 1, Table 12), it could be pushed to 

over 90 % at a temperature ranging from 40 to 60 °C. It has to be noted that at these 

temperatures, the achieved efficiency was in the same order of magnitude (entries 5-

8). It was therefore concluded that this temperature range (40-60 °C) would be 

favourable for high 1-octene and 1-hexene yield. 
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Figure 36: Ethylene tetramerization in 450 ml autoclave – the effect of temperature 
([Cr]:L=1:1, [Cr]:[Al]=1:479, Cr-source=Cr(acac)3, solvent: cyclohexane 
(purification over commercial solvent purification system), MMAO-3A 
from Akzo-Nobel (7 wt-% in heptane), 30 min run time, efficiency and 
selectivity based on liquid product alone, p = const = 45 barg). 

 

Regarding the distribution of 1-hexene and C6 cyclics in the C6 fraction, it was 

observed that the formation of 1-hexene was favoured at higher temperatures. While 

the relative selectivity towards 1-hexene in the C6 cut was only 51 % at 20 °C, it was 

increased to 93 % at 80 °C. This was accompanied with a corresponding decreased 

formation of C6 cyclics. The formation of solid by-products stayed at a relatively low 

level of 0.8-1.8 wt-% up to a temperature of 50 °C. An additional temperature 

increase up to 60 and 80 °C led to a drastic raise of solids up to 25 wt-%. This 

suggested significant catalyst deactivation at elevated temperature accompanied by 

drastic reactor fowling. It was therefore concluded that high temperature was not 

favourable for the tetramerization of ethylene.  

 

To further elucidate the most important observation that 1-hexene formation was 

increased at the expense of 1-octene formation at elevated temperature it was 

decided to determine the solubility (and thus concentration) of ethylene in 

cyclohexane at different temperature. Ethylene concentration was expected to be 

lower at high temperature. Since increased 1-hexene formation was observed at low 

pressure (and thus concentration) in the previous series of experiments, it was 

suspected that the selectivity swing in the temperature variation was in fact due to 
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change in ethylene concentration. It therefore seemed of vital importance to 

deconvolute the influence of temperature and pressure on ethylene tetramerization to 

gain further insight into the role of these parameters. 

 

4.5.3 Temperature and Pressure deconvoluted – the Influence of Ethylene Solubility 

 

The VLE data for the binary system ethylene / cyclohexane were calculated using the 

Perturbed Chain SAFT (PC-SAFT) equation of state.71 This equation gives 

reasonable results for the calculation of high-pressure phase equilibria in the sub- 

and supercritical state. In addition to this it can be used to calculate the phase 

equilibrium without further parameterization over a wide pressure and temperature 

range.71 The PC-SAFT equation of state requires three parameters for each pure 

component and one binary interaction parameter. The pure component parameters 

for ethylene and cyclohexane had been published previously72 and the binary 

interaction parameter was fitted to published experimental data73 to yield a value of 

0.031 for kij. The experimental literature data is presented in Figure 37. 
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Figure 37:  Vapour liquid equilibrium (VLE) for ethylene and cyclohexane – literature 
data. 

 

The interaction parameter is not dependent on temperature or composition. 

Subsequently, the VLE curves were calculated over the desired temperature and 

pressure range. They are depicted in Figure 38. 
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Figure 38:  Vapour liquid equilibrium (VLE) for ethylene and cyclohexane – PC-SAFT 
data. 

 

Having determined the VLE data for the system ethylene / cyclohexane, it was then 

decided to carry out a series of experiments with varying pressure and temperature, 

but at a fixed ethylene concentration according to the calculated data. As a 

consequence the pressure had to be increased with increasing temperature to make 

up for decreased solubility. Table 15 gives the process conditions and results of the 

relevant experiments.  

 

Table 15:  Temperature and pressure deconvoluted – ethylene tetramerization at 
varied temperature and fixed ethylene concentration.* 

Entry X T p Efficiency S(1-C6) S(1-C8) Stotal S(1-C6 in C6) S(cyC6 in C6) S(1-C8 in C8) 

 [mol mol-1] [°C] [barg] [g / g Cr] [wt-%] [wt-%] [wt-%] [%] [%] [%] 

1 0.53 40 45 85 160 16.9 73.8 90.7 80.1 18.4 99.3 

2 0.53 60 60 122 730 28.6 62.6 91.2 87.4 12.6 99.3 

3 0.53 80 70 58 670 41.6 46.4 88.0 91.6 4.2 98.1 

* [Cr]:L=1:1, [Cr]:[Al]=1:479, Cr-source=Cr(acac)3, solvent: cyclohexane (purification over commercial 

solvent purification system), MMAO-3A from Akzo-Nobel (7 wt-% in heptane), 30 min run time, 

efficiency and selectivity based on liquid product alone. 

 

Again, an increased formation of 1-hexene at the expense of 1-octene could be 

observed at elevated temperature. While the ratio 1-C6 / 1-C8 was 17 % / 74 % at 40 
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°C it shifted to 42 % / 46 % at 80 °C, although the pressure was increased to 70 barg 

and the ethylene concentration thus maintained at a constant level. The observed 

trend is similar to the one that was described above, albeit slightly less pronounced. 

Entry 3 in Table 15 compares to entry 9 in Table 14, where the distribution was found 

to be 49 % 1-hexene and 41 % 1-octene. It was therefore concluded that the 

dominating factor in this series of experiments was in fact the temperature and not 

ethylene concentration, which only plays a minor role on the C6 vs C8 selectivity. 

 

4.5.4 The metallacycle mechanism in the light of temperature and pressure variation 

 

Having successfully identified the influence of ethylene concentration and reaction 

temperature on the product distribution, it was decided to evaluate the results in the 

light of the enlarged metallacycle mechanism that was postulated by Overett et al. 

and is presented in Scheme 12.49 As already described in the general part, deuterium 

labelling studies revealed that the ethylene tetramerization mechanism involved 

chromacycle species with varying ring size. This suggested that the chromium 1 

catalyst coordinated and oxidatively coupled two ethylene moieties to form the 

chromacyclopentane 2. Elimination of 1-butene is not observed due to the geometric 

constraints of this ring size. Further ethylene insertion led to a chromacycloheptane 

intermediate 3 that could now undergo several possible pathways leading to the most 

abundant products observed. While β-hydrogen shift and reductive elimination would 

liberate 1-hexene, re-arrangement would lead to the hydride-methylcyclopentane 

species 5, which ultimately yields the two cyclic side products methyl- and 

methylenecyclopentane. The most prevalent route, however, is the insertion of an 

additional ethylene molecule yielding a chromacyclononane 4, which could then 

liberate the main product 1-octene. 

 

With regards to the product distribution described in the previous paragraphs, this 

mechanism seems plausible due to the following reasons: 

 

• Increased ethylene concentration led to a shift from predominantly 

trimerization to tetramerization (10-40 barg). Given the obvious dependence 

on ethylene concentration of the step r1 this is in accordance with the 

mechanistic model. An increase in ethylene pressure should facilitate the 

insertion of ethylene into the chromacycloheptane 3 and thus lead to more 1-
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octene at the expense of 1-hexene (step r2 is not dependent on ethylene 

pressure). 

• Increased ethylene pressure favours the formation of C6 cyclics over 1-

hexene within the C6 fraction (10-40 barg). Although this is not a very 

pronounced effect (only a relative change of 15 % was observed within the C6 

cut), this is not in accordance with the mechanistic model depicted below. 

Provided that 1-hexene and the C6 cyclics had a common origin intermediate, 

the relative ratio of both should stay unaffected by ethylene concentration. 

This observation could suggest that different intermediates account for the 

side products 1-hexene and C6 cyclics. One potential candidate for an 

intermediate that could yield the C6 cyclics is the ethylene coordinated 

chromacycloheptane C2H4�Cr-C6. Obtaining solid proof for this hypothesis, 

however, was not possible during this thesis. 

• An increase in temperature led to the favoured formation of 1-hexene over 1-

octene. This could hint that the elimination of 1-hexene from the respective 

chromacycloheptane is favoured over the elimination of 1-octene from the 

respective chromacyclononane.  
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Scheme 12: Mono-cycle metallacycle mechanism as proposed by Overett et al.49 

 

In conclusion some accordance of the experimental data with the proposed mono-

cycle mechanism could be found. The above mentioned considerations, however, 

are purely qualitative and do not provide strong evidence for the mechanistic 

pathway. Especially the fact that only relative selectivities could be considered during 
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the studies thus far seemed to be a significant drawback. A more detailed 

investigation matching experimental data with mechanistic aspects should therefore 

include relative reaction rates and product distribution over time in order to allow for 

further insight into this complex reaction network. This will be presented below in 

combination with kinetic investigations. Spectroscopic in-situ measurements would 

certainly be preferable, but are not straightforward due to the paramagnetic nature of 

the chromium complexes and the fast reaction rates. 

 

4.5.5 Influence of chromium and aluminium loading 

 

While the parameters temperature and ethylene pressure had a major impact on the 

product distribution and catalyst activity, optimum usage of chromium and especially 

the MAO based activator in terms of maximized ethylene conversion per unit are of 

vital economic importance for a potential industrial process. It was therefore decided 

to carry out an extensive investigation on the influence of chromium and aluminium 

concentration on selectivity and catalyst activity. The results of this set of 

experiments are presented in Table 16.  

 

Table 16: Tetramerization with THN-PNP (optimized conditions) – variation of 
chromium and aluminium concentration.* 

Entry cCr cAl Al:Cr Rate S(1-C6) S(1-C8) Stotal S(1-C6 in C6) S(1-C8 in C8) 

 [µmol / l] [µmol / l]  [g / g Cr h] [wt-%] [wt-%] [wt-%] [%] [%] 

1 25 12 000 480 410 440 26.4 64.8 91.1 87.8 98.9 

2 12.5 12 000 960 716 390 25.0 66.6 91.6 91.5 98.1 

3 6.25 12 000 1 920 889 460 23.4 67.9 91.3 84.7 98.2 

4 3.13 12 000 3 840 1 202 940 22.9 67.3 90.2 82.3 97.2 

5 1.56 12 000 7 680 1 546 710 20.4 63.9 84.2 76.2 98.2 

6 0.78 12 000 15 360 478 770 12.6 39.4 52.0 31.1 98.7 

7 12.5 6 000 480 596 890 25.3 65.1 90.3 87.9 98.1 

8 6.25 3 000 480 727 305 26.7 65.8 92.6 88.0 98.1 

* T=60 °C, p=80 barg, [Cr]:L=1:1, Cr-source=Cr(acac)3, solvent: cyclohexane (purification over 

commercial solvent purification system), MMAO-3A from Akzo-Nobel (7 wt-% in heptane), 30 min run 

time, efficiency and selectivity based on liquid product alone. 

 

The aim of the investigations was twofold: a) determine the influence of chromium 

concentration at a constant concentration of MMAO-3A (experiments 1-6, Table 16); 
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b) determine the influence of chromium concentration at a fixed catalyst to aluminium 

ratio and thus varying aluminium concentration (experiments 1, 7 and 8, Table 16). 

The results of the first set of experiments (constant Al-concentration) are depicted in 

Figure 39. Surprisingly, it was found that the catalyst activity increased with 

decreasing chromium concentration (entries 1-5). Furthermore, the ratio of 1-octene 

to 1-hexene was not entirely fixed to a constant value, but varied slightly from 2.45 

(at 25 µmol / l) to 2.94 (at 3.13 µmol / l). The total alpha selectivity stayed at a 

constant level of approximately 91 % throughout this concentration range. At a 

chromium concentration below 3.13 µmol / l (i.e. 1.56 and 0.78 µmol / l), the yield of 

1-octene and 1-hexene dropped dramatically to 84 % and 52 %, respectively. This 

suggested that the activated chromium catalyst was poisoned by contaminants which 

were present in the system. Given the fact that at this stage only 16 micrograms (1.6 

* 10-5 g) of metal were charged into the reactor, it might not be surprising that the 

catalyst system becomes extremely sensitive towards impurities. 
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Figure 39: Tetramerization with THN-PNP – variation of Cr concentration 
(c(Al)=constant=12 mmol/l, T=60 °C, p=80 barg, [Cr]:L=1:1, Cr-
source=Cr(acac)3, solvent: cyclohexane (purification over commercial 
solvent purification system), MMAO-3A from Akzo-Nobel (7 wt-% in 
heptane), 30 min run time, activity based on liquid product alone.). 

 

Most surprising in this set, however, is the increase in activity with decreased 

chromium concentration. This could be almost quadrupled from around 400 000 

g / g Cr h at 25 µmol / l to nearly 1 600 000 g / g Cr h at 1.56 µmol / l. In the light of 

the kinetic measurements carried out by Walsh et al. this seemed surprising, since 
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they described first order dependence of reaction rate on chromium concentration.60 

According to their findings, the activity on a g / g Cr h basis should stay at a constant 

level and not change with chromium concentration. 

In order to elucidate this unexpected behaviour further, it was decided to carry out a 

number of additional experiments at a fixed aluminium to chromium ratio. Since 480 

equivalents aluminium (270 eq. MMAO-3A + 110 eq. free TMA) was reported to be 

particularly suitable for efficient catalysis,74 this setting was chosen and experiments 

were carried at 12.5 µmol / l and 6.25 µmol / l (entries 7&8, Table 16). Although in 

this set of experiments the trend of increased activity at lower chromium 

concentration was less pronounced than at a constant aluminium concentration, we 

still observed higher rates at lower chromium loading (i.e. 730 000 g / g Cr h at 6.25 

µmol / l, 480 eq. Al vs 890 000 g / g Cr h at 6.25 µmol / l, 1.920 eq. Al). More detailed 

analysis of these findings will be presented in chapter 4.8.  

 

4.5.6 Influence of hydrogen addition 

 

In an effort to increase catalyst activity, it was decided to investigate the influence of 

hydrogen addition on ethylene tetramerization. This effect had been patented for the 

Phillips catalyst system.75 Furthermore, Wass et al. reported that their catalyst activity 

could be doubled upon addition of hydrogen while the selectivity remained 

unaffected.22 They specifically claimed that an increased formation of hexane could 

not be observed. Therefore the effect of hydrogen addition in the catalyst system was 

investigated within a temperature range of 40-80 °C and at two different chromium 

concentrations (e.g. 25 and 6.25 µmol / l). The results for this set of experiments are 

presented in Table 17. 

 

The effect of added hydrogen on selectivity at 40 and 60 °C was not very pronounced 

– only the total alpha selectivity decreased by an average of 1 % (compare entries 

1&2 with 4&5). The activity, however, was more than doubled at 60 °C (500 000 

g / g Cr h with hydrogen compared to 210 000 g / g Cr h without additional hydrogen) 

and also somewhat improved at 40 °C (around 10 %). Moreover, the formation of 

solids was slightly reduced at 60 °C (3.2 wt-% vs 5.0 wt-%). A further increase in 

temperature led to a drastically decreased total alpha selectivity (77 % with added 

hydrogen), so that it was concluded that an addition of hydrogen is only beneficial at 

lower temperatures.  
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Table 17: Tetramerization with THN-PNP – influence of added hydrogen.* 

Entry H2 T Activity S(1-C6) S(1-C8) Stotal S(1-C6 in C6) S(1-C8 in C8) Solids 

  [°C] [g / g Cr h] [wt-%] [wt-%] [wt-%] [%] [%] [wt-%] 

1 no 40 460 670 16.3 72.7 88.9 77.7 99.2 0.9 

2 no 60 211 670 32.1 58.8 90.9 86.9 98.7 5.0 

3 no 80 189 590 49.1 41.5 89.2 92.6 96.5 25.9 

4 yes 40 544 060 16.8 71.1 87.9 91.5 97.8 1.3 

5 yes 60 503 580 31.2 56.9 88.1 89.9 97.4 3.2 

6 yes 80 520 570 42.1 35.3 77.3 94.2 94.7 14.8 

7** no 40 998 770 15.5 73.8 89.2 76.9 98.1 1.0 

8** yes 40 2 280 670 15.8 71.9 87.7 79.3 97.8 0.7 

* p=45 barg, c(Cr)=25 µmol / l, [Cr]:L=1:1, Cr-source=Cr(acac)3, solvent: cyclohexane (purification 

over commercial solvent purification system), MMAO-3A from Akzo-Nobel (7 wt-% in heptane), 45 

barg ethylene pressure;20 min run time, activity and selectivity based on liquid product alone, runs 

conducted with 2.5 barg hydrogen if indicated. 

** c(Cr)=6.25 µmol / l. 

 

This beneficial effect became even more obvious at a lower chromium concentration 

of 6.25 µmol / l. While an activity of almost 1 000 000 g / g Cr h could be achieved 

without hydrogen, this could be more than doubled (2 300 000 g / g Cr h) upon 

adding hydrogen. Again, the alpha selectivity and the formation of solids were slightly 

decreased mainly reflecting the higher amount of product in the reactor and thus the 

higher probability of secondary incorporation.  

 

Although it was decided not to carry out any additional investigations concerning the 

detailed role of hydrogen during catalysis, it became obvious that a beneficial effect 

on activity could be observed especially at lower chromium concentration. Since the 

catalyst sensibility towards poison is more pronounced at lower concentration, one 

possible explanation would be that hydrogen somehow acts as scavenger for 

impurities that would lead to catalyst deactivation. Clearly, a more detailed 

investigation is needed to further assess the interaction between hydrogen and the 

catalytic cycle (either in the activation pathway or in the metallacycle mechanism 

itself). 
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4.6 Evaluation of Reproducibility and Procedure 

 

All previous experiments were carried out with a “closed” reactor system, where the 

activated catalyst was charged into the autoclave and the reaction was started upon 

pressurization with ethylene. A sample of the reaction mixture was only taken after 

the reaction was terminated. While this proved to be an effective way to obtain 

reliable selectivity and activity data (based on only one point, however), no 

information on the reaction mixture composition during the experiment could be 

gathered. For a more detailed kinetic investigation, this seemed to be a major 

disadvantage that had to be addressed. 

In an effort to gather information on the detailed composition of the reaction mixture 

over time, it was decided to install a sampling unit on our 450 ml autoclave that would 

allow taking aliquots at distinct time intervals. This, however, posed the question 

whether reliable reproducibility was still guaranteed, if the catalyst system was 

“disturbed” by the inevitable temporary expansion that was necessary to take a 

sample. Therefore three consecutive runs at 40 °C and 45 barg were carried out, 

where samples were taken over time. The respective product formation is shown in 

Figure 40. 
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Figure 40:  Determination of reaction rate – evaluation of reproducibility. ([Cr]:L=1:1, 
[Cr]:[Al]=1:479, Cr-source=Cr(acac)3, solvent: cyclohexane (purification 
over commercial solvent purification system), MMAO-3A from Akzo-
Nobel (7 wt-% in heptane), 30 min run time, mproduct based on liquid 
product alone, T = const = 40 °C, p = const = 45 barg). 
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It became evident that good reproducibility could be obtained in this set of 

experiments (relative error ± 5 % approximately). From the fitted graphs that are also 

given in Figure 41 the individual slopes for each experiment could be obtained. 

These could be used to calculate the reaction rate on a g / g Cr h basis. The 

calculations were carried out as follows:  

 

0.897 g / min = 53.82 g / h 

� 207 000 g / g Cr h (with a Cr load of 5 µmol = 2.6*10-4 g) 

 

Thus, the respective reaction rates were 207 000, 208 850 and 218 770 g / g Cr h. 

For the following sections (mass transfer investigations and kinetic investigations) 

this methodology was applied to determine the reaction rates and the reaction 

mixture composition. It has to be stressed that the amount of product being formed 

per mass of chromium and time determined via the above described procedure will 

be termed “reaction rate” rm in the following chapters 4.7 and 4.8. Here, GC samples 

were taken in 5 minutes intervals over a period of 30 minutes (unless stated 

otherwise). From the slope ∆m over ∆t, the reaction rate rm is obtained in g / min (see 

Figure 40) and g / g Cr h by division through the mass of chromium.  
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4.7 Mass Transfer Investigations 

 

Prior to investigating the kinetic parameters and the reaction orders of any 

homogeneously catalyzed reaction involving a gas-liquid transfer of at least one of 

the substrates, it is of vital importance to ensure that mass transfer of the gaseous 

compounds into the solvent does not influence the reaction rate. Insufficient gas 

entrainment would lead to seemingly slower reaction rates and thus spurious kinetic 

parameters. These investigations aiming at elucidating the influence of gas-liquid 

mass transfer issues in batch autoclaves were twofold.  

 

(1) On the one hand, the aim was to determine the gas-liquid mass transfer 

coefficient kLa (with a being the exchange surface), which is a function mainly of 

stirrer speed for a given autoclave. This was carried out for both autoclaves which 

were used in the previous studies (see above): (a) 75 ml autoclave with magnetic 

follower; (b) 450 ml autoclave with gas entrainment stirrer. A comparison of kLa 

values should give an indication of the difference in mass transfer for both systems 

and possibly provide a sensible stirring rate for the subsequent kinetic investigations. 

Note that these investigations were carried out without reaction taking place. 

 

(2) On the other hand a set of experiments was carried out at a fixed parameter (40 

°C, 45 barg) in the 450 ml autoclave with varying stirring rate (from 100 to 1400 rpm). 

Thus, the influence of stirring rate on mass transfer and, hence, activity and 

selectivity should be validated. From these studies a fixed stirring rate was derived 

for the subsequent kinetic investigations.  

 

4.7.1 Mass Transfer Coefficient in Batch Autoclaves 

 

The methods applicable for determining the gas-liquid mass transfer coefficient kLa 

for a given reactor system can be categorized into the following: (a) Physical 

absorption method; in this method, the dynamics of physical absorption of any solute 

gas in a batch autoclave are being followed by simple pressure versus time 

observations;76 (b) measurement of the apparent rate of a chemical reaction with 

known intrinsic kinetics allowing the determination of kLa under appropriate 

conditions where gas-liquid mass transfer is limiting.77 
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Since method (b) would require a reaction with known kinetics involving ethylene / 

cyclohexane (which was not available), method (a) was chosen. The methodology 

applied was described by Chaudhari et al.76 and is based on the recording of 

pressure decay over time. This change in pressure is related to the mass transfer 

rate by the following mass balance equations. 
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The change in concentration of the gaseous compound A1 in the liquid phase is 

proportional to the mass transfer coefficient and the relative difference from the 

equilibrium concentration A*. 
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Furthermore, the change in concentration in the liquid phase is related to the 

pressure drop as indicated above. Integration of (14) with the initial condition that at 

t=0 the pressure equals the initial pressure Pg=Pgi leads to: 
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If one assumes that Henry’s law is valid (A*=Pg/HA), equations (13) to (15) deliver: 

 

(16)  
( )








 −
−=








−

L

gggi

A

g

L

gg

L RTV

VPP

H

P
ak

dt

dP

RT

V

V

1
 

 

Integrating equation (16) with the initial conditions that at t=0, Pg=Pgi leads to: 
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where 

 

(18)  
RTV

HV
k

L

Ag
=  

 

Thus, the results could be plotted as the left hand side of equation (17) versus time t 

to obtain a slope equal to kLa(1+1/k) from which kLa could be calculated. This is 

exemplified in Figure 41 for the determination of kLa in the 450 ml autoclave at a 

stirring speed of 200 rpm. The experimental procedure was as follows. After filling the 

autoclave with 200 ml cyclohexane and heating to the desired temperature, the stirrer 

was switched off and the liquid was allowed to settle. The gas phase was pressurized 

with ethylene to the desired pressure and the gas supply was immediately shut off. 

Shortly afterwards, the initial pressure was recorded and the stirrer was started. The 

resulting pressure decay by gas-liquid mass transfer was recorded in regular 

intervals, transformed into the left hand side of equation ((17) and plotted versus t. 
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Figure 41: Determination of kLa in a 450 ml Parr autoclave at 200 rpm stirrer speed. 

 

For the presented example, the slope (0.003) was determined and from this the mass 

transfer coefficient kLa (4.09*10-4 s-1; 200 rpm, 40 °C, 45 barg) could be calculated. 

This methodology was applied in all experiments, which comprised a stirring speed 
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variation from 100-500 for the 75 ml autoclave (higher stirring rates not possible due 

to magnetic follower loosing contact with magnetic field) and from 200-1800 rpm for 

the 450 ml autoclave. 

 

75 ml autoclave with magnetic follower 

The mass transfer coefficient was determined for five different stirring rates; the 

results are presented in Figure 42. It became obvious that an increase of stirring rate 

drastically improved the gas-liquid mass transfer from 3.53*10-5 s-1 (100 rpm) to 

3.71*10-4 s-1 (500 rpm). Furthermore, it could be shown that the behaviour of this 

reactor in terms of mass transfer coefficient could be described by an empirical 

power law kLa=A*NB. This is in accordance with literature results for other reactor set-

ups.76, 77  
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Figure 42: Determination of mass-transfer coefficient kLa – 75 ml autoclave with 
magnetic follower. 

 

450 ml autoclave with gas entrainment stirrer 

The determination of kLa in the 450 ml autoclave was carried out in two series of 

experiments; one with and the other one without additional baffles. It was found, 

however, that no significant difference between the two set-ups could be observed. 

Typically, the mass transfer coefficient was 4.09*10-4 s-1 at 200 rpm and increased 

exponentially to 2.29*10-2 s-1 at 1400 rpm. Although the stirrer setting of 200 rpm is 
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comparable to the highest kLa obtained with the 75 ml autoclave, it became very 

obvious that differences of several orders of magnitude could be observed when 

comparing the two autoclaves at higher stirring rates (i.e. 3.71*10-4 s-1, 500 rpm, 75 

ml autoclave vs 2.29*10-2 s-1, 1400 rpm, 450 ml autoclave). Provided that mass 

transfer influenced ethylene tetramerization under these conditions, the impact on 

reaction rates would be very significant, indeed (factor 100 with the given set-points). 

It was therefore concluded that using an intensely mixed system with gas 

entrainment stirrer is imperative if an influence of gas-liquid mass-transfer on the 

reaction should be excluded. This will be further elucidated in the following section, 

where ethylene tetramerization was carried out in the 450 ml autoclave at different 

stirring rates. 
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Figure 43: Determination of mass-transfer coefficient kLa – 450 ml autoclave with 
gas entrainment stirrer (with or without baffles). 

 

A further increase of stirring speed exceeding 1400 rpm led to even higher mass 

transfer coefficients (2.77*10-2 s-1 at 1600 rpm and 3.19*10-2 s-1 at 1800 rpm). 

However, the analysis of Figure 43 revealed that the curvature of the respective 

graphs did not follow the exponential growth observed for stirring speeds ranging 

from 200 to 1400 rpm. There, the general trend of kLa vs stirring speed could be 

described by the empirical power law kLa=A*NB with good accuracy (i.e.  

kLa = 4*10-5*N1.96).  
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4.7.2 Influence of Mass Transfer on Ethylene Tetramerization 

 

After determining the gas-liquid mass transfer coefficient for different stirring speeds 

and two different autoclaves, it was decided to investigate the influence of stirring 

speed and thus mass transfer on catalyst activity and selectivity. Since the 450 ml 

autoclave clearly was the set-up of choice for further kinetic investigations (kLa 

several orders of magnitude higher than in 75 ml autoclave), the studies were limited 

to this particular autoclave.  

 

Figure 44 shows the influence of ethylene mass transfer on the reaction rate 

expressed in terms of catalyst activity, while Figure 47 depicts the product distribution 

with varying stirring speed.  
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Figure 44: Variation of stirring speed for the catalyst system THN-PNP / MMAO-3A / 
cyclohexane – influence on reaction rate (runs conducted at 40 °C, 45 
barg, c([Cr])=25 µmol / l, [Cr]:L=1:1, [Cr]:MMAO-3A=1:270). 
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Figure 45: Variation of stirring speed for the catalyst system THN-PNP / MMAO-3A / 
cyclohexane – influence on reaction rate (runs conducted at 40 °C, 30 
barg, c([Cr])=25 µmol / l, [Cr]:L=1:1, [Cr]:MMAO-3A=1:270). 

 

It was clear that insufficient gas entrainment (i.e. stirrer setting of 100 rpm) drastically 

reduced the activity and significantly altered the product distribution of the reaction. 

The activity dropped by almost 80 % when decreasing the stirring speed from 200 to 

100 rpm and selectivity towards 1-octene decreased by 10 %. This was accompanied 

by a concomitant increase in the formation of 1-hexene and could be explained by 

the surprising discovery that the formation of 1-octene is second order with respect to 

ethylene while the formation of 1-hexene is first order (discussed in detail later). An 

increase in stirring speed from 200 to 800 rpm gradually improved the catalyst 

activity to around 190 000 g / g Cr h. This value remained constant even at higher 

stirring rates and hence the stirring speed for further investigations was chosen to be 

1000 rpm. To further demonstrate that this setting would also be sufficient for lower 

pressures, an additional stirring speed variation experiment was carried out at 30 

barg. The results of these experiments are given in Figure 45. The reaction rate at 

1000 rpm was found to be 118 225 g / g Cr h and 110 840 g / g Cr h at 1400 rpm. It 

was therefore concluded that the reaction was free of mass transfer influence at this 

pressure, as well.  

 

Furthermore, the ethylene concentration in solution (x(C2H4)liquid in mol/mol) was 

calculated for varying stirring speeds (and thus reaction rate) at a fixed pressure (e.g. 
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45 barg) in order to allow for more conclusive information on the limitation of the 

reaction through external mass transfer. This was possible by linking the 

experimentally determined reaction rate (which is equivalent to the consumed moles 

of ethylene) to the mass transfer co-efficient kLa:  
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Since dn/dt (in mol/s) could be obtained from Figure 44 and x(C2H4)Henry from Figure 

38 and Table 18, the concentration of ethylene in the liquid phase during reaction 

(x(C2H4)liquid) could be calculated and plotted over the stirring speed (see Figure 46). 

The total number of moles (ntotal) was calculated according to: 
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It has to be noted that product formation was neglected, since only initial slopes near 

t=0 were taken into consideration for (19)-(22). It became evident from Figure 46 that 

the concentration of ethylene in the liquid phase was heavily influenced by external 

mass-transfer at stirring rates smaller than 600 rpm. This is consistent with the 

experimentally determined reaction rate (see Figure 44) that is drastically decreased 

in this regime. 
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Figure 46:  Influence of external mass-transfer on ethylene concentration in the liquid 
phase during reaction (reaction rates taken from Figure 44, kLa values 
taken from Figure 41, x(C2H4)Henry taken from Figure 38, runs conducte at 
40 °C and 45 barg). 
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Figure 47: Variation of stirring speed for the catalyst system THN-PNP / MMAO-3A / 
cyclohexane – influence on selectivity (runs conducted at 40 °C, 45 barg, 
c([Cr])=25 µmol / l, [Cr]:L=1:1, [Cr]:MMAO-3A=1:270). 
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Similar observations were made regarding reaction selectivity and an increase in 

stirring speed beyond 800 rpm did not lead to further changes in the product 

distribution (see Figure 47). Interestingly, the selectivity towards the side products 

methyl- and methylenecyclopentane stayed at a roughly constant level throughout 

the stirring speed variation experiments. This is possibly due to these side products 

also being formed by two catalyst species independently responsible for generating 

1-octene and 1-hexene (also discussed in detail later), so that a change in 1-octene 

to 1-hexene ratio caused by varying ethylene concentration (either through mass 

transfer or through variation of pressure, see below) does not affect the degree of 

cyclics formation. 

 

In conclusion it could be shown that the 450 ml autoclave was suitable for 

subsequent kinetic investigations. Sufficient gas-liquid mass transfer could be 

obtained at a stirrer setting of 1000 rpm at 45 barg as well as 30 barg. 
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4.8 Kinetic Investigations 

 

After establishing a regime in which the reaction was not mass transfer limited, the 

kinetic parameters were measured. In order to ensure comparability with available 

data from literature the power law approach for the development of a kinetic 

expression was chosen (equations (25) to (32)).  
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The reaction rate rm was obtained from GC-FID data of the reaction composition over 

the course of the reaction. Thus the amount of liquid product being formed over time 

could be calculated and the rate of formation could be obtained by the slope 

∆mproduct/∆t as described in chapter 4.6. This seemed to be the most valuable 

approach, since monitoring pressure decay (batch mode) or ethylene uptake (semi-
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batch mode) has the inherent disadvantage that no information of the liquid 

composition of the reaction mixture can be gathered over time. The concentration of 

ethylene in the liquid phase was calculated according to the PC-SAFT equation of 

state. This methodology is described in chapter 4.5.3. The molar concentrations for 

the relevant parameters are presented in Table 18.  

 

Table 18: Ethylene solubility in cyclohexane.* 

 x(C2H4) [mol/mol] 

P [barg] 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 

10 - - - - 0.12 - - 

15 - - - - 0.18 - - 

20 - - - - 0.24 - - 

25 - - - - 0.29 - - 

30 0.47 0.43 0.40 0.37 0.35 0.33 0.31 

35 - - - - 0.41 - - 

40 - - - - 0.46 - - 

45 0.73 0.66 0.60 0.55 0.52 0.49 0.46 

50 - - - - 0.58 - - 

* Calculated according to the PC-SAFT equation of state (see chapter 4.5.3). 

 

The following determinations of kinetic parameters are based on the above 

presented ethylene concentrations. It has to be noted that it was assumed that 

ethylene concentration in the liquid phase did not change during the course of the 

reaction. This seemed to be a valid assumption since the generation of liquid product 

was at a relatively low level (only 10 wt-% of the solvent maximum). Therefore, the 

resulting gradual change in ethylene solubility was neglected in the following 

calculations. 
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4.8.1 Determination of kinetic parameters – ethylene concentration dependence 

 

In order to evaluate the influence of ethylene concentration in the liquid phase on the 

reaction rate rm, a pressure variation ranging from 10-50 barg was carried out using 

the experimental procedure described in chapter 4.6. The reaction rate rm (see 

formula (32)) was determined from the slope ∆m(product)/∆t (30 minutes runtime, 5 

minutes intervals) and correlated to the amount of chromium metal loaded into the 

reacor (thus, the rate rm is obtained as g product / g Cr h) Therefore the reaction 

order in ethylene may be determined from the slope of a ln(rm) vs ln(x(C2H4)) plot.  
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Figure 48:  Dependence of reaction rate on ethylene concentration (c(Cr)=const=25 
µmol / l, rate is based on g product / g Cr h, rate based on liquid product 
alone, T=40 °C, [Cr]:L=1:1, Cr-source=Cr(acac)3, solvent: cyclohexane 
(purification over commercial solvent purification system), MMAO-3A 
from Akzo-Nobel (7 wt-% in heptane), 30 min run time) 

 

Hence, from the slope of ln(rm) vs ln(x(C2H4)) it was determined that the overall 

reaction order with respect to ethylene was 1.71 (see Figure 48). This is in good 

agreement with the studies carried out by Walsh et al., where the reaction order was 

found to be 1.57.60 However, some fundamental differences were found in these 

investigations which will be discussed in the following sections.  

 

The overall reaction order of 1.71 was only observed over a limited pressure range 

from 10 to 40 barg. A further increase in pressure did not lead to higher reaction 
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rates. This was verified at 45 and 50 barg in several consecutive runs. In this 

pressure regime, a zero-order dependence on ethylene concentration was observed, 

which was rather unexpected. Therefore, the two regimes will be discussed 

separately. 
 

4.8.2 Ethylene concentration dependence - Regime I (10-40 barg) 

 

In the pressure regime ranging from 10 to 40 barg (at a constant temperature of 40 

°C), the observed overall reaction order of 1.71 is in good agreement with previous 

experiments.60 The fractional reaction order, however, seemed to suggest that 

several concurrent rate determining steps (with integral reaction orders) were in 

operation. The reaction mechanism proposed for the tetramerization thus far implied 

a reaction order of two for both 1-hexene and 1-octene, in accordance with the step 

where two ethylene molecules are involved in the initial five membered metallacycle 

formation, which is likely to be the slowest and thus rate determining step. 

 

Therefore it was decided to plot the ethylene concentration dependence for the 

formation of the three main products (1-octene, 1-hexene and C6-cyclics) individually 

in order to obtain further mechanistic insight. Figure 49, Figure 50 and Figure 51 are 

based on the following equations that were derived in analogy to equation (32). 
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Figure 49:  Dependence of 1-octene formation rate on ethylene concentration 
(c(Cr)=const=25 µmol / l, rate is based on g product / g Cr h, rate based 
on liquid product alone, T=40 °C, [Cr]:L=1:1, Cr-source=Cr(acac)3, 
solvent: cyclohexane (purification over commercial purification system), 
MMAO-3A from Akzo-Nobel (7 wt-% in heptane), 30 min run time) 
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Figure 50:  Dependence of 1-hexene formation rate on ethylene concentration 
(c(Cr)=const=25 µmol / l, rate is based on g product / g Cr h, rate based 
on liquid product alone, T=40 °C, [Cr]:L=1:1, Cr-source=Cr(acac)3, 
solvent: cyclohexane (purification over commercial solvent purification 
system), MMAO-3A from Akzo-Nobel (7 wt-% in heptane), 30 min run 
time). 



RE S U LT S  &  D I S C US S I O N  

 113 

-2,2 -2,0 -1,8 -1,6 -1,4 -1,2 -1,0 -0,8 -0,6

6,5

7,0

7,5

8,0

8,5

9,0

Regime I

slope=1.74

 

 

ln
(r

m
(c

yC
6)

 / 
g(

cy
C

6)
*g

(C
r)

-1
*h

-1
)

ln(x(C
2
H

4
) / mol*mol-1)

 r
m
(cyC6)

 

Figure 51:  Dependence of methyl- and methylenecyclopentane formation rate on 
ethylene concentration (c(Cr)=const=25 µmol / l, rate is based on 
g product / g Cr h, rate based on liquid product alone, T=40 °C, 
[Cr]:L=1:1, Cr-source=Cr(acac)3, solvent: cyclohexane (purification over 
commercial solvent purification system), MMAO-3A from Akzo-Nobel (7 
wt-% in heptane), 30 min run time). 

 

The formation of the main product 1-octene was of second order with respect to 

ethylene while, surprisingly, the formation of 1-hexene exhibited a first order 

dependence. As integral orders can be correlated with distinct steps in the proposed 

metallacycle mechanism, this observation led us to the proposal of a somewhat 

different mechanistic pathway that will be discussed in chapter 4.8.6.  

 

4.8.3 Ethylene concentration dependence - Regime II (>40 barg) 

 

When increasing the ethylene pressure beyond 40 barg, a change in overall reaction 

order could be observed (see Figure 48). This was quite unexpected. The fact that 

the reaction rate was not dependent on ethylene concentration in this regime implied 

that the rate determining step does not involve ethylene moieties any longer – in 

essence one has to assume a switch of the rate determining step from ethylene 

coordination and coupling/insertion towards one which does not involve ethylene at 

all, and which takes place after oxidative coupling and ethylene insertion. The 
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mechanistic implications were quite straightforward and will be described in detail 

below.  

 

4.8.4 The metallacycle mechanism in the light of reaction kinetics (Regime I) 

 

The difference in orders for the formation of 1-octene and 1-hexene in regime I (10-

40 barg), implied that the rate determining steps for the formation of these products 

were in fact different, one involving two ethylene molecules, and the other only one. 

This is only possible, if each product is formed by a distinct pathway with different 

rate determining steps. Hence, a plausible reaction mechanism has been developed 

which accounts for the new aforementioned experimental data. This mechanism is 

presented in Scheme 13. 

 

The activated chromium catalyst 1 is generated by alkylation with trimethylaluminium 

/ MAO and subsequent ethylene insertion and elimination. At this stage, two different 

active species are generated by coordinating two ethylene molecules to the active 

metal centre. This seems possible since the PNP ligand only occupies two 

coordination sites and leaves four unsaturated sites for further reaction (assuming 

the Cr-centre has an octahedral geometry and considering that the MAO counter-ion 

is very weakly coordinating). Thus, the formation of isomeric active species is 

possible and each of these isomers could then behave differently throughout the 

course of the metallacycle mechanism. This is illustrated in Figure 52, where “C” 

represents the two metal-bonded carbons of a metallacycle ring in the isomeric 

compounds A and A’. 
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Figure 52: Suggested isomeric catalyst species. 

 

These suggestions are supported by recent observations made by Gibson et al. who 

reported a tridentate chromium catalyst which gave rise to an unprecedented 

distribution of chain-length.78 While all C4n products followed a Schulz-Flory 
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distribution, the C4n+2 products deviated substantially from this pattern. They 

explained this distribution by assuming a growing metallacycle that is allowed to 

“swing” from one isomer/site to another. Although this particular behaviour is not 

assumed for this chromium tetramerization system, the occurrence of isomeric 

species accounting for the two main products seems very plausible indeed. 
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Scheme 13: Dual-cycle metallacycle mechanism. 
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The one species (upper cycle in Scheme 13) leading to 1-octene has a rate 

determining step involving two ethylene molecules, which would be the coordination 

and oxidative coupling going from 1 to 2 and 3. The subsequent steps are relatively 

fast and lead almost exclusively to the formation of 1-octene. Elimination of 1-hexene 

does not occur in this cycle. The second cycle (lower cycle in Scheme 13) is based 

on a different isomer and has a different rate determining step due to the different 

steric environment associated with this pathway. The basic steps, however, are in 

essence similar to the left cycle. Since the formation of 1-hexene is first order with 

respect to ethylene, the rate determining step has to be the coordination and 

insertion of ethylene into the metallacyclopentane species 3’. After ethylene insertion, 

the resulting metallacycloheptane species 5’ is relatively unstable and readily 

eliminates 1-hexene. Further metallacycle growth leading to 1-octene does not occur 

in this cycle. Although no experimental evidence for the existence of such a rate 

determining step has been reported for chromium based systems so far, it is 

generally accepted for titanacycle growth and is thus a possibility for any mechanism 

involving metallacyle growth. Furthermore, theoretical DFT studies carried out by 

Steynberg et al. suggested that the rate determining step of ethylene trimerisation 

with the chromium based Phillips catalyst could indeed be the insertion of one 

ethylene molecule into the chromacyclopentane species.79  

 

While this dual-cycle mechanism involving isomeric species explained the different 

reaction orders for 1-octene and 1-hexene formation, it also allowed for certain 

conclusions regarding the formation of the side products methylcyclopentane and 

methylenecyclopentane. These show a fractional order of 1.74 (see Figure 51), which 

implied that these two side products were formed by both species, albeit to a different 

extent. Since the concentration dependence was rather strong, one would assume 

that the C6-cyclics are formed predominantly by the upper 1-octene cycle. Both 

cycles yield the side product from a common intermediate, the metallacycloheptane 

5/5’, or possibly the respective ethylene coordinated species C2H4-CrC6 (see Scheme 

13). 

 

4.8.5 The metallacycle mechanism in the light of reaction kinetics (Regime II) 

 

In contrast to this, the rate dependence on ethylene concentration was negligible for 

regime II (pressures exceeding 40 barg). These considerations strongly suggested 
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that the elimination steps which liberate the products from species 7 

(metallacyclononane) and 5’ (metallacycloheptane) became the rate determining 

steps in this pressure regime. This is depicted in Scheme 14 – the rate determining 

step for the formation of 1-hexene now is the elimination from 5’ (RDSII’) and the 

elimination from 7 for the 1-octene cycle (RDSII). At this point of the presented 

studies, it was still not clear whether an ethylene mediated equilibrium between the 

two species was in operation (as indicated by the hashed arrows in Scheme 14). 

Cr-C6

Cr-C8

Cr-C8

Cr-C10

RDSII

RDSII'

Cr-C10

Cr-C12

?

1-octene cycle

1-hexene cycle

5'

7

7' 8'

8 9

 

Scheme 14: Regime II (>40 barg) – change of RDS. 

 

4.8.8 Determination of kinetic parameters – temperature dependence 

 

In order to evaluate the influence of reaction temperature on reaction rate, a 

temperature variation ranging from 20-50 °C was carried out at two pressure regimes 

(at 30 and 45 barg). The measurements that will be described in the following are 

based on the considerations given below: 
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Thus, ln(km) could be determined experimentally according to equation (37) and 

plotted against 1/T (equation (38)) in order to determine the activation energy of the 

reaction. The resulting Arrhenius diagrams (ln(km) vs 1/T) are shown in Figure 53 and 

Figure 54 (for 30 barg) and Figure 55 (for 45 barg).  

 

The analysis of the graph at 30 barg (Figure 53), however, was not as straightforward 

as expected. It was apparent from the concave-shaped curvature that the reaction 

rate was heavily dependent on temperature and showed three distinctively different 

regimes: a) 20-30 °C; in this temperature regime, an almost linear increase of 

reaction rate can be observed which is in accordance with the observations made by 

Walsh et al.60; b) 30-40 °C; unexpectedly, an increase in temperature did not lead to 

higher reaction rates – the reaction almost proceeded at a constant rate in this 

regime; c) 40-50 °C; once the temperature was further increased, the reaction rates 

decreased significantly.  
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Figure 53:  Arrhenius diagram for 30 barg – overall reaction (c(Cr)=const=25 µmol / l, 
rate is based on g product / g Cr h, rate based on liquid product alone, 
[Cr]:L=1:1, Cr-source=Cr(acac)3, solvent: cyclohexane (purification over 
commercial solvent purification system), [Cr]:MMAO-3A=1:270, MMAO-
3A from Akzo-Nobel (7 wt-% in heptane), 30 min run time). 

 

There may be many reasons for this unexpected curvature at 30 barg when 

increasing the temperature from 20-50 °C, including: 
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(a) A number of sequential reaction steps in the catalytic cycle(s) - each with its 

own temperature dependence. 

(b) Catalyst solubility is a function of temperature – at higher temperature less 

catalyst centres are dissolved (however, one would expect the solubility of an ionic 

catalyst species to be improved at elevated temperatures). 

(c) Elevated temperature leads to a complete deactivation of a certain percentage 

of catalyst centres; this deactivation mechanism has to be different from the one 

occurring after longer reaction times at relatively lower temperatures. 

(d) Deactivation of co-catalyst at elevated temperatures; since the role of TMA / 

MAO is still not completely clear, this factor has to be taken into account as well. 

(e) Mass transfer or diffusion limits the reaction rate at higher temperatures; 

however, a variation of stirring speed indicated that the reaction is free of external 

mass transfer. 
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Figure 54:  Arrhenius diagram for 30 barg – 1-octene vs 1-hexene (c(Cr)=const=25 
µmol / l, rate is based on g product / g Cr h, rate based on liquid product 
alone, [Cr]:L=1:1, Cr-source=Cr(acac)3, solvent: cyclohexane (purification 
over commercial solvent purification system), MMAO-3A from Akzo-
Nobel (7 wt-% in heptane), 30 min run time). 

 

In an effort to elucidate the unexpected rate dependence on temperature further, the 

temperature dependence of 1-octene and 1-hexene formation was plotted 

individually as ln(km(1-C8)) and ln(km(1-C6)) vs 1/T in Figure 54. Thus, it should 

become obvious, whether the complex superposition of catalytic cycles and the 
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presence of reactions with independent dependence of their respective reaction rates 

on the reaction temperature (point (a) in the above mentioned list) had an impact on 

the overall temperature dependence.  

 

It became obvious that the rate dependence was in fact different for 1-C8 and 1-C6 

generation. While the first peaked at 30 °C and afterwards dropped exponentially, the 

latter peaked at 40 °C and only decreased gently at further increased temperature. 

This suggested that the rate dependence of the different catalyst species accounting 

for the generation of 1-C6 and 1-C8 was different and therefore hinted that a curved 

Arrhenius diagram might indeed be explicable by the superposition of different 

catalyst cycles and a plethora of individual simultaneous reactions taking place.  

 

Given all these different factors that might well influence the reaction and the far from 

linear correlation in the Arrhenius plot, there is obviously no sense at this point to 

determine a formal activation energy for this reaction at the presented reaction 

conditions (20-50 °C, 30 barg). 
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Figure 55:  Arrhenius diagram for 45 barg – overall reaction (c(Cr)=const=25 µmol / l, 
rate is based on g product / g Cr h, rate based on liquid product alone, 
[Cr]:L=1:1, Cr-source=Cr(acac)3, solvent: cyclohexane (purification over 
commercial solvent purification system), MMAO-3A from Akzo-Nobel (7 
wt-% in heptane), 30 min run time). 
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The variation of temperature from 20-50 °C at 45 barg (illustrated in Figure 55) 

provided more conclusive information. Again, ln(km) was plotted versus 1/T and good 

linearity in a regime of 20-45 °C was observed. The activation energy which could be 

derived from this data was calculated to be 23.1 kJ / mol. This value should 

correspond to the activation energy of product elimination from the catalyst.  

 

4.8.6 Kinetic investigations – influence of chromium and aluminium concentration 

 

As shown in chapter 4.8, the rate of reaction is: 

 

(29) ( )n

mm HCxkr
42

⋅=  
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42

HCxnrk mm lnlnln ⋅−=  

 

This implies that km should be constant, if ethylene concentration in the liquid phase 

(x(C2H4))is kept constant throughout the experiment. However, as shown in chapter 

4.5.5, this is not the case. In fact, km seemed to be a function of chromium 

concentration and chromium to aluminium ratio and should therefore be calculated 

for each individual parameter setting. In order to demonstrate this phenomenon, 

ln(km) was plotted against ln(c(Cr)) in Figure 56 for the series of experiments with 

constant aluminium concentration (c(Al)) and constant aluminium equivalents ([Al]). 

 

Consistent with the aforementioned observations concerning catalyst activity, a rate 

dependence on chromium concentration that significantly deviated from first order 

could be found (slope=0 is expected in that case). While it was 0.4 when choosing 

constant aluminium concentration (and thus increasing aluminium equivalents) it was 

still 0.6 at constant aluminium equivalents. Although the relative deviation of the 

individual data points is obvious the consistency of the general trend that the reaction 

order with respect to chromium is smaller than 1 is undeniable. These findings 

suggest low chromium concentration to be especially beneficial for high reaction 

rates. Higher aluminium equivalents enforce this effect, but this seems no pre-

requisite. 
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Figure 56: Dependence of reaction rate on chromium concentration (rate is based 
on g product / h, rate based on liquid product alone, T=60 °C, p=80 barg, 
[Cr]:L=1:1, Cr-source=Cr(acac)3, solvent: cyclohexane (purification over 
commercial solvent purification system), MMAO-3A from Akzo-Nobel (7 
wt-% in heptane), 30 min run time). 

 

4.8.7 The metallacycle mechanism in the light of chromium concentration variation 

 

The observation that the dependence of the reaction rate on the chromium 

concentration did not show first order behaviour is not in accordance with literature 

findings. Although only two detailed kinetic investigations were carried out on 

chromium60 and titanium61, these had a first order dependence in common. Since the 

isolation and characterization of active catalyst species was not achieved 

successfully thus far, a profound insight into the mechanism at molecular level which 

might explain this unexpected behaviour is lacking. However, it seems plausible to 

assume that the increased activity at low chromium concentration should be 

attributed to a greater number of active catalyst centres participating in catalysis. In 

consequence, an increase in chromium concentration leads in fact to higher rates, 

but not with the expected first order dependence. Instead, an increasing proportion of 

catalyst centres could be transformed into inactive species that do not participate in 

catalysis (or only with a significantly decreased rate). One possibility for such a 

mechanism is depicted in Scheme 15. 
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Scheme 15: Proposed nucleation of catalyst centres at increasing chromium 

concentration. 

 

The dormant inactive species could for example be represented by dimeric or trimeric 

chromium species that are formed by nucleation during activation with MAO / TMA. 

This nucleation could in turn be a function of chromium concentration, i.e. could be 

more significant at higher concentration than at lower. The formation of such clusters 

has been observed by Gambarotta et al. for a closely related Cr-SNS trimerization 

catalyst.59 They were able to isolate a number of dimeric catalyst species that were in 

fact less active than their monomeric counterpart.  

 

In conclusion, one possible explanation for fractional order dependence of the 

reaction rate on chromium concentration could be presented. Since it was ensured 

that the reaction was free of external mass transfer, the assumption of nucleation 

seemed plausible. However, further investigation into this intriguing aspect of the 

tetramerization mechanism is advisable.  
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Summing up, kinetic investigations on a chromium based ethylene tetramerization 

system could be presented that allow additional mechanistic insight. The significant 

discovery that 1-octene formation was second order in ethylene, whilst the formation 

of 1-hexene was first order has led to the proposal of an extended dual-cycle 

mechanism that involves isomeric catalyst species. This has serious implications for 

various fields of future research:  

1.) The existence of isomeric species provides a conclusive explanation for the 

apparent threshold of 75 % maximum 1-octene yield, which could only be overcome 

by the elimination of the isomeric species involved in the C6 cycle. 

2.) Future ligand design should thus be aimed at influencing the subtle steric 

environment around the metal centre and thus allowing for more selective catalyst 

systems. 

3.) The existence of isomeric species should be further investigated using DFT 

calculations. This should ultimately lead to a refined mechanistic model for ethylene 

tetramerization based on the proposed dual-cycle mechanism. 

4.) With regards to the proposed dual-cycle mechanism, a bidentate ligand 

system seems to be a prerequisite for extended metallacycle growth, since it allows 

the formation of isomeric species, one of which selectively leads to metallacycles 

with larger ring sizes than seven. Advanced ligand tailoring based on the refined 

model could ultimately open new avenues to extended selective metallacycle growth 

even beyond the nine membered metallacycle. 

 

The observation that the rate determining steps change from the simultaneous 

oxidative addition/ethylene insertion (mixed 2nd and 1st order) to alpha olefin 

elimination (zero order) at pressures exceeding 40 barg (at 40 °C) is unprecedented 

and therefore highly relevant for the evaluation of process parameters. The variation 

of temperature at two different pressures showed that the temperature dependence 

of the reaction rate is stronger at 30 barg (regime I) than at 45 barg (regime II).  
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4.9 Mini-Plant Operation: Continuous Plug Flow Tubular Reactor 

 

After successfully improving the catalyst system by ligand design and understanding 

vital aspects of ethylene tetramerization (i.e. reaction kinetics), the focus was on the 

development of a mini-plant with continuous operation mode. As was already 

described in the General Part, several options for a technical process involving 

continuous ethylene oligomerization are feasible. The most prominent are the 

continuously stirred tank reactor (=CSTR) and the plug flow tubular reactor (=PFTR). 

Economic evaluations carried out by Sasol Technology Ltd. revealed that ethylene 

would be the main cost driver of an evolving process, so that maximum yield of the 

most desired products 1-octene and 1-hexene would be imperative. It was therefore 

decided to evaluate a PFTR concept since this would have the significant benefit of 

sharply defined residence time and lowest average product concentration for a given 

conversion of ethylene. In a CSTR the product concentration would be at a relatively 

high level throughout the reaction and thus favour the secondary incorporation of 1-

octene and 1-hexene in the metallacycle mechanism. This disadvantage would be 

circumvented in a PFTR set-up, where the initial product concentration is low and 

increases steadily over the length of the reactor (see General Part). An overview on 

potential advantages and disadvantages of both concepts is given below. 

 

Table 19: Advantages and disadvantages of PFTR and CSTR reactor concepts. 

PFTR CSTR 

+ defined residence time + heat removal 

+ higher selectivity possible + blockage improbable 

+ impurity removal - high average product concentration 

+ low average product concentration - lower selectivity 

- good heat removal demands for high flow-rates - reactor fouling 

 

After constructing the PFTR mini-plant, residence time distribution studies were 

carried out. These were aimed at determining the feed flow (ethylene + solvent) 

parameters that are necessary for limited back mixing and thus defined concentration 

profile.  
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4.9.1 Residence Time Distribution (=RTD) studies 

 

The residence time distribution behaviour of a PFTR reactor is described in the 

General Part. The displacement method was used to determine the respective RTD 

curves by first filling the reactor with cyclohexane and then feeding toluene as marker 

at the indicated flow rate. The resulting curve can then be mathematically described 

using an approximative solution first suggested by Danckwerts:80 
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with erf being a Gaussian error function. At Θ=1, the slope of the residence time 

distribution is equivalent to: 
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Therefore the Bodenstein number was determined by plotting F over Θ and 

determining the slope of this curve at Θ=1 (see Figure 57).  
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Figure 57:  Graphic determination of Bo according to Danckwert’s method (Vgas=100 
ml / min, Vliquid=20 ml / min, RT=30 min).80 
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The Bodenstein number is a dimensionless characteristic that gives an indication for 

the relation of forced convection to dispersion: 
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By graphically determining Bo, the axial Dispersion coefficient Da could be calculated. 

The results of the residence time distribution experiments are presented in Table 20. 

One set of experiments was carried out at a fixed liquid flow of 20 ml / min (and thus 

a theoretical residence time RT of 30 min) and varying gas feed. The other set of 

experiment was then carried out at varying liquid feed and constant gas feed.  

 

Table 20: Residence Time Distribution experiments.* 

Entry V(liquid) V(gas) RT Bo Da 

 [ml / min] [ml / min] [min] [-] [m2 / s] 

1 20 100 30 616 2.3*10-7 

2 20 500 30 78 1.8*10-6 

3 20 1000 30 12 1.2*10-5 

4 10 0 60 104 1.3*10-6 

5 20 0 30 155 9.0*10-7 

6 35 0 17 683 2.0*10-7 

* experiments conducted at 50 barg, 60 °C; solvents=cyclohexane and toluene, typical run-time=90 
min, sampling interval=1 or 5 min, gas injection into reactor. 

 

It became evident that an increase of gas feed at a constant liquid flow rate was very 

disadvantageous in terms of axial dispersion. While limited gas flow (100 ml / min, 

entry 1) led to a relatively high Bodenstein number of 616, an increase in gas flow to 

1000 ml / min drastically reduced this number to 12. Moreover, it could be observed 

that the mean residence time was decreased, which is also indicative for pronounced 

back-mixing and turbulent flow profile. 

 

A variation of liquid feed revealed that high liquid velocities are more favourable for 

high Bodenstein numbers and thus limited back mixing. Feeding a maximum of 35 ml 

/ min led to a relatively high Bodenstein number of 683. The theoretical residence 

times were in good accordance to the residence times that were derived from the 
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RTD curves. Given the fact that back mixing was limited during this series of 

experiments, this observation could be expected.  

 

In conclusion it has been shown that back-mixing in the tubular reactor could be 

prevented to a great extent by feeding only liquids at a medium to high velocity. 

Feeding gases directly into the reactor proved to be particularly disadvantageous for 

the flow profile and led to drastically reduced Bodenstein numbers and thus 

increased axial dispersion. It was therefore deduced that a saturation of the aliphatic 

solvent (i.e. cyclohexane) with ethylene prior to entering the reactor would be 

advisable. Several options for a pre-saturation vessel seemed feasible and will be 

presented in the following. 

 

4.9.2 Continuous ethylene oligomerization with a tubular saturator 

 

The most straightforward approach for efficient gas-entrainment into the liquid phase 

seemed the installation of a tubular saturator in front of the reactor. This tube was 

basically identical to the reactor in terms of geometry and cooling coil internals 

(solvation enthalpy caused by ethylene entrainment would have to be removed), but 

was filled with Raschig rings in order to achieve a higher contact area between the 

two phases and thus improved mass-transfer. 

 

Table 21: Process conditions for PFTR experiment using tubular saturator. 

p T c(Cr+L) c(MMAO-3A) m(C2H4) V(H2) RT 
[barg] [°C] [µmol / l] [µmol / l] [g / min] [ml / min] [min] 

50 60 12.5 / 10 / 
7.5 / 5 / 2.5 3380 2 100 30 

 

The reaction parameters are given above. They were deduced from previous semi-

batch experiments and can therefore be regarded as “pre-optimized”. The pressure 

was set to 50 barg and the temperature to 60 °C, since these were identified as 

suitable conditions for the ligand that was used (isopentyl PNP).81 From the 

chromium concentration variation that was carried out before (see previous section) it 

was evident that low concentration would be favourable for high rates. It was 

therefore decided to start at a moderate level of 12.5 µmol / l and decrease this 

stepwise to a final concentration of only 2.5 µmol / l. Thus, all initial impurities should 

be removed by the increased amount of catalyst at the beginning of the experiment. 
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MAO concentration was fixed at 3380 µmol / l, which translated to an initial MAO to 

chromium ratio of 270 (final [Cr]:MAO ratio was 1:1350). Since it was suspected that 

relatively high MAO concentration would be vital for the removal of oxygenate 

impurities, this concentration was not lowered accordingly to the chromium 

concentration. At this stage, the focus was primarily on establishing a proof-of-

concept. The ethylene feed was set in such a way that the maximum solubility of 

ethylene in cyclohexane would not be exceeded (Xmax = 0.46 mol / mol at 50 barg, 60 

°C). Since the cyclohexane flow rate was fixed to 20 ml / min, the ethylene flow was 

adjusted accordingly. It was decided to set the ethylene flow at 2 g / min, which is 

equivalent to 84 % of the maximum solubility (X2g/min C2 = 0.38 mol / mol). Hydrogen 

was fed with a small flow (100 ml / min) to prevent polymer agglomeration and 

reactor fowling – the effect of hydrogen co-feed on polymerisation in the continuous 

rig is described below. The average residence time under these conditions was 

30 min. Figure 58 shows the activity vs time for the respective continuous ethylene 

tetramerization experiment. 
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Figure 58:  Continuous ethylene oligomerization with tubular saturator – activity vs 
time (run parameters as given in Table 21, note that 
c(MMAO)=const=3.38 mmol/l, ratio of [Cr] to MMAO increased from 270 
to 1350 throughout the experiment). 

 

It became evident that the initial activity (on a g product / g chromium and hour basis) 

was at a moderate 50 000-70 000 g / g Cr h. This rate could be improved stepwise by 

lowering the chromium concentration from an initial 12.5 µmol / l to a final 2.5 
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µmol / l. While the improvement in activity was not very pronounced during the first 

400 min of the experiment (maximum activity around 150 000 g / g Cr h), the last two 

steps of the chromium variation series showed a drastically higher activity in terms of 

g / g Cr h. At 5 µmol / l rates between 250 000-300 000 g / g Cr h could be observed 

and at 2.5 µmol / l these could even be doubled to 500 000-550 000 g / g Cr h. This 

was accompanied with constant high alpha-selectivities that are shown in Figure 59. 
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Figure 59:  Continuous ethylene oligomerization with tubular saturator – selectivity vs 
time (run parameters as given in Table 21, note that 
c(MMAO)=const=3.38 mmol/l, ratio of [Cr] to MMAO increased from 270 
to 1350 throughout the experiment). 

 

While the combined yield of 1-octene and 1-hexene stayed at a roughly constant and 

very high level of 92 %, the distribution of the two main products slowly altered during 

the course of this experiment. At the beginning, 54 % selectivity towards 1-hexene 

and around 40 % towards 1-octene could be observed. After approximately 150 min, 

however, the ratio of the two main products reached 1:1 before it again drifted to a 

higher proportion of 1-hexene. This increase in 1-hexene and decrease in 1-octene 

formation was steady between 200-550 min and peaked at a maximum S(1-C6) of 

around 62 %. Although this shift towards predominantly trimerization was 

unexpected, it became plausible upon analysis of the total conversion of ethylene 

that was achieved during the experiment. This is depicted in Figure 60.  
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It is obvious from this diagram that the initial conversion of ethylene in the reactor 

was between 15-25 % and significantly increased towards the end of the experiment. 

This was very surprising, indeed, since the concentration of active catalyst in the 

reactor was decreased with time – a lower conversion should therefore be expected. 

Assuming that the composition of the liquid phase (i.e. ethylene concentration) was 

constant during the experiment, this observation suggested that the reactor was 

contaminated at the beginning of the experiment. This contamination could obviously 

not be removed completely by thorough extended solvent / MAO cleaning prior to the 

experiment and deactivated a certain percentage of the catalyst in the first 400 min. 

An additional explanation for improved conversion with time could be an increase in 

methylaluminoxane to chromium ratio. Since the concentration of MMAO-3A in the 

reactor was kept at a constant 3.38 mmol / l and the catalyst concentration was 

stepwise decreased from 12.5 to 2.5 µmol / l, the ratio of activator to catalyst 

obviously increased quite substantially. In comparable batch experiment, it could be 

shown that an increase in activator equivalents led to improved catalyst activity. A 

conclusive deconvolution, however, was not possible in the context of this PhD 

thesis. 
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Figure 60:  Continuous ethylene oligomerization with tubular saturator – conversion 
vs time (run parameters as given in Table 21, note that 
c(MMAO)=const=3.38 mmol/l, ratio of [Cr] to MMAO increased from 270 
to 1350 throughout the experiment). 
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It could in fact be observed that the conversion did not exceed 28-30 % during the 

first 400 min of the experiment and only began to increase steadily between 400-500 

min, where a maximum conversion of 40 % was achieved. This observation could 

provide a conclusive explanation for the increased formation of 1-hexene towards the 

end of the experiment. Keeping in mind that the formation of 1-octene is highly 

dependent on ethylene concentration (second order, see previous section), it might 

not be surprising that higher conversion (and thus lower ethylene concentration) 

favours trimerization, which is not as dependent on ethylene concentration (first 

order). Although the increase in conversion from 150-550 min is not as steady as the 

increase in trimerization, the trend seemed to be apparent (150 min: 15 % 

conversion; 550 min: 40 %). 

 

After successfully demonstrating that continuous production of 1-hexene and 1-

octene could be achieved in the PFTR set-up over a period of 10 h, it was decided to 

investigate a different gas-liquid saturator in order to elucidate which set-up would be 

suited best for efficient gas entrainment. The motivation was two-fold: an increased 

initial ethylene concentration should lead to both higher rates and an increase in 1-

octene formation. 
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4.9.3 Continuous ethylene oligomerization with a stirred-tank saturator 

 

The apparative modifications that were made between both experiments have been 

described in previous sections. The tubular saturator was basically exchanged 

against a stirred-tank saturator with dip-tube. Solvent and ethylene were fed into the 

reactor and mixed intensely with a gas-entrainment stirrer, before the saturated 

solution entered the reactor via a dip-tube. The average residence time in the 

saturator was set to approximately 10 min, which should be sufficient for complete 

transfer of ethylene into the liquid phase. 
 

Table 22: Process conditions for PFTR experiment using stirred-tank saturator. 

p T c(Cr+L) c(MMAO-3A) m(C2H4) V(H2) RT 
[barg] [°C] [µmol / l] [µmol / l] [g / min] [ml / min] [min] 

50 60 / 50 / 40 10 / 7.5 / 
5 / 2.5 3380 2 100 30 

 

The reaction parameters are given above and the changes made in comparison to 

the previous experiment were only minor. However, it was decided to shorten the 

chromium concentration variation series (starting at 10 µmol / l) and include a 

temperature variation at the end of the experiment instead. Lowering the temperature 

to 50 and 40 °C, respectively, should facilitate 1-octene formation and thus lead to 

predominantly tetramerization.  
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Figure 61:  Continuous ethylene oligomerization with stirred-tank saturator – activity 
vs time (run parameters as given in Table 22, note that 
c(MMAO)=const=3.38 mmol/l, ratio of [Cr] to MMAO increased from 270 
to 1080 throughout the experiment). 
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Figure 61 depicts the activity vs time diagram for the chromium concentration 

variation with stirred-tank saturator. It became obvious that the activity obtained with 

the chromium concentrations of 10 and 7.5 µmol / l was almost comparable to the 

previous experiment. Rates of around 100 000 g / g Cr h for 10 µmol / l and 150 000 

g / g Cr h for 7.5 µmol / l chromium could be achieved with the new set-up, which 

only marginally differed to the activities reported above (90 000 and 140 000 

g / g Cr h could approximately be achieved with the tubular saturator). The difference 

in activity, however, became more apparent at lower concentration. At 5 µmol / l an 

activity of 350 000 g / g Cr h could already be achieved (vs only 300 000 g / g Cr h 

previously) and at 2.5 µmol / l the rate even went up to 730 000 g / g Cr h (vs 

550 000 g / g Cr h). 

 

This significant improvement in catalyst activity went hand in hand with a very high 

constant alpha-selectivity of around 92-93 % (as depicted in Figure 62). Interestingly, 

this experiment showed predominantly tetramerization during the first 150 min with a 

maximum of 50 % 1-octene yield and around 43 % 1-hexene formation. From 100 to 

around 300 min, the trend towards predominantly trimerization could again be 

observed. 
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Figure 62: Continuous ethylene oligomerization with stirred-tank saturator –  
selectivity vs time (run parameters as given in Table 22, note that 
c(MMAO)=const=3.38 mmol/l, ratio of [Cr] to MMAO increased from 270 
to 1080 throughout the experiment). 
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The increase in 1-hexene formation in this experiment, however, was not as 

pronounced as in the previous run. A maximum of 55 % 1-hexene (with 37 % 1-

octene) could be found around 300 min, which is significantly lower than with the 

tubular saturator (maximum 62 % 1-hexene). Interestingly, the level of 1-hexene 

formation decreased to around 50 % after 450 min, while tetramerization slightly 

increased. While a correlation between increased conversion with increased 1-

hexene formation was attempted in the previous experiment, this assumption could 

not be verified conclusively in the experiment using the stirred-tank saturator. Figure 

63 depicts the conversion over time that was achieved during the second experiment. 
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Figure 63: Continuous ethylene oligomerization with stirred-tank saturator –  
conversion vs time (run parameters as given in Table 22, note that 
c(MMAO)=const=3.38 mmol/l, ratio of [Cr] to MMAO increased from 270 
to 1080 throughout the experiment). 

 

In analogy to the first experiment, an initial period of lower conversion could be 

observed at the beginning (until 200 min only around 25 % conversion with 50 % S(1-

C6)). From 200-350 min, the conversion could be almost doubled to a maximum of 

49 % (with 55 % S(1-C6)). However, the trend of increased trimerization over 

tetramerization was not as pronounced as in the previous experiment (20 % 

conversion – 47 % S(1-C); 40 % conversion – 62 % S(1-C6)). This certainly 

suggested that the level of conversion should not be the only factor that affects 1-

hexene to 1-octene ratio.  
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To further elucidate the limited formation of 1-octene in the experiments and to 

provide more conclusive explanation for the gradual changes in 1-octene to 1-hexene 

ratio, it was decided to carry out a temperature variation series towards the end of 

the experiment using the stirred-tank saturator. The fact that this series of set-points 

was included into one experiment had the benefit of comparable data. As can be 

derived from Figure 63, the conversion during this experiment peaked after 400 min 

and stayed at a roughly constant level afterwards. This indicated that all initial 

impurities were removed from the reactor, so that all following data concerning 

conversion and activity should be purely dependent on the parameter that was 

chosen for investigation (temperature). Figure 64 depicts the activity vs time diagram 

for the temperature variation series.  
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Figure 64:  Continuous ethylene oligomerization with stirred-tank saturator –  
activity vs time (temperature variation). 

 

It became evident that a stepwise lowering of temperature to 50 °C and 40 °C, 

respectively, led to a significant decrease in activity. A drastic drop of activity from 

700 000 to < 400 000 g / g Cr h could be observed when changing the temperature 

from 60 to 50 °C. This low activity, however, recovered slightly and stayed at a 

constant 480 000 g / g Cr h for over 70 min. The same phenomenon could be 

observed after further decreasing the temperature to 40 °C. While the activity 

dropped to 250 000 g / g Cr h immediately after the temperature change, it recovered 

to a constant 350 000 g / g Cr h afterwards.  
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The selectivity that was observed during the temperature variation is presented in 

Figure 65. Interestingly, the total alpha-selectivity stayed at a constant level of around 

92 % at 60 and 50 °C, but decreased slightly to under 90 % at 40 °C. Obviously, the 

decrease in temperature led to a slightly increased formation of long-chain side-

products. 
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Figure 65: Continuous ethylene oligomerization with stirred-tank saturator –  
selectivity vs time – temperature  variation (run parameters as given in 
Table 22, c(MMAO)=const=3.38 mmol/l). 

 

The changes in 1-hexene to 1-octene ratio, however, were more pronounced. While 

the selectivity towards 1-hexene decreased stepwise from 52 % (60 °C) to 42 % (50 

°C) and 35 % (40 °C), the reversed trend could be observed for the formation of 1-

octene. Starting at around 40 % (60 °C), S(1-C8) could be increased to 50 % (50 °C) 

and 55 % (40 °C). This clearly corresponded to the observations made in the semi-

batch experiments, where elevated temperature favoured the formation of 1-hexene 

and vice versa. In the light of these observations, it seems probable that the 

increased formation of 1-hexene towards the end of the first run and in the second 

run were caused by an increased temperature caused by the exothermal reaction. 

Due to the rather laminar flow profile in the reactor the formation of hot zones that are 

not cooled down by the cooling coil fast enough seemed likely.  

 

In conclusion it could be shown that excellent total alpha-selectivity (>92 %) and 

good activity (730 000 g / g Cr h) could be achieved in the continuous PFTR set-up 
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using a stirred-tank saturator. The ratio of the two main products 1-octene and 1-

hexene could be adjusted by reaction temperature; higher temperature favoured the 

formation of 1-hexene. 

 

4.9.4 Secondary incorporation of higher 1-olefins 

 

After successfully demonstrating that the operation of the PFTR reactor was in fact 

possible over a long period of time without significant reactor fouling, the extent of 

secondary incorporation of 1-hexene and 1-octene into the metallacycle mechanism 

was investigated. This secondary incorporation is exemplified in Scheme 16. It has to 

be mentioned that the step at which 1-octene or 1-hexene can be incorporated into 

the catalytic cycle is not restricted to a certain stage. While Scheme 16 presents the 

insertion of a 1-olefin into the chromacyclopentane species, this is not a necessity. 

Oxidative coupling of ethylene + 1-C6 / 1-C8 to yield chromcyclopentane and 

insertion of 1-C6 / 1-C8 into the chromacycloheptane species are other pathways 

that also occur. Therefore the number of secondary products is around 40, which 

makes a differentiated discussion difficult. Therefore all C10-C14 products were 

defined as “secondary incorporation” products in the context of this study – even if  

1-decene etc. can also be formed by extended metallacycle growth. 
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Scheme 16: Secondary incorporation of higher olefins into the metallacycle 
mechanism – co-tri- and co-tetramerization. 
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Our PFTR studies allowed for a comparison of batch STR and continuous PFTR 

data. As was already discussed in the General Part, the concentration profile of an 

ideal PFTR over the reactor length is equivalent to the concentration profile of a 

batch reactor over time.  

 

Figure 66 shows a comparison of a representative semi-batch experiment with the 

two different mini-plant experiments. 
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Figure 66:  Secondary incorporation for semi-batch and continuous experiments 
(semi-batch experiment carried out with c(Cr)=12.5 µmol/l, [Cr]:L=1:1, 
[Cr]:MMAO=1:540, solvent=cyclohexane, T=60 °C, p=50 barg; mini-plant 
run 1 reaction conditions according to Table 21; mini plant run 2 reaction 
conditions according to Table 22). 

 

Plotting the total alpha-selectivity against product concentration (in g/l) revealed that 

the combined yield of 1-octene and 1-hexene decreased exponentially in the semi-

batch reactor. While this value was > 94 % at low product concentration (i.e. 30 g / l), 

the total alpha-selectivity was significantly decreased to < 91.5 % for higher product 

concentration (i.e. 180 g / l). The same general trend could be observed for both 

experiments carried out in the continuous PFTR, as well. While low product 

concentrations led to high total alpha-selectivity, an increase in product concentration 

resulted in decreased yield of 1-octene and 1-hexene. This decreased yield, 

however, was more pronounced than in the semi-batch experiment, so that a slight 

difference of < 1 % in total alpha-selectivity at 50 g / l product concentration could be 
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observed between both set-ups (92.5 % for the mini-plant and 93.25 % for the semi-

batch set-up). Given the complexity of the mini-plant, this difference might be 

considered as surprisingly small.  

 

Although this observation could not be regarded as final proof for the benefits of the 

PFTR over the CSTR concept, it was a strong indicator that high total alpha-

selectivity could be achieved using a tubular reactor. It became evident that higher 

product concentrations should be evaluated to fill the gap to technically more realistic 

product concentrations that is obvious from Figure 66 (>50 g / l). Since the production 

of 1-octene and 1-hexene by conversion of ethylene alone will hardly to match the 

desired high product concentrations, an additional feed of 1-olefins into the reactor 

should be considered in future studies.  

 

4.9.5 Mass Balance 

 

In order to ensure that no systematic errors were made during the evaluation of the 

mini-plant experiments, it was decided to determine the mass balance for a typical 

PFTR experiment: 

 

(43) ( ) ( ) ( ) ( )PEmproductmHCmHCm
outin

++=
4242

 

 

Ethylene that entered the reactor was dosed by a Coriolis unit (as described above) 

and should be detected after the reactor either in the off-gas, as liquid product or as 

polyethylene in solution or in the reactor. Therefore, a Coriolis counter was installed 

between gas-liquid separator and off-gas to determine the mass of ethylene that left 

the reactor unconverted. The mass of liquid product was determined via GC 

samples. To measure the amount of solid products formed during the reaction 

correctly proved to be a challenge, since it was difficult to take representative 

samples over time. A sample of the reaction mixture over one hour was therefore 

taken and its solids contents were determined; this mass was then assumed to be 

representative for the whole experiment. 
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Table 23: Mass balance for a mini-plant experiment with stirred tank saturator.* 

t m(C2H4)in m(C2H4)out ∆m(C2H4) m(product) m(PE) m(C2H4)in /  
(m(C2H4)out + m(product) + m(PE)) 

[min] [g / min] [g / min] [g / min] [g / min] [g / min] [%] 

165 2 1.560 0.440 0.433 0.02 101.1 
285 2 1.280 0.720 0.708 0.02 100.4 
405 2 1.040 0.960 0.925 0.02 99.3 
480 2 1.307 0.693 0.651 0.02 98.9 
555 2 1.384 0.616 0.600 0.02 100.2 
615 2 1.606 0.394 0.385 0.02 100.6 

* experiment described above (process conditions are given in Table 22). 

 

Table 23 shows the mass balance for a typical PFTR experiment. It was obvious that 

the deviation of in-going ethylene and total out-coming ethylene (off-gas and 

products) was negligible over a period of 10 h. A maximum error of slightly over 1 % 

could be explained by the solids sample, which might not be representative for the 

whole experiment and thus falsified the mass balance slightly.  

 

In conclusion, it could be demonstrated that the mass balance for the reactor could 

be closed and that all aforementioned results can be considered as reliable and 

correct. 
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4.9.6 Polymerization during Mini-Plant Operation 

 

The evaluation of a continuous reactor concept can only be considered as 

conclusive, if polymerization during the plant operation is at an acceptable low level. 

Otherwise, safe operation becomes impossible due to increased reactor fouling and 

hindered removal of reaction exothermal. The number of experiments carried out 

prior to those described above is substantial and increased polymer deposit was 

observed in some runs under non-optimized conditions. 

 

      

Figure 67:  (a) Blocked cooling coil without added hydrogen; (b) Cooling coil with 
added hydrogen. 

 

Figure 67 (a) and Figure 68 (a) show the disadvantageous polymer deposit of such 

an experiment. Cooling coil and reactor entrance were totally blocked and could only 

be cleaned under extreme conditions (temperature in excess of 180 °C had to be 

applied) and with a great loss of time. It was therefore very obvious that the deposit 

of polyethylene on reactor internals and walls should be avoided at all cost. Up to 

date, only two possibilities seemed feasible: (a) using hydrogen co-feed to prevent 

polymer growth and thus control the molecular weight of the polymer (which should 

also have an influence on its texture); (b) using an alternative solvent, which had 

limited solubility for high molecular-weight polyethylene (and thus favouring the 

agglomeration of short-chain polyethylene). 
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Figure 68:  (a) Blocked reactor without addition of hydrogen; (b) Reactor with 

addition of hydrogen. 

 

While Sasol R&D reported some successes using alternative paraffinic solvents, the 

Erlangen laboratories had previously made good experiences with the use of 

hydrogen (as reported above). We therefore decided to co-feed hydrogen to the 

reactor. As can be seen in Figure 67 (b) and Figure 68 (b) the desired effect of 

lowering the molecular weight of the polymer could in fact be observed. Although the 

facilities to determine any molar weight distribution are not available at the Erlangen 

institute, the texture of the polymer was lighter and not as sticky as before. This 

made the removal of residual polymer very easy and significantly improved the 

maintenance of the continuous rig. Moreover, safe operation over longer time periods 

(>10 h) could be achieved without problem.  
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CHAPTER V 

5. Zusammenfassung / Conclusions 



ZU S AM M E NF AS S U N G  /  CO N CL U S I O N S  

 145 

Das Ziel der vorliegenden Dissertation war die Erforschung der selektiven Tri- und 

Tetramerisierung von Ethen mit einem Chrom basierten Katalysatorsystem. Diese 

besteht aus Chrom(III)acetylacetonat, einem PNP Liganden der generellen Struktur 

(Ph2P)2N-R und einem MAO-basiertem Aktivator. Da der Schwerpunkt der 

vorliegenden Arbeit auf der Entwicklung einer kommerziell verwertbaren Techologie 

war, wurden folgende Aspekte besonders eingehend untersucht: 

 

1. Maßschneidern von Liganden 

 

Das Maßschneidern von Liganden hatte stets das Ziel, die addierte Ausbeute von 1-

Hexen und 1-Okten zu maximieren, indem die Bildung der Nebenprodukte Methyl- 

and Methylencyclopentan unterdrückt werden sollte. Eine addierte α-Selektivität von 

etwa 90 % konnte mit einer Reihe von 2-alkylcyclohexyl substituierten PNP Liganden 

erreicht werden. Für die Synthese der hierzu notwendigen Katalysatorprecursoren 

wurde eine Syntheseroute entwickelt, die auf der Hydrierung von aromatischen 

Anilinsubstraten beruht. Hier konnten Ausbeuten von bis zu 95 % für einige 

Substrate erzielt werden (z.B. 2,6-Dimethylanilin). 

 

2. Abschätzung von Parametern 

 

Nachdem PNP Liganden gefunden worden waren, die sich durch hohe Selektivität zu 

den Wunschprodukten 1-Okten und 1-Hexen auszeichneten, wurde eine Reihe von 

wichtigen Parametern für die Tri- und Tetramerisierung von Ethen untersucht. Ein 

erster Versuch zur Optimierung des Katalysatorsystems wurde in einem 75 ml 

Autoklaven mit Magnetrührer durchgeführt. Dabei wurde festgestellt, dass für die 

verlässliche Messdatenerfassung ein technisch ausgereifterer Reaktor nötig war. 

Daher wurde ein 450 ml Parr Autoklave mit Gaseintragsrührer (um den Einfluss von 

Massentransportlimierung auszuschließen) und Katalysatorbürette (für eine in-situ 

Aktivierung) angeschafft und in Betrieb genommen. Die Abschätzung von 

Parametern für einen ausgewählten Liganden (1,2,3,4-tetrahydronaphthyl PNP) hat 

gezeigt, dass Temperaturen zwischen 40 und 60 °C und Ethendrücke zwischen 40 

und 50 barg besonders geeignet für gute Selektivität zu 1-Okten (bis zu 75 % 

Ausbeute) und Katalysatoraktivität (bis zu 200 000 g / g Cr h) waren. Letztere konnte 

durch Absenken der Chromkonzentration entscheidend verbessert werden (z.B. 

800 000 g / g Cr h bei 6.25 µmol / l Cr). Außerdem konnte die Aktivität durch Zugabe 
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von Wasserstoff zur Reaktion noch einmal entscheidend gesteigert werden. (z.B. 

2 280 000 g / g Cr h bei 6.25 µmol / l Cr und Zugabe von 2.5 barg H2). 

 

3. Kinetische Studien 

 

Neben den reinen Parameterabschätzungen wurden auch detaillierte kinetische 

Untersuchungen durchgeführt, um u.a. die Reaktionsordnung im Bezug auf das 

Edukt Ethen zu bestimmen: 

 
( ) ( ) 711

42

.
HCxk

dt

productdm
m ⋅=  

 

Die Tatsache, dass hierbei eine gebrochene Reaktionsordnung von 1.71 ermittelt 

wurde legte den Schluss nahe, dass sich verschiedene 

geschwindigkeitsbestimmende Schritte mit ganzzahligen Reaktionsordnungen 

überlagern. Eine unabhängige Auftragung von 1-Okten- und 1-Hexenbildung zeigte 

dann auch, dass die Bildung von 1-Okten zweiter und die von  

1-Hexen erster Ordnung im Bezug auf die Ethenkonzentration ist. Hierauf aufbauend 

wurde ein überarbeitetes mechanistisches Modell postuliert, welches das Vorliegen 

unterschiedlicher isomerer Katalysatorspezies vorschlägt. Während eine isomere 

Spezies für die Bildung von 1-Okten verantwortlich ist (hier ist die oxidative Kupplung 

zweier Ethenmoleküle zum Chromacyclopentan der geschwindigkeitsbestimmende 

Schritt), führt eine strukturell unterschiedliche Spezies zur Bildung von 1-Hexen. Bei 

letzterer ist die Insertierung von einem Ethenmolekül in das 

Chromacyclopentanintermediat der geschwindigkeitsbestimmende Schritt.  

 

4. Studien an einer Pilotanlage 

 

Für einen potentiellen großtechnischen Prozess ist der Rohstoff Ethen der 

entscheidende Kostenfaktor. Daher ist eine hohe Selektivität zu den gewünschten 

Olefinen 1-Okten und 1-Hexen zur Kosteneffizienz zwingend erforderlich. Aufgrund 

dieser Tatsache wurde beschlossen, einen kontinuierlichen Strömungsrohrreaktor für 

die selektive Tri- und Tetramerisierung von Ethen zu evaluieren. Im Vergleich zum 

kontinuierlich betriebenen Rührkessel sollte das PFT Reaktorkonzept den 

entscheidenden Vorteil einer durchschnittlich niedrigeren Produktkonzentration 

haben. Beim kontinuierlichen Betrieb wurden mehrere gas-flüssig Vorsättiger für das 
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System Ethen/Cyclohexan getestet und es wurde gezeigt, dass eine sehr hohe α-

Selektivität (typischerweise zwischen 90-92 % bei einer Produktkonzentration von 50 

g / l) in mehreren Langzeitversuchen erreicht werden konnte (> 10 h Betriebszeit). 

Bei niedrigen Chromkonzentrationen (2.5 µmol / l) wurden hohe Aktivitäten von über 

700 000 g / g Cr h erreicht (mit einem Ethenumsatz von 49 %). Dabei war das 

Verhältnis von 1-Hexen zu 1-Okten üblicherweise bei 60:30. Allerdings konnte durch 

Absenkung der Temperatur von 60 auf 40 °C die Produktverteilung beeinflusst 

werden und die Ausbeute an 1-Okten gesteigert werden (40:60). Die Bildung von 

Polymeren im Reaktor konnte durch die Zugabe von Wasserstoff entscheidend 

herabgesetzt werden, sodass Reaktorfouling nicht in nennenswertem Ausmaß 

auftrat. Abschließend wurde gezeigt, dass die Massenbilanz über den Reaktor über 

die Zeidauer eines Langzeitversuches (10 h) geschlossen werden konnte. 

 

Alle Ergebniss, die im Laufe dieser Prozessentwicklung gesammelt wurden, deuten 

stark daurauf hin, dass die Chrom katalysierte Tri- und Tetramerisierung von Ethen 

auf dem Weg zu einer vielversprechenden Technologie zur Herstellung von 1-Hexen 

und 1-Okten ist und bereits in nächster Zukunft in eine großtechnische Anlage 

implementiert werden könnte.  
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The aim of this PhD thesis was to investigate selective tri- and tetramerization of 

ethylene with a chromium catalyst system comprising chromium(III)acetylacetonate, 

a PNP ligand of the general structure (Ph2P)2N-R and a methylaluminoxane based 

activator. Since the focus of the presented work was the development of a 

commericially feasible technology, the emphasis was on the following aspects: 

 

1. Ligand Design 

 

The ligand fine tuning that was carried out in the context of this PhD thesis 

concentrated on improving the combined yield of 1-hexene and 1-octene by lowering 

the formation of the main side product methyl- and methylenecyclopentane. 

Combined α-selectivites of around 90 % were realized with a number of 2-

alkylcyclohexyl PNP ligands. An efficient synthetic route for ligand precursor 

production by hydrogenation of aniline-based substrates was developed where yields 

in excess of 95 % could be achieved with selected substrates  

(i.e. 2,6-dimethylaniline). 

 

2. Parameter Evaluation 

 

After identifying PNP ligands with particular high selectivity towards 1-octene and 1-

hexene, a number of crucial parameters for ethylene tri- and tetramerization were 

evaluated. The first round of this optimization study was carried out in a 75 ml 

pressure vessel with magnetic follower and revealed that the use of a more 

sophisticated reactor was of pivotal importance. Hence a 450 ml Parr autoclave with 

gas entrainment stirrer (to overcome external mass-transfer limitations) and charging 

burette (for in-situ activation) was commissioned. Parameter variation with a selected 

ligand (1,2,3,4-tetrahydronaphthyl PNP) showed that temperatures between 40 and 

60 °C and pressures around 40 to 50 barg were most favourable for good selectivity 

towards 1-octene (up to 75 % yield) catalyst activity (up to 200 000 g / g Cr h). The 

latter could be significantly improved by lowering chromium concentration (i.e. 

800 000 g / g Cr h at 6.25 µmol / l Cr) and through addition of hydrogen (i.e. 

2 280 000 g / g Cr h at 6.25 µmol / l Cr and 2.5 barg added H2). 
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3. Kinetic Investigations 

 

Since temperature and pressure were the most prevalent parameters that 

determined catalyst selectivity and activity, extensive pressure variation at fixed 

temperatures was carried out and revealed a fractional reaction order in ethylene: 

 
( ) ( ) 711

42

.
HCxk

dt

productdm
m ⋅=  

 

The fractional reaction order suggested that several rate determining steps with 

integral reaction order were in operation. In fact, it could be shown that the formation 

of 1-hexene was first order with respect to ethylene concentration while the formation 

of 1-octene was second order. A refined mechanistic model involving different 

isomeric catalyst species was suggested to account for this unprecedented 

observation. While one isomer is assumed to predominantly lead to 1-octene 

formation (with the oxidative coupling of two ethylene molecules yielding a 

chromacylopentane intermediate being the rate determining step), a structurally 

different isomer is assumed to account for the formation of 1-hexene (with the 

insertion of one ethylene molecule into the chromacyclopentane intermediate being 

the rate determining step in this independent catalytic cycle). 

 

4. Pilot Plant Operation 

 

Since ethylene is the main cost driver for a commercial process and therefore high 

selectivity towards 1-hexene and 1-octene is imperative, it was decided to build, 

commission and evaluate a plug flow tubular reactor concept. In comparison to a 

continuous stirred tank reactor, this concept should have the benefit of lower average 

product concentration in the reactor. Using different ethylene pre-saturation vessels, 

it could be demonstrated that high total α-selectivity (typically between 90-92 % at a 

product concentration of up to 50 g / l) could be achieved in several long-time 

experiments (> 10 h time-on-stream). Activities in excess of 700 000 g / g Cr h 

(conversion of ethylene around 49 %) could be realized at a low chromium 

concentration (2.5 µmol / l). The ratio of 1-hexene to 1-octene was typically 60:30 

and could be shifted towards 1-octene by lowering the temperature from 60 to 40 °C. 

It was found that the formation of polymers and the deposit of those to the reactor 
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cooling coil could be significantly lowered by hydrogen co-feed. It could be shown 

that the mass balance could be closed during a 10 h experiment. 

 

All results obtained in this process development study point very clearly in the 

direction that selective chromium catalyzed ethylene tri- and tetramerization is well a 

technology that promises great potential for technical implementation in the very near 

future.  
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CHAPTER VI 

6. Experimental Part 
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6.1 Analytic methods 

 

NMR Spectroscopy 

NMR spectra were recorded on a Bruker DPX-300 FT spectrometer (1H: 300 MHz, 
13C: 75 MHz, 31P: 121 MHz) and processed on the software MestRe-C. The chemical 

shifts are noted in parts per million (ppm) and refer to TMS (Tetramethylsilane) as 

external standard. Deuterated solvents were used as internal standard. 

 

GC Analysis 

All GC samples were measured on a Varian 3900 with a CP Sil Pona CB 50 m x 0.21 

mm column. 

 

GC-MS Analysis 

GC-MS spectra were recorded on a Varian Saturn 2100T. 

 

6.2 Ligand Precursor Synthesis 

 

All air and moisture sensitive compounds were handled under argon atmosphere 

using standard Schlenk techniques. The flasks were heated under vacuum and 

argon was applied three times. Argon was deoxygenated over R3-11 catalysts 

(BASF) and dried over 4 Å molar sieve and Siccapent. Solvents were dried and 

deoxygenated using standard laboratory procedures and stored in Schlenk bottles 

under argon. Deuterated solvents were supplied by Cambridge Isotopes Laboratories 

and were distilled under argon using standard laboratory procedures. Reagents were 

supplied by Aldrich, Fluka or Merck and were used as received.  

 

6.2.1 General Procedures 

 

GP1: Synthesis of cycloalkylamine hydrochloride derivatives 

1.5 eq. triethylamine and 1.2 eq. methanesulfonylchloride are added slowly and 

under argon to a solution of 1.0 eq. alcohol in 80 ml dichloromethane at 0 °C. After 

30 min. 80 ml water are added to the reaction solution and the phases are 

transferred and separated in a separator. The aqueous phase is extracted with 80 ml 

dichloromethane twice. The combined organic phases are washed twice with 80 ml 
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2N hydrochloric acid and once with 80 ml water before they are dried over sodium 

sulphate. The precipitate is filtered off and the solution is evaporated on a rotary 

evaporator. The resulting crude product is dissolved in 150 ml dry 

dimethylformamide. 1.8 eq. sodium azide are added to this solution, which is heated 

at 80 °C for 16 h, before it is allowed to cool down to room temperature. 300 ml 

diethyl ether are added and the organic phase is extracted 5 times with 100 ml 

saturated sodium chloride solution. Afterwards, the solvent is removed by 

atmospheric distillation using a Vigreux-column. The residue is dissolved in 140 ml 

tetrahydofurane and 1.44 eq. triphenylphosphine are added. The resulting mixture is 

stirred for 1.5 h at room temperature. Then, 8.0 ml water are added and the solution 

is heated to the reflux for 16 h. After cooling down to room temperature, 40 ml 

dichloromethane are added as well as 80 ml 1N hydrochloric acid. Both phases are 

separated in a separation funnel and the aqueous phase is extracted three times with 

40 ml dichloromethane. Removal of the aqueous phase under reduced pressure yield 

the crude product which is purified by repeated addition and removal of ethanol. The 

final product is obtained as yellow powder. 

 

GP2: Hydrogenation of aniline derivatives 

10 g Ru/C are added to 200 g of the respective aniline derivative. The resulting 

mixture is stirred on a magnetic plate to disperse the catalyst before the solution is 

transferred into a 600 ml Parr autoclave. To remove oxygen, the autoclave is 

pressurized with helium up to 10 bar and then vented. This is repeated three times, 

before the reaction solution is heated to the desired temperature. The reaction is 

started by pressurization with hydrogen to the desired pressure and setting the 

stirring speed to 1000 rpm. Reaction exotherm is removed via a cooling coil with 

attached cooling bath. If samples are to be taken, the stirrer is stopped, the hydrogen 

supply is shut and the pressure is vented until it has dropped to 20 barg. After the 

sample was taken, the pressure is adjusted again and the stirrer is started.  

 

6.2.2 Synthesis of 3-methylcyclohexylamine hydrochloride 

 

The synthesis of 3-methylcyclohexylamine hydrochloride was carried out according 

to GP1. 3-Methylcyclohexanol (4.79 ml, 38.2 mmol) was reacted with triethylamine 

(8.0 ml, 57.3 mmol) and methylsulfonylchloride (3.6 ml, 45.8 mmol). The obtained 

sulfanated alcohol was subsequently dissolved in DMF and sodium azide (4.47, 68.7 
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mmol) was added to form the 3-methylcyclohexylazide. This was dissolved in THF 

and reduction with triphenylphosphine (14.42 g, 55 mmol) and addition of 

hydrochloric acid yielded the final product as yellow powder (1.12 g, 20 % yield), 

which was purified by repeated addition and removal of ethanol. 

H3C

NH2

.HCl

1

23

4
5

6

7

8

 
1H NMR (300 MHz, CDCl3): δ = 0.5-2.0 (m, 12H, H-3, H-4, H-5, H-6, H-7, H-8), 3.3-

3.4 (m, 1H, H-2), 3.6-4.0 (brs, 2H, H-1);  

13C NMR (100 MHz, CDCl3): δ = 18.5, 20.2, 22.1, 30.6, 33.3, 36.0, 40.0, 45.0, 50.0, 

57.0 (C-2) ppm. 

 

6.2.3 Synthesis of 4-methylcyclohexylamine hydrochloride 

 

The synthesis of 4-methylcyclohexylamine hydrochloride was carried out according 

to GP1. 4-Methylcyclohexanol (4.79 ml, 38.2 mmol) was reacted with triethylamine 

(8.0 ml, 57.3 mmol) and methylsulfonylchloride (3.6 ml, 45.8 mmol). The obtained 

sulfanated alcohol was subsequently dissolved in DMF and sodium azide (4.47 g, 

68.7 mmol) was added to form the 3-methylcyclohexylazide. This was dissolved in 

THF and reduction with triphenylphosphine (14.42 g, 55 mmol) and addition of 

hydrochloric acid yielded the final product as yellow powder (3.28 g, 58 % yield), 

which was purified by repeated addition and removal of ethanol. 

NH2

.HCl

1

23

4
5

6

7

8
CH3

 
1H NMR (300 MHz, CDCl3): δ = 0.6-3.2 (m, 13H, H-3, H-4, H-5, H-6, H-7, H-8), 3.3-

3.6 (m, 1H, H-2), 4.7-5.2 (brs, 2H, H-1);  

13C NMR (100 MHz, CDCl3): δ = 18.4, 19.4, 21.8, 26.0, 28.2, 30.0, 31.0, 32.4, 39.0, 

47.6, 49.3, 55.9 (C-2) ppm. 
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6.2.4 Synthesis of 2-methylcyclopentanol 

 

Lithiumaluminiumhydride (1.74 g, 46.1 mmol, 1.0 eq.) was suspended in 110 ml dry 

diethylether and a solution of 2-methylcyclopentanone (5.0 g, 53.1 mmol, 1.1 eq.) in 

10 ml dry diethylether was added dropwise with a syringe over 1.5 h at 0 °C. The 

solution was stirred for 2.5 h after which water was added dropwise to neutralize 

excess lithiumaluminiumhydride. The precipitate was filtered off and washed with 

ether. The combined solution was distilled at atmospheric pressure to yield the 

product as clear liquid in quantitative yield. 

1
2

3 4

5
6

H3C

OH  
1H NMR (300 MHz, CDCl3): δ = 0.6-1.8 (m, 10H, H-2, H-3, H-4, H-5, H-6), 3.2-3.4 (m, 

1H, H-1);  

13C NMR (100 MHz, CDCl3): δ = 13.0, 14.0, 18.0, 21.0, 31.0, 34.0, 40.0, 42.0, 67.0, 

75.0, 78.0, 80.0 ppm. 

 

6.2.5 Synthesis of 2-methylcyclopentylamine hydrochloride 

 

The synthesis of 2-methylcyclopentylamine hydrochloride was carried out according 

to GP1. 2-Methylcyclopentanol (3.68 g, 38.3 mmol) was reacted with triethylamine 

(8.0 ml, 57.3 mmol) and methylsulfonylchloride (3.6 ml, 45.8 mmol). The obtained 

sulfanated alcohol was subsequently dissolved in DMF and sodium azide (4.47, 68.7 

mmol) was added to form the 2-methylcyclopentylazide. This was dissolved in THF 

and reduction with triphenylphosphine (14.44 g, 55 mmol) and addition of 

hydrochloric acid yielded the final product as yellow powder (2.21 g, 43 % yield), 

which was purified by repeated addition and removal of ethanol. 

1

3

4 5

6
7

H3C

NH2

.HCl2

 
1H NMR (300 MHz, CDCl3): δ = 0.8-2.5 (m, 10H, H-3, H-4, H-5, H-6, H-7), 3.2-3.5 (m, 

1H, H-2), 4.1-4.5 (brs, 2H, H-1);  

13C NMR (100 MHz, CDCl3): δ = 14.0, 21.6, 29.7, 31.0, 35.7, 39.2, 53.9 ppm. 
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6.2.6 Synthesis of 2-ethylcyclohexylamine 

 

The synthesis of 2-ethylcyclohexylamine was carried out according to GP2. 

CH3

NH2

12

3
4

5

6
7

8

 
13C NMR (100 MHz, CDCl3): δ = 10.7 (C-8), 11.8 (C-8’), 21.0, 24.4, 25.0, 25.1, 25.7, 

26.1, 26.4, 29.9, 33.6, 36.6, 42.9 (C-6’), 47.0 (C-6), 49.3 (C-1’), 54.3 (C-1) ppm. 

ESI-MS: m/z = 56 (100 %), 127 ([M]+, 17 %), 128 ([M]++1, 10 %). 

 

6.2.7 Synthesis of 2-isopropylcyclohexylamine 

 

The synthesis of 2-isopropylcyclohexylamine was carried out according to GP2. 

CH3

NH2

12

3
4

5

6
7

8

CH3  
13C NMR (100 MHz, CDCl3): δ = 15.6 (C-8’), 19.7, 20.6 (C-8), 21.2, 21.3, 23.6, 23.8, 

25.7, 26.1, 26.3, 26.6, 29.5, 34.5, 37.1, 46.8 (C-6), 48.3 (C-1), 51.1 (C-6’), 52.0 (C-1’) 

ppm. 

ESI-MS: m/z = 141 ([M]+, 15.8 %), 142 ([M]+ + 1, 100 %). 

 

6.2.8 Synthesis of 2,6-dimethylcyclohexylamine 

 

The synthesis of 2,6-dimethylcyclohexylamine was carried out according to GP2. 

CH3

NH2

1
2

3
4

5

6
78

H3C

 
13C NMR (100 MHz, CDCl3): δ = 13.3, 19.1, 19.3, 19.6, 20.3, 26.0, 26.2, 27.2, 31.8, 

32.8, 33.7, 34.1, 34.9, 37.3, 39.9, 55.7, 58.5, 62.9 ppm. 

ESI-MS: m/z = 127 ([M]+, 54.1 %), 128 ([M]+ + 1, 100 %). 
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6.2.9 Synthesis of PNP ligands 

 

The synthesis of all PNP ligands was carried out in accordance to literature 

procedures. Table 24 presents the 31P NMR shifts of all synthesised ligands. 

 

Table 24:  31P NMR shifts of all synthesised PNP ligands.(* Ligands synthesised by 
Sasol; NMR data is given here for completeness) 

R-NH2 + 2 ClPPh2 � R-N(PPh2)2 

Ligand 
31

P NMR [ppm] 

cyclopentyl PNP 50.3 

cyclohexyl PNP 50.7 

2-methylcyclohexyl PNP 49.1, 52.3, 54.6, 57.1 

3-methylcyclohexyl PNP 48.2 

4-methylcyclohexyl PNP 50.9 

2-ethylcyclohexyl PNP* 49.6, 52.1, 55.7, 56.1 

2-isopropylcyclohexyl PNP* 50.7, 52.3, 56.1, 56.9 

2,6-dimethylcyclohexyl PNP* 50.5, 54.4, 56.8 

1,2,3,4-tetrahydronaphthyl PNP 51.2 

2,3-benzylcyclopentyl PNP 51.3 
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Appendix A: Used Symbols 
 

Symbol Unit Explanation 

   

A mol l-1 Concentration 

Bo - Bodenstein number 

c mol l-1 Concentration 

Da m2 s-1 Axial dispersion coefficient 

EA kJ mol-1 Arrhenius activation 

energy 

kLa s-1 Mass-transfer coefficient 

km g g(Cr)-1 h-1 Kinetic constant 

L m Characteristic length 

m g Mass 

M g mol-1 Molar mass 

N s-1 Stirring speed 

n mol  

p barg Pressure 

R J mol-1 K-1 Gas constant 

rm g g(Cr)-1 h-1 Reaction rate 

RT min Residence time 

S wt-% Selectivity 

T K / °C Temperature 

t h Time 

u m s-1 Velocity 

V l Volume 

X mol mol-1 Concentration 
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