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Abstract 
This thesis is part of a project aimed at developing new catalysts for the ethene 

oligomerization reaction. Ni/Beta zeolite was selected as model material, based on the 

combined advantage of the metal function and the shape-selective support material. The thesis 

was aimed to focus on catalytic kinetic studies, as a means of elucidating mechanistic 

information about the reaction and of developing innovative oligomerization catalysts.  

Ni-containing beta zeolite was prepared both by nickel impregnation and ion exchange and 

characterized by: XRD, MP-AES, N2-physisorption and SEM. It was found that bulk NiO 

clusters were formed with nickel impregnation. The catalytic studies were performed on 

nickel ion exchanged samples that showed far less bulk NiO clusters. 

Based on previous work on this reaction in the group and literature survey, it was found that a 

high ethene partial pressure is necessary for significant ethene conversion over zeolite-based 

catalysts. For this purpose the construction of a test-rig that can operate under high pressure 

was started at the same time as this work began. During the construction of the rig, several 

obstacles were encountered and a lot of effort was made to prepare the high pressure test-rig 

for catalytic testing. Prior to the results reported in this thesis, a handful of experiments were 

reproduced from literature in order to verify the viability of the reactor for this kind of 

experiments. 

Catalytic studies revealed that nickel is essential for ethene oligomerization under mild 

reaction conditions; one order of magnitude higher conversion was obtained with nickel 

containing Beta zeolite compared to the proton form. Deactivation of the catalysts was 

observed with time on stream and it was found to be due to aliphatic hydrocarbons produced 

during the reaction. Nanocrystalline Ni-Beta showed no deactivation with time on stream 

which is suggested to be due to shorter diffusion path for the heavy products formed during 

the reaction. A series of catalytic tests revealed that the reaction mechanism is independent of 

P(ethene) between 11.6 – 25.1 bar and a second order reaction rate for linear butene formation 

was found. The Cossee-Arlman mechanism is suggested to be the most likely reaction 

mechanism, without definitely excluding metallacycle mechanism. 
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List of abbreviations used in this thesis 
*BEA  IZA code for the framework of zeolite Beta 
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BET  Braunauer-Emmet-Teller 
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EDS  Energy dispersive x-ray spectroscopy 

FCC  Fluidized catalytic cracking 

FID  Flame ionization detector 
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FTIR  Fourier transform infrared spectroscopy 

GC  Gas chromatography 

GC-FID Gas chromatography with FID 
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IUPAC International Union of Pure and Applied Chemistry 
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MP-AES Microwave plasma atomic emission spectroscopy 

MS  Mass spectrometry 

MTH  Methanol-to-hydrocarbons 

MTO  Methanol-to-olefin 
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1 Introduction 
The world is currently seeing a gradual shift from oil as the dominating source for 

transportation fuels and chemicals production to other alternative sources, such as natural gas, 

biomass and coal [1]. Traditionally, naphtha reforming has been  the major source of low 

carbon olefins (C2-C6 alkenes), but an increased availability of natural gas, especially in 

North America as a result of shale gas exploration, made the production of ethene from shale 

gas considerably cheaper than from naphtha reforming [2, 3]. The shift towards lighter 

feedstocks for ethene production resulted in a significant decrease in light alkene production 

and the demand for propene and butenes has increased more rapidly than the demand for 

ethene [4]. The combined effect of these events led to a growing interest in selective 

oligomerization of ethene to C4-C8 products [2, 5]. 

Ethene has a worldwide production capacity over 130 million tons, and is among the most 

important base chemicals [4]. It is raw material for a wide range of products; reactions of 

ethene include oxidation, oligomerization and polymerization. Ethene oligomerization is of 

particular interest because both linear and branched alkenes can be produced. Linear olefins 

are important intermediates in the synthesis of fine chemicals such as surfactants (C12-C16), 

plasticizers (C6-C10) and can also be used as co-monomer (C4-C6) [5]. The commercial 

processes for ethene oligomerization utilizes homogeneous catalysts, but significant effort has 

been put into developing heterogeneous catalysts, as they potentially offer a more 

environmental friendly alternative to the homogeneously catalysed process [5]. 

Nickel containing inorganic porous materials are promising candidates for the oligomerization 

of ethene and Ni-containing beta-zeolite has been shown to be active and rather selective 

towards light alkenes, and was the starting point for this project [6].  
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2 Catalysis and zeolites 

2.1 Introduction to catalysis 
A catalyst is a substance that can increase the rate of reaction without itself being consumed. 

Industrial catalysts transform reservoirs of cheap and available chemical feed-stocks into 

products like polymers, fuels and fertilizers. Catalysts can also play a vital role in protecting 

the environment, such as the converters found in the exhaust system of the vehicle converting 

toxic gases (like nitrogen oxides) to less harmful molecules such as nitrogen [7]. 

A catalyst may increase the reaction rate by [8]: 

- Increasing the encountering probability of the reactants 

- Increasing the probability of a favourable orientation (e.g in enzyme catalysed 

reactions) 

- Decreasing the activation energy for reaction 

A catalytic reaction is generally more complex than the non-catalytic reaction and involves 

more steps. Figure 1 gives a hypothetical potential energy diagram where these two processes 

are compared. 
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Figure 1: The potential energy diagram of the catalytic and non-catalytic reaction of A+B  P are compared. 
The activation energy (Ea) of a catalytic reaction is lower than the activation energy of a non-catalytic reaction, 
which leads to an increase in the rate of reaction for the catalytic pathway. Adapted from [9]. 

In the case of the non-catalytic reaction, the two molecules A and B may not react because the 

activation energy is too high. In the catalytic reaction, the reactants interact with the catalyst, 

which decreases the activation energy of the reaction by introducing a new pathway for the 

reaction [8]. In this new pathway, the catalyst behaves similarly to a stoichiometric reactant, 

but with one major difference: after the reaction, the active site returns to its initial state. The 

products formed can leave the catalyst and the catalyst can react further with other reactants. 

A catalyst does not affect the thermodynamics of a reaction, i.e. the equilibrium is unaltered 

and a reaction that is thermodynamically unfavoured cannot be made favourable with a 

catalyst. 

While the successful steps of a catalytic cycle were described above, there are many things 

that may prevent the good run of the catalytic cycle: 

(i) too weak bonding of reactants to the catalyst 
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(ii) too strong bonding of one of the reactants 

(iii) too strong bonding of products, this is called poisoning. The catalyst can also be poisoned 

by undesired impurities in the reactor feed [10].  

A catalyst can be molecules, larger entities like enzymes and solid surfaces and they usually 

work by reduction-oxidation (redox) and/or by acid-base reaction cycles, where the redox 

reaction involves electron transfer while the acid-base catalysis involves proton transfer. 

Catalysts are defined as homogenous if both the catalyst and the reactants are in the same 

phase, for example if the catalyst is present as solute if the reagents are liquid. They are 

defined as heterogeneous if the catalyst is present in a different phase from that of the 

reactants, e.g. the catalyst is solid while the reactants are either liquid or gas. Heterogeneous 

catalysts generally fall into two categories in terms of the location of the active surfaces: 

- Finely divided solids where the active sites lie on the particle surface (Pt on 𝛾𝛾-alumina 

for instance) 

- Solids where the active sites are inside the internal surfaces of pores and cavities, such 

as zeolites. 

2.2 Zeolites 

2.2.1 Structure and properties 

Zeolites are microporous, three dimensional crystalline aluminosilicates. The zeolite 

framework is based on the primary building units: [SiO4]4- and [AlO4]5- tetrahedra, which are 

often noted as TO4-tetrahedra, where T can refer to both aluminium and silicon atoms. These 

tetrahedra are assembled together such that oxygen in each tetrahedral corner is shared by 

several tetrahedra, [SiO4]4- or [AlO4]5-, forming a three-dimensional framework [11]. Figure 

2 illustrates the basic organisation of such zeolite crystal. Other types of atoms, e.g. 

phosphorus, can also be incorporated in the framework, but these materials are referred as 

zeotypes and will not be covered in detail in this thesis. 
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Figure 2: Illustration of how the TO4-tetrahedra can connect to form the zeolite framework 

One way to classify the different zeolite frameworks is to relate them to the symmetry of the 

unit cell, but this can be cumbersome. The classification is made much easier by introducing 

secondary building units (SBU) and composite building units (CBU) (Figure 3) [11, 12]. SBU 

were defined on the assumption that each zeolite framework could be generated from one type 

of SBU only, but many structures can actually be described by more than one type of SBU. 

CBUs are different from secondary building units in that they cannot necessarily be used to 

build the entire framework, but they are useful for identifying relationships between different 

framework types. 

 

Figure 3: Secondary building units (left) and composite building units (right) are represented, the numbers under 
each figure represents the number of T-atoms in each units. The oxygen bridges have been omitted for clarity, 
adapted from [12]. 

There are many more SBUs and CBUs besides those illustrated in Figure 3. By combining 

different building units, it is possible to assemble three-dimensional frameworks that give 
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zeolites their characteristic properties, such as dimensions of pores, channels and cavities. 

Zeolites are grouped into different types of framework and a 3-letter code is assigned to each 

framework type, which defines  a unique channel system, and its corresponding pore and 

cavity dimensions [12]. One of the most interesting features of zeolites lies in their tuneable 

pore diameters and cavity geometries [13]. Pore openings are characterized by the size of the 

ring and are designated n-ring; where n is the number of T-atoms. An 8-ring is considered 

small in respect to the molecules that can diffuse through these pores, while a 10-ring is 

medium and a 12-ring is considered large. The corresponding effective pore widths are 

approximately 4.1, 5.5, 7.4 Å, respectively [14]. Most of the zeolite have pores smaller than 

20 Å and fall within IUPACs classification as microporous materials[15]. 

Zeolites have the general formula: 

𝑀𝑀𝑥𝑥
𝑛𝑛

𝑛𝑛+ [𝑆𝑆𝑖𝑖1−𝑥𝑥𝐴𝐴𝑙𝑙𝑥𝑥𝑂𝑂2]  ∗ 𝑚𝑚𝐻𝐻2𝑂𝑂 

A framework consisting of only SiO4 tetrahedra will be electrically neutral, but replacing 

[SiO4]4- with [AlO4]5- creates a residual negative charge on the framework because Al has 

lower valency than Si. The negative charge has to be compensated with a cation (Mn+) and the 

number of cations present within a zeolite structure will be determined by the number of 

[AlO4]5- - tetrahedra in the framework.  Many zeolites can be synthesized over a range of 

aluminium contents, for example ZSM-5 from Si/Al ≈ 10 to ∞ [16], but according to the 

Loewenstein rule [17], the Si/Al ratio cannot be lower than 1. This rule precludes two AlO4- 

tetrahedra from being next to each other i.e. Al-O-Al linkages are forbidden. 

2.2.2 Zeolites as catalysts 

The cations present in the zeolite are often easily exchangeable and use of zeolites as ion 

exchangers in detergents represents their largest market in terms of tonnage, but zeolites have 

had their biggest impact in the fields of petrochemical industry [16]. One of the most 

important processes in oil refinery, in terms of throughput, is fluid catalytic cracking (FCC). 

Cracking is the process where large complex hydrocarbon molecules, such as heavy oil 

fractions are broken down to smaller more useful molecules; this process is catalysed by solid 

acids (typically USY zeolite) which promote the rupture of C-C bonds.  
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Although zeolites have molecular sieving and ion exchange properties, there has to be 

additional properties for them to be used as catalysts. In many naturally existing zeolites the 

negative charge that is created by replacing Si with Al is compensated by alkali and alkaline 

earth metals; e.g. Na+ or Ca2+. When the charge balancing cations are replaced by protons, 

through ion exchange, Brønsted acidic sites are created and the product is a solid acid. This 

type of protonated zeolites is widely used in the petrochemical industry, such as in the FCC 

process. 

The charge balancing cation can also be exchanged with transition metals to create an active 

site for redox reaction, e.g. with nickel (more about this in the next section). Figure 4 simply 

illustrates how a Na-zeolite can be modified to Ni-zeolite step by step:  the first step 

exchanges Na with NH4, the second step exchanges NH4
+ with Ni2+, the calcination at the end 

liberates NH3 to form the final product. 

 

Figure 4: Ion exchange steps from Na-zeolite to Ni-zeolite. Adopted from [18]. 

There are many other properties that make zeolites attractive for catalysis; well-defined 

crystal structure, extensive internal surface to allow catalytic processes, high thermal stability 

and possibility to modify the active sites as well as the selectivity provided by their molecular 

dimensional pores. The shape selectivity in zeolites is often divided into three types as 

illustrated in Figure 5. Given that catalysis takes place largely inside the pores access and exit 

from this environment is important. 

- Reactant selectivity is based upon the size exclusion of a potential reactant. If a 

reactant cannot enter the channels, where the active site is, it cannot react. 

- Transition state selectivity can arise when the space available around an active site is 

too small for formation of certain transition states. 

- Product selectivity occurs because of the difference in rates of diffusion for different 

products formed. If a molecule formed inside the cavity is too large to diffuse out of 
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the pores, it will either react further to molecules that can diffuse out or react to form 

larger species (e.g. coke) that will be stuck inside the cavity/channels and deactivate 

the catalyst [11]. 

 

Figure 5: Shape selectivity in zeolites. Adopted from [11]. 
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3 Ethene oligomerization 

3.1 Background 
Alkene production can be achieved with different processes depending on the feedstock. 

There are several commercially available processes which include: selective dehydrogenation 

of alkanes, direct production from syngas, production from methanol and oligomerization of 

ethene (Figure 6). 

 

Figure 6: A simplified scheme showing different processes for olefin production 

 

Methane, which is the main component of natural gas, is a stable, symmetrical and unreactive 

molecule. This non-reactive molecule can, through steam reforming (as shown in figure6), be 

converted to a much more reactive gas mixture known as syngas (a mixture of hydrogen and 

carbon monoxide) [19]. Syngas has many applications and one of the main applications is 

alkene production through the Fischer-Tropsh (FT) process. This process is rather complex 

and is capable of producing a wide range of hydrocarbons depending on the reaction 

conditions. FT can in principle be tuned for the production of light alkenes, but this change is 

also accompanied with other challenges [4]. Another application of syngas is methanol 
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production. A common feature of FT and methanol synthesis is that both of these processes 

utilize transition metal-based catalysts. Methanol is an important solvent and intermediate, but 

its industrial importance increased when Mobil discovered a very effective catalyst, H-ZSM-5 

zeolite, which converts methanol into gasoline (MTG). With the increasing demand for 

olefins, along with the discovery of H-SAPO-34, the MTG process later evolved into 

methanol to olefin (MTO) process, where methanol is converted to olefins.  A common 

feature of FT and MTO is that they lead to a mixture of hydrocarbon products, some being 

more valuable than others[13]. Thus there is a growing interest in selectively converting the 

less desired alkene products, such as ethene, to more valuable alkene products. 

The selective dehydrogenation process converts alkanes to their corresponding alkene. UOP’s 

Oleflex process is an example for this process, where C3-C4 alkanes are selectively converted 

to alkenes, using platinum supported on alumina as catalyst [20]. Alkane dehydrogenation is a 

highly endothermic reaction and high temperatures are required, but at high temperatures 

secondary reactions and coke formation becomes a problem.  

Among these different routes, homogeneous ethene oligomerization has since the mid-1970s 

been the main route for C4-C18 alkene production[21]. There are several processes in 

operation for alkene oligomerization, examples are: Chevron Phillips Chemical, Ineos and 

Shell. A common feature for these processes is that they produce a broad range of olefins (C4-

C20+) and they produce different olefins at a fixed ratio, thus limiting the marked flexibility. 

However, as the demand for short chain olefins (C4-C8) are increasing faster than for longer 

ones (C10+), significant effort has been put into developing homogeneous and heterogeneous 

catalysts that can selectively produce light olefins [2, 5, 21]. In this work, we are interested in 

the heterogeneously catalysed ethene oligomerization, as it potentially offers a more 

environmentally friendly alternative to the traditional methods [5]. 

Heterogeneous processes for ethylene oligomerization 

As explained in the introduction, heterogeneous processes for oligomerization have recently 

got an increasing interest from the scientific community. They present practical (catalyst-

products separation) and environmental (absence of solvent, regeneration) advantages over 

their homogeneous counterpart. Three main classes of solid catalyst have been reported for 

ethene oligomerization; (i) solid acids, (ii) nickel complexes on support and (iii) nickel 

supported on inorganic porous materials (Figure 7). 
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Figure 7: The three main classes of solid catalyst for ethene oligomerization. 

Ethene oligomerization on solid acid catalysts 

Ethene oligomerization has been studied with different acid catalysts like silica-alumina and 

supported phosphoric acid, but the most promising class of acid catalyst was shown to be 

zeolites [22]. Ethene has a relatively low reactivity in comparison with other light 

hydrocarbons and needs higher reaction temperature in order to be converted by acid 

catalysis. Although higher activity for oligomerization can be achieved at high temperatures 

other reactions besides oligomerization, such as isomerization, cracking and aromatization 

becomes important. A broad range of products and large amounts of coke thus are formed 

[23]. 

Ethene oligomerization on supported nickel catalysts 

Ni-zeolites, Ni-mesoporous materials, supported NiSO4 and supported Ni have been widely 

investigated in the past decades [22, 24, 25]. These supported nickel materials also showed 

interesting properties in ethene oligomerization, but under milder operating conditions than 

solid acids, as reported by Heveling et al. [26]. They studied partially Ni-exchanged NaY 

zeolites for oligomerization of ethene at 35 bar. The acid catalyst did not show any significant 

conversion below 250 °C while the Ni-NaY showed two activity maxima, one at low 

temperature (120 °C) and one at a high temperature (300 °C). At low temperature, only even-

numbered products were formed, while both even and odd numbered products were formed at 

higher temperatures. Based on the lack of activity with the H-Na-Y at low temperature and 

the selectivity Ni-Na-Y showed towards even-numbered carbon products (pointing at a redox 

reaction rather than carbenium ion/cationic mechanism), the Ni-sites were proven to be active 

at milder conditions. The nature of the nickel sites also allowed for a narrower selectivity 

towards light alkenes [27]. This shows that nickel-containing catalyst have a significant 

advantage over acid catalysts, because the selectivity to desired products is much higher and 

the rate of deactivation due to coking is much lower. 
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Ni-containing zeolites: effect of nickel concentration on activity 

The method of incorporation and amount of nickel incorporated was shown to be crucial. Low 

nickel concentration showed low activity because of too small number of active sites, while 

high nickel concentration was found to be detrimental for activity, possibly because of pore 

plugging. There are two common techniques to incorporate nickel onto the inorganic support: 

wet impregnation and ion exchange. Using ion exchange, nickel can be homogeneously 

distributed as charge compensating cation. However, with wet impregnation excess nickel, 

more than what is needed as charge compensation cation can be forced on the support and 

NiO clusters can be formed after calcination. Lacarriere et al. [28] reported increasing activity 

for Ni-MCM-41 – a zeotype matrial with larger pores –  with increasing nickel concentration 

using both methods for nickel incorporation. A decrease in conversion was observed when 

excess nickel was incorporated with wet impregnation, ascribing the decrease in activity to 

formation of NiO clusters and partial blocking of the pores by bulk NiO particles. Similar 

results were reported by Martinez et al. [6] using nickel-incorporated beta zeolite. It was 

observed that NiO clusters were formed with wet impregnation after the exchange sites were 

“saturated” with nickel. For the ion exchanged samples, where no NiO clusters were detected, 

linear relationship between conversion and the nickel concentration was observed (Figure 8). 

Thus it was proven that ethene conversion increased with increasing nickel concentration as 

long as nickel was incorporated as charge compensating cation and not forced on the support. 

 

Figure 8: The effect of Ni-concentration on ethene conversion, reaction conditions: T=120 °C, P(eth)=26 bar, 
fixed bed. Adapted from [6]. 
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Ni-containing zeolites: effect of nickel concentration on product selectivity*** 

In a recent review [5], the effect of nickel concentration on product distribution was also 

discussed. Taking Martinez’s work as basis, a direct correlation between product distribution 

and nickel loading was reported. What was originally reported by Martinez et al. was that, 

when the Ni concentration increased, the butene selectivity decreased in favour of heavier 

products. The decrease in butene selectivity was ascribed to the change in conversion and not 

to the nickel concentration of the zeolite, as it was reported in the review. Espinoza et al. [29] 

studied the effect of nickel concentration on Ni-silica-alumina. They observed that the 

selectivity strongly depended on the nickel concentration; increasing nickel concentration 

increased the selectivity towards lighter products (compared at the same level of ethene 

conversion). In the same study, they also reported that at lower nickel concentration the 

activity per nickel site is higher than at a higher nickel concentration.  

Ni-Containing zeolites: respective roles of nickel and acid sites 

Generally, Ni-supported materials contain both Ni and acid catalytic sites, and it has been 

shown that nickel or other transition metal sites are very important for the oligomerization of 

ethene [5, 30]. Nevertheless in another study on Ni-silica-alumina by Espinoza et al. [31], a 

proportional relationship between ethene oligomerization activity and acid strength was 

reported. In a study on the influence of the acid site concentration on Ni-MCM-41 by Hulea et 

al. [32], catalysts with Brønsted acid sites showed higher activity than the ones which had 

their acid sites neutralized, showing that too low acidity is detrimental for the catalytic 

activity. The same results were reported by Ng et al. [33] in a similar study on Ni-NaY, in 

addition they proposed that the Ni+-H+ couple is involved in the oligomerization mechanism 

of ethene. However, utilizing catalysts with very high acid site density to achieve high activity 

was shown to not be optimal either. Lallemand et al. [34] studied the effect of nickel/acid site 

ratio on Ni-MCM-41 catalyst and reported that a very high acid site density enhances the 

formation of long chain oligomers, which are responsible for pore blocking and catalyst 

deactivation. Consequently only a fine balance between Ni/acid site density is beneficial for 

ethene oligomerization (Figure 9) [5].  
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Figure 9: Effect of acidity and Ni/acid site density on catalytic activity. Adapted from [5] 

Ni-containing zeolites: effect of textural properties 

As previously mentioned, microporous zeolites have been reported to have low stability and 

showed quick deactivation. An exception is nanocrystalline Ni-H-Beta, that did not deactivate 

at all after 8h of TOS [6]. In a review by Finiels et al. [5]; activity was plotted against pore 

size for catalysts tested under similar conditions (Figure 10). An increase in pore size 

correlates with an increase of the catalyst activity, where Ni-mesoporous catalysts showed the 

highest activity. 

 

Figure 10: Activities of Ni-exchanged materials with different topologies and pore sizes (1.5-2 wt% Ni; reaction 
conditions: 150 °C, 35 bar, TOS = 1h, batch mode). Adapted from [5]. 

In the study by Lallemand et al. [34] where the effect of ratio between nickel and acid sites 

were investigated, the textural properties (e.g pore size) was also studied. Ni-MCM-22, a 

zeolite having only micropores, was compared to Ni-MCM-36, a zeolite having both micro 

and mesopores. Small amounts of oligomers were obtained with Ni-MCM-22 compared to 

Ni-MCM-36. It was suggested that the mesoporous channels in Ni-MCM-36 facilitates the 

diffusion of bulkier olefins obtained from the oligomerization reaction, which will lower the 
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deactivation rate compared to the purely microporous Ni-MCM-22. Measurements done on 

the spent catalyst showed that the microporous catalysts were very quickly deactivated by 

pore blocking with heavy reaction products.  

Ni-containing zeolites: reaction mechanism and active site 

The effect of different properties such as acid density, textural properties, nickel concentration 

have been discussed here for the heterogeneous catalysts, but details about the reaction 

mechanism and the nature of the active sites is yet to be discussed. Identifying the active site 

and gaining insight into the reaction mechanism in the Ni-containing catalysts is of great 

importance, as it will potentially accelerate the discovery of improved heterogeneous catalysts 

for this process. The nature of nickel; its coordination number, oxidation state, where it is 

placed on the support and how it is formed are all important information and the catalytic 

properties of the nickel modified catalysts will depend on some of these properties. For 

example the oxidation state of nickel ions appear to be crucial for the catalytic performance in 

some reactions; where zerovalent Ni0 is needed for hydrogenation of unsaturated organic 

compounds [35] other oxidation states become important in other reactions such as NOx 

reduction [5]. 

There are different opinions concerning the oxidation state of Ni during ethene 

oligomerization. In a study by Yashima et al. [30] from 1975 on several metal ion exchanged 

Y zeolites, highly dispersed zerovalent nickel (Ni0) was proposed to be the active site for 

oligomerization based on ESR and IR results. Contrarily, Ni2+ cation in exchange positions in 

Ni-Beta zeolite was proposed as active site by Martinez et al. [6] while the monovalent Ni+ 

was found out to be spectator. To make things even more complicated; Ni+ species, produced 

by reduction of Ni2+, was concluded to be the active site by several different authors based on 

EPR and FTIR [36, 37]. Until a very recent study by S. Moussa et al. [38] the active site was 

thought to be placed in the exchange positions in the catalyst. They studied three supported 

nickel catalysts and compared them. It was shown that under-coordinated Ni2+ on the surface 

of sub-5-nm NiO nanoparticles and Ni2+ interacting with silanols/aluminols had significantly 

higher catalytic activity than isolated Ni2+ cations in the ion exchange positions. Thus 

questioning the general belief that ion exchanged Ni species are the only active species in Ni-

based aluminosilicate catalysts. They could also not detect any Ni+ and concluded that they 

are irrelevant in the initial activation of ethene. 
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As it can be seen from the diversity of proposals, a final answer on number of active sites, 

their position and the oxidation state of nickel in aluminosilicate catalyst has not yet been 

reached.  

The mechanism of alkene oligomerization with homogeneous catalysts has been reviewed by 

McGuinness[39]. The two widely recognized mechanisms, metallacycle and Cossee-Arlman, 

are shown in Figure 11. 

 

Figure 11: The two widely recognized reaction mechanism for the homogeneously catalysed oligomerization of 
ethene 

In the metallacycle mechanism, the process begins with oxidative coupling of two ethene 

molecules, forming the metallacyclopentane complex. Insertion of further ethene molecules 

expands the ring, producing larger ring metallacycles, while decomposition of the 

metallacycle at any point by a hydride shift can produce linear olefins. On the other side, the 

Cossee-Arlman mechanism is based on a metal-alkyl species formed from a cocatalyst, often 

an alkylaluminium compound. The alkyl chain grows by migratory insertion and products are 

released by β-hydride elimination. The cocatalyst was found to be unnecessary for Ni-based 

heterogeneous catalysts. 

There is still limited knowledge about the catalytic cycle of ethene oligomerization catalysed 

by Ni-based materials. K. Toch et al. [40] studied ethene oligomerization on Ni-SiO2-Al2O3 

by combining experimentally obtained data with single event microkinetic modelling 

(SEMK). They investigated these two possible mechanisms, Cosse-Arlman and metallacycle, 
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transposed from the homogeneous system. The kinetic parameters were estimated with the 

model with narrow confidence intervals and concluded that the Cossee-Arlman mechanism 

was the most likely reaction mechanism. However, they did not exclude the metallacycle 

mechanism nor did they investigate the oxidation state of nickel or the formation of the active 

site.  

Rasmus et al. utilized molecular modelling to investigate the reaction mechanism of ethene 

oligomerization catalysed by Ni-SSZ-24 zeolite, as well as the formation of the active site. 

The metallacycle, Cossee-Arlman and a new proton transfer mechanism was investigated, 

where the oxidation state of nickel was varied between 0, I and II. They concluded that the 

most probable pathway is the Cossee-Arlman mechanism and that the support is involved in 

the active site formation [41]. 

Metallacycle mechanism has also been proposed for ethene oligomerization on Ni containing 

aluminosilicates [38]. A 30/70 ratio between 1-butene and 2-butene was observed even 

though the metallacycle mechanism is expected to have higher selectivity towards 1-alkenes 

compared to Cossee-Arlman. To account for the high selectivity towards 2-butenes, the 

authors suggested two types of mechanisms: Metallacycle for oligomerization of ethene and a 

second mechanism based on acid catalysis for isomerization of products. The Cossee-Arlman 

mechanism was thought to be unlikely because of the absence of co-catalysts in these 

reactions.  
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4 Theory of the experimental methods 

4.1 X-ray diffraction (XRD) 
One of the most distinct properties of the crystalline state is the presence of long-range order, 

unlike amorphous materials. The periodic structure of an ideal crystal is best described by a 

lattice; the lattice is a three-dimensional, infinite array of points, each of which is surrounded 

in an identical way by its neighbours [42]. A unit cell is the smallest unit of volume that 

contains all of the structural and symmetry information and can be used to construct the entire 

crystal just by translational displacements. 

When X-ray photons are incident with the crystal lattice of a solid, which can be represented 

as planes of atoms separated by a distance d (Figure 12), they will be diffracted by the planes 

of atoms in the lattice with an angle θ. There are many different sets of planes in a crystal, so 

there will be many angles at which a reflection will occur and the angle of reflection will 

depend on which crystal plane the photons will be reflected from. The relation between the 

interatomic spacing d and the reflection angle is given by Braggs law: 

Braggs law 

𝑛𝑛𝜆𝜆 = 2𝑑𝑑 sin𝜃𝜃 

When the path-length distance between different planes (d) is an integer number of 

wavelengths (λ), the reflected waves are in phase and interfere constructively. For all the 

other angles θ, the path-length difference is not an integer number of wavelengths and will 

lead to destructive interference [43]. It is possible to rotate the sample or the detector during 

an experiment and once the angles for constructive interference is determined, using Braggs 

equation, it is possible to calculate the spacing of the crystal planes. Furthermore, the 

positions and intensities in a powder diffractogram can be compared to calculated and 

referenced diffractograms to determine the phases present in the sample. 

 

Figure 12: Showing to x-ray photons being diffracted (reflected) 
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4.2 Scanning electron microscopy (SEM) 
Observing the surface of a catalyst is important in catalytic chemistry. Optical microscopy 

does not give the desired resolution, because the detection of features smaller than about 1 µm 

is not possible. An electron microscope can reveal details with a resolution of about 0.1 nm, 

which allows observing the surface in much more detail [44]. Scanning electron microscopy 

(SEM) can be used to study the surface topography of the materials, including size and shape 

of the crystals. 

A finely focused beam of electrons, through the lenses, is moved across the specimen in order 

to scan it. The operational mode of a SEM is shown schematically in Figure 13. There are 

several ways to generate electrons in the electron gun. For 

example, in a field emission electron gun, a strong electric field is 

applied to a tungsten singe crystal (cathode) with a pointed tip and 

the cathode emits electrons due to the effect of the electric field. 

The electron beam induces electron emission from the sample. 

Secondary and backscattered electrons are detected, collected and 

amplified [45]. Vacuum is necessary for the thermal and chemical 

stability of the electron gun, but in some cases a small amount of 

water vapour can be introduced to the sample chamber in order to 

limit charging of the sample, which can complicate the analysis of 

non-conducting samples. 

Secondary electrons are low energy electrons which are mostly 

emitted from the surface. These electrons provide the highest 

spatial resolution images, because there will be contrast in the 

picture depending on the local curvature of the surface. Electrons 

can also collide with atoms in the sample and be scattered back, the amount of backscattered 

electrons will depend on the mass density of the atoms [46]. If a region of a sample contains 

heavier atoms than the surroundings, it can be distinguished due to a higher yield of 

backscattered electrons. 

EDS: In addition to secondary and backscattered electrons, the sample also emits X-rays as a 

consequence of bombarding the sample with electrons. When an incoming electron collides 

with an electron from the inner shell of the atoms, the collision may expel an electron from 

Figure 13: Schematic set-up 
of an scanning electron 
microscope (SEM), adapted 
from [44]. 
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the inner shell. An electron from a higher energy orbital will drop into the vacancy emitting 

an X-ray photon. The wavelength of the X-ray signals being characteristic of one element, the 

chemical constituents and their spatial distribution can be identified [46]. 

4.3 Microwave plasma atomic emission 
spectroscopy (MP-AES) 
All atoms prefer to be in their ground state, the state with lowest energy. Atomic emission 

occurs when a valence electron in a higher energy atomic orbital returns to a lower energy 

atomic orbital. MP-AES is based on this principle; a microwave plasma (MP) is used to 

produce excited atoms and ions. Excited electrons eventually return to a lower energy atomic 

orbital and emit electromagnetic radiations at wavelengths characteristic of a particular 

element. Some interference exists, but most elements can be analysed simultaneously. The 

analysis can be done both qualitatively and quantitatively because the emission intensity of 

each signal is proportional to the concentration of the element in the sample [47]. A 

quantitative analysis is performed by preparing calibration solutions in a range where the 

concentration of the sample is expected to be. 

 

Figure 14: The schematic representation of MP-AES 

The sample (liquid) is sucked from the sample holder with a pump and is delivered into a 

nebulizer which turns the liquid into a fine mist (aerosol) and introduces the sample inside the 

plasma flame. The atomic emissions are generated inside the plasma and the selected 

wavelengths that pass through a monochromator are sent to the detector (Figure 14).  

4.4 Nitrogen adsorption 
Molecules and atoms can attach to surfaces in two ways: (i) the binding to the surface is 

caused by ordinary van der Waals forces, named physisorption (ii) the molecules are bonded 
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to the surface by forming chemical bonds, named chemisorption. The surface area and other 

textural properties of solids can be determined by adsorption of small molecules such as CO, 

Ar and N2, where N2 is the most common.  The amount of a gas that is adsorbed on a given 

surface depends on the temperature and the partial pressure. The relation between the amount 

adsorbed and the equilibrium pressure of the gas at constant temperature is known as 

adsorption isotherm.  

The Brunauer-Emmet-Teller (BET) method can be employed to find the specific surface area 

of the material, the linearized version of BET equation is given in as: 

Equation 1: Linearized version of the BET equation 

𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 ∗ (1 − 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟)

=
1

𝑉𝑉𝑚𝑚 ∗ 𝐶𝐶
+
𝐶𝐶 − 1
𝑉𝑉𝑚𝑚 ∗ 𝐶𝐶

∗ 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 

Where 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎is the volume of adsorbed gas, 𝑉𝑉𝑚𝑚 is the volume of gas adsorbed in the first 

monolayer, C is constant and  𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 is the partial pressure of the adsorbed gas relative to the 

vapour pressure at the measuring temperature. A plot of 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎(1−𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟)

 as a function of 𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 gives 

a straight line and the slope and the intercept can be used to find 𝑉𝑉𝑚𝑚and if the diameter of the 

adsorbate molecule is known, the specific surface area can be calculated. This analysis 

assumes, among other things, (i) adsorption on a uniform surface (ii) each molecule adsorbed 

in a layer is itself a potential adsorption site for the next layer and there is no steric limitation 

to the thickness of the multilayer. (iii) No interaction between the adsorbed molecules. 

The t-plot method can be used to determine the micro and mesoporous volumes and the 

specific surface area of a sample by comparison with a reference adsorption isotherm of a 

nonporous material having the same surface chemistry. This method is based on the t-curve; a 

plot of the volume of gas adsorbed as a function of t, i.e., the multilayer thickness on the 

reference non-porous material at the corresponding Prel, in practice calculated with the help of 

a thickness equation [8, 48-51] 

4.5 Thermogravimetric analysis (TGA) 
In a thermogravimetric apparatus, the mass of the sample is measured with increasing 

temperature. The instrument consists of a precision balance and the balance can be lowered to 
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an oven encapsulating the balance. The sample is placed on the balance and the atmosphere 

and the temperature inside the oven can be controlled.  

4.6 Gas chromatography (GC) 
Chromatography is a physical method of separation in which the components to be separated 

are distributed between two phases the stationary phase and the mobile phase [52]. In gas 

chromatography, schematics shown in Figure 15, a volatile liquid or gaseous sample is 

injected through the septum into a heated port, in which it rapidly evaporates. The quality and 

speed of the separation depends on several factors such as the nature of the phases, 

temperature, pressure and flow rate. The mobile phase, which is usually He, N2 or H2, carries 

the sample to be separated through a column containing the stationary phase. 

The packed column contains fine particles of solid coated with liquid stationary phase or the 

solid itself is the stationary phase. In open tubular columns the stationary phase is coated 

around the walls of the column either as a film or solid particles. Open tubular column is the 

most common type for GC and offers higher resolution, shorter analysis time, greater 

sensitivity compared to packed column. Compounds traveling through the column will be 

separated depending on how strong they interact with the stationary phase; non-polar columns 

are best for nonpolar solutes based on the “like dissolves like” principle. The column must be 

hot enough and is placed inside an oven to provide sufficient vapor pressure for compounds to 

be eluted in a reasonable amount of time.  

 

Figure 15: Schematic diagram of a gas chromatograph. 
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In this work, thermal conductivity, mass spectrometry and flame ionization detectors were 

used. Each of them presents advantages over the others. 

4.7 Flame ionization detector (FID) 
In FID, shown in Figure 16, the eluate is burned in a mixture of H2 and air [53]. Around 1 in 

105 carbon atoms burned produce CHO+ ions and electrons in the flame: 

𝐶𝐶𝐻𝐻 + 𝑂𝑂 → 𝐶𝐶𝐻𝐻𝑂𝑂+ + 𝑒𝑒− 

The generation of these ions is proportional to the concentration 

of carbon atoms entering the flame. The FID detector is assumed 

to have a constant response factor to all products formed in these 

experiments (non-oxygenate hydrocarbons) and signal from each 

compound is assumed to be proportional to number of carbons in 

the compound; e.g. if the concentration of ethene is equal to the 

concentration of n-butene, the area of n-butene would have twice 

the area of ethene. The FID is more sensitive than the TCD and 

allows simple quantification of reactants and products in 

hydrocarbon based reactions, such as ethene oligomerization. 

However, this detector does not allow quantification of non-flammable molecules. 

4.8 Thermal conductivity detector (TCD) 
Thermal conductivity detector measures the ability of a substance to transport heat from a hot 

region to a cold region. Schematic diagram of TCD is shown in 

Figure 17. Eluate from the column will flow through the hot 

tungsten-rhenium filament along with the carrier gas. Helium is the 

carrier gas commonly used with a TCD because of its very high 

thermal conductivity (second highest after H2). Any compound 

mixed with helium will lower the thermal conductivity of the gas 

stream and increase the temperature of the filament (due to reduced 

thermal conductivity) [54]. This will increase the electrical 

resistance and the voltage across the filament and a detector is used 

Figure 16: Schematics of FID. 
Adapted from [53] 

Figure 17: Thermal 
conductivity detector. 
Adapted from [54]. 
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to measure the change in voltage and relate it to intensity. To compensate for flow, 

temperature and pressure differences, the mobile phase is passed through a reference cell.  

TCD is less sensitive than FID and needs to be calibrated in order to quantify each compound, 

but it can detect any compound flowed through it. 

4.9 Mass-spectrometer (MS) 
Mass spectrometry is a powerful analytical technique that can be used to identify unknown 

compounds within a sample. A mass spectrometer generates multiple ions from the sample 

under investigation, it then separates them according to their specific mass-to-charge ratio 

(m/z), and the records the relative abundance of each ion type [55].  
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5 Experimental 

5.1 Catalyst preparation 

5.1.1 H-Beta 

The H-Beta zeolite was prepared using NH4-Beta (commercial sample provided by Zeolyst 

CP-814C, Si/Al = 19) as starting material. The original NH4-Beta catalyst was calcined at 550 

°C for 6 h using a heating rate of 1.5 °C/min in a Nabertherm B170 oven, under air atmosphere 

to obtain the protonated form. Two types of Ni-Beta zeolites were then prepared starting from 

H-Beta as described by Martinez et al. [6].  

5.1.2 Nickel impregnated samples 

The first catalyst was prepared by incipient wetness impregnation of H-Beta with an aqueous 

solution of Ni(NO3)2*6H2O (Sigma Aldrich, > 97.0 %, 30 mL and 0.81M) to give a 

theoretical Ni2+ loading of 4 wt %. 

0.699g of Ni(NO3)2*6H2O was dissolved in 29.736 g of water and 3.521 g of H-Beta added 

to the mixture (see appendix for calculations). The mixture was stirred 24 h at room 

temperature (RT) and dried overnight at 100℃ and calcined at 550℃ for 3h using a heating 

rate of 1℃/min. The catalytic testing done with the impregnated samples was named: MK_Ni-

B(im). 

5.1.3 Nickel ion exchanged samples 

The second catalyst, which was ion exchanged, showed similar conversion with lower Ni 

loading [1]. To prepare this catalyst; four consecutive ion exchanges were carried out on the 

original catalyst with intermediate drying steps at 100 °C. The exchanges were carried out 

with 0.1M aqueous solution of Ni(NO3)2 at 70 °C for 4h using a liquid-to-solid-ratio of 10 

cm3/g, the catalyst was finally calcined  at the same conditions as the impregnated sample to 

yield ion exchanged sample with Ni loading of approx. 2.0 wt %. The catalytic testing done 

with the ion exchanged sample was named: MK_Ni-B(ex). 
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Low nickel concentration 

A catalyst with lower nickel concentration was prepared the same way; only two ion 

exchanges were carried out on this catalyst, named: MK_Ni-B(ex)_low. 

5.1.4 Nanocrystalline samples 

The Ni-ion exchanged nanocrystalline catalyst was prepared using Na-Beta (commercial 

sample provided by PQ, Si/Al = 13) as starting material, following the same procedure as 

described above. The catalytic testing done with the nickel containing nanocrystalline sample 

was named MK_Ni-B(nano). 

5.2 Catalyst characterization 

5.2.1 X-ray diffraction (XRD) 

The samples were characterized by X-ray powder diffraction (XRD) measurements. A Bruker 

D8 Discover diffractometer was employed, using Cu Kα radiation (λ=1.5406 Å), and obtained 

data were processed with Diffrac Eva 4.0 and Topaz 5.0. The aim of this analysis was to make 

sure that the samples were crystalline, belonged to the *BEA family and check for presence of 

nickel compound particles in the catalyst, such as NiO. The NiO particles were identified by 

comparing the diffractograms to a pure NiO standard sample. Two different sample holders, 

one deep and one narrow, were used for measurement. With the deep sample holder, more 

sample can be analysed, thus higher intensity in the diffractograms is observed. Different 

sample holder was used depending on the amount of sample available for XRD 

5.2.2 Scanning electron microscopy 

Scanning electron microscopy (SEM) was performed on both Ni-Beta materials, on a Hitachi 

SU8230 microscope in order to estimate the distribution of nickel in the samples. The nickel 

content as well as the silicon/aluminium ratio was estimated by energy-dispersive X-ray 

spectroscopy (EDS) on the same apparatus. Prior to analysing the samples the sample was 

dispersed on carbon tape. 

5.2.3 Microwave plasma atomic emission spectroscopy (MP-AES) 
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All catalysts, except MK_Ni-Beta_low, used in this work were analysed with an Agilent 4100 

MP-AES to determine the ratio between Si, Al and Ni. Prior to the element analysis, the 

concentration of the elements were estimated with EDS analysis and calibration solutions 

were made with Si, Al and Ni standards in the concentration range previously estimated. To 

avoid matrix effect, all of the samples and calibration solutions were prepared the following 

the same procedure: The samples catalysts were dissolved in 15 wt % HF (1 mL) in a Teflon 

container, after waiting 45 min, the acid is neutralized with excess Boric acid, diluted with 

water to the desired concentration.  

To avoid possible interference, two different wavelengths were used for measuring each 

element, see Table 1: 

Table 1: Wavelengths used for element analysis with MP-AES 

 Wavelength1 (nm) Wavelength2 (nm) 

Si 251.611 288.158 
Al 394.401 396.152 
Ni 351.505 352.454 

5.2.4 N2 adsorption 

The textural properties of the samples were derived from the N2 adsorption isotherms, 

measured at -196 °C, using a BELSORP-mini II instrument. All samples were first outgassed 

in vacuum for 1h at 80 °C and 3h at 300 °C, and then measured. The catalyst porous volumes 

and surface areas were determined using the t-plot and BET method. 

5.2.5 Thermogravimetric analysis 

TGA measurements were performed in a Stanton Redcroft TGA instrument. A small amount 

(~30 mg) of sample was loaded in a platinum crucible and subjected to oxidizing atmosphere 

(synthetic air, with 20 ml/min N2 and 5 ml/min O2 flow) inside a closed chamber. The 

samples were heated from 25 °C to 800 °C with a heating rate of 5 °C/min and held at 800 °C 

for 60 min. The effluent from the instrument was analysed on-line with a mass spectrometer 

(Pfeiffer OmniStar) 

5.2.6 Analysis of retained material 
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Organic compounds which were deposited in the samples during testing were analysed 

afterwards. The samples were first dissolved in 15 wt % HF (1 mL) in a Teflon container. 

After a waiting period of 45 min, the organic phase was extracted with CH2Cl2 (1 mL). After 

another waiting period of 30 min, the organic phase was transferred to glass vials by syringe 

and analysed with a GC-MS instrument (DB-5MS, 60m x 0.25mm x 0.25µm) 

5.3 Catalytic testing 

5.3.1 Experimental set-up 

The catalytic oligomerization reactions were carried out in a continuous flow stainless steel 

reactor (inner diameter: 0.82 cm) with a quartz sinter in the middle upon which the catalyst 

powder was placed. A thermocouple was placed inside the reactor, on top of the catalyst bed 

to monitor the temperature during reaction. The rig set-up was planned in advance so that 

separate gas tanks for the inert (10% Ne in He, provided by AGA, 2.5 grade) and ethene 

(provided by AGA, 2.5 grade) was used. This enabled to flow various gas compositions 

through the reactor while keeping the total pressure and the contact time constant. The total 

pressure was controlled by a backpressure controller (Bronkhorst back pressure controller, P-

702CV) and the partial pressures by adjusting the individual flows. The schematic of the 

system used is given in Figure 18. 
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Figure 18: The schematics of the test rig. MFC: Mass flow controller. PI: Pressure gauge. GC: Gas 
chromatograph. HP: High pressure, HT: high temperature, TIC: Thermocouple. 
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With the use of a four-way valve it is possible to alter between inert or oxidative gases, thus 

making it possible to operate the reactor under oxidative or inert atmosphere, e.g. do the 

reaction under inert and regenerate in oxidative or reductive atmosphere without dismounting 

the reactor and subjecting it to air. With the use of a second four-way valve; one can choose 

to feed the gases through the reactor or bypass it, which is very useful when doing feed 

analysis for calculation of the mass balance. If bypass was not possible; the use of expensive 

gases (e.g. 10% Ne in He) would be much higher, since one would need to decrease and 

increase the pressure multiple times.  

To analyse the products of the reaction, a small portion of the reactor effluent (about 3 

mL/min) was led through heated lines to an online gas chromatograph. This allowed the 

analysis of all effluent products simultaneously without the need to condense the heavy 

products. To prevent condensation of hydrocarbons in the pressure controller and the waste 

line, which are not heated, a cylinder filled with silicon oil was placed upstream. The silicon 

oil retains heavy hydrocarbon products that might have formed during the reaction. This was 

necessary because even a small amount of condensation in the pressure controller, which 

cannot be heated due to the electronics inside, would destroy the equipment.  

Before each experiment, the catalyst was pressed, crushed and sieved with particle size 

between 240 – 420 µm. The reactor was first loaded with catalyst and was activated in situ at 

300 °C for 16 h under 1 bar of helium (provided by AGA, 5.0 grade). After the pre-treatment 

the reactor was cooled to the desired reaction temperature, and then the pressure increased to 

29 bar with helium (+ 10% Ne). 

 
The effluents from the reactor were analysed by an Agilent 7890B gas chromatograph, 

equipped with 3 columns: 

• Molecular sieve (CP-Molsieve 5A, 50m x 0.53mm x 50µm) for quantification of neon, 

air and methane with helium as a carrier gas connected to a thermal conductivity 

detector, 

• GS-Gaspro (60m x 0.32mm) column for separation of light hydrocarbons including all 

butenes, connected to a flame ionization detector (FID), 
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• DB-1 column (40m x 0.10mm x 0.20um) for separation of heavier hydrocarbons also 

connected to a FID. 

 
The temperature of the method used in the GC analysis is given in Table 2: 

Table 2: Oven temperature during GC analysis 

Rate (°C/min) Value (°C) Hold time (min) 

- 70 5.8 

5 120 0 

15 230 4 

 

The experiments ended by flushing the reactor with helium. After the end of each experiment 

the feed was analysed, by bypassing the reactor, to have an accurate determination of ethene 

conversion by using neon as an internal standard. 

5.3.2 Calculations 

Conversion 

All conversion, selectivity, yield etc calculated in this work is based on the observed peak 

areas from the GC-FID and GC-TCD. The conversion is calculated based on equation 1. This 

formula can be used directly to calculate the conversion with data (area) obtained from FID, 

where Cn is the area obtained from each product. 

𝑛𝑛𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟  𝑟𝑟𝑐𝑐𝑟𝑟𝑎𝑎𝑐𝑐𝑐𝑐𝑟𝑟𝑎𝑎
𝑛𝑛𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟  𝑖𝑖𝑟𝑟𝑖𝑖𝑐𝑐𝑟𝑟

= ∑ 𝐶𝐶𝑟𝑟 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎
𝐶𝐶𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎+𝐶𝐶𝑟𝑟 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑛𝑛    (3) 

The conversion calculated based on equation 3 is heavily dependent on the amount of product 

detected. Equation 1 only includes gaseous products detected with FID and the calculation is 

correct only if we assume that all of the reactant is converted to gas phase products. This 

assumption is not always correct, in processes where deactivation is observed, the reactant or 

the product can be accumulated on the catalyst. Thus the total conversion (conversion based 

on gas phase and retained material) can be very different from conversion based on only the 

gaseous products. To account for this and to calculate the total conversion, an internal 
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standard is fed into the reactor together with the reactants, equation 3 can also be expressed 

as: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙 𝑐𝑐𝑇𝑇𝑛𝑛𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝑇𝑇𝑛𝑛 =  
𝑐𝑐𝑒𝑒𝑇𝑇𝑐𝑐𝑇𝑇𝑇𝑇𝑛𝑛𝑇𝑇(𝑚𝑚𝑇𝑇𝑙𝑙)𝑖𝑖𝑛𝑛 − 𝑐𝑐𝑒𝑒𝑇𝑇𝑐𝑐𝑇𝑇𝑇𝑇𝑛𝑛𝑇𝑇(𝑚𝑚𝑇𝑇𝑙𝑙)𝑜𝑜𝑜𝑜𝑜𝑜

𝑐𝑐𝑒𝑒𝑇𝑇𝑐𝑐𝑇𝑇𝑇𝑇𝑛𝑛𝑇𝑇(𝑚𝑚𝑇𝑇𝑙𝑙)𝑖𝑖𝑛𝑛
 

=  𝐶𝐶(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜)𝑖𝑖𝑟𝑟∗𝑉𝑉𝑖𝑖𝑟𝑟−𝐶𝐶(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜)𝑐𝑐𝑐𝑐𝑟𝑟∗𝑉𝑉𝑐𝑐𝑐𝑐𝑟𝑟
𝐶𝐶(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜)𝑖𝑖𝑟𝑟∗𝑉𝑉𝑖𝑖𝑟𝑟

   (4) 

Where C is the concentration and V is the total volume in and out of the reactor. The internal 

standard is an uncreative molecule and the mole of internal standard in to and out of the 

reactor will remain constant: 

𝑛𝑛 𝑖𝑖𝑛𝑛𝑖𝑖𝑛𝑛𝑟𝑟𝑟𝑟𝑜𝑜 = 𝑛𝑛 𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑛𝑛𝑟𝑟𝑟𝑟𝑜𝑜              𝐶𝐶 𝑖𝑖𝑛𝑛𝑖𝑖𝑛𝑛𝑟𝑟𝑟𝑟𝑜𝑜 ∗ 𝑉𝑉𝑖𝑖𝑛𝑛 =  𝐶𝐶 𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑛𝑛𝑟𝑟𝑟𝑟𝑜𝑜 ∗ 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜            𝐶𝐶 𝑐𝑐𝑐𝑐𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝐶𝐶 𝑖𝑖𝑟𝑟
𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝑉𝑉𝑖𝑖𝑟𝑟

𝑉𝑉𝑐𝑐𝑐𝑐𝑟𝑟
 

Dividing equation 4 with 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙 𝑐𝑐𝑇𝑇𝑛𝑛𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝑇𝑇𝑛𝑛 =  
𝐶𝐶(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜)𝑖𝑖𝑟𝑟∗

𝑉𝑉𝑖𝑖𝑟𝑟
𝑉𝑉𝑐𝑐𝑐𝑐𝑟𝑟

−𝐶𝐶(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜)𝑐𝑐𝑐𝑐𝑟𝑟

𝐶𝐶(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜)𝑖𝑖𝑟𝑟∗
𝑉𝑉𝑖𝑖𝑟𝑟
𝑉𝑉𝑐𝑐𝑐𝑐𝑟𝑟

  (5) 

Substituting 
𝐶𝐶 𝑐𝑐𝑐𝑐𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝐶𝐶 𝑖𝑖𝑟𝑟
𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝑉𝑉𝑖𝑖𝑟𝑟

𝑉𝑉𝑐𝑐𝑐𝑐𝑟𝑟
 into equation 5: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙 𝑐𝑐𝑇𝑇𝑛𝑛𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝑇𝑇𝑛𝑛 =  
𝐶𝐶(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜)𝑖𝑖𝑟𝑟∗

𝐶𝐶 𝑐𝑐𝑐𝑐𝑟𝑟
𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝐶𝐶 𝑖𝑖𝑟𝑟
𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝐶𝐶(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜)𝑐𝑐𝑐𝑐𝑟𝑟

𝐶𝐶(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜)𝑖𝑖𝑟𝑟∗
𝐶𝐶 𝑐𝑐𝑐𝑐𝑟𝑟
𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝐶𝐶 𝑖𝑖𝑟𝑟
𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

  (6) 

The signal intensity from FID is proportional to concentration and equation 6 can be 

expressed as equation 7 and can this be rearranged to equation 8: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙 𝑐𝑐𝑇𝑇𝑛𝑛𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝑇𝑇𝑛𝑛 =  𝐴𝐴(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜)𝑖𝑖𝑟𝑟−𝐴𝐴(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜)𝑐𝑐𝑐𝑐𝑟𝑟
𝐴𝐴(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜)𝑖𝑖𝑟𝑟

   (7) 

 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙 𝑐𝑐𝑇𝑇𝑛𝑛𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝑇𝑇𝑛𝑛 =   1 − 𝐴𝐴(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜) 𝑐𝑐𝑐𝑐𝑟𝑟
𝐴𝐴(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜) 𝑖𝑖𝑟𝑟

∗ 100 %   (8) 

Where A(reactant)out is the detected area of reactant and A(reactant)in is the 

expected/theoretical area of the unreacted reactant at the same conditions. To determine 
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A(reactant)in, the feed has to be analysed in identical conditions as in the reaction and is 

calculated by equation 9: 

𝐴𝐴(𝑐𝑐𝑒𝑒𝑇𝑇𝑐𝑐𝑇𝑇𝑇𝑇𝑛𝑛𝑇𝑇) 𝑖𝑖𝑛𝑛

𝐴𝐴(𝑖𝑖𝑛𝑛𝑇𝑇𝑒𝑒𝑐𝑐𝑛𝑛𝑇𝑇𝑙𝑙 𝑐𝑐𝑇𝑇𝑑𝑑. ) 𝑖𝑖𝑛𝑛
=

𝐴𝐴(𝑐𝑐𝑒𝑒𝑇𝑇𝑐𝑐𝑇𝑇𝑇𝑇𝑛𝑛𝑇𝑇) 𝑓𝑓𝑟𝑟𝑟𝑟𝑎𝑎

𝐴𝐴(𝑖𝑖𝑛𝑛𝑇𝑇𝑒𝑒𝑐𝑐𝑛𝑛𝑇𝑇𝑙𝑙 𝑐𝑐𝑇𝑇𝑑𝑑. ) 𝑓𝑓𝑟𝑟𝑟𝑟𝑎𝑎
  

𝐴𝐴(𝑐𝑐𝑒𝑒𝑇𝑇𝑐𝑐𝑇𝑇𝑇𝑇𝑛𝑛𝑇𝑇) 𝑖𝑖𝑛𝑛 = 𝐴𝐴(𝑖𝑖𝑛𝑛𝑇𝑇𝑒𝑒𝑐𝑐𝑛𝑛𝑇𝑇𝑙𝑙 𝑐𝑐𝑇𝑇𝑑𝑑. ) 𝑖𝑖𝑛𝑛 ∗
𝐴𝐴(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜) 𝑓𝑓𝑟𝑟𝑟𝑟𝑎𝑎

𝐴𝐴(𝑖𝑖𝑛𝑛𝑜𝑜𝑟𝑟𝑟𝑟𝑛𝑛𝑎𝑎𝑟𝑟 𝑎𝑎𝑜𝑜𝑎𝑎.) 𝑓𝑓𝑟𝑟𝑟𝑟𝑎𝑎
  (9) 

Since every parameter in equation 9 can be obtained experimentally, the total conversion in % 

can now be calculated based on equation 8. It is useful information to understand how much 

of the reactant is converted to gas or solid product. The conversion of reactant to solid 

products can be calculated in a similar manner, where A(product) is the sum of area for all 

detected products: 

𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝑇𝑇𝑛𝑛𝑎𝑎𝑜𝑜𝑟𝑟𝑖𝑖𝑎𝑎 =  1 − 𝐴𝐴(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜) 𝑐𝑐𝑐𝑐𝑟𝑟+𝐴𝐴(𝑝𝑝𝑟𝑟𝑜𝑜𝑎𝑎𝑜𝑜𝑟𝑟𝑜𝑜)
𝐴𝐴(𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜𝑎𝑎𝑛𝑛𝑜𝑜) 𝑖𝑖𝑟𝑟

∗ 100 %  (10) 

In addition to equation 10, the conversion to gas phase products can easily be obtained by: 

𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝑇𝑇𝑛𝑛𝑔𝑔𝑎𝑎𝑎𝑎 = 𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝑇𝑇𝑛𝑛 −  𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝑇𝑇𝑛𝑛𝑎𝑎𝑜𝑜𝑟𝑟𝑖𝑖𝑎𝑎   (11) 

In this work, the conversion will be reported in two different notations, conversion based on 

gaseous products = gas conversion and based on gas and solid products = total conversion. 

Selectivity 

Selectivity, the production of one molecule out of many other thermodynamically feasible 

product molecules, is the key concept in developing clean processes with minimal by-product 

formation [56]. The selectivity towards gaseous or solid products can be found from: 

𝑆𝑆𝑒𝑒𝑙𝑙𝑒𝑒𝑐𝑐𝑇𝑇𝑖𝑖𝑐𝑐𝑖𝑖𝑇𝑇𝑦𝑦𝑔𝑔𝑎𝑎𝑎𝑎 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑟𝑟 = 𝐶𝐶𝑜𝑜𝑛𝑛𝑣𝑣𝑔𝑔𝑎𝑎𝑎𝑎
𝑇𝑇𝑜𝑜𝑜𝑜𝑎𝑎𝑟𝑟 𝑟𝑟𝑜𝑜𝑛𝑛𝑣𝑣.

           𝑆𝑆𝑒𝑒𝑙𝑙𝑒𝑒𝑐𝑐𝑇𝑇𝑖𝑖𝑐𝑐𝑖𝑖𝑇𝑇𝑦𝑦𝑎𝑎𝑜𝑜𝑟𝑟𝑖𝑖𝑎𝑎 = 𝐶𝐶𝑜𝑜𝑛𝑛𝑣𝑣𝑎𝑎𝑐𝑐𝑟𝑟𝑖𝑖𝑎𝑎
𝑇𝑇𝑜𝑜𝑜𝑜𝑎𝑎𝑟𝑟 𝑟𝑟𝑜𝑜𝑛𝑛𝑣𝑣

  (12) 

Product selectivity for a given product j in the gas phase can be calculated using equation 13 

where Aj is the area of a product molecule and An is the sum of areas for all detected 

products: 

𝑆𝑆𝑒𝑒𝑙𝑙𝑒𝑒𝑐𝑐𝑇𝑇𝑖𝑖𝑐𝑐𝑖𝑖𝑇𝑇𝑦𝑦𝑔𝑔𝑎𝑎𝑎𝑎 = 𝑛𝑛𝑖𝑖𝑟𝑟𝑐𝑐𝑎𝑎.𝑦𝑦𝑖𝑖𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑎𝑎 

𝑛𝑛𝑟𝑟𝑟𝑟𝑎𝑎.𝑟𝑟𝑐𝑐𝑟𝑟𝑎𝑎𝑐𝑐𝑐𝑐𝑟𝑟𝑎𝑎
= ∑ 𝐴𝐴𝑗𝑗 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎

𝐴𝐴𝑟𝑟 𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑛𝑛 ∗ 100 %   (13) 
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equation 13 calculates the product selectivity just among gas phase products, to calculate the 

product selectivity for j among gaseous and solid products; the ratio between gas and total 

conversion has to be included: 

𝑆𝑆𝑒𝑒𝑙𝑙𝑒𝑒𝑐𝑐𝑇𝑇𝑖𝑖𝑐𝑐𝑖𝑖𝑇𝑇𝑦𝑦(𝑗𝑗)𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑟𝑟 = 𝑆𝑆𝑒𝑒𝑙𝑙𝑒𝑒𝑐𝑐𝑇𝑇𝑖𝑖𝑐𝑐𝑖𝑖𝑇𝑇𝑦𝑦𝑔𝑔𝑎𝑎𝑎𝑎(𝑗𝑗) ∗   𝑔𝑔𝑎𝑎𝑎𝑎 𝑟𝑟𝑜𝑜𝑛𝑛𝑣𝑣𝑟𝑟𝑟𝑟𝑎𝑎𝑖𝑖𝑜𝑜𝑛𝑛
𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑟𝑟 𝑟𝑟𝑜𝑜𝑛𝑛𝑣𝑣𝑟𝑟𝑟𝑟𝑎𝑎𝑖𝑖𝑜𝑜𝑛𝑛

  (14) 

In this work, the selectivity will be reported in two different notations, selectivity based on 

gaseous products = gas selectivity and based on gas and solid selectivity = total selectivity. 

Yield 

Yield is used to determine the amount of product j formed in the reaction. Percentage yield of 

gas product j formed is given by: 

𝑌𝑌𝑗𝑗 =  𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝑇𝑇𝑛𝑛𝑔𝑔𝑎𝑎𝑎𝑎 ∗ 𝑆𝑆𝑒𝑒𝑙𝑙𝑒𝑒𝑐𝑐𝑇𝑇𝑖𝑖𝑐𝑐𝑖𝑖𝑇𝑇𝑦𝑦𝑔𝑔𝑎𝑎𝑎𝑎    (15) 

The yield is calculated assuming constant gas conversion and gas selectivity during the GC 

analysis. 

5.3.3 Correction for deactivation 

In some of the experiments, it was necessary to correct for deactivation to analyze the results: 

The measurements started in standard conditions (P(eth) = 25.1 bar, P(Inert) = 3.9 bar, total 

flow = 30 mL/min at STP, mcat = 0.200 g) and then the partial pressure was varied, keeping 

the total flow, total pressure and the temperature constant. One or two sets of conditions were 

measured before returning back to standard condition and this procedure was repeated until 

the end of the experiment. The partial pressure of ethene was varied randomly and not 

linearly. This kind of variation and regular return to standard conditions was done to correct 

for deactivation, before comparing the conversion and selectivity, and before calculating the 

kinetic parameters. 

A curve was fitted to a plot of conversion at standard condition against TOS. The curve that 

fits best shows how the conversion is expected to change with TOS. Following method was 

used: 

− Selecting a single conversion point (Convm,x) from the fitted curve as set point.  
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− Scaling all other values from the model (Convm,j) with this value.  

− Multiplying this ratio with the observed conversion (Convo,j) as shown in equation 14 

𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝑇𝑇𝑛𝑛𝑎𝑎𝑓𝑓𝑜𝑜𝑟𝑟𝑟𝑟 𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟𝑜𝑜.𝑚𝑚𝑜𝑜𝑎𝑎𝑟𝑟𝑟𝑟 = 𝐶𝐶𝑜𝑜𝑛𝑛𝑣𝑣𝑐𝑐,𝑗𝑗

𝐶𝐶𝑜𝑜𝑛𝑛𝑣𝑣𝑐𝑐,𝑥𝑥
∗ 𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐𝑜𝑜,𝑗𝑗    (14) 

 

 

 

  



36 
 

6 Results and discussion 

6.1 Catalyst preparation and characterization 
Sample overview 

Table X shows the catalyst that was prepared in this work. *X is used to distinguish between batches. **Catalyst 
from Zeolyst and PQ are commercial samples. 

Name Catalyst code Starting 
material Treatment 

Commercial NH4-Beta NH4-B Zeolyst** - 

H-Beta MK_H-B NH4-B Calcination of NH4-B 

Nickel impregnated Beta MK_Ni-B(im) MK_H-B Nickel impregnation on 
MK_H-B 

Nickel ion exchange Beta MK_Ni-B(ex)_X* MK_H-B Nickel ion exchange on 
MK_H-B 

Nickel ion exchanged Beta MK_Ni-B(ex)_low MK_H-B Nickel ion exchange on 
MK_H-B 

Commercial nanocrystalline 
Na-Beta Na-B(nano) PQ** - 

Nickel ion exchanged 
nanocrystalline Beta MK_Ni-B(nano) Na-B Nickel ion exchange on Na-B 

 

6.1.1 Powder X-ray diffraction (PXRD) 

PXRD was run on all samples to ensure that they belonged to the *BEA framework and that 

there were no unexpected change or damage on the zeolite crystal structure after different 

treatments (Figure 19). 
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Figure 19: PXRD patterns of all the zeolites used in this work. 

Beta zeolite is a highly intergrown material of two polymorphs; A and B [57] and different 

mixtures of these polymorphs diffract differently (Figure 20). Since it is an intergrown 

material, comparing the obtained diffractogram to pure polymorph A or B (found in Atlas of 

zeolite framework [12]) may suggest that it does not belong to the *BEA framework. 

However, comparing the diffractogram of the zeolites used in this work (Figure 19) with the 

simulated diffractograms published by the International zeolite association for different 
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mixtures of polymorph A and B (Figure 20), it is possible to see that these zeolites belong to 

the *BEA framework with approx. 50/50 ratio between polymorph A and B.  

 

Figure 20: Simulated diffractograms for the *BEA framework. 100% BEA corresponds to 100% polymorph A 
and 0% BEA corresponds to 100% polymorph B. Adapted from [58]. 

The samples show a very similar XRD pattern to the parent zeolite after various treatments 

(Figure 19). The impregnated sample showed less intense peaks, but that was due to lower 

amount of sample in the sample holder compared to the other catalysts. Ni-impregnated 

sample showed additional intensity at 37.2° and 43.3° (Figure 21). Diffraction at these angles 

have also been reported for nanocrystalline Ni-beta [6]. These peaks were ascribed to bulk 

NiO particles after comparing them to a standard. The lower intensity/absence of these peaks 

on the ion exchanged samples suggests that nickel is more homogeneously distributed on 

these catalysts or that possible NiO clusters are so small that they are XRD silent. The peaks 

detected for NiO at 37.2° and 43.3° are overlapping significantly with the zeolite framework 
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diffraction, thus the samples were analysed with SEM to further investigate the nickel 

distribution. 

  

Figure 21: The diffractogram after all of the XRD peaks have been normalized by the highest peak. 

6.1.2 Scanning electron microscopy (SEM) 

MK_Ni-B(ex)_2 and MK_Ni-B(im) were investigated with SEM to compare the nickel 

distribution, and to look for NiO particles that were suggested to exist  based on the PXRD. 

Secondary electron pictures were taken of both samples (Figure 22). The samples showed 

similar particle morphology, round particles with particle size around 1 µm. 

 

Figure 22: Secondary electron pictures of MK_Ni-B(im) (A) and MK_Ni-B(ex)_2 (B) showing the morphology 
in detail. 
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Backscattered electron image for the impregnated sample was taken on the same spot for 

impregnated sample and several spots for the ion exchanged sample, as shown in Figure 23. 

In the backscatter electron pictures, the fraction of the incident electron beam backscattered is 

dependent on the mass density of the particles; brighter spots indicate particles with higher 

mass density. 

 

Figure 23: A) Backscatter electron picture of MK_Ni-B(im) showing brighter spots on the particle surface. B) 
Backscatter electron picture of MK_Ni-B(ex). 

Many bright spots were detected on the particle surface (Figure 23A), showing that there are 

particles with higher mass density on the zeolite surface. More pictures on other spots were 

taken to ensure that these bright spots were distributed throughout the sample. Bright spots 

were detected on the ion exchanged sample as well, but with far lower concentration (Figure 

23B). This result suggests that nickel is more homogeneously distributed in these samples. 

Since the number of bright spots was minimal in ion exchanged samples, most of the catalytic 

testing was carried out on these catalysts. 

Based on the PXRD results, it is safe to say that the bright spots are NiO particles, but to 

support this idea; elemental analysis was obtained from energy dispersive X-ray spectroscopy 

(EDS) on the spot shown in Figure 23. The analysis showed high concentration of Ni, 

especially on the bright spots, and with the information from PXRD and SEM-EDS it was 

concluded that these bright spots were NiO particles. 

SEM pictures of the nanocrystalline Ni-Beta (MK_Ni-B(nano)) was taken to verify the 

nanocrystallinity and investigate the distribution of nickel. As shown in Figure 24; the particle 

size was observed to be very small, < 50 nm, but aggregation of the crystals was observed. No 

bright spots as in MK_Ni-B(im) and MK_Ni-B(ex)_2 was detected in this sample. To further 
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investigate the nickel distribution, EDS analysis on two different spots was obtained and no 

spots with high nickel concentration was found.  

 

Figure 24: Secondary (A) and backscatter (B) electron pictures of MK_Ni-B(nano). 

Elemental analysis 

Elemental analysis was obtained from EDS on the MK_Ni-B(ex)_2 sample, to have a rough 

estimate on the nickel concentration of this sample. The analysis was done on three different 

spots; the results are given in Table 3. 

Table 3: Elemental analysis obtained from EDS. The error margin is based on the standard deviation 
calculations. 

Element Mean wt % 
Si 38 + 3 
Al 2.1 + 0.1 
Ni 2.0 + 0.2 

 

The Si/Al ratio of 19 in the parent zeolite matched that of MK_Ni-B(ex). After this 

observation, the nickel concentration determined with EDS was taken as basis when preparing 

calibration solutions for a more accurate element analysis with MP-AES.  

6.1.3 Microwave plasma atomic emission spectroscopy (MP-AES) 

The results obtained with MP-AES are more accurate than the EDS values. The calibration 

curves fit really well with theoretically determined values. Compared to EDS, the standard 

deviation was reduced by one order of magnitude with MP-AES. 
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The bulk atomic Si/Al ratio, Al/Ni ratio and average nickel wt % was determined by MP-AES 

(Table 4). The calibration curves for each element and estimation of nickel wt % is given in 

the appendix. 

Table 4: Elemental analysis obtained with MP-AES along with the calculated ratios. The values are given in 
ppm. The error margin is based on the standard deviation calculations. 

Catalyst name Si Al Ni Si/Al Ni/Al Ni wt % 
H-Beta 113.6 + 0.4 5.55 + 0.02 - 20.5 - - 
MK_Ni-B(ex)_2 109.9 + 0.5 4.71 + 0.02 5.13 + 0.03 23.3 1.09 2.1 
MK_Ni-B(ex)_3 115.4 + 0.7 4.92 + 0.01 5.90 + 0.02 23.5 1.20 2.2 
Na-Beta(nano) 93.9 + 0.9 7.02 + 0.02 - 13.4 - - 
MK_Ni-B(nano) 103.7 + 0.3 6.80 + 0.01 8.75 + 0.03 15.3 1.28 3.6 
 

A general trend observed in all treated samples is the increase in Si/Al ratio, suggesting that 

aluminium is lost during the treatment. It is possibly extra framework aluminium that is lost 

during ion exchange which in turn will increase the Si/Al ratio. Both ion exchanged 

microcrystalline samples showed similar concentration of nickel, but a slight higher 

concentration was observed on the third batch (MK_Ni-B(ex)_03). Nanocrystalline sample 

had the highest concentration of nickel, which can to some degree, be due to the lower Si/Al 

ratio compared to the other samples. The number of exchange sites will be dependent on the 

Si/Al ratio and more nickel will be substituted on the zeolite with decreasing Si/Al (Ref.  

section 2.2.2) 

6.1.4 N2 adsorption 

N2 adsorption was performed on all samples and the specific surface areas determined by 

BET method and t-plot method. The adsorption isotherms for H-Beta, MK-Ni_B(ex)_2 and 

MK_Ni-B(nano) are shown in Figure 25. All three isotherms fit the Type I isotherm which is 

typical for microporous solids having relatively small external surfaces [49]. Both MK_Ni-

B(low) and MK_Ni_B(ex)_3, not shown here, had very similar adsorption isotherms to 

MK_Ni-B(ex)_2. The adsorption and desorption isotherm for MK_Ni-B(nano) was observed 

to be different from the rest of samples. Hysteresis appearing in the multilayer range of 

physisorption isotherms is usually associated with capillary condensation in mesopore 
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structures [49]. Comblor et al. [59] has shown that decreasing the crystal size increases the 

mesopore volume observed in adsorption isotherms. This increase is assigned to the 

interparticulate space and agglomeration. 

 

Figure 25: Adsorption isotherms for H-Beta (left),  MK_Ni-B(ex)_2 (middle) and MK_Ni-B(nano)(right) 

The calculated surface areas and volumes are given in Table 5. All catalysts had high total 

specific surface areas (SBET), as expected from highly crystalline, microporous zeolites. The 

total surface area decreased slightly from H-Beta (the parent zeolite) to the nickel ion 

exchanged zeolites. This is most likely not due to damage on the framework, but due to XRD 

silent NiO particles blocking pores as reported elsewhere [6]. This idea is supported further 

after observing that the decrease in total surface area is only to due to loss of micropore 

surface area and not of the external surface area. 

Table 5: BET specific surface area and t-plot external surface area of all studied samples. 

 SBET 
(m2/g) 

SExternal 
(m2/g) 

SMicro 
(m2/g) 

Vm 
(cm3/g) 

Vpore 
(cm3/g) 

Vmicro 
(cm3/g) 

Vmeso 
(cm3/g) 

H-Beta 687 24 662 157 0.31 0.28 0.03 

MK_Ni-
B(ex)_low 

647 25 621 146 0.29 0.26 0.03 

MK_Ni-
B(ex)_2 

613 25 587 140 0.28 0.25 0.03 

MK_Ni-
B(ex)_3 

653 27 625 150 0.30 0.26 0.03 

Na-Nano 348 146 201 80 0.31 0.12 0.19 

MK_Ni-
B(nano) 

689 155 534 158 0.46 0.26 0.20 

 

The low specific surface area for the parent nanocrystalline zeolite (Na-nano) is probably 

because it was not calcined properly after synthesis. If the catalyst is not calcined properly, 

the micropores may be blocked to some degree by template used during zeolite synthesis, but 
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calcination will open the inner void space [59]. The increase in specific surface area for 

MK_Ni-B(nano) compared to Na-Nano, is just due to increase in micropore surface area and 

not external surface area. The determined external surfaces areas were similar for the parent 

and modified zeolite because these sites will be open for adsorption even if the micropores are 

blocked by template. The mesopore volume indicated from the adsorption isotherm of 

MK_Ni-B(nano) is determined with t-plot method and is found to be 0.2 cm3/g and is 

assigned to the interparticulate space. 

6.2 Conclusion 
All the microcrystalline catalysts exhibited Type I isotherm as excepted. Two methods were 

employed for depositing nickel on the catalyst and it was found out that these treatments did 

not damage the catalyst to a significant degree. Bulk NiO clusters were detected when 

employing impregnation method and to avoid introducing new parameters, such as a new 

active site, ion exchanged samples that showed very small amount bulk NiO particles was 

employed for catalytic testing. The nickel concentration in each catalyst, except MK_Ni-

B_low, was determined with MP-AES. Based on the high external surface area and mesopore 

volume determined with BET and comparing SEM images of MK_Ni-B(ex)_2 with MK_Ni-

B(nano), it was concluded that MK_Ni-B(nano) was indeed nanocrystalline. 
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6.3 Catalytic testing 

6.3.1 General overview of experiments 

By the time this project was started, previous work in the group had led to the conclusion that 

studies of Ni/zeolite catalysts for ethene oligomerization needed to be carried out at high 

pressure. Therefore, the first task of the project became to construct a high pressure rest rig, 

together with Dr. Reynald Henry. This was the first high pressure test rig in the group and 

great efforts were put into constructing a functioning high pressure test rig. Only ~ 25 % of 

the completed experiments are reported here because the project developed as new results 

were obtained and the system was improved at the same time. A complete list over completed 

experiments can be found in the appendix. 

Details of the selected catalytic test are shown in Table 6. The aim with each experiment is 

described with a few words in the “comment” section of the table. In every section, the results 

are briefly discussed, but a more in depth discussion where the experiments are discussed as a 

whole is under Discussion, section 6.4. 
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Table 6: List and details on catalytic tests presented in this work. 

Exp. 
no Catalyst Exp. code Temp. ( 

°C) Comment 

1 H-Beta MK_H-B_01 120-300 
Investigate the activity of H-Beta at different 
temperatures 

2 MK_Ni-
B(ex)_2 MK_Ni-B_01 120 Investigate the activity of Ni-Beta 

3 MK_Ni-
B(ex)_2 & 3  120 Reproducibility test for MK_Ni-B_01 

4 MK_Ni-
B(ex)_2 MK_Ni-B_01_reg 120 

Investigate the activity of Ni-Beta after 
regeneration 

5 MK_Ni-B(ex)-
low 

MK_Ni-
B_low_01 120 

Investigate the effect of nickel concentration 

6 MK_Ni-
B(ex)_2 MK_Ni-B_03 120 

Investigate the effect of ethene partial 
pressure. 

7 MK_Ni-
B(ex)_2 MK_Ni-B_04 120 

Further investigate the effect of ethene partial 
pressure 

8 MK_Ni-
B(nano) MK_Ni-B_05 120 

Investigate the effect of nanocrystalline 
sample 

9 MK_Ni-
B(ex)_3 MK_Ni-B_06 120 

Investigate the effect of pressure and 
temperature 

10 MK_Ni-
B(ex)_2 MK_Ni-B_07 50 

Investigate the effect of pressure and 
temperature 

11 MK_Ni-
B(ex)_3 MK_Ni-B_08 200 

Investigate the effect of pressure and 
temperature 

 

Most of the catalytic tests were done under what was named “standard condition” and these 

conditions are given in Table 7. If not specified otherwise, the reaction conditions are given in 

Table 7. 

Table 7: Reaction conditions 

Mass of catalyst (g) 0.200 + 0.002 

Total pressure (bar) 29 + 0.02  

Contact time gcat*min/mL (at STP) 0.0067 

 

Some of the products obtained from the catalytic testing were grouped together to avoid too 

crowded figures, if not specified otherwise, these are the groupings made: 

- Linear C4: trans-2-butene, cis-2-butene and 1-butene 
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- C5: n-pentane and i-pentane 

- C6+: Hydrocarbons containing 6 or more carbon atoms. 

- Retained hydrocarbons (R-HC): Carbon-containing products which were not detected 

by GC-FID, but were quantified from the mass balance. The composition of the R-HC 

is described in section 6.3.3. 

It is worth reminding the reader that the conversion and selectivities will be reported in two 

different notations: Conversion and selectivity based on gaseous products, gas conversion and 

gas selectivity, respectively. Conversion and selectivity based on both gas and solid products: 

total conversion and total selectivity, respectively. If figures are plotted next to each other, the 

figure on the left is named A, the next figure is named B etc. 
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6.3.2 Investigating the active sites 

Aim: 

An experiment was run to evaluate the possible effect of having two active sites in the Ni-ion 

exchanged sample; Ni and Brønsted acid sites. As explained in section 3.1, these two active 

sites have been proven to show very different activity and selectivity under identical reaction 

conditions [26]. To be able to isolate the effect of nickel on the oligomerization reaction; an 

experiment with the parent H-Beta catalyst was run under similar reaction conditions as in the 

Ni-Beta experiments. The temperature of the reactor was varied until moderate activity was 

observed with H-Beta for two reasons:  

1) To find a range of temperatures where H-Beta is (moderately) active.  

2) The effect of temperature on Ni-Beta will be investigated later and it is desirable to 

work in a temperature range where H-Beta is still inactive; that is to avoid introducing 

new variables into an already complex system. 

Experiment code: MK_H-B_01 

Experimental: 

Activity of H-Beta zeolite was investigated. The reaction conditions were: 0.200 g H-Beta, 

contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where P(ethene) = 21.2 bar 

P(inert) = 7.8 bar, temperature varied between 120 – 300 °C. The experiment was started at 

120 °C with P(ethene) = 21.2 bar and P(inert) = 7.8 bar and the same mixture of reactant and 

inert was fed throughout the experiment. The temperature profile is given in Figure 26. In all 

cases; the temperature ramp lasted for 30 min and the heating rate was adjusted accordingly. 
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Figure 26: The temperature profile during MK_H-B_01. 

Results and discussion 

The total conversion along with the gas conversion, i.e. products detected by the GC, is 

plotted against TOS (Figure 27A). The vertical lines separate the conversion to different 

temperature intervals, where in each interval the temperature was kept constant.  

 

Figure 27: A) Development of the conversion with TOS at different temperatures. B) Selectivity towards gas and 
solid products against TOS at different temperatures. Reaction conditions: 0.200 g H-Beta, contact time: 0.0067 
g*min/mL at STP, 29 bar total pressure where P(ethene) = 21.2 bar and  P(inert) = 7.8 bar, temperature varied 
between 120 – 300 °C as indicated above the respective intervals. 

The catalyst showed increasing conversion with increasing temperature (Figure 27A). Low 

total conversion (below 5 %) and low gas conversion (below 1 %) was observed between 120 

– 200 °C. The catalyst showed rapid deactivation at all temperatures, which levelled off with 

TOS. The difference between the gas conversion and the total conversion suggest that most of 

the products formed are not reaching the detector and are being retained in the system. These 
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results are shown in Figure 27B, where the selectivity towards retained hydrocarbons (R-HC) 

and gas selectivity is plotted against TOS. Below 200 °C, more than 95 % of the products 

show selectivity towards R-HC. An increase in gas phase selectivity with temperature was 

observed and this can be due to easier desorption of products from the catalyst surface at 

elevated temperatures. Adsorption and desorption is an equilibrium process and the entropy 

term will contribute significantly at higher temperatures and favour desorption of products. 

The gas selectivity against TOS for all products and among C4 products is shown in Figure 

28A and Figure 28B, respectively. The same separation to different temperature intervals was 

made as in Figure 27. 

 

Figure 28: Gas selectivity vs TOS at different temperatures for all products (A) and among C4 products (B) 
during MK_H-B_01. The temperature in each interval is indicated above the figure. 

The product distribution at 120 °C is regarded insignificant as the conversion was below 0.1 

% towards gaseous products.  

Moderate selectivity towards linear and branched-C4, C5 and C6+ is observed throughout the 

reaction. C5 and C6+ selectivity remained more or less constant during the experiment, but 

this trend changed at 300°: Ethane and propene selectivity increased while C5 selectivity 

decreased. This decrease in C5 concentration and increase in C2 and C3 can, among other 

reasons, be explained by cracking of C5 to C2 and C3. The higher hydrocarbons are more 

reactive than their lighter counterparts [36] and cracking reactions are expected if the 

temperature is high enough. The increased temperature can be important both for 

thermodynamic and kinetics reasons, that is why C5 cracking was not observed to a 

significant level before 300 °C. See Appendix for thermodynamic calculations. 
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It is shown in Figure 28B that iso-butane was the dominating species at all temperatures and 

the selectivity decreased. A direct comparison of selectivities is not possible because the 

conversion (and the selectivities) is heavily dependent on the degree of deactivation. But the 

mechanism of the reaction can, to some degree, be understood based on these results. Only 

ethene, an unsaturated hydrocarbon, was fed through the catalyst, but the most abundant 

species observed among gas products were a saturated hydrocarbon. If the products were 

formed through dimerization or sequential insertion of ethene on an activated species 

(metallacycle or Cosse-Arlman, ref. 3.1 Background), only unsaturated products should have 

been observed. The formation of skeletal isomers, odd numbered products saturated 

hydrocarbons and coke can be explained by the carbenium ion mechanism [22], where high 

acidity and high temperature will favour proton transfer reactions.  

Experiment code: MK_Ni-B_01: 

Experimental 

Activity of MK_Ni-B(ex)_02 was investigated. The reaction conditions were: 0.200 g Ni-

B(ex)_02, contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where P(ethene) = 

25.1 bar and P(inert) = 3.9 bar, temperature = 120 °C. 

Results and discussion 

 

Figure 29: A) Conversion vs TOS. B) Gas selectivity and R-HC selectivity vs TOS. Reaction conditions: 0.200 g 
Ni-B(ex)_02, contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where P(ethene) = 25.1 bar and 
P(inert) = 3.9 bar, temperature = 120 °C. 

The catalyst showed moderate activity (around 20 %), but deactivated with TOS (Figure 

29A). The total conversion and gas conversion were not identical, indicating that some 
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hydrocarbons were retained on the catalyst during the reaction. Figure 29B shows how the gas 

and R-HC selectivity changed with TOS, where a stable value (70/30 ratio) was reached after 

250 min TOS. Compared to the proton form, the nickel ion exchanged catalyst showed very 

high selectivity towards gaseous products at 120 °C.  

 

Figure 30: A) Product selectivity in the gas phase vs TOS. B) Gas selectivity vs TOS for different C4-products 
during MK_Ni-B_01 

The catalyst showed very high selectivity, in the gas phase, towards linear C4-products (> 95 

%) and it retained its high selectivity with TOS (Figure 30A). Even though high selectivity 

towards linear C4 was observed, the selectivity among linear C4 changed with deactivation 

(Figure 30B). Since the only change in the system was deactivation, the increase in 1-butene 

selectivity must be due to decreasing conversion.  

This development in observed selectivity may suggest sequential reaction as shown below, 

with 1-butene as primary product and trans and cis butene as secondary products: 

𝐸𝐸𝑇𝑇ℎ𝑒𝑒𝑛𝑛𝑒𝑒 
𝑘𝑘1→  1 − 𝑏𝑏𝑏𝑏𝑇𝑇𝑒𝑒𝑛𝑛𝑒𝑒 

𝑘𝑘2→  𝑐𝑐𝑖𝑖𝑐𝑐/𝑇𝑇𝑐𝑐𝑇𝑇𝑛𝑛𝑐𝑐 𝑏𝑏𝑏𝑏𝑇𝑇𝑒𝑒𝑛𝑛𝑒𝑒 

According to this, high ethene conversion will increase the 1-butene concentration which in 

turn will increase the 2-butene concentration. If 1-butene was not a primary product, the 

double bond isomerization is expected to reach thermodynamic equilibrium. The ratio 

between equilibrium constants for cis and trans butene relative to 1-butene during ethene 

oligomerization is: 3.48 and 5.64, respectively. The observed selectivity does not match the 

calculations and 1-butene must be a primary product. It is most likely the Brønsted acid sites 

that are responsible for this isomerization, as very high turnover capability per acid site is 

expected [60]. However, based on the results obtained by K. Toch et al. [40] and R. Brogaard 

et al. [41], where they concluded the Cosse-Arlman mechanism as the most probable catalytic 
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cycle; isomerization can also occur on the Ni-site and it is not possible to conclude if 2-

butenes are primary or secondary products. This relationship is discussed further under 

“Discussion”  

Conclusion 

It is shown that H-Beta is not significantly active below 240 °C and only produced very small 

amount of gas phase products. Contrary to H-Beta, the Ni-B(ex) catalyst showed moderate 

activity at 120 °C with a much slower deactivation rate and very high selectivity towards 

linear C4. To highlight the difference in selectivity of these two catalysts, the mass of linear 

and total C4 products produced in MK_H-B_01 and MK_Ni-B_01 after equal TOS is shown 

in Table 8. Based on these results, it is concluded that nickel active sites are essential for 

ethene oligomerization at mild conditions and for high selectivity towards alkenes. 

Furthermore, the rapid deactivation observed with this H-Beta catalyst confirms that the 

activity of the acid sites for ethene oligomerization in the nickel-containing catalysts may be 

considered as negligible in the following experiments. 

Table 8: Yield (g) of linear and total C4 products produced during 1260 min TOS. 

 Linear C4 (g) All C4 (g) 

MK_H-B_01 0.037 0.120 

MK_Ni-B_01 3.8080 3.8085 

 

6.3.3 Reproduction of MK_Ni-B_01 

Aim: 

MK_Ni-B_01 (see also Table7) is what is referred to as “standard condition” in this work and 

several experiments starts in or returns to this condition. Reproducibility of this condition is 

investigated. 

Experimental: 

Results obtained from three different catalytic tests are presented. The first and the second test 

used catalyst from same batch: MK_Ni-B(ex)_2. The third catalyst was from a different 
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batch: MK_Ni-B(ex)_3. The following code is given for the first, second and third test: 

MK_Ni-B_01, MK_Ni-B_01-reprod and MK_Ni-B_06, respectively. 

All three catalysts were tested under identical reaction conditions: mcat = 0.200 g, contact 

time: 0.0067 g*min/mL at STP, 29 bar total pressure where P(ethene) = 25.1 bar and P(inert) 

= 7.8 bar, temperature = 120 °C. MK_Ni-B_01-reprod and MK_Ni-B_06 was run under these 

conditions for 350 min while MK_Ni-B_01 was run for 1300 min. 

Results and discussion: 

 79  

Figure 31: A) Total conversion vs TOS for catalyst studied under identical reaction conditions. B) Gas 
selectivity vs total conversion. Reaction conditions: mcat = 0.200 g, contact time: 0.0067 g*min/mL at STP, 29 
bar total pressure where P(ethene) = 25.1 bar and P(inert) = 3.9 bar, temperature = 120 °C. 

Activity of MK_Ni-B_01 is higher than the two other tests (Figure 31A), but similar 

deactivation rates were observed in all three tests. To compare the selectivities; gas, 1-butene 

and 2-butene selectivity was plotted against total conversion (Figure 31B and Figure 32). The 

absolute values of gas selectivity differed between experiments, but the increasing trend with 

decreasing conversion, approaching a constant value is observed in all experiments. Same 

trend was observed in 1-Butene selectivity: The absolute values varied between experiments, 

but the trends are identical.  
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Figure 32: A) 1-butene and B) 2-butene total selectivities vs total conversion. 

The reproducibility of this condition is not optimal and can be due to multiple reasons (i) 

Nickel was proven to be essential for ethene oligomerization; inhomogeneous distribution of 

nickel can cause such deviations in activity. (ii) Multiple active sites that may be formed 

during reaction may show different selectivity towards different products (iii) experimental 

error associated with each experiment. Some of comment on the experimental errors: 

- The reactant and internal standard are fed after increasing the pressure with inert, and 

it takes some time before a steady gas flow is achieved and before the inert is 

exchanged with reactant gas. This affects the absolute values of conversion the first 60 

min TOS. 

- The results obtained with TCD and FID showed low relative standard deviation (~ 0.3 

%). 

- Accurate mass balance is very important as many of the calculations are dependent on 

it; to secure that, the feed is analysed after each experiment.  

Conclusion 

Two batches of catalysts were tested under identical conditions to investigate the 

reproducibility of the results. Absolute values for activity and selectivity were found to differ 

between the experiments, but the trend in each experiment remained the same. Results and 

conclusion based on the trend in each experiment is therefore considered significant, while the 

absolute values may vary between tests. 
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6.3.4 Deactivation and regeneration 

Aim 

Deactivation of the catalyst during MK_Ni-B_01 was observed with TOS. To further 

investigate the deactivation process, a spent catalyst was regenerated and the effluents 

analysed. The details of the regeneration procedure were based on thermogravimetric analysis 

of a catalyst that had previously been tested under similar reaction conditions. After the 

regeneration, the catalyst was reacted under identical conditions as in MK_Ni-B_01 to see if 

there were any permanent changes in the catalyst after reaction and regeneration.  

Experimental 

Prior to experiment MK_Ni-B_01, a TGA was carried out on a sample that was tested under 

identical reaction conditions. The regeneration procedure influenced by this TGA is given 

below and the results obtained from this analysis are presented in the Results part.  

After completing experiment MK_Ni-B_01, the reactant flow was changed to pure He, the 

pressure was decreased to atmospheric pressure and the temperature decreased to 25 °C. For 

the regeneration, a mixture of He and O2 was fed through the reactor while increasing the 

temperature 5 °C/min to 400 °C, ref. Table 9. A small portion of effluents was analysed 

online with GC-FID during the regeneration. 

Table 9: Details of the regeneration procedure 

Duration 
(min) 

He flow 
(ml/min) 

O2 flow 
(ml/min) 

Total 
pressure (bar) 

Temperature 
( °C) 

60 10 0 29  1 120  25 

75 20 5 1 25  400 

60 20 5 1 400 

60 20 5 1 400  120 

 

After the regeneration was completed, the reactor was cooled and the pressure increased to 

reaction conditions as in MK_Ni-B_01 and the reaction was started after achieving stable 

temperature and pressure. The experiment was named MK_Ni-B_01-reg. 
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After the completion of MK_Ni-B_01-reg liquid around the bottom part of the reactor was 

observed when dismounting the reactor and the same type of liquid was also observed on the 

quartz wool under the catalyst bed. To analyse this liquid, the quartz wool soaked in CH2Cl2 

bath to dissolve the hydrocarbons trapped in the quartz wool and the mixture was analysed in 

GC-MS.  

Results: 

TGA-MS 

The initial weight loss due to water desorption was followed by a sharp mass decrease around 

350 °C (~50 min), where the sample lost close to 35 % of its weight. The heating rate in the 

reaction chamber (figure32B) was programmed to be 5 °C/min; but due to extreme heat 

generation from the combustion reaction, the computer decreased the temperature 

automatically, to later increase again. That is why the second weight reduction appears to take 

longer and at higher temperatures, but the temperature in both the first and the second weight 

reduction ‘wave’ was around 350 °C. After 400 °C (80 min) the weight continued to decrease 

very slowly – approaching a constant value. 

 

 

Figure 33: Weight % (solid line) and temperature (dashed line) against time in oxidative atmosphere. The 
increase in temperature around 50 min TOS is shown separately. The TGA results are obtained from a used 
catalyst that was tested under similar conditions to MK_Ni-B_01. Reaction conditions for that reaction was: 
0.200 g Ni-B(ex)_02, contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where P(ethene) was varied 
between 25.1 – 11.6 bar and P(inert) was varied between 3.9 – 17.4 bar, temperature = 120 °C. 
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Figure 34: Mass spectrometry data obtained during TGA. A) CO2 signal throughout the reaction. B) Outgassing 
of hydrocarbon species after 350 °C. C) Outgassing of heavier hydrocarbon species, starting from 400 °C 

Mass spectrometry data obtained during TGA is shown in Figure 34. Figure 34A shows how 

the intensity of CO2 (m/e 44) changed with TOS. CO2 intensity started increasing after the 

reaction chamber reached ca. 350 °C (marked in the figure) and maintained its intensity 

throughout the reaction. At the same temperature, but with less intensity, signals around 42 

m/e and 55 m/e were also observed (Figure 34B). At a higher temperature and with less 

intensity, signals around 70 m/e and 85 m/e were observed. The 55 m/e peak was 

intentionally shown in Figure 34B and Figure 34C to highlight the temperature and intensity 

difference. The wide variety of signals detected at different masses shows that there are many 

different hydrocarbon species retained on the catalyst after the oligomerization reaction. The 

absence of any significant peak at m/e=77 suggests that most outgassed hydrocarbons are 

aliphatics and not aromatics. 

In-situ regeneration 

A B 

C 
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MK_Ni-B_01 was regenerated in oxidative atmosphere based on the results obtained from 

TGA-MS, ref. Table 9. During the regeneration, a small portion of the effluents was analysed 

with GC-FID, the result is shown in Figure 35.  

 

Figure 35: The hydrocarbon species detected with GC-FID during the regeneration of MK_Ni-B_01. 

Only the results from the Gaspro column (light hydrocarbons, C2-C5) are shown here. Low 

intensity peaks were detected with the DB-1 (heavy hydrocarbons, C6+) column, but none of 

the products were identified. 

Investigation of retained hydrocarbons 

The hydrocarbons retained in the quartz wool situated in the reactor, below the catalyst were 

analysed with GC-MS and the results are shown in Figure 36. It was not possible to separate 

the signals due to a wide variety of isomers detected from the products, as indicated in the 

figure. Even though the mixture contained many isomers, it was clear that all of the detected 

products were even-numbered aliphatic compounds.  
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Figure 36: GC-MS results obtained during analysis of the quart wool situated under the catalyst bed. 

Catalytic testing with MK_Ni-B_01-reg 

A similar initial activity to the fresh sample was observed with the regenerated sample (Figure 

37A), but one major difference was the faster deactivation with the regenerated sample. A 

constant and equal deactivation rate was observed for both catalysts after 200 min TOS. Even 

though activities differed, identical development in gas, linear C4 and 1-butene selectivity vs 

TOS was observed (Figure 37B and Figure 38, respectively) 

 

Figure 37: A) Conversion vs TOS for the fresh MK_Ni-B_01 and the regenerated sample (MK_Ni-B_01-reg). 
B) Gas selectivity and coke selectivity vs TOS for MK_Ni-B_01-reg, the gas selectivity of fresh sample is 
shown for comparison. Reaction conditions: regenerated Ni-B(ex)_02, contact time: 0.0067 g*min/mL at STP, 
29 bar total pressure where P(ethene) = 25.1 bar and P(inert) = 3.9 bar, temperature = 120 °C 
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8   
Figure 38: A) Product selectivity in the gas phase vs TOS during MK_Ni-B_01-reg. B) Gas selectivity vs TOS 
for different C4-products during MK_Ni-B_01-reg. Fresh sample is shown in both figures for comparison. 

Discussion 

It is shown in Figure 33 that during TGA the sample lost around 40 % of its weight, where 

most of the weight loss happened around 350-400 °C. The heat flow vs TOS is shown in 

appendix; the heat flow showed a sharp increase at 350 °C due to combustion reaction inside 

the reactor and the MS data supports this observation, as an increase in CO2 concentration 

was observed around 350 °C. In addition to combustion reaction, desorption of hydrocarbons 

was also observed (Figure 34). This shows that the retained hydrocarbons are reaction 

products that are either (i) stuck inside the zeolite cavities and channels that cannot diffuse out 

due to the product selectivity properties of zeolites (ii) products that are bonded to the nickel 

and/or Brønsted acid sites. Comparing the acquired MS data with standard MS spectra (NIST 

mass spec data center) it is possible to identify the products, but not the number of isomers, 

since isomers of the same product give almost identical mass spectrum. It is found that 

butenes, pentenes, hexenes, heptenes and octenes are being retained in the catalyst. The 

absence of peak at 77 m/e, where benzene has it highest intensity, implies that aromatic 

hydrocarbons are not produced to a significant degree during the oligomerization reaction. 

Based on the MS data it is not possible to identify the concentration of the products present, 

since both peaks at 41 m/e and 55 m/e (highest intensity signals) are very common fragments 

for all of the hydrocarbons mentioned. For this purpose, the effluents were analysed with GC-

FID during regeneration of MK_Ni-B_01 and the result is shown in Figure 35. Most of the 

products observed with the MS during the TGA were also observed with GC-FID. Iso-

butane/butene and iso-pentane were proven to be the most abundant species among the light 

hydrocarbon fraction. The oligomerization of ethene can only produce even numbered 
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products; the existence of odd numbered hydrocarbons detected with GC-FID can imply that 

Brønsted acid sites are also active in these reaction conditions. However, the possibility of 

forming these hydrocarbons during the regeneration procedure cannot be discarded. The 

quartz wool analysis after reaction showed that not only light hydrocarbons, but heavy 

hydrocarbons were also trapped inside the catalyst and the reactor; where even numbered 

alkenes between C10 – C20 were detected (Figure 36). The absence of odd-numbered alkenes 

or alkanes during this analysis further questions the activity of acid sites and suggests that the 

odd-numbered products detected with GC-FID could be produced during regeneration. 

Catalytic testing with the regenerated sample showed that the activity of the catalyst can be 

regained to a very high extent with heat treatment (Figure 37). High temperature treatment for 

regeneration is always a risk as it can lead to permanent damage on the structure, on the active 

site or even change the properties of the active site. That was apparently not the case with this 

catalyst. Based on presented analysis, it is not possible to determine the degree of damage on 

the structure, but obtaining very similar initial conversion and identical development on the 

gas/R-HC and C4 selectivity implies that it was not substantial. The high regeneration of 

activity suggests that the deactivation is reversible. A non-reversible deactivation, e.g. 

sintering, would damage the active site permanently and it should not be possible to regain to 

such high extent activity. The faster deactivation observed with regenerated catalyst can be 

due to incomplete regeneration: CO2 and hydrocarbons are still observed at the end of the TG 

analysis (Figure 34), and the presence of hydrocarbons from the previous experiment could 

have sped up the deactivation.  

Conclusion 

It is shown that the deactivation is reversible and activity can be regained to a very high 

extent with heat treatment in oxidative atmosphere. It was further shown that deactivation was 

caused by products formed during the reaction and these products were observed to be both 

light and heavy hydrocarbons (Figure 34, Figure 35, Figure 36). 

6.3.5 Nickel and acid site concentration 

Experiment code: MK_Ni-B_low_01 
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Aim 

The catalytic activity for oligomerization was shown to be very dependent on the reaction 

conditions and the catalyst (ref. 3.1 Background). Based on literature study, linear relationship 

between nickel concentration and conversion is expected. To investigate the effect of low 

nickel concentrations, a catalyst with lower nickel content was tested under identical reaction 

conditions to MK_Ni-B_01. These results are qualitative and not quantitative because the 

nickel content was not measured. 

Experimental 

Activity of MK_Ni-B(ex)_low was investigated. Reaction conditions: 0.200 g Ni-B(ex)_low, 

contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where P(ethene) = 25.1 bar and 

P(inert) = 3.9 bar, temperature = 120 °C 

Results and discussion 

 

Figure 39: A) Conversion vs TOS for MK_Ni-B_low_01. B) Gas selectivity and coke selectivity vs TOS. 
Reaction conditions: 0.200 g Ni-B(ex)_low, contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where 
P(ethene) = 25.1 bar and P(inert) = 3.9 bar, temperature = 120 °C 

The activity of MK_Ni-B_low_01 (Figure 39A) was as expected [28] lower compared to 

MK_Ni-B_01. Moderate initial conversion was observed, but the catalyst deactivated quickly 

and the conversion levelled off around 3.5 %. The gas selectivity increased slowly with TOS 

(Figure 39B), but a constant ratio was not established. The reason for this is suggested to be 

indirectly related to the nickel concentration. Assuming that it is the Brønsted acid sites that 

are being replaced during ion exchange with nickel, lower nickel concentration will lead to 

increasing Brønsted acid concentration. It is shown in Figure 27 (section 6.2.2) that during 

MK_H-B_01, in similar reaction conditions, more than 95 % of the products was converted to 
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R-HC. It has also been reported that hydrocarbons tend to stick onto the acid sites under these 

reaction conditions [34]. 

  
Figure 40: A) Product selectivity in the gas phase vs TOS. B) Gas selectivity vs TOS for different C4-products 
during MK_Ni-B_low_01 

It is shown in Figure 40A that the high selectivity towards linear C4 in gas phase is kept at 

low nickel concentration. It is seen from Figure 40B that selectivity towards 1-butene starts 

low and increases while trans-butene selectivity decreases with TOS and deactivation. As 

suggested for gas vs R-HC selectivity, the reason for this difference in C4 selectivity may be 

the increased acid site concentration in MK_Ni-B-low_01. It was discussed in section 6.3.2 

that it was mainly the acid sites that catalysed the isomerization of 1-butene to the 

thermodynamically more stable products, 2-butenes. If the number of acid sites is high, 

increased number of active sites will be available for reaction and higher rates for 

isomerization will be obtained [61]. 

Conclusion 

The effect of lower nickel concentration was investigated qualitatively. Low conversion 

compared to MK_Ni-B_01 was observed and is suggested to be due to lower nickel 

concentration. The low gas and 1-butene selectivity is suggested to be indirectly related to the 

nickel concentration. The very similar deactivation rate and linear C4 selectivity implies that 

the active sites are the same and behave identically at low and high nickel concentration.  

6.3.6 Effect of low ethene partial pressure (P(ethene)) 

Experiment code: MK_Ni-B_03 
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Aim 

It is expected that the amount of reactant P(ethene) will affect the reaction in many ways, such 

as, conversion, selectivity and deactivation. It is therefore important to understand how the 

catalyst behaves at different partial pressures of ethene P(ethene)., as it can also give us 

information on the order and mechanism of reaction. 

Experimental 

Reaction conditions: 0.200 g Ni-B(ex)_02, contact time: 0.0067 g*min/mL at STP, 29 bar 

total pressure where P(ethene) = 11.6 bar and P(inert) = 17.4 bar, temperature = 120 °C. The 

effluent was not analysed during the first 90 min TOS due to experimental error. 

Results and discussion 

 

Figure 41: A) Conversation vs TOS during MK_Ni-B_03. B) Gas selectivity and coke selectivity vs TOS. 
Reaction conditions: 0.200 g Ni-B(ex)_02, contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where 
P(ethene) = 11.6 bar and P(inert) = 17.4 bar, temperature = 120 °C 

The activity of the catalyst vs TOS is shown in Figure 41A. The catalyst showed lower 

conversion than MK_Ni-B_01 that was done under 25.1 bar P(ethene). This shows that 

having high P(ethene) is crucial for activity for ethene oligomerization on nickel zeolite. It 

was observed that the ratio of conversion at low and high P(ethene) was equal to the ratio 

between the partial pressures: 

Equation 2 

𝑃𝑃(𝑒𝑒𝑇𝑇ℎ)25.1

𝑃𝑃(𝑒𝑒𝑇𝑇ℎ)11.6
 ≈

𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐25.1

𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐11.6
 

𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐𝑋𝑋 = 𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐25.1 ∗
𝑃𝑃(𝑒𝑒𝑇𝑇ℎ)𝑋𝑋
𝑃𝑃(𝑒𝑒𝑇𝑇ℎ)25.1
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Assuming that this relationship is linear between P(ethene) = 11.6 – 25.1 bar, it is possible to 

calculate (as an close approximation) the conversion at any pressure in the given range.  

 

Figure 42: A) Product selectivity in the gas phase vs TOS. B) Gas selectivity vs TOS for different C4-products 
during MK_Ni-B_03 

High gas selectivity (Figure 41B) and very high linear C4 (Figure 42A) was also observed at 

11.6 bar P(ethene). The gas-to-R-HC ratio is identical to MK_Ni-B_01. Changing P(ethene) 

is not affecting the gas vs R-HC selectivity or the total linear C4 selectivity. This suggests that 

the reaction precedes with the same reaction mechanism at both high and low P(ethene). It is 

shown in Figure 42B how the 1-butene selectivity increases, while cis/trans-butene decreases 

with TOS and deactivation.  

Conclusion 

Low P(ethene) is shown to be detrimental for activity on ethene oligomerization on nickel 

containing zeolites. The gas selectivity was observed to be high, but a different development 

1-butene selectivity compared to MK_Ni-B_01 suggests that this is either due to decreased 

conversion or decreased pressure.  

Experiment code: MK_Ni-B_04 

Aim 

This experiment was carried out at the same partial pressure of ethene (P(ethene) = 11.6 bar), 

but this time the catalyst mass was increased by a factor of 2.35 (decided by the ratio between 

conversion at 90 min TOS in MK_Ni-B_01 and MK_Ni-B_03) to have comparable 

conversion to MK_Ni-B_01. This was done to distinguish between the effect of low P(ethene) 
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and conversion on selectivities.  Increasing the catalyst mass while keeping the flow constant, 

will increase the contact time, which in turn is expected to increase the conversion. 

Experimental 

Reaction conditions: 0.470 g Ni-B(ex)_02, contact time: 0.0157 g*min/mL at STP, 29 bar 

total pressure where P(ethene) = 11.6 bar and P(inert) = 17.4 bar, temperature = 120 °C.  

Results and discussion 

The conversion vs TOS for MK_Ni-B_01 (triangle), MK_Ni-B_03 (circle) and MK_Ni-B_04 

(square) is shown in Figure 43A, the contact times (c.t.) are shown in the label. It is seen that 

increasing the contact time at low P(ethene) has increased the conversion to a level 

comparable to the conversion at high P(ethene). It is further observed that the catalyst 

deactivates faster at high P(ethene) than at low P(ethene), especially between 60 – 250 min 

TOS.  

  
Figure 43: A) Conversion vs TOS for MK_Ni-B_01 (triangle), MK_Ni-B_03 (circle) and MK_Ni-B_04 
(square). B) Gas selectivity and coke selectivity vs TOS for MK_Ni-B_04. The reaction conditions for: (i) 
MK_Ni-B_01: 0.200 g Ni-B(ex)_02, contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where 
P(ethene) = 25.1 bar and P(inert) = 3.9 bar, temperature = 120 °C. (ii) MK_Ni-B_03, identical to MK_Ni-B_01 
except P(ethene) = 11.6 bar and P(inert) = 17.4 bar. (iii) MK_Ni-B_04, identical to MK_Ni-B_04 except mcat: 
0.47 g Ni-B(ex)_02, contact time: 0.0157 g*min/mL at STP, P(ethene) = 11.6 bar and P(inert) = 17.4 bar. 

High gas (Figure 43B) and linear C4 selectivity (>95 %) (Figure 44B) was observed as in 

MK_Ni-B_01 and MK_Ni-B_03. Comparable conversion to MK_Ni-B_01 was obtained, thus 

the effect of conversion and P(ethene) can be separated. The product distribution among C4 

during MK_Ni-B_04 (Figure 44) is close to what was observed during MK_Ni-B_03 and 

very different from what was observed with MK_Ni-B_01 (Figure 30B). Since the activity of 
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these two catalyst at high and low P(ethene) is almost identical, the change in 1-butene 

selectivity must be due to lower P(ethene) and not due to conversion. (See “Discussion”, 

section 6.4.3 for further discussion). 

  

Figure 44: A) Product selectivity in the gas phase vs TOS. B) Gas selectivity vs TOS for different C4-products 
during MK_Ni-B_04 

Conclusion 

It is shown that high ethene partial pressure is essential for ethene oligomerization over Ni-

Beta. A decrease in partial pressure was accompanied by a decrease in conversion; this 

relationship is presented in Equation 2. Very high gas and linear C4 selectivity at both high 

and low P(ethene), at equal conversion, suggest that the reaction mechanism is not dependent 

on P(ethene). However, it is found that P(ethene) is affecting the selectivity among C4 

products, where thermodynamically stable products is found to be favoured at low P(ethene). 

6.3.7 Temperature and ethene partial pressure variation 

Aim 

Investigate the catalyst at different P(ethene) and temperatures to understand how the catalyst 

behaves under these conditions and how the catalyst properties change varying these 

parameters. Kinetic parameters were also determined under these experiments. 

Experimental 

The reaction conditions were: 0.200 g Ni-B(ex)_03, contact time: 0.0067 g*min/mL at STP, 

29 bar total pressure where P(ethene) was varied between 11.6 – 25.1 bar and P(inert) was 
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varied between 17.4 – 3.9 bar keeping the total flow and total pressure constant. The 

P(ethene) was varied between four different conditions and those are given in Table 10.  

Table 10: P(ethene) at different conditions. 

Condition Total pressure (bar) P(ethene) (bar) P(helium) (bar) 
1 29 25.1 3.9 
2 29 21.3 7.7 
3 29 17.4 11.6 
4 29 11.6 17.4 
 

Since the reproducibility tests in section 6.3.3 showed that the activity and selectivity under 

given conditions vary between tests, condition (1) in Table 10 was selected as standard 

conditions. Between each change of conditions (2-4 in Table 10), the conditions were 

switched back to standard conditions, to allow distinction between effects of parameter 

variation and effects of deactivation during the experiment (see Experimental section 5.3.3). 

Results and discussion 

Experiment code: MK_Ni-B_05. T( °C) = 120 

The conversion vs TOS at different ethene partial pressures is shown in Figure 45A. It was 

shown in section 6.3.6 that conversion is dependent on P(ethene), it is seen that a decrease in 

P(ethene) leads to a decrease in conversion, but the catalyst regains its initial activity after 

returning to standard conditions (condition #1 in Table 10). A curve is fitted to the data 

obtained under standard conditions to predicts how the conversion will change with TOS at 

constant P(ethene) = 25.1 bar. The fitted function is shown on the top right corner in the 

figure. The good match between the conversion under standard conditions and the fitted curve 

shows that there are no irreversible processes occurring under low P(ethene) because activity 

can be regained after decreasing P(ethene).  
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Figure 45: A) Total conversion and P(ethene) vs TOS during MK_Ni-B_05. A curve is fitted to the observed 
conversion and the function is given in the top right corner. B) Gas and R-HC selectivity and P(ethene) vs TOS. 
Reaction conditions: 0.200 g Ni-B(ex)_3, contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where 
P(ethene) = 25.1-11.6 bar and P(inert) = 3.9-17.4 bar, temperature = 120 °C 

The gas selectivity is initially low, but quickly approached a stable value (Figure 45B). 

Except at 11.6 bar, it seems that the gas selectivity is independent of P(ethene). The higher 

gas selectivity at 11.6 bar P(ethene) did not reflect on the linear C4 selectivity as very high 

selectivity (> 95 %) was observed under all conditions Figure 46A. However, decreasing the 

pressure decreased the 1-butene selectivity and increased cis/trans-butene selectivity 

accordingly, so that the total C4 selectivity remained constant Figure 46B. 

 

Figure 46: A) Product selectivity in the gas phase and P(ethene) vs TOS. B) Gas selectivity and P(ethene) vs 
TOS for different C4-products during MK_Ni-B_05 

To verify the validity of Equation 2 (ref. section 6.3.6), the conversion values at lower 

pressures were scaled up according to Equation 2: 
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𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐25.1 = 𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐𝑋𝑋 ∗  
𝑃𝑃(𝑒𝑒𝑇𝑇ℎ)25.1

𝑃𝑃(𝑒𝑒𝑇𝑇ℎ)𝑋𝑋
 

The results are shown in Figure 47: First the same curve as the one in Figure 45 was fitted on 

the data obtained at P(ethene) = 25.1 bar. It is seen that the up scaling of the conversion at low 

P(ethene) is in good match with this curve, thus it is shown that using Equation 2, conversion 

at different P(ethene) can be calculated to a close approximation. 

 

Figure 47: Conversion vs TOS at 120 °C. The symbols, except the squares, represent the scaled up conversion 
using Equation 2. 

Conclusion 

Conversion and 1-butene selectivity is dependent on P(ethene). The fitted curve predicts the 

conversion as function of TOS at 25.1 bar P(ethene). The good agreement between observed 

and the model proves that there are no irreversible reactions happening when changing 

between conditions. Equation 2 is proven to be valid and can be used to calculate conversion 

in the P(ethene) range. 

Experiment code: MK_Ni-B_06. T( °C) = 50 

The conversion vs TOS at different ethene partial pressures is shown in Figure 48A. A curve 

is fitted to the data obtained under standard conditions, just as in 120 °C, to predicts how the 

conversion is expected to change with TOS at constant P(ethene) = 25.1 bar. The fitted 

function is given on the top right corner. Compared to 120 °C, conversion is lower at 50 °C, 

but similar dependence on P(ethene) as at 120 °C is observed. Conversion decreases with 

TOS and with decreasing P(ethene), but is regained when returning to standard conditions. 
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The gas selectivity quickly reaches a constant value and is independent of P(ethene) (Figure 

48B). 

 

Figure 48: A) Total conversion and P(ethene) vs TOS during MK_Ni-B_06. A curve is fitted to the observed 
conversion and the function is given in the top right corner. B) Gas and R-HC selectivity and P(ethene) vs TOS. 
Reaction conditions: 0.200 g Ni-B(ex)_2, contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where 
P(ethene) = 25.1-11.6 bar and P(inert) = 3.9-17.4 bar, temperature = 50 °C 

Linear C4 selectivity was constant except at 11.6 bar P(ethene), where it decreased around 5 

%, while C6+ selectivity increased accordingly (Figure 49). 1-butene selectivity showed the 

same trend as 120 °C, but higher 1-butene selectivity at 50 °C in the gas phase is observed 

throughout the reaction. The increased selectivity towards 1-butene may be due lower activity 

of the acid sites at low temperature, thus leading higher 1-butene selectivity. (See 

“Discussion”, section 6.4.4 for further discussion).  

 

Figure 49: A) Product selectivity in the gas phase and P(ethene) vs TOS. B) Gas selectivity and P(ethene) vs 
TOS for different C4-products during MK_Ni-B_06 
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Conclusion 

Lower conversion compared to 120 °C is observed, but the 1-butene selectivity is higher in 

the gas phase compared to 120 °C. This may be due to lower activity of acid sites at low 

temperature, thus decreased rate of isomerization. 

Experiment code: MK_Ni-B_08. T( °C) = 200 

The conversion vs TOS at different ethene partial pressures is shown in Figure 50. A curve 

was fitted the same way as in MK_Ni-B_05 and MK_Ni-B_06, the function is given on the 

top right corner. The same observation made at 50 °C and 120° is also observed at 200 °C; 

conversion decreased with TOS and with decreasing P(ethene), but regained initial activity 

when returned to standard conditions. High gas selectivity (> 90 %) was observed throughout 

the experiment at all conditions. To investigate this, product distribution in the gas phase and 

among linear C4 is plotted vs TOS (Figure 51) 

 

  

 

Figure 50: A) Total conversion and P(ethene) vs TOS during MK_Ni-B_06. A curve is fitted to the observed 
conversion and the function is given in the top right corner. B) Gas and R-HC selectivity and P(ethene) vs TOS. 
Reaction conditions: 0.200 g Ni-B(ex)_2, contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where 
P(ethene) = 25.1-11.6 bar and P(inert) = 3.9-17.4 bar, temperature = 50 °C 

At 200 °C, the selectivity in C4s is significantly lower than at lower temperatures, but remains 

above 80% under all conditions. In contrast to other temperatures: significant degree of C6+ 

selectivity is observed and 1-butene selectivity is lower than 2-butene selectivity (See 

“Discussion”, section 6.4.5 for further discussion.). Low P(ethene) is observed to favour 2-

butene selectivity over 1-butene selectivity. This is suggested to be due to the higher activity 

of acid sites at elevated temperature.  
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Figure 51: Product selectivity in the gas phase and P(ethene) vs TOS. B) Selectivity and P(ethene)  vs TOS for 
different C4-products during MK_Ni-B_08 

Conclusion 

It is found out that the conversion is highest at 200 °C. This was expected since the rate 

constant is higher at 200 °C than at 50 °C because of its exponential dependence on 

temperature (Arrhenius’ law). In addition to linear C4, moderate selectivity towards C6+ was 

observed which is suggested to be due to the favoured desorption of heavy products from the 

surface with increasing temperature. The 1-butene selectivity has decreased significantly 

compared to 50 °C and 120 °C and may be due to higher activity of the acid sites. However, if 

nickel active sites can isomerize 1-butene or form 2-butenes, increased rate of isomerization 

due to higher activity from these sites cannot be discarded.  

6.3.8 Nanocrystalline Ni-Beta 

Experiment code: MK_Ni-B_09 

Aim 

It has been reported in literature that nanocrystalline Ni-Beta did not deactivate with TOS [6]. 

The activity and selectivity of this catalyst was investigated to compare it to microcrystalline 

Ni-Beta. 

Experimental 
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The reaction conditions were: 0.200 g Ni-B(nano)_02, contact time: 0.0067 g*min/mL at 

STP, 29 bar total pressure where P(ethene) = 25.1 bar and P(inert) = 3.9 bar, temperature = 

120 °C. 

Results and discussion 

The nanocrystalline nickel ion exchanged sample contains the highest concentration of nickel 

(Table 4, section 6.1.3) and is expected to be the most active under these reaction conditions. 

The conversion against TOS is shown in Figure 52A. As expected [6], the catalyst did not 

deactivate with TOS. The gas selectivity is shown in Figure 52B; the conversion was more or 

less constant, but the gas selectivity increased with TOS approaching 80 % after 600 min 

TOS.  

  

Figure 52: A) Total conversion vs TOS for MK_Ni-B_09. B) Gas and R-HC selectivity vs TOS. Reaction 
conditions: 0.200 g Ni-B(nano), contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where P(ethene) = 
25.1 bar and P(inert) = 3.9 bar, temperature = 120 °C. 

The product selectivity in the gas phase and among linear C4 is shown in Figure 53. The 

nanocrystalline sample differed from all previous experiments with around 20 % C6+ 

selectivity. It is suggested that the moderate C6+ selectivity is indirectly related to the non-

deactivating behavior of this catalyst. Heavy products (ref. section 6.3.4) that blocked the 

pores and deactivated the microcrystalline catalysts may now diffuse more efficiently out of 

the zeolite, due to a shorter diffusion path. 
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Figure 53: Product selectivity in the gas phase vs TOS. B) Gas selectivity vs TOS for different C4-products 
during MK_Ni-B_05 

Interestingly, the 1-butene selectivity also showed to be different from what was observed 

with the microcrystalline sample. The selectivities showed to be closer to thermodynamic 

equilibrium; trans > cis > 1-butene. This is surprising because the nanocrystalline catalyst 

should have lower acid site density than the microcrystalline samples because nickel ion 

exchange was carried on the sodium form of this catalyst. 

Following explanations are suggested: 

- The Brønsted acid sites were never considered the only possible route for 

isomerization and the observed results be explained by isomerization on the nickel 

active sites [41]. 

- Significant amount of nickel is expected to be exchanged on the external surface area 

of this catalyst because of a higher external surface/total surface ratio. The product 

selectivity of these external sites can be different from the nickel sites found in the 

framework because of the absence of confinement effect. In addition, the shape 

selectivity of this catalyst will be reduced because the crystals are in nanometer 

dimensions. The shape selectivity and/or active sites on the external sites can play a 

role in the low 1-butene selectivity. 

Two catalytic cycles for ethene oligomerization on nickel containing zeolite were proposed 

(ref. section 3.1), namely metallacycle and Cossee-Arlman. Based on the metallacycle 

mechanism, the main products are expected to be 1-alkenes and the isomerization of 1-alkene 
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to 2-alkene is expected to be catalysed on the acid sites [62]. The Cossee-Arlman mechanism 

accounts for the isomerization reaction that can happen on the nickel active sites [40, 41]. 

Based on the product distribution and the low acid site density in this catalyst, Cossee-Arlman 

mechanism is more probable, but the metallacycle mechanism cannot discarded. 

Conclusion 

Nanocrystalline nickel ion exchanged beta zeolite shows stable conversion with TOS. In 

addition to linear C4, moderate selectivity towards C6+ is observed and is suggested to be due 

to mesopore volume of this catalyst.  
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6.4 Discussion 

6.4.1 H-Beta compared to Ni-Beta 

H-Beta was tested for ethene oligomerization reaction. It showed very low activity between 

120 – 200  °C and the amount of gas products formed compared to total conversion was 

almost negligible. Nickel was proven to be essential for oligomerization of ethene, the activity 

and their selectivity towards total 1-butene at 120 °C, 200 °C and 300 °C is shown in Figure 

54 

 

Figure 54: The total conversion (solid symbols) and total 1-butene selectivity (hollow symbols) against TOS. 
The solid symbols belong to left Y-axis, while hollow symbols belong to right Y-axis. Reaction conditions: mcat 
= 0.200 g, contact time: 0.0067 g*min/mL at STP, 29 bar total pressure where P(ethene) = 21.2 bar and P(inert) 
= 7.8 bar for H-Beta and P(ethene) = 25.1 bar and P(inert) = 3.9 bar for Ni-Beta, temperatures is shown in the 
legend. 

At 120 °C, the total conversion and linear 1-butene selectivity is almost one order of 

magnitude higher for Ni-Beta. This trend does not change at 200 °C, a slightly higher 

selectivity is observed for H-Beta, while it approached 90 % for Ni-Beta. It is first at 300 °C 

that comparable conversion and selectivity to Ni-Beta was observed with H-Beta. To 

highlight the difference in C4 selectivity, the yield of linear and branched C4 products at equal 

TOS is shown in Table 11. The high amount of branched products shows that the selectivity 
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obtained with Ni-Beta is non-existent with H-Beta, this suggests that the mechanism in these 

two reactions are different. The high acid density of H-Beta will promote carbenium ion 

mechanism which explains the experimentally observed selectivities [22]. The high selectivity 

of Ni-Beta towards linear C4 alkenes suggests that the catalytic cycle in these two catalysts 

are different. 

Table 11: Yield (g) of linear and total C4 products produced during 1260 min TOS. 

 120 °C 200 °C 

Linear C4 (g) Branched C4 (g) Linear C4 (g) Branched C4 (g) 

H-Beta 4E-4 3E-4 2.1E-2 4.3E-2 

Ni-Beta 4.90E-1 4E-4 1.25 3.4E-3 

 

6.4.2 Effect of nickel concentration 

To investigate the effect of nickel concentration, a test with high (MK_Ni-B(ex)_2) and low 

(MK_Ni-B(ex)_low) nickel concentration was run under identical reaction conditions, these 

experiments are named high-Ni and low-Ni, respectively. Activity of high-Ni is two to three 

times higher than low-Ni (Figure 55A), further proving that nickel is essential for ethene 

oligomerization to have significant activity under these reaction conditions. A curve is fitted 

to the observed data to investigate the deactivation and a small difference in deactivation rate 

was observed for these two catalysts, the fitted functions are shown in the figure. However, it 

is not possible to distinguish whether the difference in deactivation is an effect of low nickel 

concentration or low conversion. 

Gas selectivity of high-Ni approaches a constant value and becomes independent of 

conversion, while low-Ni shows dependence on the conversion (Figure 55B). This may be 

due to higher acid site density in low-Ni, as higher acid site density is expected to affect the 

gas selectivity. If high acid density was insignificant for ethene oligomerization, same 

development in gas selectivity as in high-Ni should have been observed. 
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Figure 55: A) Conversion vs TOS for MK_Ni-B_01 (High Ni) and MK_Ni-B_low_01 (Low Ni), the fitted 
function is shown. B) Gas selectivity vs total conversion. Reaction conditions: mcat = 0.200 g, contact time: 
0.0067 g*min/mL at STP, 29 bar total pressure where P(ethene) = 25.1 bar and P(inert) = 3.9 bar, temperature = 
120 °C 

6.4.3 Effect of P(ethene) 

In total six experiment was done to investigate the effect of P(ethene): Three experiments 

were completed without P(ethene) variation: One at 25.1 bar and two at 11.6 bar: In one of 

the experiments at 11.6 bar, the contact time (c.t.) was increased to increase the conversion to 

comparable level as in the experiment at 25.1 bar. The experiments are named: High 

P(ethene) – low c.t., Low P(ethene) – low c.t. and Low P(ethene) – high c.t. Total conversion 

against TOS is shown in figure55. The conversion in low P(ethene) – high c.t. was increased 

as intended. A curve was fitted to the obtained data for all catalysts except at low P(ethene) – 

low c.t. the fitted functions are shown in the figure. Same deactivation rate is obtained both at 

high and low P(ethene), suggesting that the reactions takes place the same way under these 

conditions. Gas selectivity obtained under all conditions is identical and independent of 

conversion; this further supports the idea of the reaction taking place with the same catalytic 

cycle.  
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Figure 56: The reaction conditions for High P(ethene): 0.200 g Ni-B(ex)_02, contact time: 0.0067 g*min/mL at 
STP, 29 bar total pressure where P(ethene) = 25.1 bar and P(inert) = 3.9 bar, temperature = 120 °C. The reaction 
conditions for: (i) Low P(ethene) – low c.t. was identical except P(ethene) = 11.6 bar and P(inert) = 17.4 bar.  (ii) 
Low P(ethene) – high c.t. was identical except mcat: 0.47 g Ni-B(ex)_02, contact time: 0.0157 g*min/mL at STP, 
P(ethene) = 11.6 bar and P(inert) = 17.4 bar. 

To further investigate the effect of low P(ethene), the ratio between total 1–butene and total 

2–butene selectivity was plotted as a function of conversion. 

 

Figure 57: Ratio between total 1-butene and 2-butene selectivity vs total conversion for MK_Ni-B_01 (High 
P(ethene) – Low c.t.), MK_Ni-B_03 (Low P(ethene) – Low c.t.), MK_Ni-B_04 (Low P(ethene) – High c.t.) 

It is shown that high P(ethene) favours 1–butene more than 2–butenes. The vertical line 

shows that at high P(ethene) the 1–butene selectivity is almost 3 times the selectivity at low 

P(ethene). These results proves that 1–butene selectivity is dependent on P(ethene) and not on 

the conversion. It is suggested that since the isomerization is most likely first order on P(1-

butene): 𝑐𝑐(1−𝑏𝑏𝑜𝑜𝑜𝑜𝑟𝑟𝑛𝑛𝑟𝑟 𝑖𝑖𝑎𝑎𝑜𝑜𝑚𝑚𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑛𝑛) ∝ 𝑃𝑃(1 − 𝑏𝑏𝑏𝑏𝑇𝑇𝑒𝑒𝑛𝑛𝑒𝑒), while 1-butene formation itself may be 

second order on ethene: 𝑐𝑐(1−𝑏𝑏𝑜𝑜𝑜𝑜𝑟𝑟𝑛𝑛𝑟𝑟 𝑓𝑓𝑜𝑜𝑟𝑟𝑚𝑚𝑎𝑎𝑜𝑜𝑖𝑖𝑜𝑜𝑛𝑛) ∝ 𝑃𝑃𝐸𝐸𝑜𝑜ℎ𝑟𝑟𝑛𝑛𝑟𝑟2 . Thus the rate of butene formation 

has higher dependency on P(ethene) and increased selectivity towards 1-butene will be 

observed at high P(ethene). The actual reaction rate is calculated and shown in Figure 62. 
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6.4.4 Temperature and P(ethene) 

It was found that the catalyst activity changed with temperature; an increase in temperature 

was accompanied by an increase in conversion. To investigate how the conversion changes 

with temperature and TOS, the total conversion at different temperatures are plotted against 

TOS at standard conditions (Figure 58A): mcat = 0.200 g, contact time: 0.0067 g*min/mL at 

STP, 29 bar total pressure where P(ethene) = 25.1 bar and P(inert) = 3.9 bar, temperature = 50 

- 200 °C. A curve is fitted to predict how the conversion is expected to change with TOS at 

25.1 bar P(ethene). Difference in the deactivation rates is observed between 60 – 250 min 

TOS, but almost identical deactivation rate is observed at all temperatures after 200 min TOS. 

 

Figure 58: Conversion vs TOS at 50 °C, 120 °C and 200 °C. A curve is fitted to the conversion. B) Gas 
selectivity vs conversion at 50 °C, 120 °C and 200 °C. Reaction conditions: mcat = 0.200 g, contact time: 0.0067 
g*min/mL at STP, 29 bar total pressure where P(ethene) = 25.1 bar and P(inert) = 3.9 bar. 

Since the deactivation rates are very similar and the deactivation is thought to be due to 

adsorption of heavy hydrocarbons on acid sites, similar gas selectivity is expected. However, 

gas selectivity against total conversion is shown in Figure 58B, almost 100 % gas selectivity 

was observed at 200 °C while ~ 65 % was observed at both 50 °C and 120 °C. The gas 

selectivity is expected to increase with increasing temperature, since adsorption is an 

equilibrium process, the entropy term will contribute significantly at higher temperatures and 

favour desorption.  

At all temperatures linear C4 is the main product, but in addition to linear C4, significant C6+ 

selectivity is observed at 200 °C (Figure 59A). The C6+ selectivities at 50 °C and 120 °C 

were around 1 % and are shown for comparison, the solid symbols belongs to linear C4 and 

hollow symbols belongs to C6+ selectivity. Highest linear C4 selectivity is observed at 200 °C 
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even though C6+ is formed, the higher linear C4 selectivity compared to lower temperatures is 

due to very high gas selectivity at 200 °C.  

 

Figure 59: A) Linear C4 selectivity (solid symbols) and C6+ selectivity (hollow symbols) at 50 °C, 120 °C and 
200 °C. B) The total 1-butene/2-butene ratio at 50 °C, 120 °C and 200 °C 

The total 1–butene to total 2–butene selectivity ratio is shown in Figure 59B. The 1-butene 

selectivity increased with decreasing conversion at all temperatures. Since comparable 

conversions are observed at 50 °C and 120 °C, a direct comparison of 1-butene selectivity is 

possible: 1-butene selectivity is observed to be higher at 50 °C compared to 120 °C. This is 

suggested to be due to the lower activity of acid sites at low temperatures, thus decreasing the 

rate of isomerization. At 200 °C the 1-butene to 2-butene ratio is always less than one. The 

opposite effect to what is observed at 50 °C is suggested here: High temperatures increase the 

activity of acid sites, thus increasing the rate of isomerization. However, a higher 

isomerization rate with increasing temperature in the nickel sites cannot be discarded. 

To compare the conversion at different P(ethene), the conversion after deactivation model vs 

TOS was plotted (Figure 60). The conversion needs to be corrected for deactivation. 

Otherwise, comparing the conversion at different P(ethene) and at different TOS would not be 

possible, since it is dependent on TOS; for example, the conversion at 12 bar P(ethene), at 

250 min TOS and 750 min TOS would not be equal because the catalyst is deactivating with 

TOS. 
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Figure 60: The calculated conversion after applying the deactivation model at A) 50 °C, B) 120 °C and C) 200 
°C. The scale in the axis is identical to make comparison easier. 

The conversion after deactivation model at all temperatures is plotted against P(ethene) 

(Figure 61A). It is found out that the conversion increases with increasing P(ethene) and 

temperature. This was expected since the rate constant is higher at 200 °C than at 50 °C 

because of its exponential dependence on temperature (Arrhenius’ law).  

 

Figure 61: A) Average conversion vs P(ethene) at different temperatures B) total linear C4 selectivity vs 
P(ethene) at different temperatures. 

The linear C4 selectivities at all temperatures are shown in Figure 61B. The linear C4 

selectivity was almost double the selectivity at 50 °C and 120 °C. The linear C4 dependency 

is independent on P(ethene), which shows that the reaction proceeds identically both at low 

and high P(ethene). The reaction orders for linear C4 formation at all temperatures are shown 

in Figure 62. The reaction order is determined to be second order for butene formation, 

indicating that two ethene molecules are involved in linear C4 formation. In section 6.4.3 the 

1-butene selectivities at low and high P(ethene) was discussed. Assuming that isomerization 

is first order on P(1-butene) and the rate of 1-butene formation has second order dependency 

on P(ethene), an increased selectivity towards 1-butene is expected at high P(ethene) because 

of its higher dependency on pressure. 
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Figure 62: Logarithm of rate of formation of linear C4 vs logarithm of P(ethene), the calculated reaction order is 
added next to the fitting. 

6.4.5 Micro and nanocrystals 

In contrast to microcrystalline nickel beta, no sign of deactivation is observed with 

nanocrystalline nickel beta (Figure 63A), the experiments are named Nano Ni and Micro Ni, 

respectively. It is suggested that this is due to a shorter diffusion path, facilitating the 

diffusion of bulkier olefins obtained from the reaction, thus preventing deactivation. Similar 

results was also obtained by Lallemand et al. when comparing a both micro and mesoporous 

zeolite with a zeolite that is only microporous [34].  

 

Figure 63: A) Conversion vs TOS for MK_Ni-B_01 (Micro Ni) and MK_Ni-B_05 (Nano Ni). B) Gas selectivity 
vs total conversion. Reaction conditions: mcat = 0.200 g, contact time: 0.0067 g*min/mL at STP, 29 bar total 
pressure where P(ethene) = 25.1 and P(inert) = 3.9 bar, temperature = 120 °C. 
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The gas selectivity for Nano Ni is slightly higher than what was observed with Micro Ni 

(Figure 64B). To further investigate the relation between deactivation and gas selectivity, the 

total C4 and C6+ selectivity (Figure 64A) and total C4 selectivity (Figure 64B) for Nano Ni 

and Micro Ni is plotted against conversion. The linear C4 selectivity observed for Micro Ni is 

very close to the gas selectivity because more than 95 % of the selectivity was towards linear 

C4. Nano Ni shows very similar linear C4 selectivity to Micro Ni, but in addition to linear C4, 

moderate selectivity towards C6+ is observed. It is thus shown that the increased gas 

selectivity of Nano Ni is due to higher C6+ selectivity, since linear C4 selectivities were more 

or less constant. It is suggested that the non-deactivating behavior of Nano Ni is due to it 

facilitating faster diffusion of C6+ products. These products have less than 3 % selectivity 

with Micro Ni. 

 

Figure 64: Total selectivity vs total conversion and total selectivity among C4 products vs total conversion, the 
solid symbols represents Nano Ni while the hollow symbols represents Micro Ni. 

In addition to increased C6+ selectivity, a different distribution among linear C4 was observed 

with Nano Ni, the hollow symbols belong to Micro Ni while the solid belong to Nano Ni. The 

selectivity was observed to be close to what is expected in thermodynamic equilibrium: trans 

> cis > 1-butene and not kinetically controlled as in Micro Ni.  This is unexpected because it 

is mainly the acid sites that are thought to be responsible for isomerization reaction and the 

acid site density in Nano Ni is lower than Micro Ni. Based on these results, the Cossee-

Arlman mechanism suggested by K. Toch et al. [40] and R. Brogaard et al. [41] is more likely 

than the metallacycle mechanism. However, it is not possible to discard on of the mechanism 

based on these results. 
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7 Conclusions and further work 
An operational high pressure test rig was successfully built and used in this work. 

Ni-Beta zeolite is shown to be an active catalyst for ethene oligomerization under mild 

conditions. Compared to the proton form, this catalyst had one order of magnitude higher 

activity and slower deactivation rate. The major hydrocarbon products with Ni-Beta are linear 

C4, in contrast to the parent zeolite that produced a wide range of aliphatic and aromatic 

products. This confirmed that these two catalysts had different catalytic cycles, where the 

carbenium ion mechanism is suggested for proton-Beta. 

Deactivation of Ni-Beta is reversible and activity can be regained to a very high extent with 

heat treatment. The hydrocarbons leading to deactivation was found out to be products formed 

during ethene oligomerization. Nanocrystalline samples did not deactivate with time and this 

is suggested to be due to shorter diffusion path in these catalysts, facilitating the diffusion of 

bulkier olefins obtained from the reaction, thus preventing deactivation. 

An increase in temperature and increase in P(ethene) was found to increase the conversion. 

The reaction order for linear C4 formation was determined to be second order. It was found 

out that 1-butene selectivity increased with P(ethene) and it may be due to 1-butene formation 

being second order in P(ethene), while isomerization is first order in P(1-butene).  

The results obtained from acid site neutralized nickel ion exchanged nanocrystalline sample 

may favour the Cossee-Arlman mechanism, but more experimental testing with both modified 

microcrystalline and nanocrystalline catalyst is necessary to increase the level of 

understanding of the reaction mechanism. 
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Appendix 

A: Temperature profiling 
Temperature profiling of the reactor was done to determine the isothermal zone in the oven 

before testing. This was done by lowering the reactor (with a thermocouple inside) from the 

top of the oven, the oven temperature was set to 140 °C. Figure A shows a plot of measured 

temperature as a function of distance from the top of the oven. The isothermal zone was found 

to be around 7.5 cm from the top of the reactor. 

 

Figure A: Sample temperature as function of distance from the top of the reactor. The oven was set to 140 °C 
and kept at that temperature. 

B: Thermodynamic calculations 
The reaction’s thermodynamics were calculated ahead of the experimental testing to: 

- Check that the reaction is thermodynamically favoured 

- Later compare the selectivity obtained from experimental and theoretical data 

The thermodynamic calculations were done using standard reference free energies from the 

NIST database; the results are given in the appendix. The calculations were done in the 

temperature range, where the experimental testing would take place in and only products 

observed experimentally are included in the results (Figure B). 
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Figure B: Variation of the equilibrium constant with temperature for ethene oligomerization reaction to products 
shown in the legend. 

Thermodynamics of cracking reaction of n-pentane to ethane and propene, it seen that this 

reaction is favoured at high temperatures (Figure C) 

 

Figure C: Variation of the equilibrium constant with temperature for n-pentane cracking to propene and ethane. 
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C: Heatflow during TGA 
The heatflow during TGA (section 6.3.4, Figure 33), a very high increase in heatflow around 

50 min was observed due to combustion reaction inside the oven. 

 

D: Detailed information on flow and pressure 
conditions 
Details on the flow and pressure conditions used in this work. 

Table D.1: Detailed information on flow conditions 

 Flow 
(ml/min) 

Flow 
(mL/h) 

Flow 
(mol/h) 

Flow 
(g/h) 

Flow 
(ml/min) 

Flow 
(mL/h) 

Flow 
(mol/h) 

Flow 
(g/h) 

WHSV 
(g(C2H4)/(gcat*h)) 

1 26 1560 0.064 1.796 4 240 0.010 0.039 8.981 
2 22 1320 0.054 1.520 8 480 0.020 0.079 7.599 
3 18 1080 0.044 1.244 12 720 0.030 0.118 6.218 
4 12 720 0.030 0.829 18 1080 0.044 0.177 4.145 
 

Table D.2: Detailed information on pressure 

 Total mole Mole fraction 
(ethene) 

Mole fraction 
(helium) 

Total pressure 
(bar) 

P(ethene) 
(bar) 

P(helium) 
(bar) 

1 0.0739 0.867 0.133 29 25.1 3.9 
2 0.0739 0.733 0.267 29 21.3 7.7 
3 0.0739 0.600 0.400 29 17.4 11.6 
4 0.0739 0.400 0.600 29 11.6 17.4 
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E: List of catalytic experiments 
Catalyst 
code 

Experiment 
code 

Parameter 
varied 

Comment 

MK_Ni-
B(im) 

MK_Ni-B_01 P(ethene) First experiment at high pressure, the total 
pressure dropped, problem with leakage. 

MK_Ni-
B(im) 

MK_Ni-B_02 P(ethene) Leakage during the experiment 

MK_Ni-
B(im) 

MK_Ni-B_03 P(ethene) Leakage during the experiment 

MK_Ni-
B(im) 

MK_Ni-B_04 P(ethene) First experiment where a stable total pressure 
was achieved 

MK_Ni-
B(im) 

MK_Ni-B_05 P(ethene) Reproduction of MK_Ni-B_04 

MK_Ni-
B(im) 

MK_Ni-B_06 P(ethene) Error with mass flow controller during the 
experiment 

MK_Ni-
B(im) 

MK_Ni-B_07 Contact time Condensation on GC inlet line during the 
experiment. 

MK_Ni-
B(ex) 

MK_Ni-B_08 P(ethene) First experiment with ion exchanged nickel 
beta 

MK_Ni-
B(ex) 

MK_Ni-B_09 P(ethene) Reproduction of MK_Ni-B_08 

MK_Ni-
B(ex) 

MK_Ni-B_10 Contact time Condensation on GC inlet line during 
experiment. 

MK_H-B MK_Ni-B_11 Catalyst Activity of H-Beta was investigated 

MK_Ni-
B(ex) 

MK_Ni-B_12 Temperature Reactivity investigated at high temperature 

MK_Ni-
B(ex) 

MK_Ni-B_13 - The activity investigated without pressure 
variation 

MK_Ni-
B(ex) 

MK_Ni-B_14 Temperature Reactivity investigated at high temperature 

MK_Ni-
B(ex) 

MK_Ni-B_15 - Mass balance experiment 

MK_Ni-
B(ex) 

MK_Ni-B_16 - Mass balance was done for all experiments 
after MK_Ni-B_16 

MK_Ni-
B(ex) 

MK_Ni-B_17 P(ethene) First experiment with accurate mass balance 

MK_Ni-
B(ex) 

MK_Ni-B_18  Reproduction of MK_Ni-B_17. Condensation 
on GC inlet line. 

MK_Ni-
B(ex) 

MK_Ni-B_19 Temperature Inaccurate mass balance 

MK_Ni-
B(ex) 

MK_Ni-B_20 Temperature Investigate activity at low temperature 

MK_Ni-
B(ex) 

MK_Ni-B_21 Temperature Investigate activity at high temperature 

MK_H-B MK_Ni-B_22 Catalyst Activity of H-Beta was investigated 



92 
 

MK_Ni-
B(ex) 

MK_Ni-B_23 Temperature The activity investigated without pressure 
variation 

MK_Ni-
B(ex) 

MK_Ni-B_24 P(ethene) Investigate activity of MK_Ni-B(ex) under 
low P(ethene) 

MK_Ni-
B(ex)-low 

MK_Ni-B_25 Ni 
concentration 

Investigate activity of MK_Ni-B(ex)-low 

MK_Ni-
B(ex) 

MK_Ni-B_26 P(ethene) 
and mcat 

Investigate activity of MK_Ni-B(ex) under 
low P(ethene) but comparable conversion 

MK_Ni-
B(nano) 

MK_Ni-B_27 Nanocrystals Condensation on GC inlet line 

MK_Ni-
B(ex) 

MK_Ni-B_28 - Reproduction of MK_Ni-B(ex)_17. Loss of 
electricity during experiment 

MK_Ni-
B(ex) 

MK_Ni-B_29 Temperature Error with mass flow controller 

MK_Ni-
B(ex) 

MK_Ni-B_30 New batch of 
catalyst 

Reproduction of MK_Ni-B(ex)_17 

MK_Ni-
B(ex) 

MK_Ni-B_31 Total 
pressure 

Leakage during experiment 

MK_Ni-
B(ex) 

MK_Ni-B_32 Temperature Condensation on GC inlet line 

MK_Ni-
B(ex) 

MK_Ni-B_33 Temperature Condensation on GC inlet line 

MK_Ni-
B(ex) 

MK_Ni-B_34 Temperature Experimental error in the start of the 
experiment 

MK_Ni-
B(nano) 

MK_Ni-B_35 Nanocrystals Inaccurate mass balance 

MK_Ni-
B(ex) 

MK_Ni-B_36 Temperature Investigate the activity of MK_Ni-B(ex) at 
high temperature 

MK_Ni-
B(nano) 

MK_Ni-B_37 Nanocrystals Condensation on GC inlet line 

MK_Ni-
B(nano) 

MK_Ni-B_38 Nanocrystals Investigate the activity of nanocrystalline Ni-
Beta 
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F: Calibration curves for MP-AES 
Two distinct wavelengths were used for calibration of each element and presented here, 

except for Si, where one of the calibration curves could not be calculated due to computer 

error: 

Nickel: 

 

Aluminium: 

 

Silicon: 
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G: Estimation of nickel wt % 
Remembering the general formula for zeolites: 

𝑀𝑀𝑥𝑥
𝑛𝑛

𝑛𝑛+ [𝑆𝑆𝑖𝑖1−𝑥𝑥𝐴𝐴𝑙𝑙𝑥𝑥𝑂𝑂2]  ∗ 𝑚𝑚𝐻𝐻2𝑂𝑂 

Assuming that two oxygen atoms are bound to each silicon/aluminium atom, the weight of 

zeolite can be estimated: 

𝑚𝑚𝑖𝑖𝑟𝑟𝑜𝑜𝑟𝑟𝑖𝑖𝑜𝑜𝑟𝑟 = 𝑚𝑚𝑆𝑆𝑖𝑖 + 𝑚𝑚𝐴𝐴𝑟𝑟 + 𝑚𝑚𝑂𝑂2 

𝑚𝑚𝑂𝑂2 = 𝑛𝑛𝑂𝑂2 ∗ 𝑀𝑀𝑊𝑊,𝑂𝑂 = 𝑛𝑛𝑆𝑆𝑖𝑖+𝐴𝐴𝑟𝑟 ∗ 𝑀𝑀𝑊𝑊,𝑂𝑂 = �
𝑚𝑚𝑆𝑆𝑖𝑖 + 𝑚𝑚𝐴𝐴𝑟𝑟

𝑀𝑀𝑊𝑊,𝑆𝑆𝑖𝑖 + 𝑀𝑀𝑊𝑊,𝐴𝐴𝑟𝑟
2  

� ∗ 𝑀𝑀𝑊𝑊,𝑂𝑂   

The weight % of nickel was estimated using: 

𝑚𝑚𝑁𝑁𝑖𝑖

𝑚𝑚𝑖𝑖𝑟𝑟𝑜𝑜𝑟𝑟𝑖𝑖𝑜𝑜𝑟𝑟 + 𝑚𝑚𝑁𝑁𝑖𝑖
∗ 100 % 

H: Formula 

Contact time 

Numbers of minutes the reactant are in contact with the catalyst, the contact time calculations 

are based on standard conditions (1 atm, 25 °C) 

𝐶𝐶𝑇𝑇𝑛𝑛𝑇𝑇𝑇𝑇𝑐𝑐𝑇𝑇 𝑇𝑇𝑖𝑖𝑚𝑚𝑒𝑒 =
𝐴𝐴𝑚𝑚𝑇𝑇𝑏𝑏𝑛𝑛𝑇𝑇 𝑇𝑇𝑜𝑜 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙𝑦𝑦𝑐𝑐𝑇𝑇 (𝑔𝑔)

𝑅𝑅𝑇𝑇𝑇𝑇𝑒𝑒 𝑇𝑇𝑜𝑜 𝑖𝑖𝑛𝑛𝑝𝑝𝑏𝑏𝑇𝑇 𝑇𝑇𝑜𝑜 𝑐𝑐𝑒𝑒𝑇𝑇𝑐𝑐𝑇𝑇𝑇𝑇𝑛𝑛𝑇𝑇 �𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑛𝑛�
 

 

Rate of formation 

𝑐𝑐𝑇𝑇𝑇𝑇𝑒𝑒 =  
𝐶𝐶𝑇𝑇𝑛𝑛𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑖𝑖𝑇𝑇𝑛𝑛 ∗ 𝑜𝑜𝑙𝑙𝑇𝑇𝑓𝑓 𝑇𝑇𝑜𝑜 𝑐𝑐𝑒𝑒𝑇𝑇𝑐𝑐𝑇𝑇𝑇𝑇𝑛𝑛𝑇𝑇 ∗ 𝑝𝑝𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑏𝑏𝑐𝑐𝑒𝑒 ∗ 𝑆𝑆𝑒𝑒𝑙𝑙𝑒𝑒𝑐𝑐𝑇𝑇𝑖𝑖𝑐𝑐𝑖𝑖𝑇𝑇𝑦𝑦𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑟𝑟

𝑔𝑔𝑇𝑇𝑐𝑐 𝑐𝑐𝑇𝑇𝑛𝑛𝑐𝑐𝑇𝑇𝑇𝑇𝑛𝑛𝑇𝑇 ∗ 𝑇𝑇𝑒𝑒𝑚𝑚𝑝𝑝 ∗ 𝑚𝑚𝑇𝑇𝑐𝑐𝑐𝑐 𝑇𝑇𝑜𝑜 𝑐𝑐𝑇𝑇𝑇𝑇 ∗ 60
=

𝑚𝑚𝑇𝑇𝑙𝑙
𝑔𝑔𝑟𝑟𝑎𝑎𝑜𝑜 ∗ 𝑐𝑐
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Weight Hourly Space Velocity (WHSV) 

𝑊𝑊𝐻𝐻𝑆𝑆𝑉𝑉 =
𝑚𝑚(𝑜𝑜𝑒𝑒𝑒𝑒𝑑𝑑)

𝑚𝑚(𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙𝑦𝑦𝑐𝑐𝑇𝑇) ∗ ℎ𝑇𝑇𝑏𝑏𝑐𝑐
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