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ABSTRACT 

Production of Linear Alpha Olefins via Heterogeneous Metal-Organic-

Framework (MOF) Catalysts  

Mohammed Rafat Al Alouni 

 

Linear Alpha Olefins (LAOs) are one of the most important commodities in the chemical 

industry, which are currently mainly produced via homogenous catalytic processes. 

Heterogeneous catalysts have always been desirable from an industrial viewpoint due to 

their advantages of low operation cost, ease of separation, and catalyst reusability. 

However, the development of highly active, selective, and stable heterogeneous catalysts 

for the production of LAOs has been a challenge throughout the last 60 years. In this 

dissertation, we designed and prepared a series of heterogeneous catalysts by incorporating 

structural moieties of homogenous benchmark catalysts into metal-organic-frameworks 

(MOFs), aiming to provide a feasible solution to this long-standing challenge. First, we 

reviewed the background and state of the art of this field and put forward the main 

objectives of our research. Then, we thoroughly discussed a novel heterogeneous catalyst 

(Ni-ZIF-8) that we developed for ethylene dimerization to produce 1-butene, focusing on 

its designed principle, detailed characterizations, catalytic performance evaluation, and 

reaction mechanisms. Ni-ZIF-8 exhibits an average ethylene turnover frequency greater 

than 1,000,000 h-1 (1-butene selectivity >85%), far exceeding the activities of previously 

reported heterogeneous and many homogenous catalysts under similar conditions. 

Compared with homogenous nickel catalysts, Ni-ZIF-8 has significantly higher stability 

and showed constant activity during four hours of continuous reaction for at least two 
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reaction cycles. The combination of isotopic labeling studies and Density Functional 

Theory calculations demonstrated that ethylene dimerization on Ni-ZIF-8 follows the 

Cossee-Arlman mechanism, and that the full exposure and square-planer coordination of 

the nickel sites account for the observed high activity. After that, we further optimized the 

Ni-ZIF-8 catalytic system from the perspective of practical applications. We achieved 

double productivity of 1-butene by optimizing the synthetic conditions and explored its 

usability and performances under solvent-free conditions. Then, we extended our catalyst 

design concept to prepare heterogeneous catalysts comprising other metals and MOFs, 

which provided a suitable platform for studying the effects of the metallic center and 

coordination environment on the catalytic production of LAOs. Finally, we gave our 

perspectives on the further development of heterogeneous catalysts for the production of 

LAOs.   
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Chapter 1: Introduction 

Linear Alpha Olefins (LAOs) are among the most important chemical products in the 

industry as it has been estimated to have a market size of $8.26 billion in 2018.1 This is not 

surprising as these components are used for many applications that we see in our daily life 

starting from utilizing a plastic milk container that we use in the early morning and ending 

up using shampoo to clean hair before going to bed. As shown in Figure 1.1, some LAOs 

are very critical to provide the proper mechanical and thermal stability in many 

polyethylene and polypropylene merchandise.2 In addition, LAOs are demanded to make 

detergent alcohols that are responsible to make products such as laundry detergents, shower 

gels, cosmetics, shaving creams, and many other pharmaceutical products.3 Furthermore, 

they are very important fuel additives that either can increase the gasoline octane number 

to have lower combustion in the engine or are used as a lubricant that helps in reducing 

friction or act to inhibit corrosion.3 

 

Figure 1.1. Linear Alpha Olefins and their usage. 

LAOs production technologies have started based on refinery fractionation and steam 

cracking of petroleum until 1966 when the first commercial ethylene oligomerization plant 

came into operation.4 This was revolutionary as this has enabled other non-oil-based 
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resources such as natural gas and biomass to be utilized to produce LAOs as ethylene can 

be made by these resources.  

Here, we will go over the different technologies that have been developed to date to 

produce different types of LAOs from ethylene and we will have a look into different types 

of catalysts that have been explored in the literature. Then, we will discuss different 

proposed mechanisms for these reactions and what influences their performance in terms 

of reaction conditions. 

1.1 Linear Alpha Olefins (LAOs) production processes 

Currently, we can define two different types of LAOs production technologies based on 

the distribution of products they are making. Namely, on-purpose and wide range 

processes. On-purpose LAOs processes produce principally C4 (1-butene) or C6 (1-

hexene) or C8 (1-octene) selectively via ethylene dimerization, trimerization, or 

tetramerization, respectively. These processes aim to focus mainly on making only one of 

the LAOs to minimize the cost of separation and the capital cost for building new plants. 

Currently, on-purpose technologies occupy 26% of the LAOs capacities and it is growing 

steadily as it is considered the best way to meet the demand.5 

On the other hand, wide range processes aim to produce a wide range of LAOs from C4 to 

C20+, then, separate each component via separators. All LAOs are very important and have 

different applications. C4-C8 products are used mainly as co-monomers to make 

polyethylene products.3 Depending on how much and what type of these LAOs are added, 

different types of polyethylene products occur (e.g. HDPE, LDPE, and LLDPE). On the 

other hand, C10-C16 LAOs are used to make surfactants and lubricants which are very 
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important to make detergent alcohols and synthetic lubricants.3 Finally, C18-C20+, are 

typically used to make anti-corrosion additives and synthetic waxes.3 In this section, we 

will go over different technologies to produce different LAOs from ethylene, highlighting 

their advantages and disadvantages. 

1.1.1 On-Purpose Linear Alpha Olefins production processes 

1.1.1.1 Ethylene dimerization to 1-butene 

1-butene is one of the most important LAOs used in this industry which occupies 31% of 

LAOs market.1 It is mainly produced from three main sources of feedstock which are crude 

oil fractionation, ethylene oligomerization, and ethylene dimerization.6 The most 

economical route among these is to produce 1-butene through ethylene dimerization as it 

doesn’t require high energy, extensive separation columns, and distillation as is the case in 

the other processes. Ethylene dimerization is an on-purpose technology to produce 1-

butene with very high selectivity. As shown in Figure 1.2, two ethylene molecules are 

reacted together to form 1-butene through an addition reaction. 

 

Figure 1.2. Ethylene dimerization reaction. 

The only commercial on-purpose technology for the production of 1-butene from ethylene 

is the Alphabutol which has been in the market for more than 35 years.7 Currently, there 

are more than 40 licenses around the world with a total production of more than a million 

metric tons per year which occupies more than 32% of the 1-butene production market.8 
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The supply of 1-butene is expected to increase as more and more plants are built using the 

same technology. For instance, in Russia, Baltic Chemical Company has announced to 

build the largest Alphabutol plant in the world with a capacity of 120,000 tons/year that is 

expected to be operational in 2023.9 

The Alphabutol technology has been developed in a collaboration between SABIC (Saudi 

Arabian Basic Industries Corporation) and IFP (French Institute of Petroleum) in 1986 led 

by Yves Chauvin who received the Nobel prize in Chemistry in 2005.10 His breakthrough 

work on catalysis has led him to discover that titanium butoxide (Ti(OBu)4) 

/triethylaluminum (AlEt3) catalyst system is very active and selective for ethylene 

dimerization.11 The catalyst used in the process is in the homogenous phase (where 

products, catalysts, and co-catalysts are in one phase) and thus would require to have a 

catalyst removal section after the reaction to get fine products. Therefore, to better visualize 

the process, we could segregate the process of Alphabutol into four main sections which 

are catalyst preparation, reaction, catalyst removal, and product separation sections as 

shown in Figure 1.3. Here, we will go over the details of each of these sections: 

 

Figure 1.3. The Alphabutol process.12 
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I. Catalyst Preparation Section: The catalyst that has been reported in the literature with 

different tradenames (e.g. LC 2253 13, BUCAT-1 14) should be kept under an inert 

atmosphere as the nature of the homogenous catalyst Ti(OR)4 and co-catalyst AlR3 are both 

very sensitive to oxygenates or moisture. For instance, the Petrokemya company in Jubail 

(the largest plant for Alphabutol in operation to date) has been reported to utilize LC 2253 

catalyst which is composed of Titanium butoxide (Ti(OBu)4) dissolved in tetrahydrofuran 

(THF).13 THF acts as a stabilizer that can prohibit the formation of titanium (III) species 

which is known to be responsible for producing a lot of polymers (solid by-products).15 In 

addition, it utilizes triethylaluminum (TEAL) as a co-catalyst which is important to activate 

the catalyst. These alkyl-aluminum compounds tend to decompose once exposed to 

moisture or oxygenates.16 Therefore, both catalyst and co-catalyst should be pumped to the 

reactor section from the storage tanks which are always kept in an oxygen-free environment 

under an inert atmosphere. 

II. Reaction Section: Fresh and recycled ethylene are injected at the bubble point through 

a gas distributor in a 1-butene aqueous phase at around 25 bar and 50-60 oC.17 Due to the 

high exothermicity of the ethylene dimerization reaction (heat of reaction = -25 Kcal/gmol 

17), the catalyst and co-catalyst are both injected in a pump around a loop system which 

allows rapid cooling of the reaction once it gets in contact with ethylene and ensures good 

distribution of the catalyst/co-catalyst in the vessel.13 The reaction time has been reported 

to be between 5-6 hours.17 The process is operated in a semi-batch fashion such that it is 

controlled by a pressure controller where the ethylene, catalyst, co-catalyst, and product 

concentrations in the reactor vessel are kept over a certain range.7 Since the catalyst/co-

catalyst are both in homogenous phase with the product, they pass through the heat 
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exchanger tubes and as the catalyst system tends to form polymers, this causes serious 

reactor/heat exchanger fouling problems that are considered as the most critical challenge 

of the process.18 First, the deposition of the polymers on the heat exchanger surfaces can 

lead to a blockage in the tubes which will therefore lead to a pressure drop that will cause 

a lower output. Then, the efficiency of cooling the reaction will drop and increase the 

reaction temperature which will lead to undesired products.13 Therefore, maintenance 

occupies a considerable portion of the unit yearly cost for cleaning these parts frequently.13 

III. Catalyst removal: The liquid reactor effluent which consists of the used catalyst/co-

catalyst, unreacted dissolved ethylene, and the liquid product are treated with a deactivating 

agent (e.g. amine) which stops the reaction.19 Then, the effluent passes through a heat 

exchanger and a thin-film evaporator where the spent catalyst/co-catalyst and some 

hydrocarbon products are collected to be incinerated or filled in barrels to be picked up by 

environmental companies.19 

IV. Product separation: The vaporized stream from the heat exchanger and thin-film 

evaporator contains both unreacted ethylene stream that is sent back to the reactor and the 

product is sent to the distillation tower. In the distillation, the inlet consists of 91% of 1-

butene and 9% C6 products, and the outlet purified stream consists of >99% of 1-butene 

that is taken to be kept in storage tanks before it is sold.7 On the other hand, the C6 

byproduct stream has been reported to be utilized as a fuel.7 

To summarize, Alphabutol technology tends to have the advantages of obtaining a very 

high activity and selectivity to 1-butene utilizing a relatively cheap homogenous catalyst. 

However, the maintenance cost of the process tends to be high due to the fouling of the 
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reactor/heat exchanger surfaces which may cause some shutdowns to the unit. In addition, 

as the catalyst is in a homogenous phase with the product, the disposal of some of the 

products with the catalyst is necessary. 

1.1.1.2 Ethylene trimerization to 1-hexene 

Wide range processes tend to produce a selectivity of only 10-20 wt% of 1-hexene which 

usually doesn’t match the market demand.20 Following the superior economic advantage 

that was seen in Alphabutol technology for making routes to on-purposely produce Linear 

Alpha Olefins from ethylene, Chevron Philips (CPChem) was the next company to make 

an on-purpose commercial technology to produce 1-hexene by its unique ethylene 

trimerization technology (Selective 1-Hexene (S1H)) with very high selectivity. The first 

plant (a joint venture plant between Q-Chem and CPChem) which was started in Qatar in 

2003 produced a 99% purity of 1-hexene and demonstrated the success of this technology.21 

In 2005, the S1H won the Kirkpatrick Award which is given to recognize the most 

remarkable commercialized technology biannually in the chemical engineering field at the 

worldwide level.22 Later, two further plants were commissioned in Saudi Arabia and the 

United States which makes this on-purpose technology produce more than 440,000 tons of 

1-hexene each year.23 Recently, CPChem announced the built its future plant in Old Ocean, 

Texas, the United States which is targeted to be in operation in 2023 with a world capacity 

of 266,000 tons of 1-hexene per year.24 The catalyst in this process was found surprisingly 

by discovering the co-production of 1-hexene during the polymerization of ethylene. Via 

further research into the mechanism and carefully designing active sites, the homogenous 

catalyst was reported to compose of chromium octanoate with 2,5-dimethyl-pyrrole while 

two co-catalysts are added which are diethyl aluminium chloride (DEAC) and TEAL to 
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attain the high activity and selectivity once reacted with ethylene.25 The catalyst/co-catalyst 

system is dissolved in cyclohexane and pumped into a reactor that is kept at 115 oC and 

100 bar.26 The reaction is in a homogenous liquid phase and at the effluent, a deactivating 

agent (n-octanol) is added to stop the reaction and inhibit polymerization.27 Then, the 

products are separated through fractionation while the catalyst/co-catalyst are precipitated 

and treated with sodium hydroxide and sulfuric acid before disposal.27 The unreacted 

ethylene, cyclohexane solvent, and n-octanol are both recycled back to the process for 

better cost optimization.27 

In 2011, Mitsui Chemicals Company has announced the operation of its on-purpose MET 

1-hexene for ethylene trimerization. They have represented for the first time utilizing a 

non-chromium catalyst to compete with the selective ethylene trimerization catalysts from 

CPChem. In the process of MET 1-hexene, the catalyst (Phenoxyimine Titanium type 

catalyst) and co-catalyst (methylaluminoxane (MAO)) are both fed into a heptane solvent 

in the reactor section where the trimerization reaction is happening.28,29 After that, the 

effluent is sent to an ethylene recovery unit where unreacted ethylene is sent back to the 

reactor section again.29 Then, the rest is sent to powder/polymer separation units where 

they purify the products from catalyst/co-catalyst and polymer side products.29 Finally, 1-

hexene is separated in the purification section where a high purity above 99% of 1-hexene 

is produced.29 Other side products such as heptane and toluene are also separated in another 

distillation vessel while heavy hydrocarbons are used as fuel oil.29 As far as we know, the 

only commercial plant announced was the one initially built in Japan that produced 30,000 

tons of 1-hexene per year.30 The Mitsui Chemicals R&DC published a paper talking about 

its phenoxy-imine-ether ligated titanium complex homogenous catalyst that was operated 
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at milder conditions at 50 bar and 30 oC that produces 1-hexene with an overall selectivity 

of 92%.20 At these conditions, the reaction is seen to be less severe in operation due to the 

low amount of polymer produced which is a good advantage of the Mitsui catalyst.20 

At a short period after the announcement of Mitsui MET 1-hexene technology, Axens 

showed its Alphahexol unit which utilizes the same process as its Alphabutol process 

except that the catalyst utilized in the process is a homogenous chromium-based catalyst 

(tradename LC 4101) that is accompanied by two co-catalysts and operated at different 

reaction conditions.31 In addition, the reactor is filled with a hydrocarbon solvent that is 

recycled back to the reactor.31 At an operating condition of 140 oC and 30 bar, the overall 

selectivity for 1-hexene was reported to be greater than 85% where the purity of 1-hexene 

is greater than 99% in the C6 stream which makes it very suitable to make polyethylene 

products.32 Currently, four AlphaHexol units have been licensed 33 and it is expected to 

open its new 75,000 ton plant in the United Arab Emirates (UAE) very soon.34 

1.1.1.3 Ethylene tetramerization and beyond 

Up to this date, there is no process commercially available reported to produce C8+ Linear 

Alpha Olefins on-purposely from ethylene with a high overall selectivity above 80%. 

However, Sasol researchers have recently demonstrated a technology that was able to make 

an overall selectivity as high as 70% of 1-octene.35 Although the selectivity is quite low to 

1-octene, this is still very attractive for investors as the selectivity for 1-octene produced 

from this process is much higher than the wide range LAOs processes. The Sasol catalyst 

system was reported to be a homogenous chromium diphosphinamine catalyst activated by 

a modified methylaluminoxane (MMAO) co-catalyst in which the catalyst has been 
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reported to generate polyethylene as a side product which will add additional cost for its 

separation and maintenance.36  

To summarize, most of the on-purpose current technologies deployed in the industry 

produce high purity LAOs products under mild conditions (as shown in Table 1.1). 

However, some amounts of polymers are produced within these processes that lead to 

reactor/heat exchanger fouling. Therefore, additional parts and continuous maintenance are 

usually required for the removal of these polymers to avoid shutdowns. Despite these 

challenges, these processes are still profitable and gaining much attention recently as they 

can be coupled with other processes. 

Table 1.1: Comparison of on-purpose LAOs technologies. 

LAO Technology Temperature  

(oC) 

Pressure  

(bar) 

Selectivity Ref. 

1-butene (C4)  Alphabutol  

(Axens) 

50 - 60 25 91% 17
 

1-hexene (C6)  S1H 

(CPChem) 

115 100 99% 26
 

1-hexene (C6) MET 1-Hexene  

(Mitsui) 

n.r n.r >95% 29
 

1-hexene (C6) Alphahexol  

(Axens) 

140 30 >85% 32
 

1-hexene (C6) and 1-octene (C8) Sasol Tetramerization >50 n.r 30% C6 

70% C8 

35
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1.1.2 Wide Range Linear Alpha Olefins production processes 

Currently, more than 60% of the LAOs are produced by wide-range Linear Alpha Olefins 

processes.5 Depending on the catalyst used, the oligomerization of ethylene is a reaction 

that most commonly follows either a Schluz-Flory or Poisson distribution. As seen in 

Figure 1.4, a Schulz-Flory distribution tends to favor short carbon chains over lengthy 

ones where the chain length is geometrically distributed. On the other hand, the Poisson 

distribution tends to be a distribution of products that looks like a mountain shape.  

 

Figure 1.4. Schluz-Flory and Poisson distribution. 

Currently, there are eight wide range LAOs technologies led by CPChem (Gulfene), Ineos 

(Ethyl), Shell (SHOP), Idemetsui (Linealene), Axens (Alphaselect), UOP-UCC (Linear-1), 

Dupont (Versipol), and Sabic-Linde (Alpha-Sablin). Here, we will have a short review of 

these processes and their main contribution to the LAOs production industry. 

1.1.2.1 CPChem (Gulfene) wide range LAOs process 

The first commercial plant for the catalytic oligomerization of ethylene was reported to be 

dated in 1966.3 The Gulf company (now operated by CPChem) has received the license to 
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utilize the Ziegler catalyst discovered by Gellert and Karl Ziegler (1963 Nobel prize 

winner).3 The process utilizes TEAL as the catalyst operated at harsh conditions of 175-

290 oC and pressure ranging between 138-275 bar in one step continuous process.3 A 

deactivating agent is added to the effluent of the reactor to stop the oligomerization reaction 

and avoid the isomerization of the products.3 The products which follow a Schluz-flory 

distribution are separated by distillation where C6-C10 products represent 41% of the 

products produced and the linearity of products has been reported to range from 90.5% to 

98.3% for C4-C18.3 

1.1.2.2 Ineos (Ethyl) wide range LAOs process 

In 1971, the Ethyl chemical company (acquired now by Ineos) has started the operation of 

its first plant using a granted license of a modified Ziegler process which tends to produce 

a Poisson distribution of products instead of Schulz-Flory distribution.37 The process 

involves two reaction steps which are chain growth and displacement. 38 Although it makes 

the operation more difficult, it is intended to have better control over the flexibility of the 

products produced. First, the ethylene is oligomerized in the chain growth reactor utilizing 

TEAL as a catalyst operated at temperatures ranging between 116 - 316 oC and at very high 

pressures of 186-206 bar.3,  Then, in the next step which is operated at temperatures ranging 

between 260-316 oC and low pressures of 15-17 bar, the catalyst is being displaced, 

regenerated, and sent back to the chain growth step.3 The products obtained are in the range 

of C4-C18 where the C6-C10 can reach up to 77% of the LAOs manufactured and this two-

step process has enabled Ineos to be among the top producers of LAOs with a total turnover 

of $1.2 billion in 2020.39  
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1.1.2.3 Shell (SHOP) wide range LAOs process 

The first commercial plant of ethylene oligomerization led by Shell was in operation in the 

1970s, named Shell Higher Olefins Process (SHOP).40 The process is the most flexible 

among others which can adjust to the demand by varying the operating condition where 

LAOs products range from C4 to C20+.3 Moreover, it is very unique in terms of the purity 

of the Linear Alpha Olefins as it can reach as much as 99%. Since 1977, no other 

commercial wide range LAOs technology was able to achieve the high percentage of 

linearity that the SHOP is producing today.41 The product distribution of the SHOP 

ethylene oligomerization process comprises an even carbon number of Linear Alpha 

Olefins, following a Schulz-Flory distribution where the amount of C12-C18 products 

comprises 40-50%. The SHOP process is considered one of the most important processes 

to produce LAOs with a total annual production greater than one million tons.42 The nickel 

catalyst utilized for the SHOP process has been reported to be made of nickel chloride, 

diphenylphosphine acetic acid, and sodium borohydride.43 It is important to note that this 

is the only wide range LAOs commercialized process that doesn’t utilize a co-catalyst for 

the activation of its metal. First, ethylene is being oligomerized by the homogenous nickel 

complex in the reactor which is filled with 1,4-butanediol at a temperature ranging between 

90-100 oC and at a pressure of 100-110 bar.19 The operating conditions are quite harsh as 

ethylene is pumped at a very high pressure which is one of the major costs of this process. 

Unlike other technologies, the catalyst separation in this process is reported to be more 

easier than others as 1,4-butanediol is immiscible with the products produced which makes 

it very easy to separate and reuse the catalyst with unreacted ethylene. Finally, the 

distillation separates selected individual carbon number products that come out from the 
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oligomerization reactor.19 An additional step to increase the C10-C14 LAOs portion which 

is very useful for making detergent alcohols is made by the isomerization and metathesis 

of the C4-C10 and C14+ products produced.44  

1.1.2.4 Idemitsu (Linealene) wide range LAOs process 

In 1989, Idemitsu has started the operation of its first plant in Japan for ethylene 

oligomerization. The process utilized a zirconium-based homogenous complex that 

contains a thiophene ligand in the presence of two co-catalysts which are TEAL and ethyl 

aluminum sesquichloride.45 Ethylene is reacted over the sites of the activated catalyst 

producing a wide range of LAOs from C4-C24+. Water and other chemicals have been 

reported to be added in the catalyst/co-catalyst removal section.19 In this case, wastewater 

that contains the catalyst and co-catalyst is removed while products are sent for distillation. 

The linearity of the alpha-olefins produced in the range of C4-C8 is quite high (greater than 

96.5%) which makes it suitable for targeting applications such as linear low-density 

polyethylene (LLDPE).3 

1.1.2.5 Axens (Alphaselect) wide range LAOS process 

After the successful implementation of the on-purpose Alphabutol process, researchers 

from Axens and the Institute of French Petroleum (IFP) have tried to further develop a 

process targeting a wide range of LAOs. They have discovered that a zirconium 

homogenous complex would be able to compete with other wide range LAOs catalysts 

existing in the market and this has led to the commissioning of the first Alphaselect unit in 

the 1990s that is mainly focused on the production of LAOs in the C4 to C10 range. The 

process looks very similar to the Alphahexol process which was explained in section 1.1.1 
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with differences in the catalyst/co-catalyst and reaction conditions.45 The zirconium 

homogenous complex and the aluminum-based co-catalyst are fed into the reactor section 

in a loop where the ethylene is oligomerized in a solvent 46 operated at moderate pressures 

of 70-90 bars and temperature of 130-150 oC.45 The aromatic solvent is recovered after 

purification in the separation section and is sent back to the reactor with unreacted 

ethylene.47 On the other hand, catalyst and co-catalyst are oxidized and sent for disposal 

with heavy ends products. More than 93% of the alpha-olefins produced in this process are 

in the range between C4-C10 that are obtained with a quite high purity after distillation by 

carbon number.47 In this process, it has been reported that a small amount of polymers is 

produced as a by-product. 45 

1.1.2.6 UOP-UCC (Linear-1) wide range LAOs process 

Although the UOP ethylene oligomerization process claimed that it is considered the most 

economical route to produce LAOs as compared to other technologies in 2004 48, there has 

been no news reporting that a commercial unit was built utilizing this technology. The 

process has been reported to have the flexibility to produce even-numbered C4-C8 LAOs 

with selectivity as high as 80% by just adjusting the operating parameters and using water 

to control the Schulz-Flory distribution.49,50 The process utilizes a nickel-based 

homogenous catalyst where the ligand is believed to be 2-diphenylphosphino-1-

naphthalene sulfonic acid that is activated by sodium borohydride which acts as a co-

catalyst.51 The ethylene is oligomerized in the reactor section at a temperature of 95 oC and 

about 100 bar in the presence of sulfolane solvent where the water content is manipulated.50 

However, the catalyst has been reported to show a severe deactivation once utilizing high 

amounts of catalyst or co-catalyst in the reaction.50 The utilized solvent has superiority to 
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make the product separation easier which enables the catalyst/co-catalyst and the solvent 

to be recycled back to the reactor for better process optimization.48 At the end of the 

process, C4-C18+ even-numbered LAOs are purified while unreacted ethylene is recycled 

back to the reactor.48 

1.1.2.7 Dupont (Versipol) wide range LAOs process 

This was the first process to utilize iron as an active site for a homogenous ethylene 

oligomerization catalyst. Iron is known to be the most abundant element on earth by mass 

which makes the process have a low CAPEX. A versipol catalyst (an iron complex of a 

selected dimine of a 2,6-pyridinedicarboxaldehyde) in combination with an aluminum-

based co-catalyst are used to make very high purity of products (98%) with a flexible 

distribution.52 Unfortunately, we couldn’t find any news reporting the building of new 

commercial units using this technology.  

1.1.2.8 SABIC-LINDE (Alpha-Sablin) wide range LAOS process 

In 2009, a collaboration between Sabic and Linde has led to the commercialization of the 

first plant of the Alpha-Sablin process at the United plant in Al-Jubail Industrial City, Saudi 

Arabia with a capacity of 150,000 tons per year of LAOs.53 It tends to produce C4-C12 

LAOs utilizing a zirconium carboxylate-based homogenous catalyst.54 Unlike all other 

LAOs production processes, the reactor utilized for the Alpha-Sablin process is a bubble 

column reactor that is operated at low pressures of 20-35 bar and temperatures between 50-

100 oC.55 The ethylene is introduced from the bottom of the reactor via a gas distributor 

that is immersed in toluene solvent inside the bubble column.55 The catalyst and co-catalyst 

are both injected from the side of the reactor and once products are formed, light LAOs 
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with unreacted ethylene are vaporized continuously from the top of the reactor while heavy 

LAOs with the catalyst/co-catalyst and solvent are withdrawn from the bottom.55 In this 

case, ethylene flow can control the high exothermicity of the reaction and solve problems 

associated with heat exchanger surface fouling.55 The limitation of this process is that it 

requires many reactors to be placed in parallel to achieve a high production capacity. The 

process has the flexibility to maximize the overall selectivity of C4-C8 products to 81% by 

utilizing a high catalyst ratio.55 This has led to the commercialization of a second plant with 

a capacity of 37,500 tons per year of LAOs in Nizhnekamsk, Russia in 2014 that supplied 

these important raw materials.56 It is important to note that this process is the only 

commercial process for LAOs production with a commercial reference that is free for 

licensing.55 

To summarize, most of the processes can produce high purity of wide range LAOs with 

very high capacities that supply most of the market (see Table 1.2). However, all of these 

technologies require extensive separation which accounts for the majority of its cost. In 

addition, in most cases, the catalyst separation and the formation of high molecular weight 

products tend to make the operation more difficult. 

Table 1.2: Commercial wide range Linear Alpha Olefins processes. 

Technology Temperature  

(oC) 

Pressure  

(bar) 

Major Products Ref. 

CPChem (Gulfene) 175-290 138-275 C6-C10 = 41% 3
 

Ineos (Ethyl) 116-316 186-206 C6-C10 = 77% 3
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Shell (SHOP) 90-100 100-110 C12-C18= 40-50% 19
 

Axens (Alphaselect) 130-150 70-90 C4-C10= 93% 45 

UOP-UCC (Linear-1) 95 100 C4-C8= 80% 50
 

Sabic-Linde (Alpha-Sablin) 50-100 20-35 C4-C8= 81% 55
 

 

1.2 Homogenous Catalysts for LAOs Production 

A catalyst is a material that tends to increase the reaction rate without being consumed. 

Usually, catalysts are characterized by the phase they are operating in. Homogenous 

catalysts are catalysts in which the reaction occurs at the same phase of the reactants. For 

instance, enzymes tend to act as homogenous catalysts that speed up the rate of the reaction 

in or outside a cell. Currently, all LAOs industrial processes utilize homogenous catalysts 

in a liquid phase reaction which is beneficial to have a very good distribution of the catalyst 

in the reactor and excellent thermal control. In addition, homogenous catalysts tend to have 

tunable active sites. However, there are several disadvantages such as the complexity of its 

separation from the product, fast deactivation, and other harmful environmental aspects. 

Usually, homogenous catalysts in literature are tested for ethylene 

dimerization/oligomerization reaction in batch reactors and the activity is most often 

reported in terms of turnover frequency (TOF) which is a unit measure that refers to the 

total number of moles of ethylene consumed by one mole of the metal per hour.  Here we 

will go over homogenous catalysts reported in the literature for the dimerization of ethylene 

as well as for the production of a wide range of LAOs. 
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1.2.1 Homogenous catalysts for ethylene dimerization 

Ethylene dimerization is the most commercialized on-purpose technology implemented 

with 40 licenses reported to date and therefore, extensive research in homogenous catalysis 

has been going on to overcome some of the challenges faced by the current industrial state 

of the art catalyst. The number of research papers and patents filed for homogenous 

ethylene dimerization catalysts is enormous in which different metals (titanium, tungsten, 

nickel, iron, cobalt, niobium, and vanadium) have been reported to be active ethylene 

dimerization homogenous catalysts. To better refine the best results reported in the 

literature, we will only focus on some of the homogenous catalysts that reported a 

minimum TOF of 10,000 h-1 in which the C4 selectivity is close or higher than 85% among 

which 1-butene is greater than 75%. 

1.2.1.1 Titanium-based homogenous catalysts for ethylene dimerization 

Titanium is considered the state-of-the-art metal selected for ethylene dimerization that has 

been commercialized by the Alphabutol process. In the 1950s, Ziegler and Natta first 

introduced a Ti(OR)4/AlR3 catalyst/co-catalyst system that appears to have a very high 

selectivity for butenes (above 90%).57 Belov and co-workers 58 reported that the reaction of 

ethylene dimerization in a titanium butoxide catalyst with triethyl aluminum co-catalyst in 

heptane solvent appears to produce a non-negligible amount of polyethylene products, and 

they have shown they could efficiently reduce the amount of these solids produced with 

the ether additives in another paper.59 Further development was shown in a patent that has 

claimed to reduce polymer formation via the addition of phosphorus compounds.60 
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However, these techniques were not considered as a practice of use, and extensive work on 

the modification of that catalyst contributed by SABIC-IFP was done to minimize the 

polymer formation, enhance the activity and selectivity. This has led to the successful 

operation of the first Alphabutol plant (Petrokemya) in 1987.7 Al-Sadoun 11 has reported 

that the TOF of the Ti(OR)4/AlR3 could reach about 1,000,000 h-1 with selectivity as high 

as 97 wt% to 1-butene. In a patent example reported by Schmidt 61, the Alphabutol system 

(THF/BUCAT) was reported to compromise a titanium butoxide catalyst dissolved with 

Tetrahydrofuran (THF) at a volume ratio of about 1 and used TEAL as a co-catalyst.61 The 

ethylene dimerization reaction in a 300 ml batch system filled with 50 ml of n-hexane that 

is operated under 23 bar and at a temperature of 60 oC was reported to have an ethylene 

consumption of 86.4 g after one hour.61 Also in another paper published by Al-Jarallah et 

al.17, the effect of solvent in titanium butoxide/TEAL catalyst (Al/Ti=10) is crucial as the 

selectivity to 1-butene is increased to 93% once utilizing 1-butene as a solvent as compared 

to 89% when using toluene.17 Even, such Ti(OR)4/AlR3 systems are considered as the best 

performing catalyst for ethylene dimerization, there are still some challenges concerning 

polymer formation 13 and short lifetime 61. Mahdaviani et al. 62 have successfully shown 

that the addition of a promoter (1, 2-dichloroethane) has a remarkable impact on the 

reduction the polymer formation but unfortunately, it yields a lower selectivity to 1-butene 

which makes it undesirable for the industry. In addition, these chloride compounds are 

known to be very harsh toxic pollutants that are very harmful to the environment.63 

Among other titanium-based homogenous catalytic systems, Prof. Magna's group has 

recently shown new homogenous titanium complexes with formula (Ti(OR)2(OiPr)2) and 

(Ti(OR)2(OBu)2) where OR represent an alkoxide ligand that is activated by TEAL co-



37 
 

catalyst.64 The performance of this class of catalyst is remarkable in terms of the selectivity 

as at conditions of 30 bar and 55 oC, the butenes selectivity approached 93% where more 

than 99% of it is 1-butene.64 However, the activity (~ 22,500 h-1) is much lower compared 

to the reported Ti(OR)4 catalyst systems.64 

1.2.1.2 Tungsten based homogenous catalysts for ethylene dimerization 

Goodyear Tires and Polymers Company was among the first to report that tungsten 

complexes are active for ethylene dimerization.65 In one of the examples in the patent, they 

demonstrated that operating ethylene dimerization reaction under 34 bars and 40 oC using 

a catalyst/co-catalyst system (prepared by heating tungsten hexachloride with 

dimethylaniline in a mixture of chlorobenzene and diethyl aluminum chloride) yields a 

98% selectivity of  1-butene at an activity of 184,000 h-1.65 However, this system is not 

considered as a practice of use as the preparation of the catalyst is very expensive and hard 

as it requires the removal of HCl to obtain a good performance.  

Financially supported by Sasol, Prof. Dyer's group has reported that ethylene dimerization 

reaction can be efficient utilizing tungsten mono (imido) complexes. Their first trials have 

shown that a tungsten-based homogenous catalyst combined with methylaluminium 

dichloride co-catalyst gave an activity of 37,900 h-1 with no polymer formation at all where 

the C4 products are more than 90% among which 1-butene is about 81% under conditions 

of 40 bar, a reaction time of 24 minutes, and 60 oC.66 Another publication has shown that 

high activity can be attained in the presence of 2,4,6-triphenylphenyl in which the 

formation of polymers was avoided.67 The TOF approached 291,000 h-1 during a 30 

minutes reaction combined with a C4 selectivity that is close to 85% (1-butene selectivity 
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in C4 = 97.6%).67 Recently, the same group has published a paper where it shows its 

competitiveness with the Alphabutol catalyst system.68 In this work, they have reported 

Tungsten bis(imido) catalysts with the addition of additives such as triethylamine (Et3N) 

or tetraoctyl ammonium chloride (Oct4NCl) which has led to a remarkable increase in the 

activity and selectivity to 1-butene without the formation of polymers.68 At conditions of 

45 bar, reaction time 1hr, and 70 oC, the homogenous catalyst performed well in 

combination with chlorobenzene and ethylaluminium dichloride (EADC) co-catalysts that 

showed an activity of 690,000 h-1 with a C4 selectivity close to 85% in which 99% is 1-

butene. Compared with the Alpahbutol catalyst system, this tungsten catalyst/co-

catalyst/additive system is more expensive than the Alphabutol catalyst, has less overall 

selectivity to 1-butene (84% (for W) vs 91% (for Ti)) and the chlorobenzene solvent seem 

to exert a more harmful impact on the environment.69 

1.2.1.3 Nickel homogenous catalysts for ethylene dimerization 

Nickel is the most explored metal by the research community to design ethylene 

dimerization homogenous catalysts as it is considerably cheap, easy to make, and has well-

known reactivity for catalysis in general. Therefore, we will have more focus on this metal 

than others.  

Komon et al.70 were among the first to report a homogenous nickel catalyst in which nickel 

provides good activity as well as high selectivity to 1-butene. Utilizing toluene as a solvent 

and operating at a low pressure of 7 bar, they have reported activity in the order of 60,000 

h-1 where the 1-butene selectivity exceeds 90% at 20 oC.70 Later work by Hou et al.71 has 

utilized nickel complexes with bearing P-N-N and P-N-P ligands that showed a moderate 
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activity of 47,500 h-1 by utilizing MAO as a co-catalyst where ethylene is dimerized to 

produce a 95% 1-butene selectivity in the presence of toluene as solvent at 10 bar, 30 

minutes reaction time and 20 oC.71 Another work led by Ajellal and co-workers 72 has shown 

a very high efficient nickel complex that is based on tridentate pyrazolyl ligands in 

combination with MAO as a co-catalyst. An activity of 81,000 h-1 was achieved at 

conditions of 40 bar, 20 minutes reaction time, and 30 oC with a remarkable selectivity to 

C4 comprising almost 99% among which 82.2% is 1-butene.72  

In 2007 and 2008, the research topic becomes interesting where much higher performance 

homogenous nickel complexes were reported in which demonstrated that nickel complexes 

are capable of producing high activity and selectivity toward 1-butene production. For 

instance, Buchard et al.73 reported the development of new P-N ligands in which a 

phosphine group and an iminophosphorane are coordinated to nickel. The homogenous 

catalyst with the presence of the co-catalyst (MAO) has shown activity of 45,300 h-1 where 

the C4 cut represents about 94% of the products produced among which 83.4% is 1-

butene.73 Another journal article authored by Sun et al. 74 has shown a type of tridentate 

nickel complexes in the presence of diethyl aluminum chloride as a co-catalyst which 

showed a very high activity in the range of 168,000 h-1  with about 96% selectivity to C4.74 

Moreover, researchers from Ecole Polytechnique University in France 75 have reported a 

new nickel(II) dibromide complex which showed an activity of 43,000 h-1 with a C4 

selectivity of 97% among which 90% is 1-butene.75 Jie et al.76 described a series of 

tridentate in coordination with nickel chloride complexes which showed under an ethylene 

pressure of 10 bar with the use of diethyl aluminum chloride (DEAC) as co-catalyst, a 

100% selectivity toward C4 products can be obtained among which 1-butene is 93% at an 
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activity of about 21,000 h-1.76 Another article published by Gao et al.77 have represented a 

five-membered ring N-heterocyclic aromatic groups ligand nickel complex in which they 

demonstrated upon activation with DEAC and at conditions of 10 bar and 20 oC, activity 

in the order of 144,000 h-1 is attainable where 99.1% of the products are in the C4 range 

among which 1-butene represents about 85%.77 

Another new class of nickel homogenous complexes based on tridentate NZN ligand has 

been introduced by de Oliveira et al.78 in which they have compared 5 and 6 membered 

ligand chelate sizes and their effect in terms of activity toward ethylene dimerization. They 

have shown that 5 membered rings ligand nickel complexes are more active catalyst than 

6 membered rings (e.g. An activity of 70,000 h-1 with a 100% C4 selectivity (1-butene 

selectivity in C4=81.3%) in presence of DEAC as co-catalyst at 20 bar was achieved with 

a 5-membered rings ligand nickel complex).78 In another paper by Wang group 79, they 

have compared the activity of utilizing nickel bromide and nickel chloride in tridentate 

complexes. Results have shown that the latter (nickel chloride tridentate complex) 

performs much better upon utilizing DEAC as co-catalyst at conditions of 10 bar, 50 oC, 

and 30 minutes of reaction in toluene.79 

Tridentate nickel complexes have been further developed where a paper 80 showed that the 

introduction of some benzamide derivatives into the complexes enhances the activity.80 

Results showed once these modified complexes are activated with DEAC, the catalyst can 

attain a high activity of 228,500 h-1 with an overall selectivity of 81.1 % to 1-butene at 10 

bar and 20 oC.80 A great enhancement in the selectivity of tridentate ligands nickel 

complexes was further developed by Wen-Hua Sun group 81 which showed almost 100% 
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of C4 products selectivity among which 91.3 is 1-butene at an activity of about 100,000 h-

1 where the high activity and selectivity were attributed to the additional methyl-

substituents in the ligand complex which enhances their solubility.81 

Unfortunately, the poor stability of most of the nickel homogenous catalysts causes an issue 

as the exothermicity of the reaction at a larger scale may raise the temperature of the 

catalyst in hotspots by 50 oC. Among nickel homogenous catalysts reported to have good 

stability is a series of O^N^N type ligands coordinated nickel complexes which at 60 oC 

and 10 bar, a good activity of 87,142 h-1 can be achieved accompanied with very high 

selectivity to C4 products (98.5%) in which more than 80% of the products is 1-butene.82  

Moreover, one of the common drawbacks in nickel homogenous catalysts for ethylene 

dimerization is that their synthesis can be very complicated and produce a very low catalyst 

yield. Chandran et al.83 have somehow overcome this problem by developing a better 

method to optimize the bidentate nickel complexes with different structures in a single step 

that produces a good yield of catalyst.83 Outstanding performance for ethylene dimerization 

was achieved utilizing a nickel complex with four coordination sites accompanied with 

ethyl aluminum sequichloride (EASC) as a co-catalyst in chlorobenzene solvent at 30 oC 

and just 1.3 bar of ethylene pressure, the catalyst was able to achieve one of the highest 

activity reported for nickel complexes (more than 1,500,000 h-1) where the overall 

selectivity for 1-butene is 81% and the C4 comprises 89% of the products produced in 30 

minutes.83 Although this is a remarkable result, however, the same catalyst showed very 

poor stability as a drop to an activity of about 23,000 h-1 (a drop by 98%) under similar 
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conditions at 50 oC.83 Therefore, nickel homogenous ethylene dimerization catalysts are 

found to be very difficult to combine good stability with a good catalyst yield.  

Among the most selective homogenous nickel complexes for ethylene dimerization in the 

literature were reported by Zhou et al.84 in which they utilized Salicyladiminio-based nickel 

complexes with EASC as co-catalyst in toluene.84 They have shown that a 100% overall 

selectivity to 1-butene as possible while keeping a moderate activity of (TOF=62,500 h-1) 

at conditions of 30 minutes, 10 bar, and 20 oC.84 This catalyst was very effective as it tends 

to have a square planar geometry at the nickel site where many researchers reported that it 

is beneficial to obtain high activity and high selectivity. Another phenomenal work showed 

by Haghverdi et al.85 led to a 100% overall selectivity to 1-butene with a TOF of about 

235,715 h-1. The key was to utilize phenol derivative nickel complex in combination with 

DEAC at 20 bar and 30 oC.85 However, the separation of the catalyst from the product is 

considered very difficult.85 Another active nickel complex that is associated with ultra-high 

selectivity for C4 (98.7%) has been reported by Suo et al.86 who showed the possibility of 

obtaining a 90% overall selectivity to 1-butene with an activity of about 207,000 h-1 by 

utilizing annelated arylamino-pyridine ligands at conditions of about 10 bar and 30 oC.86 

The catalyst lifetime is also very important in catalysis as the longer the lifetime, the less 

amount of catalyst will be required for a process. Chai et al.87 reported nickel homogenous 

catalysts that have interesting features to obtain very high selectivity toward dimers 

products and obtain good stability. The arylamino nickel complexes were tested for 

ethylene dimerization in the presence of EASC as a co-catalyst resulted in a 100% 

selectivity to C4 products. The activity (68,000 h-1) was maintained for 5 minutes under a 
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pressure of 10 bar and a temperature of 80 oC in toluene solvent.87 Then, it dropped harshly 

to below 16,000 h-1 after 30 minutes of reaction.87 A similar effect was seen in Wei et al.'s 

88 work which showed high activity toward making dimers of about 236,000 h-1 (overall 1-

butene selectivity=81%) at 10 minutes of reaction that dropped to a value of 78,214 h-1 

after 45 minutes of reaction time.88 

1.2.1.4 Iron-based homogenous catalysts for ethylene dimerization 

Iron is the most abundant metal on earth and it has been utilized a lot in the catalysis field. 

Prof. Wen-Hua Sun group is among the most active research groups in the field of 

developing active and selective iron homogenous catalysts for ethylene dimerization as 

they have published three different publications with outstanding performance. In 2007, 

they have reported a tridentate iron (II) complex with MMAO as co-catalyst where a 99.4% 

overall selectivity of 1-butene was recorded at an activity of about 96,000 h-1 under a 

pressure of 10 bar and 40 oC.89 They have shown that the less bulky groups at the ortho 

positions of the aryl ring at the imino nitrogen in the iron complex, the higher the activity 

of the catalyst.89 In another work 90, they have synthesized the derivative of these materials 

in which they have utilized ligands containing Schiff-base in the center along with N-

heteroaromatic rings.90 Their speculations on obtaining good performance were right as 

once activated with MMAO, they obtained an activity of about 101,000 h-1 in which the 

overall selectivity for 1-butene exceeded 97% at conditions of 30 bar and 20 oC.90 After 

that, the group has similarly made iron complexes by exploring a series of quinaldine-

derived ligands.91 Unfortunately, these catalysts didn’t perform as well as other types of 

previously made catalysts. Lower activity was observed where a maximum of about 20,500 

h-1 was recorded at a 97% overall selectivity of 1-butene.91 
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Mukherjee et al.92 reported one of the highest active iron homogenous catalysts in literature 

for ethylene dimerization (143,000 h-1) that conveyed a high overall selectivity of 92% to 

1-butene.92 The key development in this catalyst was to utilize oxime ligated iron 

complexes which surprisingly showed robustness once activated with DEAC for a long 

time.92 Finally, benzimidazole ligated iron complexes activated by DEAC have been 

explored by Haghverdi et al.93 which showed a 100% overall selectivity to 1-butene with 

an activity of about 60,000 h-1.93 These catalysts were shown to be activated easily at 20 

bar and 30 oC in the presence of a very small amount of co-catalyst as compared to the 

amount of co-catalyst used for the activation of other iron homogenous catalysts reported 

aforementioned.93 

1.2.1.5 Cobalt-based homogenous catalysts for ethylene dimerization 

Homogenous cobalt complexes tend to be very sensitive to the ligand environment.94–97  For 

instance, a difluoro-substituted cobalt complex tends to be less active by almost half than 

dichloro-substituted cobalt complexes for ethylene dimerization.94 Once activated by MAO 

in dichloromethane solvent, the dichloro-substituted cobalt complex catalyst can provide a 

100% selectivity to C4 products (1-butene in C4 = 96.8%) with an activity of about 48,200 

h-1 under only 1 bar of ethylene and 15 oC.94 Nevertheless, the stability of this catalyst is 

not very good, and also the catalyst lifetime.94 A similar trend was seen in another selective 

homogenous cobalt catalyst 95 where an activity approaching 11,300 h-1 with a 100% 

selectivity toward butenes was obtained at 5 minutes of reaction and 40 oC.95 The activity 

dropped by at least 60% once the temperature increased by 20 oC or the reaction time was 

extended to 30 minutes.95 In another paper,89 a very high activity (154,300 h-1) was reported 

in tridentate cobalt complexes activated by MAO in toluene.89 During 30 minutes reaction, 
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it showed a 92.1% selectivity to C4 among which 99.8% are 1-butene under an ethylene 

pressure of 10 bar and 30 oC.89 Irrgang et al.96 have investigated the effect of bearing 

substituents on the pyridine ring in new iminopyridine ligated cobalt complexes for 

ethylene dimerization in which it was activated by a small amount of triethylaluminum in 

toluene solvent.96 They have shown that the less sterically demanding substituents have a 

very high activity toward ethylene dimerization in the order of 84,000 h-1 with selectivity 

to C4 above 97% among which 1-butene comprises 95% of the C4.96 Recent work by 

Antonov et al.97 based on bearing electron-withdrawing substituents on cobalt complexes 

has shown one of the best active cobalt homogenous catalysts (TOF= 164,300 h-1) for 

ethylene dimerization where an overall selectivity of 98% of 1-butene is obtained in 15 

minutes reaction time under a pressure of 2 bar and 35 oC.  

1.2.1.6 Niobium and Vanadium based homogenous catalysts for ethylene dimerization 

Group 5 elements homogenous catalysts have been reported to be active for ethylene 

dimerization reaction. Prof. Nomura and his group were leading discoveries of Vanadium 

homogenous complexes for ethylene dimerization. Their first paper for this type of metal 

in ethylene dimerization was published in the Journal of the American Chemical Society 

(JACS)98 showed an extremely remarkable activity for this metal in ethylene 

dimerization.98 They have reported complexes with ultra-high active (TOF= 2,730,000 h-1) 

pyridine ligated Vanadium complexes activated by MAO where a very high C4 selectivity 

of 90.4 % (1-butene >99%) under a pressure of 8 bar and 10 minutes of reaction time.98 In 

their next paper, they have activated the catalyst using MMAO where they have shown that 

an increase in the overall selectivity of 1-butene is observed (approached a 99.5%) at the 

expense of the activity (519,000 h-1) under 5 minutes of reaction time.99 In another study 
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100, they have further modified their vanadium homogenous catalyst by investigating both 

the effect of imido and chelate anionic donor ligands in the presence of MAO as co-catalyst. 

They have successfully shown that these modifications oppose a high activity of 1,560,000 

h-1 accompanied with a very high of 97.5% for 1-butene at comparable conditions of their 

previous work 99.100  In their following work 101, they have further investigated this effect 

and they succeeded in reporting as far as we know, the highest activity ever reported for 

ethylene dimerization reaction (TOF= 10,640,000 h-1) with a very high overall selectivity 

to 1-butene (97.9%).101 However, the price of the catalyst prepared is quite expensive as 

compared to other catalytic systems, and the lifetime/ stability of the catalyst was quite 

poor. Therefore, we speculate that this catalyst didn’t attract much interest from the 

industry due to these reasons. It is important to note that the group have tried to develop a 

catalyst with a better catalyst yield and better stability.102 However, most of these 

developments were at the expense of the activity and still have many other challenges such 

as short lifetime.  

Recently, Messinis et al.103 were among the first to report niobium homogenous catalysts 

that have moderate activity toward ethylene dimerization. In their work, they showed that 

niobium imido complexes activated by EADC were showing an activity (68,610 h-1) with 

a C4 selectivity of 92.9% (1-butene in C4= 85.6%).103 

As shown in Table 1.3, a summary of some of the homogenous catalysts where some can 

show some activities at very low pressures as low as 1 bar, while others can provide 

extremely high activities as high as 10,640,000 h-1 or can approach very high selectivity as 

high as 100%. 
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Table 1.3: Summary of homogenous catalysts for ethylene dimerization. 

Active metal Turnover frequency 

(hr-1) 

Temperature 

(oC) 

Pressure 

(bar) 

Butenes selectivity 

(%) 

Ref. 

Ti 22 500 55 30 93 64 

W 38 000 60 40 90 66 

W 690 000 70 45 85 68 

Ni 60 000 20 7 90 70 

Ni 81 000 30 40 99 72 

Ni 144 000 20 10 99 77 

Ni 70 000 30 20 100 78 

Ni 1 500 000 50 1.3 89 83 

Ni 62 500 20 10 100 84 

Ni 236 000 30 20 100 85 

Fe 60 000 30 20 100 93 

Co 48 200 15 1 100 94 

Co 154 300 30 10 92 89 

V 2 730 000 25 8 90 98 

V 10 640 000 25 8 98 101 

Nb 69 000 60 40 93 103 
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1.2.2 Homogenous catalysts for ethylene oligomerization 

Ethylene oligomerization is a very important reaction in which it involves many 

fundamentals. As mentioned in section 1.1, the product distribution in this reaction tends 

commonly to have either a Schluz-flory or Poisson distribution. Therefore, to better define 

how efficient a catalyst is in ethylene oligomerization, it is better to define the market that 

is targeted. For example, if we are looking into the detergent sector market, the focus on 

obtaining a catalyst for ethylene oligomerization that maximizes C12-C18 olefins products 

should be the main goal. In addition, the purity of the olefins produced is considered very 

critical as the aim is to maximize the internal olefins and reduce as much as possible of 

branched mono olefins and dienes which are not suitable for the detergent market. 

Therefore, sometimes parameters such as the K factor (or in some cases α) is identified in 

ethylene oligomerization reactions which is a measure of the relative amounts of olefins 

obtained. The K factor is defined as the overall number of moles of olefins containing n+2 

carbon atoms divided by the overall number of moles of olefin containing n carbon atoms. 

This value is calculated on every pair of olefins such as 1-butene and 1-hexene, 1-hexene 

and 1-octene, etc. and the average of all of these values represents the overall K value. 

There are an enormous amount of research papers on exploring homogenous catalysts for 

ethylene oligomerization including many metal complexes (e.g. Ni, Co, Fe, and Cr). 

Usually, these catalysts are tested utilizing either a continuously stirred tank reactor 

(CSTR) or a batch reactor in the liquid phase. Therefore, we are going to shortly highlight 

some of the work presented in the field of nickel SHOP type homogenous catalysts which 
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is considered as one of the futuristic catalysts in the field of ethylene oligomerization to 

produce a wide range of LAOs. 

Prof. Wilhelm Keim was one of the inventors who developed the SHOP nickel 

homogenous catalyst by mixing keto-phosphorus ligands and nickel (e.g. Ni(cod)2) 

complexes more than 50 years ago and until now, it is the only process in ethylene 

oligomerization that doesn’t utilize a co-catalyst.42 Several works showed nickel SHOP 

type homogenous catalysts in literature intending to try to understand various effects on 

such catalytic systems. For instance, Pietsch et al.104 have studied the qualitative 

relationship between the properties of some phosphine ligands and their influence on the 

ethylene oligomerization performance.104 Their results suggest that nickel complexes 

which contain weakly bounded phosphines (e.g. PPh3) are more likely to produce alpha-

olefins of high molecular weight (C4-C90) (TOF= 7500 h-1, K=0.45) at conditions of 60-

65 bars, starting temperature of 86-90 oC.104 On the other hand, nickel SHOP type 

complexes that contain strongly bounded phosphine (e.g. PMe3) are giving oligomers with 

lower molecular weight (C4-C24) (TOF= 1600, K=0.42) at comparable reaction 

conditions.104 In another study by Kuhn et al.105, they have explored a way to shift the 

product distribution toward lower oligomers by reporting a Keim-type catalyst derived 

from an amide.105 Under a 5 bar pressure of ethylene that is kept for 1 hour at 70 oC, this 

catalyst has shown a higher selectivity toward C4-C16 products (72 wt. %) as compared to 

Prof. Keim type catalyst (15 wt. %).105 However, the activity reported for the Keim-type 

catalyst was much higher.104 
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1.3 Heterogeneous Catalysts for LAOs Production 

Heterogeneous catalysts are the most common catalysts utilized by the industry worldwide 

as they have very good features which make them distinguishable. A highlight on the 

advantage of using heterogeneous catalysts to minimize reactor fouling was drafted by 

SABIC R&D (who developed Alphabutol process in cooperation with Axens): 

“However, much of it was recovered as tiny beads on the catalyst surface instead of being 

deposited on the reactor wall as observed with the unsupported catalyst runs. This is 

desirable from an industrial perspective as these catalysts seem to have good potential with 

respect to minimizing the reactor fouling associated with the homogenous catalysts.” 11   

In general, heterogeneous catalysts are more environmentally friendly, robust, and cost-

effective, it can be easily separated from the reaction system and successively reused. 

Therefore, it can overcome many of the associated problems with homogenous catalyst 

systems such as reactor/heat exchanger fouling and short lifetime.7 Gas-phase reactions are 

also possible for heterogeneous catalysts as they can be filled in a fixed bed or trickle bed 

reactor without the need to utilize excessive amounts of solvents in which may lead to a 

much easier operation than in semi-batch systems. However, there are challenges in this 

kind of operation as it tends to have a lower conversion and the control of the high 

exothermicity of the reaction has been reported to be very complicated.17 In addition, 

almost all heterogeneous catalysts developed for such reactions to produce LAOs have very 

poor activity as compared to their homogenous counterpart. In this section, we are going 

over various types of solid catalysts utilized for the production of 1-butene via ethylene 

dimerization and the wide range production of LAOs via ethylene oligomerization. 
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1.3.1 Heterogeneous catalysts for ethylene dimerization 

Unfortunately, through the literature on ethylene dimerization, researchers couldn’t 

achieve a combination of a very good selectivity to 1-butene and high activity at the same 

time utilizing a solid catalyst. Different materials have been explored (e.g. zeolites, metal-

organic-framework (MOF), and metal on silica-based materials) along with the 

incorporation of different metals (e.g. Ni, Ti, Co), and here, we are going to highlight most 

of the major achievements in this field with catalysts that have a selectivity above 85% for 

the C4 olefin portion.  

1.3.1.1 Zeolites based catalysts for ethylene dimerization 

Zeolites are among the most utilized catalysts in the chemical industry. These crystalline 

aluminosilicates are a class of materials with ordered cavities and channels. According to 

the International Zeolite Association (IZA), there are more than 230 zeolite framework 

structures.106 Usually, the aluminum and silicon atoms are tetrahedrally coordinated with 

each other through shared oxygen atoms which make up the framework structure. Zeolites 

are usually attributed to two different types of acidic sites which are Brønsted and Lewis. 

These make them very useful materials to be utilized as supports to add different metals to 

them. It is important to note that some pure zeolites are active for ethylene oligomerization 

where they can produce a wide range of Linear Alpha Olefins. However, in most cases, 

zeolites (e.g. ZSM-5, MOR) are doped with metals in which they can show a better activity 

and good selectivity to C4 products in gas-phase reactions. For instance, Zavoianu et al.107 

have tested encapsulated Pd complexes in the super cage structure of zeolite Y in a fixed 

bed at 80 oC and under atmospheric pressure where it showed a selectivity toward C4 that 

is above 97% among which 1-butene is only 35% with very low TOF. After that, Choo et 
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al.108 have explored the ion exchange of palladium with four other zeolites (Clinoptilolite, 

Mordenite, Ferrierite, and SUZ-4) where it showed about 100% selectivity to 1-butene 

while having very low activity and selectivity to 1-butene (<11.8%).108 Dealumination of 

zeolite Y has been explored by Sohn et al.109 where they showed that Ni-DY has been 

shown to produce solely C4 products with a TOF= 262 h-1 where 1-butene selectivity drops 

harshly over 40 minutes due to severe isomerization.109 

Nickel impregnated on Beta zeolite was among the most studied systems for zeolites in 

ethylene dimerization. Moussa et al.110 utilized the incipient wetness impregnation 

technique to load nickel on Zeolite Beta where they showed that a C4 selectivity of 92.8% 

is achievable with a very poor activity (TOF=15 h-1) at 120 oC and under atmospheric 

pressure of ethylene that was kept for 80 minutes in fixed bed reactor.110 Later by Jan et 

al.111, they have deeply investigated the effect of reaction parameters on the performance 

of Ni-Beta in a fixed bed reactor where they optimized the reaction parameters at 120 oC 

under 19 bar partial pressure at a 3.1 h-1 (Weight Hourly Space Velocity (WHSV)) to 

maximize the C4 product portion.111 They have shown that a steady conversion to C4 

products (>85%) until they reached an 8 hour time on stream (TOS) where it showed a 

huge drop in the selectivity that was explained by the full coverage of the catalyst surface 

with C4 products that further react to produce high molecular weight compounds.111 

Lu et al.112 prepared nickel-ERB-1 zeolite via the ion exchange technique where it showed 

a low conversion at 300 Co where more than 95% of the products were C4 in which 45% 

is 1-butene during a four hour TOS under 20 bar of ethylene pressure in a fixed bed reactor. 

112 
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SSZ-24 zeolite was also been utilized as a support for nickel catalysis.113 In a continuous 

flow fixed bed reactor, they have shown that Ni-SSZ-24 achieves more than 98% of 

selectivity to butenes among which 1-butene could reach as high as 66% at a very low 

conversion under a pressure of 16 bar and 150 oC.113 

1.3.1.2 Silica-based mesoporous materials for ethylene dimerization 

Among widely tested silica-based mesoporous materials is MCM-41 developed by Mobil 

which, unlike zeolites, has no Brønsted acid centers which make them suitable for ethylene 

dimerization.114 Ni-MCM-41 has been utilized in 1999 for ethylene dimerization by 

Hartmann et al.115 where they showed this material can provide a selectivity toward butenes 

greater than 98% after a 24 hours reaction in a fixed bed reactor.115 In Another work by the 

same researchers 116, they utilized Ni-Al-MCM-41 catalyst where aluminum was shown to 

promote the productivity in which the butenes make more than 91% of the products at an 

overall pressure of 35 bar and a temperature of 120 oC.116 Iglesia group reported 117 a way 

to operate a fixed bed reactor at a temperature of -30 oC in which ethylene is condensed 

within Ni-MCM-41 pores under 30 bar to achieve a higher activity.117 They have 

successfully shown that an activity higher than 36,000 h-1 is achieved with high selectivity 

toward C4 and 1-butene without using any solvents.117 

In batch conditions, a paper has been published in the Journal of Catalysis 118 where a nickel 

complex was successfully anchored to MCM-41 mesoporous support.118 Under the 

conditions of 15 bar and at 10 oC with the presence of EASC in toluene, the catalyst showed 

good activity of 18,100 h-1 where 97% of the products are C4 among which 1-butene 

comprises 76%.118 In another study by Busatta et al.119, they anchored an immobilized 
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nickel complex in modified ionic liquid to MCM-41 mesoporous material.119 They have 

shown activity of 18,000 h-1 with a 98% overall selectivity to 1-butene under 5 bar pressure 

of ethylene in toluene using EASC as co-catalyst. 119 

1.3.1.3 Metal-Organic-Frameworks (MOFs) for ethylene dimerization 

MOFs are a class of materials that consist of metal ions or clusters that are connected to 

ligands to form different structures accompanied usually by very high surface areas. 

Designing MOFs are like Lego building blocks where someone can follow certain 

approaches to achieve his optimal catalyst and so far more than 90,000 MOF crystal 

structures have been reported.120 MOF catalysts have been the most successful 

heterogonous catalysts in terms of catalyst performance reported for ethylene dimerization 

so far. In 2010, Kyogoku et al.121 have reported one of the first MOFs utilized for ethylene 

dimerization where they have used the Ni-bipyridyl complex for the preparation of their 

active MOF.121 The ethylene dimerization was carried out under conditions of 15 bar and 

5 oC in presence of DEAC in n-heptane where they reported that the catalyst is active 

accompanied with a selectivity of 89.1% toward butenes.121 However, the 1-butene portion 

is only 26% and the crystallinity of the catalyst was too poor.121 Canivet et al.122 have also 

anchored a nickel complex into (Fe)MIL-101 mesoporous MOF where it showed an 

activity of 10,455 h-1 under the conditions of 30 bar and 25 oC where C4 comprises more 

than 95% of the products.122 Both of these works showed that MOFs are not stable enough 

for such modifications in the structure. In another work reported in RSC Advances 123, they 

demonstrated that a mixed-linker MOF can be transformed into a stable nickel catalyst. 

The paper showed that under batch reaction conditions of 40 oC and 20 bar in the presence 

of DEAC in toluene, the Ni-MixMOFs were able to achieve a turnover frequency of 16,420 
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h-1 among which more than 92% of the products are butenes.123 In latter work by the same 

group 124, they have utilized another strategy for bearing nickel-binding organic ligand into 

MOF. 124 In this case, under a specific condition, they would be able to obtain an activity 

of about 24,000 h-1 about 92% of C4 products among which 92.2% is 1-butene.124 However, 

both works didn’t show leaching or lifetime experiments that better define the stability of 

heterogeneous catalysts. Arrozi et al.125 have detected a small nickel leaching behavior in 

their nickel-loaded DUT-133 catalysts.125 However, they showed that the main activity was 

found actually to be attributed to the catalyst and not to the leached species.125 In another 

paper by the same group 126, they have studied MOF nickel leaching via comparing 

different MOFs constructed from different clusters and linkers in which they showed that 

the stronger the metal-ligand interaction in the MOF, the more stable the catalyst is.126 In 

another study by Hu et al.127, Ultrathin nickel-based MOFs nanosheets have been tested for 

4 catalytic cycles where the activity didn’t lose much.127 Under conditions of  35 oC and 10 

bar of ethylene pressure, they showed a low activity of 2,393   h-1 where 1-butene overall 

selectivity is about 93% can be attained and the catalyst doesn’t lose much of its activity 

once recycled.127 

Dincă group has reported a record high selectivity of butenes (98.4%, 1-butene in C4 = 

97.8%) by using a heterogeneous catalyst which was attained with Ni-MFU-4l Metal-

Organic Framework (MOF)-based catalyst with an activity of 22,600 h-1.128 In addition, 

they reported a very high TOF of 41,500 h-1 where a 92% overall selectivity to 1-butene.128 

Liu and Harris 129 positively commented on this work stating that MOF-based 

heterogeneous catalysis offers a palpable solution to a real, existing industrial challenge 

that no other classical heterogeneous catalysts, such as ceramics, metals, or zeolites, have 
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been able to solve.129 Unfortunately, the activity is still extremely low compared to the 

commercial homogeneous catalyst which reported activity of about 1,000,000 h-1 11, and 

the MOF- based catalyst used in the above-mentioned work is considered to be very 

expensive. In later work by the same group 130, they have tried to make a cheaper catalyst 

(Ni-CFA-1) but it showed a slightly lower activity (37,100 h-1) and an overall selectivity 

(87.1%) toward 1-butene than Ni-MFU-4l.130 

Gas-phase reactions have been tested by MOF materials for ethylene dimerization. Large 

pore NU-1000 MOFs (3.1 nm) have been anchored by a nickel complex to overcome 

problems associated with the diffusion of substrates and products.131 The catalyst has been 

treated first with DEAC and tested after drying in a gas phase batch reactor where there is 

no solvent.131 The catalyst at conditions of 15 bar and room temperature, showed an activity 

greater than 1500 h-1 where butenes comprise only 82% of the products.131 In another 

experiment, the same activated catalyst was loaded in a gas phase fixed bed reactor 

operated under atmospheric pressure and room temperature where results showed an 

activity of 98 h-1 and a C4 selectivity greater than 80% at a WHSV= 1.26 h-1.131 Another 

work reported by Komurcu et al.132 using Ni-UiO-67 was activated in an oxygen 

atmosphere at 300 oC for 360 minutes.132 In a gas phase fixed bed reactor operated at 25 oC 

and under 26 bar of ethylene pressure, the catalyst showed good selectivity toward butenes 

(99%) and with low activity of 41 h-1.132 Another way of activating MOF catalysts without 

the need for co-catalyst is via defecting the MOF and expose its catalytic active sites into 

the reactant. Some work in the literature 133–135 has shown strategies that can be followed to 

better engineer a MOF catalyst to enhance the catalytic activity. In a Nature 

Communications paper 135, thermally and ligand engineered (Ru)-HKUST-1 MOFs were 
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utilized for obtaining ethylene dimerization reaction at intrapore ethylene condensation 

conditions of 42 bar and 50 oC where the best results demonstrate a TOF= 200 h-1 with 

superior 1-butene selectivity (>99%) that was achieved via ligand engineered defective 

MOF.135 Mitch Jacoby highlighted this work by commenting that MOFs could offer the 

best solution for potentially replacing the solution-based catalyst used for ethylene 

dimerization.136 

To summarize, heterogeneous catalysts for ethylene dimerization have shown their ability 

to be reused in the reaction for many catalytic cycles. In addition, their lifetime as compared 

to their homogenous counterparts is much higher. However, most catalysts are reported to 

have very poor activity and selectivity in ethylene dimerization reactions (as summarized 

in Table 1.3). 

Table 1.4: Summary of heterogeneous catalysts for ethylene dimerization. 

Catalyst Turnover frequency 

(hr-1) 

Temperature 

(oC) 

Pressure 

(bar) 

Butenes 

selectivity 

(%) 

Note and 

Reference 

Ni-Beta 15 120 1 93 110 

(Zeolite) 

Ni-MCM-41 36 000 -30 30 98 117 

(Si-based) 

Ni-MCM-41 18 100 10 15 97 118 

(Si-based) 
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Ni-MCM-41 18 000 10 5 100 119 

(Si-based) 

(Fe)MIL-101 10 455 25 30 95 122 

(MOF) 

Ni-MixMOFs 16 420 40 20 92 123 

(MOF) 

Ni-MFU-4l 22 600 0 50 98.4 128 

(MOF) 

Ni-MFU-4l 41 500 25 50 97.4 128 

(MOF) 

Ni-CFA-1 37 100 22 50 95.5 130 

(MOF) 

 

1.3.2 Heterogeneous catalysts for ethylene oligomerization 

Heterogonous catalysts have been extensively studied by researchers due to the ease of 

separation, regeneration, and longer lifetime as compared to homogenous counterparts. 

Different materials have been synthesized where nickel was the most used metal utilized 

for oligomerization reactions. Nickel has been loaded on different supports such as zeolites, 

silica-based materials, and MOFs.  

In U.S patent 4,740,645 by Garwood et al.137, 0.9 wt% of nickel was impregnated on H-

ZSM-5 (Si/Al=70) zeolite via ion-exchange technique. In the example, it was shown that 

at 29 bar, WHSV= 0.5 and a temperature of about 123 oC, the catalyst achieved a 97% 
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conversion toward oligomers where more than 60% of the products are in the C6-C20 

range.137  

Ni-H-Beta zeolite has been tested for ethylene oligomerization in a fixed bed by Martinez 

et al.138 under 26 bar of ethylene at 120 oC where it showed a conversion of 87.2% while 

more than 60% of the products are in the C4-C13+.138 Other zeolites such as Ni-MCM-36 

and Ni-MCM-22 were also tested for ethylene oligomerization by Lallemand et al.139 where 

they showed that the best catalyst (Ni-MCM-36) possess a 100% selectivity toward olefins 

with a good activity of 46 g of oligomers per g catalyst per hour.139 

Nickel-supported MCM-41 mesoporous silica was studied extensively by Hulea and Fajula 

140 where they carefully controlled the acidic sites of these materials and performed 

ethylene oligomerization in batch reactors.140 They demonstrated that the stronger the 

acidity of the catalysts, the longer chain of products are produced at 35 bar and 150 oC.140 

Hwang group reported Ni/SIRAL-30 (a silica-alumina hydrate)141 which is enriched in 

Brønsted acids that are believed to be efficient in ethylene oligomerization reactions.141 The 

results showed that in a fixed bed reactor at 200 oC and under 10 bar of pressure, the catalyst 

almost showed a 100% conversion that was maintained for 85 hours at a WHSV = 0.375 

h-1.141 

Metal-Organic Frameworks have shown their superiority in ethylene oligomerization 

where a single site Chromium catalyst was reported by Goetjen et al.142 to be active at very 

mild conditions as compared to conventional catalysts.142 They have shown that by utilizing 

a very small amount of DEAC co-catalyst at only 5 bar of ethylene pressure and room 

temperature, Cr-SIM-NU-1000 showed a 20% conversion where the selectivity toward C8-
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C18 products were about 79% that followed a Schluz-Flory distribution.142  In addition, no 

polyethylene solid product was formed under these conditions.142 

1.4 The Mechanism of LAOs Production 

For the majority of the homogenous and heterogeneous catalysts, two major reaction 

mechanisms were suggested in the literature for ethylene dimerization/oligomerization 

reactions which are metallocycle and the Cossee-Arlman mechanism as shown in Figure 

1.5.  

 

Figure 1.5. Illustration of Metallacycle (left) and Cossee-Arlman (right) mechanism exemplified 

for ethylene dimerization.143 

The metallocycle mechanism can be explained via the coordination of two ethylene 

molecules to the active metal site to form metallacyclopentene.144 Then, it converts into the 

product by the hydride shift in a stepwise or a rigorous way.144 On the other hand, the 

Cossee-Arlman mechanism is based on the successive insertion of ethylene molecules on 

a metal-alkyl species that is usually formed from a co-catalyst, and the products are 

released by β-hydride elimination.145 Several industrial type homogenous catalysts such as 

Ti(OR)4/AlR3  and most of the late transition metals catalysts have been reported to operate 

via the Cossee-type mechanism.146–148 On the other hand, several chromium-based catalysts 

have been reported to operate via the metallacyclic mechanism.149–151 
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In acidic catalysts (e.g. pure zeolites), Kustov et al.152 have studied the mechanism of the 

oligomerization reaction using IR spectroscopy of adsorbed hydrogen on different zeolites 

(H-Y, H-Mordenite, H-ZSM-5). For H-Y, they suggested the cationic mechanism (shown 

in Figure 1.6) on the Lewis acid sites.152 

 

Figure 1.6. The cationic mechanism for ethylene oligomerization.152 

Moreover, for H-ZSM-5 and H-Mordenite, they suggested that two mechanisms are 

possible which are carbonium ion (Figure 1.7) and ethoxy group mechanism (Figure 1.8). 

152 

 

Figure 1.7. The carbonium ion mechanism.152 

 

Figure 1.8. The Ethoxy group mechanism.152 

They recommended that the ethoxy group mechanism is more probably the mechanism 

since it matches with some experimental data.152 On the other hand, for nickel acidic 
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catalysts, Five different active sites have been proposed for nickel-supported catalysts, 

namely, Ni0 153, Ni+ 154–156, Ni2+ in coordinative with Al3+ 157 and (Ni-OH)+ 117. Yashima et 

al.153 suggested that Ni0 is the active site that was highly dispersed on Ni-Y zeolite identified 

by IR and ESR techniques.153 On the other hand, Zheng et al.154 studied the mechanism of 

Ni ion-exchanged Zeolite X using Na NMR and ESR techniques.154 He showed that Ni2+ is 

reduced to Ni+ to start the dimerization reaction and concluded that Ni+ is the active species. 

Elev et al.155 explained the reduction of Ni2+ by using EPR in Ni-CaY (Figure 1.9) and 

concluded that Ni+ could be the active site.155 

 

Figure 1.9. Ni2+ reduction to Ni+ using EPR.155 

Moreover, it was shown that the photoactivation of NiCaY yields better selectivity for the 

dimerization reaction and explained that this technique is better than the thermal reduction 

technique.155 Using the same technique (EPR), Bonneviot et al.156 have investigated the 

active site in Ni-X zeolite and concluded that the Ni+ is the active site responsible for the 

dimerization where he confirmed Zheng et al.154 findings.156 Wendt et al.157 reported that 

the active site for NiO-Al2O3/SiO2 using IR, ESCA, UV-VIS-reflectance spectroscopic, 

and magnetic susceptibility measurements is a coordinately unsaturated and isolated Ni2+ 

with Al3+ ions.157 Another active site was proposed by Agirrezabal-Telleria and Iglesia 117 

where (Ni-OH)+ is identified as the active species for Ni-Al-MCM-41. In their work, they 

measured rates of full suppression of both DTBP (2,6-di-tert-butylpyridine) and CO on Ni-

Al-MCM-41 using IR spectroscopy.117 On the other hand, using CO-FTIR, Martínez et 
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al.138 suggested that Ni2+ is the active site and suggested that Ni+ only provides the support 

for the Ni2+.138 In 2018, the same group used in-situ FTIR and temperature-resolved FTIR 

under ethylene flowing while detecting reaction intermediates experimentally to prove that 

Ni2+ is the active species following the Cossee-Arlman mechanism.158 It is important to 

note that, this can be recognized as the first paper for acidic catalysts to suggest initial 

activation and oligomerization mechanism based on intermediates detected 

experimentally.  

 

Figure 1.10. Experimentally detected Cossee-Arlman mechanism.158 

1.5 Scope of This Dissertation 

In this dissertation, we will be focusing on obtaining a better catalyst for ethylene 

dimerization reaction and as indicated previously, MOFs are among the best heterogeneous 

catalysts. Metal-organic-frameworks (MOFs) composed of metal centers and organic 

coordinating ligands are analogs of molecular metal-organic compounds in solid materials. 

Therefore, MOFs represent a conceptually new platform for heterogeneous catalysis, 

allowing easy translation of the established structure-activity relationships from 
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homogeneous catalytic systems. Therefore, we will be focusing on applying a new strategy 

where these materials show high activity and selectivity for ethylene dimerization reaction. 

Then, we are going to study the way these materials perform. Then, we will be focusing on 

further optimizing the catalyst to meet some of the industrial requirements. Finally, we will 

present a series of different MOFs where we applied the same strategy in which 

distinguished features appear such as the ability to produce a wide range of Linear Alpha 

Olefins via ethylene oligomerization.  

Chapter 2 will discuss the development of a heterogeneous catalyst based on nickel-doped 

ZIF-8 (Ni-ZIF), which exhibits strikingly high activity and selectivity in the reaction of 

ethylene dimerization to 1-butene which can be used for at least two catalytic cycles. This 

work shows a stable MOF heterogeneous catalyst with high activity in ethylene 

dimerization, giving a significantly higher turnover number in a single reaction than most 

existing catalysts. In our work, we have noticed that many reported homogenous catalysts 

which are associated with high activity have a common structural moiety, i.e., M2+ where 

the metal coordinates with two imine groups and two other ligands (halogens in most 

cases). Inspired by this and unlike other MOF work, we have mimicked the chelation of Ni 

by dimine in such molecular homogenous complexes by doping Ni into a Zn-based zeolitic 

imidazolate framework (ZIF-8) heterogeneous catalyst. Because the d8 electron 

configuration of Ni2+ favors square-planar coordination that is not compatible with the 

three-dimensional (3D) MOF framework, Ni cannot replace Zn at the tetrahedral sites. 

Thus, Ni can only reside on the ZIF-8 crystal surface where the preferred square-planar 

coordination structure is allowed. This gives several advantages as it eliminates the mass 

transport limitation imposed by the microporous structure, It provides sufficient freedom 



65 
 

to the Ni centers to adopt an optimal coordination state and expose more vacant sites for 

ethylene coordination and it realizes site-selective doping of Ni through one-pot synthesis 

by taking the advantage of the incompatibility between Ni and the ZIF-8 framework. 

Chapter 3 will study the reaction mechanism of the Ni-ZIF-8 catalyst via isotopic labeling 

experiments and through computational Density Functional Theory (DFT) calculations. In 

our work, we have utilized a 1:1 mixture of ethylene and perdeutero ethylene as the feeding 

for isotopic labeling experiments. Our mass fragmentation pattern showed better 

agreement with the widely reported Cossee-Arlman mechanism which is based on the 

successive insertion of ethylene molecules. This suggests that Ni-ZIF-8 catalysts operate 

ethylene dimerization reaction via the Cosse-Arlman mechanism. This provides a basis for 

the DFT calculations for building a model to better understand the catalytic behaviors of 

Ni-ZIF-8, where the active site has a square-planar coordinated Ni linked to the ZIF-8 

structure by 2-methylimidazoles. Then, we have investigated the steric effects on 1-butene 

selectivity where we performed additional calculations. We concluded that these DFT 

agree to a certain extent to the high TOF numbers experimentally observed as the nature 

of the active site helps to achieve this high activity.   

Chapter 4 will focus on catalyst optimization, scale-up of catalyst production, and 

translation of the 1-butene production process from batch to a continuous process. In the 

industry, increasing the loading amount of the active sites in the catalyst can help to 

decrease the catalyst consumed per year and therefore decrease the cost. In addition, 

another characteristic of heterogeneous catalysts in the industry is their ability to be 

recycled which means that they can be collected and used again in the reactor which 
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requires a large particle size. In our work, we will optimize catalyst synthesis conditions in 

a way so that we can increase the particle size for a better catalyst collection and enhance 

the productivity of the catalyst so that we can maximize the amounts of products produced 

per g of catalyst. Then, we have demonstrated the scalability of this optimized catalyst to 

a 500 grams level and scale-up their testing under batch conditions, Co-catalyst-free batch 

conditions, and gas-phase solvent-free continuous flow conditions.  

Chapter 5 will study other MOFs catalytic systems (e.g. Ni-ZIF-67, Ni-ZIF-L, Ni-MOF-

5, and Ni-MOF-74) and their coordination environment for the reaction of ethylene 

dimerization and oligomerization. In our work, Ni-MOF-5 demonstrated a good activity 

toward ethylene dimerization with high productivity (grams of products produced per gram 

of catalyst per hour). In addition, a two-dimensional ZIF topology catalyst has been 

synthesized (Ni-ZIF-L) via the same method where we wanted to demonstrate that the 

strategy of selectively doping can work on other catalytic MOF systems and show the same 

performance in ethylene dimerization. Also, we have explored the production of a wide 

range of LAOs in the Co-ZIF-67 system which shows high activity and selectivity toward 

C12-C18 products. In addition, thermally engineered Ni-MOF-74 have demonstrated a 

good selectivity toward C4 through utilizing a defective nickel environment. Finally, we 

have tested our 60%Ni-ZIF-8 catalyst for propylene dimerization where we showed the 

production of the high selectivity of C6 dimers accompanied by high activity. 
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Chapter 2: Highly Active Heterogeneous Catalysts for Ethylene 

Dimerization by Selectively Doping Ni on the Surface of ZIF-8  

2.1 Introduction 

1-butene is one of the most important co-monomers used in this industry which occupies 

31% of the Linear Alpha Olefins market.1 It is solely produced by three main routes which 

are separation of C4 fractions made mainly by crude oil, ethylene oligomerization, and 

ethylene dimerization.6 The most economical route among these routes is to produce 1-

butene through ethylene dimerization as it doesn’t require extensive separation columns 

and distillation as in other processes.52 Ethylene dimerization is an addition reaction 

between two ethylene monomers to produce 1-butene. Alphabutol is currently the only 

technology in the market that produces 1-butene through ethylene dimerization and has 

been there for more than 34 years.45 Currently, there are more than 40 licenses around the 

world with a total production of >1,000,000 tons per year which occupies 32% of the 1-

butene production market.8 The supply of 1-butene is expected to increase as more plants 

are built using the same old technology. More recently, in September 2020, Baltic 

Chemical Company which is based in Russia have announced that it will build the largest 

Alphabutol plant in the world with a capacity of 120,000 tons/year that will be in operation 

by 2023.9 The Alphabutol technology was developed in cooperation between SABIC and 

IFP in 1986 led by Yves Chauvin who received the Nobel prize in chemistry in 2005.8 His 

breakthrough work on catalysis has led to a discovery that titanium butoxide (Ti(OBu)4) 

/triethylaluminum (AlEt3) catalyst system is very active and selective for ethylene 

dimerization.11 The catalyst used in the process is in the homogenous phase (where 
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products, catalysts, and co-catalysts are in one phase) and thus needs to be separated after 

the reaction to get fine products. This is a very challenging process that consumes huge 

amounts of energy and money. After separation, the catalyst must be treated with different 

harmful chemicals to stop the reaction and the treated catalyst cannot be used again to 

produce products, therefore, it has to be disposed of with many products immediately into 

an incinerator or barrels that are taken by a chemical treatment company which got paid to 

get rid of it. Moreover, the catalyst tends to form polymers which cause serious reactor/heat 

exchangers fouling problems that complicate the industrial operation and can’t be kept in 

the process as it may cause several shutdowns.7,13 Therefore, excessive reactor/heat 

exchanger cleaning is a solution which can overcome this problem. Several works have 

been focused on developing a better catalyst through the last 34 years. Through these years, 

homogenous catalysts have tried to overcome some of the industrial catalyst problems. For 

example, Mahdaviani et al.62 have successfully shown that the addition of a promoter (1, 

2-dicholoroethane) has a remarkable impact on the reduction the polymer formation but 

unfortunately, it yields a lower selectivity to 1-butene which makes it undesirable for the 

industry.62 In addition, these chloride compounds are known to be very harsh toxic 

pollutants that are very harmful to the environment.63 On the other hand, Tang et al.101 used 

a very expensive Vanadium based homogenous catalyst that has achieved the highest initial 

activity in this reaction which is expressed in terms of turnover frequency (TOF) units 

(refers to the total number of moles transformed into the desired product by one mole of 

the active site per hour).101 The benchmark turnover frequency was 10,640,000 h-1 that is 

10 times higher than the current commercial catalyst which is set to be at around 1,000,000 

h-1 11.101 However, this TOF has dropped harshly by more than 80% of its value after one 
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hour of reaction which showed that the catalyst isn’t very stable and deactivate very fast.101 

Other problems associated with low selectivity and polymer formation were remarkable 

too in this catalyst.101 Unfortunately, so far, none of the homogenous catalysts showed the 

potential to replace the existing commercial catalyst. On the other hand, heterogeneous 

catalysts have the advantages of being readily and easily recovered, recycled, and/or re-

used in one or more subsequent reaction cycles. Accordingly, the costly processes required 

to separate conventional catalysts from reaction products and the addition of very harsh 

chemicals can be avoided. However, in literature, heterogeneous catalysts tend to have very 

low activity as compared to homogenous catalysts. MOF-based heterogeneous catalysts 

for ethylene dimerization have been reported previously, in which the active sites are 

coordinately unsaturated metal sites or are generated by immobilizing molecular metal 

complexes on the MOF frameworks.122-128,130-131,133,135 These catalysts have been tested in 

liquid-phase batch reactions122-128,130 and gas-phase fixed-bed reactions,131,133,135 but the latter 

usually gives much lower conversions. In 2016, using an extremely expensive metal-

organic framework (MOF) catalyst128 (Ni-MFU-4l, 268.55 $/g)130 developed by Prof.Dincă 

team from MIT, a very high overall selectivity of 1-butene (92%) that is comparable to the 

current industrial catalyst (91%) have been achieved.128 Despite achieving similar 

selectivity, the catalyst price is considered very expensive and the activity (41,500 h-1) is 

still extremely lower than Ti(OBu)4-AlEt3 homogenous system (1,000,000 h-1). Several 

reports wrote in different articles that MOFs can make a transformative change in the 

industrial process as it has many advantages such as the ease of recyclability, high 

selectivity, no polymer formation, and long lifetime.129,136 Therefore, we think that the 

development of a new heterogeneous catalyst which combines both high activity and 
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selectivity will lead to a big transformation in the process of ethylene dimerization as the 

process will come more environmentally friendly, economically feasible and operation will 

be much easier.  

We have noticed that many reported homogenous catalysts which are associated with high 

activity have a common structural moiety, i.e., M2+ where the metal coordinates with two 

imine groups and two other ligands (halogens in most cases, see Figure 2.1).159–162 Inspired 

by this and unlike other MOF work, in this chapter, we have mimicked the chelation of Ni 

by dimine in such molecular homogenous complexes by doping Ni into a Zn-based zeolitic 

imidazolate framework (ZIF-8) heterogeneous catalyst. Because the d8 electron 

configuration of Ni2+ favors square-planar coordination that is not compatible with the 

three-dimensional (3D) MOF framework, Ni cannot replace Zn at the tetrahedral sites. 

Thus, Ni can only reside on the ZIF-8 crystal surface where the preferred square-planar 

coordination structure is allowed. 

 

Figure 2.1. Representative 4-coordinated, imine-chelated Ni complexes used as homogeneous 

catalysts for ethylene dimerization.159–162 

The full exposure and square-planar coordination of the Ni sites were shown to account for 

the high catalytic activity of Ni-ZIF-8, far exceeding the activities reported for 

heterogeneous catalysts and many homogenous catalysts under similar conditions. 
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2.2. Experimental section 

2.2.1 Preparation of Catalysts 

Pure ZIF-8 was synthesized from the following procedure: 50 mL of methanol solution 

[Zn(NO3)2·6H2O, 0.1 M] and 40 mL of methanol solution [2-methylimidazole, 1 M] were 

mixed and stirred at room temperature for 10 hours (the molar ratio of Zn to 2-

methylimidazole is 1:8); the obtained product was collected by centrifugation and 

thoroughly washed with methanol. Then, the samples are dried at 60 oC for at least three 

hours. The Ni-ZIF-8 samples were synthesized by following the same procedure of pure 

ZIF-8, except that Zn(NO3)2·6H2O was replaced by the mixture of Zn(NO3)2·6H2O and 

Ni(NO3)2·6H2O while keeping the total molar amount of metal sources identical. Four Ni-

ZIF-8 samples have been synthesized (15%, 30%, 45%, and 60%) by varying the molar 

ratio of Ni to the total amounts of metals (Ni+Zn) in the synthetic precursors, with yields 

of 0.3, 0.12, 0.09, and 0.07 grams per batch, respectively. The four samples were all purple, 

unlike the pure white undoped ZIF-8 as seen in Figure 2.2. 

 

Figure 2.2. Photo pictures of Ni-ZIF-8 samples with different Ni loadings, showing the gradual 

deepening of the purple color of Ni-ZIF-8 with the increase of Ni content. 

Moreover, we have synthesized Cu-ZIF-8 to be utilized as a reference catalyst and we 

followed literature reported by Nagarjun et al.163 where solutions of Zn(NO3)2.6H2O (1.75 

mmol, 520.55 mg) and Cu(NO3)2.3H2O (0.25 mmol, 60.4mg) in 22.6 ml methanol and 2-
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methylimidazole (1320 mg, 16mmol) in the same volume of methanol were prepared 

separately. Then, in a two-neck flask, these two solutions were mixed by dropwise addition 

of the 2-methylimidazole solution to the Zn2+ and Cu2+ solution under nitrogen flow at 

room temperature with stirring for 1 hour. Then, it was kept at room temperature for 24 

hours. The Cu-doped ZIF-8 crystals were separated by centrifugation (4500 RPM, 15 min) 

and washed with methanol (3 x 30 ml). The material was dried at 60 Co for 6 hours before 

analysis. 

Finally, we have synthesized core/shell Ni-ZIF-8@ZIF-8 catalysts by utilizing a reported 

method 164 with slight modification. 200 mg of Ni-ZIF-8 (0.70 wt% Ni loading) was 

dispersed in 60 mL of methanol via ultrasonication, followed by the addition of 360 mg of 

Zn(NO3)2·6H2O. 1.2 g of 2-methylimidazole was dissolved into 30 mL of methanol, and 

then, the obtained solution was poured into the above suspension containing Ni-ZIF-8. The 

mixture was stirred at room temperature for 24 hours. The product was collected by 

centrifugation and thoroughly washed with methanol. Finally, the catalyst was dried for at 

least three hours. 

2.2.2 Characterization of catalysts 

X-ray absorption measurements were carried out at 1W1B beamline in Beijing Synchrotron 

Radiation Facility (BSRF). The X-ray Absorption Fine Structure (XAFS) data were 

collected in the fluorescence mode through a Si (111) double crystal monochromator. Ni 

foil, NiPc, Zn foil, and ZnO were used as reference compounds for X-ray Absorption Near-

Edge Structure (XANES) and Extended X-ray Absorption Fine Structures (EXAFS) 
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analysis.  The data were processed and analyzed using the Demeter 0.9.26 software 

package.  

Scanning TEM (STEM) imaging and Energy-dispersive X-ray spectroscopy (EDS) 

elemental analysis experiments were performed on an FEI Titan 80-300 microscope 

equipped with a probe Cs corrector, operated at 300 kV. Low-magnification TEM images 

and high-resolution TEM imaging was performed on an FEI Titan 80-300 microscope 

equipped with an image Cs corrector, operated at 300 kV. 

One dimensional 15N CP/MAS solid-state NMR spectra were recorded on a Bruker 

AVANCE  III  spectrometer operating at  900  MHz for  1H,  with a  conventional double 

resonance  4 mm  CP/MAS  probe. Dry nitrogen gas was utilized for sample spinning to 

prevent degradation of the samples. NMR chemical shifts are reported with respect to the 

external references TMS and adamantine for 1H and NH3 (0 ppm) for 15N. The spinning 

frequency was set to 13 kHz.  The following sequence was used:  900 pulses on the proton  

(pulse length  2.4  s),  then a  cross-polarization step with a contact time of 2 ms, and finally 

the acquisition of the 15N signal under high power proton decoupling. The delay between 

the scan was set to 5 s, to allow the complete relaxation of the 1H nuclei and the number 

of scans was 50.000.  An apodization function (exponential) corresponding to a line 

broadening of 80 Hz was applied prior to Fourier transformation. 

Powder X-ray diffraction (PXRD) patterns were recorded on Bruker D8 Advance 

instrument with Cu Κα radiation (λ = 0.1542 nm). The tube voltage and current were 40 

kV and 40 mA, respectively. 
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The electron paramagnetic resonance (EPR) spectra were obtained on a JES-FA 200 EPR 

spectrometer. To verify the reliability of the EPR measurements, we synthesized Cu-ZIF-

8 as a reference sample by following a reported method (see section 2.2.1).  

N2 gas adsorption measurements were conducted via Micromeritics ASAP 2020 Surface 

Area and Porosity Analyzer which was used to collect nitrogen sorption isotherms at 77 K.  

Inductively coupled plasma optical emission spectrometry (ICP-OES) measurements were 

carried out on an Agilent 5110 spectrometer. The samples were first digested through a 

mixture of nitric acid and hydrochloric acid where it dissolves completely. 

2.2.3 Catalytic reactions 

The catalytic ethylene dimerization experiment was performed in a Parr stainless steel 

autoclave reactor (75 mL, from Parr Series 5000 Multiple Reactor System). In a typical 

run, catalyst (15 mg), solvent (20 mL of dried toluene), and a specified number of 

equivalents of MAO (10 wt% in toluene) were loaded into the Parr autoclave reactor in the 

glovebox. Then, the reactor was sealed and transferred out of the glovebox. The reactor 

was heated to the desired temperature, stirred, and connected to the ethylene cylinder 

(99.95%). After 10 min of reaction, the reactor was cooled down in a dry ice/acetone bath. 

When the internal temperature reached -20 °C, the reactor was slowly vented to 

atmospheric pressure. The reactor was opened and 0.1 mL of cooled cyclopentene was 

added to the solution to serve as an internal standard. Then, ice-cold deionized water was 

added into the reaction solution before the organic layer was filtered through a precooled 

syringe filter. The organic layer was quickly analyzed via gas chromatography equipped 

with a flame ionization detector (FID) and an HP-PONA column. In different reaction tests, 
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the amounts of catalyst and MAO, pressure of ethylene, reaction temperature, and reaction 

time were adjusted as needed. 

To evaluate the lifetime of the catalyst, 30 mg of Ni-ZIF-8 (0.7 wt% Ni) was dispersed into 

30 mL toluene. 1 mL of the catalyst solution, 4 mL of toluene, and 0.25 mL of MAO were 

loaded into the Parr autoclave reactor in the glovebox. Then, the reactor was sealed and 

transferred out of the glovebox. The reactor was heated to 35 °C, stirred, and connected to 

the ethylene cylinder (30 bar, 99.95%). The reaction was conducted for the desired time 

(10 min, 1 h, 2 h, and 4 h). After the reaction, the reactor was cooled down in a dry 

ice/acetone bath. The procedure of product collection and analysis was the same as 

described above.   

For catalytic cycles experiments, Ni-ZIF-8 (0.7 wt% Ni) catalyst (15 mg), solvent (20 mL 

of dried toluene), and 1 mL of MAO (10 wt% in toluene) were loaded into Parr autoclave 

reactor in the glovebox. Then, the reactor was sealed and transferred out of the glovebox. 

The reactor was heated to the desired temperature, stirred, and connected to the ethylene 

cylinder (~10 bar, 99.95%). After four hours of reaction, the reactor was cooled down in a 

dry ice/acetone bath. When the internal temperature reached -20 °C, the reactor was slowly 

vented to atmospheric pressure. Then, this autoclave (main autoclave) was connected to 

both an N2 cylinder (99.999%) and another cooled autoclave containing toluene and 

standard solution. The main autoclave was heated to 55°C, and some of the product would 

flow and condense in the other autoclave. After 1 hour, the main autoclave was cooled 

down and transferred to the glovebox. The reaction solution was separated by a centrifuge. 

The supernatant was collected into the other autoclave and the analysis of the product was 
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the same as described above. New MAO and new toluene was added to the precipitate in 

the glovebox. Then, the autoclave was sealed and transferred out to start another cycle 

reaction. 

2.2.4 Product analysis 

The organic layer is analyzed with a gas chromatography that is equipped with a flame 

ionization detector (FID) and an HP-PONA column where Cyclopentene is used as an 

internal standard for quantifying the number of products produced.  

2.3 Results and discussion 

2.3.1 Characterization of Ni-ZIF-8 catalysts 

The four Ni-ZIF-8 samples (15%, 30%, 45%, and 60%) in addition to pure ZIF-8 all 

showed characteristic powder X-ray diffraction patterns of ZIF-8 (as shown in Figure 2.3). 

We observed two notable phenomena. First, despite the large amount of nickel added to 

the synthetic precursor, the nickel content analyzed by ICP-OES in the four Ni-ZIF-8 

samples was very limited: 0.08 wt%, 0.20 wt%, 0.40 wt%, and 0.70 wt% (see Table 2.1). 

Second, the crystal size of Ni-ZIF-8 decreased monotonically with the increase of Ni 

content; the average crystal sizes of the four samples were 135, 105, 85, and 67 nm, as 

determined from the low-magnification TEM images (Figure 2.4a). 
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Figure 2.3. Powder XRD patterns of pure ZIF-8 and Ni-ZIF-8 samples with different Ni 

loadings. 

Table 2.1: Nickel loading as determined by ICP-OES, external surface area derived from N2 

sorption measurements and calculated Ni site density based on the {110} surface structure of ZIF-

8. 

Catalyst Nickel loading  

(wt%) 

External Surface Area  

(m2/g) 

Ni site density  

(nm-2) 

15%Ni-ZIF-8 0.08 71.9 0.12 

30%Ni-ZIF-8 0.2 82.9 0.26 

45%Ni-ZIF-8 0.4 105.1 0.41 

60%Ni-ZIF-8 0.7 152.5 0.5 

 

Undoped ZIF-8 synthesized under the same conditions had an average crystal size of 165 

nm (Figure 2.5). We derived the external surface areas of the four Ni-ZIF-8 samples from 
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their N2 adsorption isotherms using the t-plot method (Figure 2.6) and found that Ni 

loading had a positive linear correlation with the external surface area of the sample 

(Figure 2.4c). In a separate experiment, we synthesized large Ni-ZIF-8 crystals (~320 nm, 

Figure 2.7) by decreasing the concentration of 2-methylimidazole by four-fold. 

 

Figure 2.4. (a) Low-magnification TEM images of Ni-ZIF-8 samples with different nickel 

loadings: 0.08 wt%, 0.20 wt%, 0.40 wt%, and 0.70 wt%. The crystal size distributions are statistical 

results obtained by measuring the sizes of 100 discrete crystals from multiple images. (b) High-

resolution TEM image of Ni-ZIF-8 with Ni loading of 0.70 wt%, acquired along the <111> zone 

axis. Inset is a schematic illustration of a rhombic dodecahedral crystal oriented along the <111> 

direction and exposing twelve {110} facets. (c) A plot of the nickel loading versus the external 

surface area of Ni-ZIF-8, showing a positive linear correlation. 
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Figure 2.5. Low-magnification TEM image, photo picture taken under natural light, and size 

distribution of pure ZIF-8 synthesized from the same conditions as used for Ni-ZIF-8 samples. 

 

Figure 2.6. N2 sorption isotherms of Ni-ZIF-8 samples with different Ni loadings collected at 77 

K. The inset table presents their BET surface areas and the external surface areas derived from 

the t-plot method. 
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Figure 2.7. TEM image, crystal size distribution, and photo picture (inset) of a Ni-ZIF-8 sample, 

which was synthesized by reducing the concentration of 2-methylimidazole by four times relative 

to the standard synthesis condition used for other samples. 

The obtained sample contained only trace amounts of Ni (< 0.02 wt. %) despite the high 

Ni/Zn ratio (3:2) in the synthetic precursor, further confirming the direct correlation 

between the external surface area (i.e., the crystal size) and the Ni loading. These results 

taken together indicate that the presence of Ni in the synthetic system suppressed the 

growth of ZIF-8 crystals, while the doped Ni atoms were only located on the crystal 

surface. This finding agrees with our hypothesis that divalent nickel tends to adopt a 

square-planar coordination that is not compatible with the tetrahedral framework of ZIF-8, 

thereby leading to site-selective doping of Ni.  

We selected the sample with the highest Ni loading (0.70 wt. %) for more detailed 

characterization. The TEM images revealed that although the crystal sizes were small, Ni-

ZIF-8 still had the characteristic rhombohedral dodecahedron morphology of conventional 
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ZIF-8 (Figure 2.4b). The high-resolution TEM image acquired along the <111> zone axis 

confirmed the highly ordered crystal structure and well-defined crystal shape of Ni-ZIF-8.  

Since rhombohedral dodecahedron crystals only expose {110} facets, the number of metal 

atoms located on the crystal surface can be approximately calculated based on the {110} 

surface structure of ZIF-8 (2.5 metal atoms per nm2) and the determined external surface 

area (150 m2/g). Combining the calculation result (3.75 × 1020 metal atoms per gram of 

ZIF-8) with the Ni loading (0.70 wt. %), the Ni/(Zn+Ni) ratio on the crystal surface was 

about 1:5. Energy-dispersive X-ray spectroscopy showed weak signals of Ni uniformly 

distributed throughout the entire crystal (Figure 2.8).  

 

Figure 2.8. HAADF-STEM image and energy-dispersive X-ray spectroscopy elemental mapping 

of a Ni-ZIF-8 crystal from the sample containing 0.70 wt% Ni. 

These results taken together indicate that the Ni atoms in Ni-ZIF-8 (0.70 wt%) are isolated 

on the crystal surfaces as “single sites” at a density of 0.5 Ni atoms per nm2. In the same 
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way, the Ni site densities on the other three samples were calculated to be 0.41/nm2 for Ni-

ZIF-8 (0.40 wt. %), 0.26/nm2 for Ni-ZIF-8 (0.20 wt%), and 0.12/nm2 for Ni-ZIF-8 (0.08 

wt%), respectively (Table 2.1). 

We conducted X-ray absorption spectroscopy (XAS) using to probe the valence state and 

local structure of the Ni in Ni-ZIF-8 (0.7 wt%), using Ni foil and nickel phthalocyanine 

(NiPc) as standard materials. Figure 2.9a shows the Ni K-edge X-ray-absorption near-edge 

structure (XANES) spectra of the various samples. The absorption edge of Ni-ZIF-8 

appeared at a higher energy than that of the Ni foil and was very close to the absorption 

edge of NiPc, indicating a valence state of Ni2+. In addition, Ni-ZIF-8 had similar pre-edge 

features to NiPc, including a low-intensity peak at ~8332 eV (labeled as “A”) and an 

intense peak at ~8337 eV (labeled as “B”) (see Figure 2.8a, inset), which corresponded to 

the dipole forbidden 1s → 3d transition and the 1s → 4pz transition, respectively. Studies 

have considered these fine structure features of NiPc to be characteristic of Ni in a square-

planar coordination configuration.165 The resemblance of the XANES spectra of Ni-ZIF-8 

and NiPc indicated that the Ni atoms in Ni-ZIF-8 were also square-planar coordinated. 

Compared with NiPc, the B peak of Ni-ZIF-8 was less obvious, which implies that the 

coordination environment of Ni was not perfectly centrosymmetric and deviated from the 

ideal square-planar geometry.166 Figure 2.9b presents the Fourier transformed (FT) k3-

weighted ex-tended X-ray absorption fine structure (EXAFS) spectra. Ni-ZIF-8 and NiPc 

both showed a primary peak located at ~1.53 Å, which corresponded to the first 

coordination shell of Ni-N/O. We observed no Ni-Ni scattering path (~2.17 Å), confirming 

that the Ni was atomically dispersed in Ni-ZIF-8. Ni-ZIF-8 had an electron paramagnetic 

resonance (EPR) spectrum similar to that of ZIF-8, showing no signals related to metal-



83 
 

centered unpaired electrons (Figure 2.9c). This result further confirmed that the Ni2+ in 

Ni-ZIF-8 adopted a square-planar coordination geometry because a tetrahedral 

coordination geometry would otherwise lead to unpaired electrons and generate EPR 

signals. The fact that Cu-doped ZIF-8 showed a strong EPR signal proves the reliability of 

the EPR measurement. The square-planar coordination configuration of Ni2+ required no 

more than two ligands from the crystal framework (2-methylimidazole), which means that 

there were two or more non-framework free ligands. Interestingly, the 15N CP-MAS solid-

state nuclear magnetic resonance (NMR) spectroscopy indicated an obvious difference 

between ZIF-8 and Ni-ZIF-8 (Figure 2.9d): both samples had a primary peak at 205 ppm 

arising from the 2-methylimidazole linker,167 but Ni-ZIF-8 showed an additional peak at 

315 ppm, which was assigned to the NO3
-
 groups according to the 15N NMR spectra of 

nitrates (see Figure 2.10).  
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Figure 2.9. (a) Ni K-edge X-ray absorption near-edge structure (XANES) spectra and (b) Ni K-

edge Fourier transformed extended X-ray absorption fine structure (EXAFS) spectra in the R 

space of Ni-Foil, NiPc, Ni-ZIF-8, and Ni-ZIF-8@ZIF-8. (c) EPR spectra and (d) 15N CP-MAS 

solid-state NMR spectra of ZIF-8, Ni-ZIF-8, and Ni-ZIF-8@ZIF-8. In (c), the spectrum of Cu-

ZIF-8 is presented as a reference. 
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Figure 2.10. 15N CP/MAS NMR spectrum of Ni(NO3)2·6H2O. This result validates the 

assignment of the peak at 315 ppm in the spectrum of Ni-ZIF-8 to the nitrate group. 

This result suggests that nitrate groups were presented on Ni-ZIF-8 as the surface ligand 

through specific interaction with Ni2+, but not on ZIF-8. Based on the synthetic conditions, 

we speculate that each Ni2+ cation on the crystal surface of Ni-ZIF-8 was 4-coordinated by 

two 2-methylimidazole ligands from the crystal framework, one NO3
-
 and one dangling 2-

methyleimidazole. 

To further deepen our understanding of Ni-ZIF-8, we prepared a control sample. 

Specifically, we used as-synthesized Ni-ZIF-8 crystals as “seeds” to grow a shell of pure 

ZIF-8 on their surfaces. During the seeded growth process, the average crystal size 

increased from 67 nm to 90 nm (Figure 2.11), and the Ni loading decreased from 0.70 wt. 

% to 0.35 wt. %. The obtained sample was denoted as Ni-ZIF-8@ZIF-8.  
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Figure 2.11. TEM image and crystal size distribution of the core-shell structured sample, Ni-ZIF-

8@ZIF-8. The results show that coating Ni-ZIF-8 with a Ni-free ZIF-8 shell increases the average 

crystal size from 67 nm to 90 nm.  

Interestingly, unlike Ni-ZIF-8, Ni-ZIF-8@ZIF-8 did not have the characteristic peak at 

~8337 eV (peak B) in the Ni K-edge XANES spectrum, which implies a transition from a 

square-planar to a tetrahedral coordination due to the coating of the ZIF-8 shell (Figure 

2.9a). Meanwhile, the peak amplitude of the first coordination shell of Ni became higher 

after the seeded growth (Figure 2.9b), indicating that the local structural order was 

improved. Ni-ZIF-8@ZIF-8 showed a distinct EPR signal with a calculated g value of 2.1 

(Figure 2.9c), consistent with other tetrahedrally coordinated Ni2+  reported in the 

literature.168 In addition, 15N CP-MAS NMR indicated that Ni-ZIF-8@ZIF-8 did not 

contain NO3
-
  surface ligands (Figure 2.9d), which confirmed the specific correspondence 

between NO3
-
 and surface Ni2+ and the successful growth of a Ni-free shell. These 

characterizations taken together demonstrate that although Ni atoms only resided on the 

crystal surfaces by one-pot, direct synthesis of Ni-ZIF-8, these surface-bonded Ni atoms 

were forced to change their coordination during the secondary growth process to enter the 
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3D ZIF-8 framework, and were eventually encapsulated within the MOF crystals (located 

at the core/shell interface). Furthermore, the characterization results of Ni-ZIF-8@ZIF-8, 

in turn, corroborate our above conclusions on Ni-ZIF-8.  

After ethylene dimerization reaction, we collected the used Ni-ZIF-8 catalyst by 

centrifugation for characterizations. TEM and STEM showed that Ni-ZIF-8 crystals 

maintained their original size and shape, but they had gel-like impurities attached. Energy-

dispersive X-ray spectroscopy confirmed that Ni remained in the catalyst and revealed that 

the impurities were composed of Al (Figure 2.12c). The gel-like Al species was derived 

from the MAO co-catalyst, which can produce aluminum (hydro) oxides and release a large 

amount of heat when in contact with moisture. Powder XRD indicated that the used Ni-

ZIF-8 catalyst maintained the crystal structure but the crystallinity was reduced (Figure 

2.12a). The partial degradation of the crystal structure of Ni-ZIF-8 may have occurred 

during the XRD measurement when the residual MAO on the crystal surface reacted 

exothermically with air. ICP-OES analysis showed that compared with the fresh catalyst, 

the used catalyst had lower contents of Ni and Zn, but the Ni/Zn ratio was almost the same 

(Table 2.2). The reason for the lower Ni and Zn contents is the presence of additional Al 

species in the used catalyst, while the nearly constant Ni/Zn ratio proves that there is no Ni 

leaching or decomposition of the catalyst during the reaction (considering that Ni is only 

located on the crystal surface, if Ni leaching or decomposition of the catalyst occurs, Ni/Zn 

will decrease). On the other hand, no nickel or zinc was detected in the supernatant 

collected from the reactor after the reaction.  
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Figure 2.12. Characterization results of the used Ni-ZIF-8 catalyst: (a) PXRD, (b) TEM, and (c) 

HAADF-STEM combined with EDS elemental mapping. 

Table 2.2: ICP-OES elemental analysis results of Ni-ZIF-8 before (fresh catalyst) and after reaction 

(used catalyst). 

Set Samples Ni amount Zn amount Ni/Zn 

Set 1 

Fresh Ni-ZIF-8 0.70 wt% 24.40 wt% 0.0287 

Used catalyst 0.47 wt% 16.60 wt% 0.0283 

Set 2 

Fresh Ni-ZIF-8 0.65 wt% 22.50 wt% 0.0289 

Used catalyst 0.48 wt% 16.57 wt% 0.0290 

 

Note that the used catalyst has lower contents of Ni and Zn than the fresh catalyst, because 

of the presence of additional Al species produced from the decomposition of the co-

catalyst, MAO. The Ni/Zn ratio before and after the reaction is almost constant, indicating 
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that there was no leaching of nickel or decomposition of the catalyst. This conclusion is 

confirmed by two sets of measurements. 

2.3.2 Catalytic Results of Ni-ZIF-8 catalysts 

We conducted ethylene dimerization in the liquid phase using a batch reactor. Our standard 

reaction conditions for catalyst evaluation were as follows: 15 mg of Ni-ZIF-8 catalyst, 20 

mL of dried toluene, and 1 mL of methylaluminoxane solution in toluene (MAO; 10 wt%) 

co-catalyst were loaded into a Parr autoclave reactor (75 mL), reacting for 10 min under 

30 bar of ethylene at 35 oC. Pure ZIF-8 was inactive for this reaction (entry 1 in Table 2.3, 

Figure 2.13). In contrast, Ni-ZIF-8 was highly active. Specifically, the sample with 0.70 

wt% Ni loading showed a TOF of 297,000 h-1 (mol of ethylene per mol of Ni; an average 

of the 10 min reaction), and the product contained 94.8% butenes (85.5% 1-butene) and 

5.2% hexenes, without higher oligomers (entry 6 in Table 2.3, Figure 2.14). At these 

conditions, the productivity of the catalyst was about 1000 g of products per g of catalyst 

per hour. Despite the different crystal sizes, the other three Ni-ZIF-8 samples showed 

similar activities and selectivities (Table 2.3, entry 3-5) to the sample with 0.70 wt% Ni 

loading, indicating that mass transport had little effect on the catalytic properties of Ni-

ZIF-8. These findings are in line with our design of catalyst that the active Ni sites are 

located only on the crystal surface of these catalysts. 

We investigated the effects of the amount of MAO, ethylene pressure, and reaction 

temperature on the performance of Ni-ZIF-8. The results show that MAO is indispensable 

for this reaction (Table 2.3, entry 2) and that the catalytic activity increased with the 

increase of MAO concentration, and plateaued when the MAO concentration reached 0.15 
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M (Table 2.3, entry 7-9). When changing the amount of catalyst and keeping the MAO 

concentration constant, the TOF value did not change significantly (Table 2.3, entry 10-

12), indicating that the activity was influenced by the concentration of MAO rather than 

the MAO/Ni ratio. This finding is also consistent with the observation that Ni-ZIF-8 

catalysts with different nickel loadings exhibited the same level of activity at the same 

MAO concentration (Table 2.3, entry 3-6). Lower temperature and higher pressure are 

thermodynamically favorable for ethylene dimerization. Furthermore, despite the fast 

kinetics, a high reaction temperature causes the solubility of ethylene to decrease and 

promotes side reactions such as isomerization and chain growth. Therefore, ethylene 

dimerization is usually conducted at moderate temperatures (0-60 oC) and relatively high 

pressures (1-50 bars). We investigated the performance of Ni-ZIF-8 within these 

commonly used reaction temperatures and pressure ranges (Table 2.3, entry 13-17). The 

TOF of Ni-ZIF-8 linearly increased with the increase in ethylene pressure in the range of 

10 to 50 bar, indicating a first-order kinetics behavior (Figure 2.15). Under the conditions 

of 0.15 M MAO, 35 oC, and 50 bar, the Ni-ZIF-8 catalysts showed TOF values > 1,000,000 

h-1 and C4 selectivity up to 90% (Table 2.3, entry 18 and 19). The high activity of Ni-ZIF-

8 resulted in the quick accumulation of products in the reaction vessel as the reaction 

proceeded, which made it unsafe to run the reaction for too long. 

Table 2.3: Catalytic ethylene dimerization using Ni-ZIF-8.a 

Entry Catalyst b TOF c 

(h-1) 

Selectivity d MAO 

con. 

(mol/L) 

MAO 

equiv e 

Pressure 

(bar) 

Temperature 

(oC) 
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1 ZIF-8 0 0 0.075 / 30 35 

2 Ni-ZIF-8 

(0.70 wt%) 

0 0 0 0 30 35 

3 Ni-ZIF-8 

(0.08 wt%) 

288 000 C4=93.8% 

(1-C4=94.4%) 

0.075 15500 30 35 

4 Ni-ZIF-8 

(0.20 wt%) 

274 000 C4=95.3% 

(1-C4=93.1%) 

0.075 4640 30 35 

5 Ni-ZIF-8 

(0.40 wt%) 

281 000 C4=95.9% 

(1-C4=89.3%) 

0.075 2320 30 35 

6 Ni-ZIF-8 

(0.70 wt%) 

297 000 C4=94.8% 

(1-C4=85.5%) 

0.075 1320 30 35 

7 Ni-ZIF-8 

(0.70 wt%) 

61 000 C4=96.7% 

(1-C4=92.7%) 

0.0375 660 30 35 

8 Ni-ZIF-8 

(0.70 wt%) 

570 000 C4=91.0% 

(1-C4=72.0%) 

0.150 2650 30 35 

9 Ni-ZIF-8 

(0.70 wt%) 

499 000 C4=91.4% 

(1-C4=75.0%) 

0.225 4260 30 35 

10 Ni-ZIF-8 

(0.70 wt%, 30 mg) 

246 000 C4=93.3% 

(1-C4=80.9%) 

0.075 660 30 35 

11 Ni-ZIF-8 

(0.70 wt%, 5 mg) 

291 000 C4=95.9% 

(1-C4=89.7%) 

0.075 3400 30 35 

12 Ni-ZIF-8 

(0.70 wt%, 1 mg) 

296 000 C4=97.1% 

(1-C4=93.2%) 

0.075 19900 30 35 

13 Ni-ZIF-8 

(0.70 wt%) 

44 100 C4=95.1% 

(1-C4=85.1%) 

0.075 1320 10 35 

14 Ni-ZIF-8 

(0.70 wt%) 

122 000 C4=95.3% 

(1-C4=85.3%) 

0.075 1320 20 35 
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15 Ni-ZIF-8 

(0.70 wt%) 

467 000 C4=95.6% 

(1-C4=89.7%) 

0.075 1320 50 35 

16 Ni-ZIF-8 

(0.70 wt%) 

32 800 C4=97.9% 

(1-C4=97.9%) 

0.075 1 320 30 0 

17 Ni-ZIF-8 

(0.70 wt%) 

323 000 C4=92.9% 

(1-C4=79.7%) 

0.075 1 320 30 50 

18 Ni-ZIF-8 

(0.70 wt%) 

1 079 000 C4=90.8% 

(1-C4=74.5%) 

0.15 2650 50 35 

19 Ni-ZIF-8 

(0.40 wt%) 

1 116 000 C4=97.0% 

(1-C4=87.7%) 

0.15 4640 50 35 

a Reactions were conducted in a 75 mL Parr autoclave reactor; solvent: 20 mL of toluene; reaction time: 10 mins. b The 

amount of catalyst is 15 mg unless otherwise specified. c Mole of ethylene per mole of Ni per hour; an average of the 10 

min reaction. d The 1-C4 selectivity shown in the parenthesis refers to the percentage of 1-butene in C4 products. e The 

mole ratio of aluminum in MAO to nickel in the catalyst. 

 

 

Figure 2.13. Gas Chromatography record of ethylene dimerization reaction on pure (Ni-free) 

ZIF-8, indicating that there is no conversion of ethylene. 
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Figure 2.14. A typical Gas Chromatography record of ethylene dimerization reaction on a Ni-

ZIF-8 (0.70 wt%) catalyst. 

 

Figure 2.15. Ethylene dimerization on Ni-ZIF-8 at different ethylene pressures (see entries 5, 12, 

13, and 14 in Table 2.3, for specific reaction conditions). The results show that the TOF linearly 

increased with the increase in ethylene pressure in the range of 10 to 50 bar, indicating a first-order 

kinetics behavior. 
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2.3.3 Lifetime and Stability of Ni-ZIF-8 catalysts 

To evaluate the long-term stability of Ni-ZIF-8, we reduced the amount of catalyst to 1 mg 

(one-fifteenth of the standard usage) to reduce the productivity of the system. As illustrated 

in Figure 2.16a, the catalyst showed nearly constant TOF values within four hours, while 

the selectivity of 1-butene gradually decreased with the prolonged reaction time due to the 

isomerization of 1-butene to 2-butene.128 The combination of high activity and long-term 

durability gave Ni-ZIF-8 an excellent conversion capacity. We compared Ni-ZIF-8 with a 

number of reported Ni-based homogeneous and heterogeneous catalysts for ethylene 

dimerization by plotting the turnover number in one reaction versus the reaction duration 

(Figure 12.6b). 73,83,88,92, 122,127,128,130,131,158-160,165–173 

 

Figure 2.16. (a) The averaged TOFs and product distributions of ethylene dimerization on Ni-ZIF-

8 at different reaction times. (b) Comparison of Ni-ZIF-8 with selected Ni-based homogeneous and 

heterogeneous catalysts. The turnover numbers are cited from the literature or calculated from the 

reported reaction duration and averaged TOFs. Note that for many homogeneous systems, the 

catalyst was only tested in a short time without a specified lifetime determined; therefore, their 

turnover numbers shown here were achieved within the reaction time tested, not before the catalyst 
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was completely deactivated. References are given for only a part of data points due to the limited 

space. Complete reference information is provided in Table 2.4 at the end of this section. 

In this plot, all data points use a unified unit (mol ethylene per mol Ni), and the slope of 

the line from the origin to each point represents the average TOF value of that catalyst. The 

specific reaction conditions of these data points are listed in Table 2.4 (available at the end 

of this section). Although it is not appropriate to compare the absolute TOF values of 

different systems because the TOF values depend on the reaction conditions, Figure 12.6b 

clearly illustrates the general characteristics of the homogeneous and heterogeneous 

catalysts, i.e., homogeneous catalysts are active but easy to deactivate (usually tested for 

only 10-60 min in the literature); in comparison, heterogeneous catalysts are more durable 

but inherently less active. Figure 12.6b also indicates that Ni-ZIF-8 has the highest activity 

among all heterogeneous catalysts reported for ethylene dimerization, even surpassing 

many homogeneous catalysts, while also having excellent stability. Note that for safety 

reasons, we stopped the reaction on Ni-ZIF-8 after four hours when it remained highly 

active (Figure 12.6a). Nevertheless, the deduced turnover number of Ni-ZIF-8 is higher 

than that of all reference catalysts, except for two super-active homogeneous catalysts 

(Figure 12.6b). In addition, in a control experiment, we treated Ni-ZIF-8 with MAO in a 

toluene solution for 1 hour and confirmed that the resulting supernatant is inactive for 

ethylene dimerization (see Figure 12.17).83,171 All these results are taken together to rule 

out the possibility that the high activity came from a dissolved molecular Ni complex.  
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Figure 2.17. Gas Chromatography record of ethylene dimerization using the supernatant of Ni-

ZIF-8/MAO toluene solution as the catalyst.  

The supernatant was produced and collected as follows. Ni-ZIF-8 catalyst (15 mg) was 

added into the toluene solution of MAO (0.075 M) in a glovebox, and the solution was 

stirred at 35 oC for one hour. Then, the supernatant was separated from the solids by 

centrifugation and placed into a reactor to perform the ethylene dimerization reaction under 

the standard reaction conditions (30 bar, 35 oC). The result showed that the supernatant 

was almost inactive, ruling out the possibility that the observed high catalytic activity of 

Ni-ZIF-8 comes from dissolved species in solution.   

The catalyst was also tested in consecutive catalytic cycles where we attempted to recycle 

and reuse the catalyst for consecutive reaction runs, although the process is cumbersome 

and requires extreme care to avoid contact with moisture. In these experiments, we 

increased the usage of catalyst to 15 mg for easy collection of the catalyst and reduced the 
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pressure from 30 to 10 bar for lower reactivity, while allowing each reaction cycle to 

proceed for four hours. As shown in Figure 2.18, the catalyst exhibited similar (slightly 

lower) activity in the second reaction run, compared to the first; in the third reaction run, 

the averaged TOF decreased significantly, which is likely due to the blocking of the active 

site caused by unavoidable MAO decomposition (mainly caused by moisture) in the 

repeated catalyst recycle processes. These results indicate that Ni-ZIF-8 is active for at 

least 8 hours under the above conditions, and can be reused through careful and appropriate 

recycling procedures. Note that at the end of each catalytic cycle, the catalyst was still 

active, that is the process did not involve the deactivation and regeneration of the catalyst. 

In fact, we didn’t observe the deactivation of the catalyst during the reaction time tested 

(the deactivation observed in the third reaction run was caused by the recycling process of 

the catalyst). In this sense, this experiment is essentially a test of the catalyst lifetime and 

stability.  

 

Figure 2.18. Averaged TOFs and product distributions of ethylene dimerization on Ni-ZIF-8 in 

three consecutive reaction cycles, each lasting for four hours. 
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Table 2.4: Catalytic results and reaction conditions of some selected Ni-based homogeneous and 

heterogeneous catalysts for ethylene dimerization. 

Reaction duration 

(min) 

Turnover number a 

(mol ethylene/mol 

Ni) 

Temperature 

(oC) 

Pressure 

(bar) 

Butenes 

selectivity 

(%) 

Note and 

reference 

Homogeneous Catalyst 

30 1,678,571 45 10 83.8 171 

60 166,000 r.t. 30 97.1 73 

90 199,125 80 30 73 174 

60 55,500 25 30 / 177 

40 25,600 30 20 89.2 175 

20 51,233 30 20 91.5 173 

15 171,428 35 2 90.2 159 

60 277,143 45 20 74 161 

30 4,154,464 30 5.5 83 83 

30 828,750 30 1.3 88 83 

30 167,500 45 28 77 92 

15 107,410 45 10 83 176 

30 16,607 30 2.9 95.5 160 
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30 16,779 30 2.9 89.8 169 

15 171,428 35 2 90.2 170 

45 58,661 45 10 92.5 88 

Heterogeneous Catalyst 

180 18,446 10 15 / MIL-101 
122

 

2880 400,000 25 50 87.6 CFA-1 
130

 

60 41,500 25 50 97.4 MFU-4l 
128

 

180 18,180 21 15 ~94 NU-1000 
131

 

240 18,214 25 10 >71.4 UMOFN 127
 

120 281 50 15 54 IL-PON-RT 
172

 

120 151 50 15 70 Meso-CTF 
172

 

240 1,172,800 35 30 88.6 This work 

a Derived from the reported average TOF and reaction duration, when a specific “turnover number” value is not available 

in the literature. 

2.4 Conclusion 

In summary, we have demonstrated that, through a simple one-pot synthesis process, Ni2+ 

cations can be selectively anchored to the crystal surface of Ni-ZIF-8, where they adopt a 

planar four-coordinate configuration. These single sites of Ni are fully accessible to the 

reactant molecules without the mass-transport restrictions usually imposed by microporous 

supports. Their local structure is an analogue to homogeneous diimine Ni complexes. The 

asymmetric strengths of the coordination bonds in Ni-ZIF-8 retain Ni on the MOF crystal 
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while providing vacant sites to promote the adsorption of reactant molecules during the 

reaction. The full exposure and square-planar coordination of the Ni sites accounts for the 

high catalytic activity of Ni-ZIF-8. It exhibits an average ethylene turnover frequency 

greater than 1,000,000 h-1 (1-butene selectivity > 85%) at 35 oC and 50 bar, far exceeding 

the activities of previously reported heterogeneous catalysts and many homogeneous 

catalysts under similar conditions. Moreover, compared with molecular Ni complexes used 

as homogeneous catalysts for ethylene dimerization, Ni-ZIF-8 has significantly higher 

stability and shows constant activity during four hours of continuous reaction. In addition, 

it has been tested for consecutive catalytic. Thus, Ni-ZIF-8 combines the advantages of 

heterogeneous and homogeneous catalysts and exhibits excellent stability and high 

catalytic activity in the ethylene dimerization reactions, thereby giving a significantly 

higher turnover number in a single reaction than most existing catalysts. These 

characteristics of Ni-ZIF-8 make it a suitable candidate catalyst for the continuous process 

of ethylene dimerization using the slurry bed, fixed-bed, or trickle-bed reactors. While this 

work focuses on the preparation of a highly active heterogeneous catalyst for ethylene 

dimerization, it should inspire the development of more MOF-based catalysts for other 

important reactions. 
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Chapter 3: Reaction Mechanism of Ethylene Dimerization on Ni-ZIF-8 

Catalyst  

3.1 Introduction 

Two mechanisms have been proposed for catalytic ethylene dimerization in the literature. 

As shown in Figure 3.1, the metallacyclic mechanism involves two ethylene coordinated 

to the active metal site to form metallacyclopentane,144 whereas the Cossee-Arlman 

mechanism is based on the successive insertion of ethylene 145.  

 

Figure 3.1. Scheme of the two catalytic mechanisms for ethylene dimerization illustrated for a Ni 

center. 

The two mechanisms can be distinguished by an isotope labeling experiment, using a 1:1 

mixture of ethylene and perdeutero ethylene as the feeding gas.143,148 Theoretically, if the 

reaction proceeds via the Cossee-Arlman mechanism, the produced 1-butene isotopomers 

should consist of C4H8, C4H7D, C4H5D3 C4H4D4, C4H3D5, C4HD7, and C4D8 in a 

1:1:1:2:1:1:1 ratio. In contrast, if the reaction proceeds via the metallacycle mechanism, 

the product should consist of C4H8, C4H4D4, and C4D8 in a 1:2:1 ratio. This difference can 

be identified by analyzing the products with mass spectrometry. In this chapter, we used 
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this established method to determine the reaction pathway of ethylene dimerization over 

Ni-ZIF-8 among which we found that Ni-ZIF-8 follows the Cossee-Arlman mechanism. 

Then, based on the results, we have performed Density Functional Theory (DFT) 

calculations to evaluate the energetics of the catalytic reaction path on Ni-ZIF-8 and the 

steric effect which is known to play a vital role in ethylene dimerization reaction. To further 

verify this hypothesis, we conducted ethylene dimerization reactions under the standard 

conditions using the core/shell-structure Ni-ZIF-8@ZIF-8 where we showed that Ni is in 

an inactive state in this restricted environment. 

3.2 Experimental Section 

3.2.1 Isotopic Labeling Experiments 

Ni-ZIF-8 with 0.7wt% Ni (15 mg), MAO (10 wt% Al in toluene, 1 mL), and toluene (5 

mL) were added into Parr autoclave reactor in an argon-filled glovebox. Then, the reactor 

was sealed, transferred out of the glovebox, and degassed for a while. Upon completion of 

pumping, a gas mixture of ethylene (5 mL/min) and d4-ethylene (5 mL/min) with a total 

flow rate of 10 mL/min was introduced into the reactor. Before being injected into the 

reactor, ethylene and d4-ethylene were premixed in the fully vented gas line for 10 min. 

After 5 min of reaction, the products were collected where the organic layer was filtered 

through a precooled syringe filter, and then quickly analyzed via gas chromatography/mass 

spectrometry equipped with an HP-PONA column. Comparing with a known mass of an 

internal standard, we quantified products via Shimadu GCMS-QP-2010 Ultra Gas 

chromatograph mass spectrometer. 
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3.2.2 Computational Methods 

Geometry optimizations were performed at the density functional theory (DFT) level using 

the generalized gradient approximation (GGA) PBE functional 178 with Becke-Johnson 

damped D3 179 dispersion correction as implemented in Gaussian09.180 To reduce the 

computational cost, an automatic density fitting set generated by the Gaussian program was 

used. The def2SVP 181 basis set was used for H, C, and N atoms, Ni was treated with the 

def2TVP basis set,182 whereas for Zn we used the SDD 183 pseudopotential with the 

associated triple-ζ basis set. Single point energy calculations were carried out using the 

def2-TZVP Ahlrichs basis set 182 for H, C, and N, and the SDD ECP for Ni and Zn. All 

geometry optimizations were performed in the gas phase. The nature of all stationary points 

was confirmed by the analytic computation of vibrational frequencies, which were also 

employed for the computation of thermochemical quantities. Gibbs free energies were 

computed by adding Gibbs free energy contributions to single-point calculations taking the 

separated reactants as zero of energy. 

3.2.3 Catalytic Reactions 

To evaluate the effect of the steric environment, 15 mg of Ni-ZIF-8@ZIF-8 (0.35 wt% Ni) 

was dispersed into 20 mL toluene with 1 mL of MAO was loaded into the Parr autoclave 

reactor in the glovebox. Then, the reactor was sealed and transferred out of the glovebox. 

The reactor was heated to 35 °C, stirred, and connected to the ethylene cylinder (30 bar, 

99.95%). The reaction was conducted for 10 minutes. After the reaction, the reactor was 

cooled down in a dry ice/acetone bath to -20 oC. Then, the reactor was opened and 0.1 mL 

of cooled cyclopentene was added to the solution to serve as an internal standard. Then, 

ice-cold deionized water was added into the reaction solution before the organic layer was 
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filtered through a precooled syringe filter. The organic layer was quickly analyzed via gas 

chromatography equipped with a flame ionization detector (FID) and an HP-PONA 

column. 

3.3 Results and Discussion 

3.3.1 Isotopic Labeling Experiments Results 

Theoretically, if the reaction proceeds via the Cossee-Arlman mechanism, the produced 1-

butene isotopomers should consist of C4H8, C4H7D, C4H5D3, C4H4D4, C4H3D5, C4HD7, and 

C4D8 in a 1:1:1:2:1:1:1 ratio; if the reaction proceeds via the metallacycle mechanism, the 

product should consist of C4H8, C4H4D4, and C4D8 in a 1:2:1 ratio. Therefore, we have 

summarized the theoretically predicted mass spectrometry results based on both 

mechanisms in Table 3.1. For each mechanism, we summed the intensity values for each 

m/z based on the corresponding isotopomer ratio (sum of intensity) and performed 

proportional normalization to get “normalized intensity” values, which will be used for 

comparison with the experimental data.  
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Table 3.1: Theoretically predicted mass spectrometry results based on Cossee-Arlman mechanism 

and Metallacycle mechanism. 

 

Then, We have built a tree model of C4H4D4 fragmentation (Figure 3.2a) where below 

each fragment are the corresponding m/z value and its contribution to the [M-x]+ where the 

percentages shown on the right of Figure 3.2a are the intensities of each [M-x]+ (X=1-8) 

relative to [M]+(from the mass spectrum of C4H8).  

m/z 
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D

4
+1* C

4
D
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Intensity (%) Sum of intensity 

(%) 

Normalized intensity 

(%) 

Sum of 

intensity 

(%) 

Normalized 

intensity (%) 

64 0 0 0 0 0 4.34 100 104.34 45.52 100 48.96 

63 0 0 0 0 0 100 0 100 43.58 0 0 

62 0 0 0 0 4.34 5.42 43.38 53.14 22.59 43.38 21.24 

61 0 0 0 4.34 100 37.98 0 146.66 64.48 8.68 4.25 

60 0 0 4.34 100 16.28 1.07 4.26 225.95 100 204.26 100 

59 0 0 100 21.69 27.58 3.23 0 174.19 76.81 43.38 21.24 

58 0 4.34 27.12 22.60 2.50 4.27 11.36 94.79 41.24 56.56 27.69 

57 4.34 100 17.82 3.24 4.59 7.13 0 140.36 61.66 10.82 5.30 

56 100 37.98 4.34 5.82 6.29 1.30 2.48 164.03 72.26 114.12 55.87 

55 43.38 8.65 6.75 5.44 3.11 1.20 0 73.97 31.92 54.26 26.56 

54 4.26 8.20 4.27 2.70 2.59 5.31 8.52 38.55 16.05 18.18 8.90 

53 11.36 5.47 3.55 4.22 4.73 3.19 0 36.74 15.24 19.8 9.69 

52 2.48 4.49 5.75 5.72 5.67 7.13 9.45 46.41 19.57 23.37 11.44 

51 8.52 7.68 6.61 6.01 5.24 2.37 0 42.44 17.79 20.54 10.06 

50 9.45 7.47 4.40 3.38 2.71 2.36 2.70 35.85 14.84 18.91 9.26 

49 2.70 2.36 1.69 1.35 1.01 0.34 0 10.8 3.62 5.4 2.64 

48 0.34 0.34 0.34 0.34 0.34 0.34 0.34 2.72 1.21 1.36 0.67 
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Figure 3.2. (a) Tree model of C4H4D4 fragmentation. Below each fragments are the corresponding 

m/z value and its contribution to the [M-x]+. The percentages shown on the right are the intensities 

of each [M-x]+ (x=1-8) relative to [M]+ (from the mass spectrum of C4H8). (b) The theoretical 

relative intensity of each fragment in the mass spectrum of C4D4H4 was calculated based on the 

tree model and the experimental mass spectrum of C4H8. (c) Theoretical mass spectra data of 

C4H7D, C4H5D3, C4H3D5, C4HD7, C4D8, of which the calculation process are similar to that of 

C4H4D4 shown in (a-b).  

Then, based on the tree model and the experimental mass spectrum of C4H8, we calculated 

the theoretical relative intensity of each fragment in the mass spectrum of C4D4H4 as shown 
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in Figure 3.2b. Finally, theoretical mass spectra data of C4H7D, C4H5D3, C4H3D5, C4HD7, 

C4D8, (see Figure 3.2c) of which the calculation process are similar to that of C4H4D4 

shown in (see Figure 3.2a-b). As indicated in Figure 3.3, our experimental mass 

fragmentation pattern showed better agreement with the pattern predicted by the Cossee-

Arlman mechanism. The slight differences between the experimental values and the 

theoretical values may have been caused by H/D scrambling.  

 

Figure 3.3. Experimental and theoretically predicted (based on the two mechanisms) fragmentation 

patterns of 1-butene produced from a mixture of C2H4/C2D4 (1:1). 

In addition, as shown in Figure 3.4, Experimental and predicted fragmentation patterns of 

2-butene produced from a mixture of C2H4/C2D4 (1:1) were evaluated and the experimental 

result shows better agreement with the pattern predicted by the Cossee-Arlman mechanism 

(based on m/z = 57, 59, 61, and 63), consistent with the conclusion drawn from the data of 

1-butene. 
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Figure 3.4. Experimental and predicted fragmentation pattern of 2-butene produced from a mixture 

of C2H4/C2D4 (1:1). The experimental result shows better agreement with the pattern predicted by 

the Cossee-Arlman mechanism (based on m/z = 57, 59, 61, and 63), consistent with the conclusion 

drawn from the data of 1-butene (see Figure 3.3). 

3.3.2 Density Functional Theory Based on Reaction Mechanism of Ni-ZIF-8 

We performed test calculations aimed at clarifying the optimal coordination environment 

of Ni2+ and Zn2+ with imidazole-type ligands. To this end, we optimized the geometry of 

Im2Ni(H-Im)2 enforcing a square-planar or a tetrahedral geometry at the metal center, by 

freezing the valence L-M-L angles at 90° or 109.5° (see Figure 3.5).  
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Figure 3.5. Models of Im2Ni(H-Im)2: Enforced square planar geometry and Enforced tetrahedral 

geometry 

Energy differences were evaluated at the PBE0-D3/def2TZVP//PBE-D3/def2SVP level of 

theory. According to these calculations, the tetrahedral geometry is favored by 23.6 

kcal/mol for the Zn complex. Instead, for the Ni complex the square planar geometry is 

favored, by 5.4 kcal/mol over the tetrahedral geometry in the triplet electronic state, and 

by 43.6 kcal/mol over the tetrahedral geometry in the singlet electronic state. This indicates 

that the Zn has a strong preference for the tetrahedral geometry, consistent with the ZIF-8 

bulk structure, while Ni has a moderate preference for the square planar geometry. This 

supports the selective presence of Ni atoms at the surface of ZIF-8, and that coordination 

around Ni is square planar. An optimized model showed that even if we forced the initial 

structure into a tetrahedral shape, it presented a slightly deformed square-planar structure 

(see Figure 3.6). The overall model contains four metal centers including one Ni and three 

Zn, and the metal atoms are coordinated by bridging ligands. For Zn atoms, each one is 

coordinated with four imidazole rings, while the Ni atom is coordinated with three 

imidazole rings and one nitrate. The ligands and the Ni cation form a planar structure, 
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which is consistent with experimental characterizations. More details on the bond lengths 

and bond angles can be found in Table 3.2. 

 

Figure 3.6. Coordination structure of the Ni center on the crystal surface of Ni-ZIF-8 proposed 

based on characterizations and optimized by DFT calculations. In the structural model on the left, 

hydrogen atoms are omitted for clarity. 

Table 3.2: Optimized local coordination structure of Ni in Ni-ZIF-8. 

 

Bond Length Bond Angle 

Ni-N1 Ni-N2 Ni-N3 Ni-O N1-Ni-N2 N2-Ni-N3 N3-Ni-O O-Ni-N1 

1.88 Å 1.88 Å 1.92 Å 1.89 Å 92.7˚  90.6˚ 86.8˚ 89.9˚ 
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Then, we performed Density Functional Theory (DFT) calculations based on the Cossee-

Arlman mechanism to evaluate the energetics of the catalytic reaction path on Ni-ZIF-8  

where we optimized the local coordination.184 Given the easy departure of the NO3- and 

dangling imidazole groups upon the addition of MAO, the calculations start with the 

hydrogen-bonded Ni(II), which can easily catch an ethylene molecule to form the η-2 bond. 

The bonded ethylene is reoriented such that the carbon atom points toward the Ni-bonded 

H and they form the ethyl group bonded to the Ni(II), leaving one empty site for the 

adsorption of another ethylene molecule. Then, the chain prorogation reaction takes place 

to form a butyl group bonded to the Ni(II), followed by the formation of 1,2-butenyl 

through hydrogen rearrangement. Finally, a 1-butene molecule is formed with the breaking 

of the η-2 coordination bond. According to our calculations, the whole reaction path is 

smooth and energetically favorable (see Figure 3.7 and Figure 3.8).  
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Figure 3.7. (a) A proposed activation mechanism of Ni-ZIF-8 for ethylene dimerization. (b) Energy 

profile for ethylene dimerization catalyzed by Ni-ZIF-8. The reaction starts with ethylene 

coordination to 1, followed by insertion into the Ni–H bond, giving 3. Coordination of a second 

ethylene molecule leads to 4, followed by insertion of ethylene insertion into the Ni–ethyl bond via 

the Cossee-Arlman type transition state 4-5. β-elimination from 5, liberates 1-butene, and 

regenerates the starting species 1. Transition states 2-3 and 5-6 were located via a linear scan (see 

Figure 3.8), while transition state 4-5 were located with a standard transition state search.  
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Figure 3.8. Linear scan on the dissociating C–H distance, connecting 5 to 6 (see Figure 3.7b). All 

our attempts to locate a transition state starting from the structure higher in energy in the linear 

scan, corresponding to a C–H distance of 2.20 Å, failed. Thus, the top energy structure was taken 

as an approximation to transition states 5-6. Transition state 2-3 was approximated similarly, by 

fixing the distance of the emerging C–H bond to 2.20 Å. 

We worked to improve the energy profile of Figure 3.7. Specifically, we located transition 

states 4-5, and we approximated transition states 2-3 and 5-6 via a linear transit scan, as all 

our efforts to converge these two transition states failed. Further, we included solvation 

energies (toluene) using the continuum solvation model SMD. Thus, the reported free 

energies are PBE0-D3 (SMD/def2-TZVP//PBE-D3/def2-SVP). In all cases, we used the 

def2-TZVP basis set on Ni. Analysis of the reaction pathway indicates that the inclusion 

of transition states does not modify the overall conclusion that production of 1-butene is 

energetically feasible.  

As regards transition states 2-3 and 5-6, Figure 3.8 shows the linear transit scan relative to 

elongation of the dissociating C–H bond. The energy profile indicates a shallow minimum 

corresponding to the Ni–H (olefin) complex 6, separated by small energy from the Ni-butyl 
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complex 6. All our attempts to locate a transition state, from the higher energy structure of 

the linear scan, failed. We thus approximated transition state 5-6 with the highest energy 

structure of the linear scan. Similar reasoning applies to transition states 2-3. 

Therefore, we attribute the high catalytic activity of Ni-ZIF-8 to the unique coordination 

environment of Ni. Unlike previously reported MOF-based catalysts that have Ni centers 

incorporated in the 3D framework or Ni complexes anchored on the walls of micropores, 

the Ni active sites of Ni-ZIF-8 were located on the crystal surface in a planar coordination 

geometry, with two imidazole ligands bonded to the MOF framework and two free ligands. 

Such a configuration is very similar to that of many molecular homogeneous catalysts.  

The steric effect has been documented to play a vital role in ethylene dimerization catalyzed 

by Ni-based homogeneous catalysts. Hence, we evaluated this effect and found that the Ni 

center in Ni-ZIF-8 had a 51.7% buried volume within a 5-angstrom radius spherical space 

(Figure 3.9), which is similar to the values of the 4-coordinated molecular Ni catalyst 185,186 

and smaller than those of metal complexes with higher coordination numbers.187 Moreover, 

the two free ligands are loosely bonded to the Ni center and tend to leave during the 

reaction, providing sufficient space and vacant sites to facilitate ethylene adsorption and 

insertion. 
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Figure 3.9. The steric environment of the planar-coordinated Ni in Ni-ZIF-8. The central Ni atom 

is coordinated with four neighboring groups, namely, two imidazolium, one nitrate, and one 

methanol molecule, to form a planar structure. The steric effect of these coordination groups was 

evaluated by calculating the buried volume within a spherical space with a 5 Å radius centered at 

Ni. The projected coordination environment is presented in this figure, and the red-to-blue color 

bar represents the coordinates of surrounding molecules along the z-direction. 

3.3.3 Catalytic Evaluation of Ni-ZIF-8@ZIF-8 

To further verify this hypothesis obtained from DFT, we conducted ethylene dimerization 

under the standard reaction conditions using the core/shell-structured Ni-ZIF-8@ZIF-8, 

because, in Ni-ZIF-8@ZIF-8, the Ni centers were encapsulated within the crystal and 

presumably tetrahedrally coordinated with imidazoles in the 3D framework (unless local 

structural defects occur). In line with our prediction, Ni was in an inactive state in this 

restricted environment, and the activity of Ni-ZIF-8@ZIF-8 was only about one-seventh 

of the activity of Ni-ZIF-8 under the same conditions (TOF: 43,300 vs. 297,000; entry 1 
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and 2 in Table 3.3). The limited activity of Ni-ZIF-8@ZIF-8 may have arisen from a small 

number of crystals that were not entirely coated and still had some surface Ni sites exposed. 

Table 3.3: Catalytic ethylene dimerization using Ni-ZIF-8@ZIF-8.a 

# Catalyst b TOF c 

(h-1) 

Selectivity d MAO 

Con. 

(mol/L) 

MAO equiv 

e 

Pressure 

(bar) 

Temperature 

(oC) 

1 Ni-ZIF-8@ZIF-

8 

43 300 C4=93.6%  

(1-C4=95.0%) 

0.075 2650 30 35 

2 Ni-ZIF-8 

(0.70 wt%) 

297 000 C4=94.8% 

(1-C4=85.5%) 

0.075 1320 30 35 

a Reactions were conducted in a 75 mL Parr autoclave reactor; solvent: 20 mL of toluene; reaction time: 10 mins. b The 

amount of catalyst is 15 mg unless otherwise specified. c Mole of ethylene per mole of Ni per hour; an average of the 10 

min reaction. d The 1-C4 selectivity shown in the parenthesis refers to the percentage of 1-butene in C4 products. e The 

mole ratio of aluminum in MAO to nickel in the catalyst.  

 

3.4 Conclusion 

In a nutshell, we have demonstrated that Ni-ZIF-8 ethylene dimerization catalysts follow 

the Cossee-Arlman mechanism as proofed by isotopic labeling experiments. The 

experimental mass fragmentation pattern showed a better agreement with the pattern 

predicted by the Cossee-Arlman mechanism than other mechanisms. Based on these 

results, we built our model in which we showed that the coordination around Ni is square 

planar. We performed DFT calculations to evaluate the energetics of the catalytic reaction 

path which demonstrated that the whole reaction path proposed is smooth and energetically 

favored. Steps for the ethylene dimerization reaction on Ni-ZIF-8 have been postulated and 
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showed a good agreement with our hypothesis. Then, the steric effect has been evaluated 

through DFT and under-controlled experiments to have a vital role in Ni-ZIF-8 ethylene 

dimerization reaction. Finally, when the surface Ni atoms are incorporated into the 3D 

MOF framework through a secondary growth process, they lose their catalytic activity, 

which confirms the close correlation between the catalytic activity and the unique position 

and coordination environment of the Ni centers 
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Chapter 4: Ni-ZIF-8 Catalyst Optimization, Pre-activation, and Gas-

Phase Ethylene Dimerization Reaction 

4.1 Introduction 

Although the performance of Ni-ZIF-8 heterogeneous catalysts were superior that achieved 

a remarkable activity above 1,000,000 h-1 with a 1-butene selectivity>85% and 

productivity of 1000 g of products per g of catalyst per hour, there is still some space to 

further improve it to meet the requirement of the industry. Usually, the industrial demand 

would need to minimize the amount of catalyst used in the process (via increasing the 

catalyst productivity (g of products produced per g of catalyst per hour)) and the cost of 

the catalyst as much as possible. In addition, the larger the size of the particle and the more 

resistance to attrition, the easier its collection is. Therefore, a large particle size is targeted 

to reduce the cost of catalyst separation and process operation. In this chapter, we are going 

to manipulate different synthetic parameters in the synthesis procedure so that we can 

maximize the nickel loading (increase productivity), catalyst yield (reduce the cost of 

catalyst), and the particle size (ease of separation). Moreover, we will check the scalability 

of our 1st optimized catalyst utilizing one-liter centrifuge tubes where more than 500 grams 

of catalyst will be made so that we can nearly demonstrate that other MOF suppliers would 

easily be able to make it if large quantities are required. Moreover, we will try to optimize 

the catalyst activation condition in the reaction in a way to try to reduce as much as possible 

the amount of co-catalyst and therefore the cost of the process. Finally, we will try different 

processes which are easier to operate such as screening it in a co-catalyst free liquid phase 

batch reactor and large-scale gas-phase fixed bed reactor. 
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4.2 Experimental Section 

4.2.1 Preparation of Catalysts 

A series of Ni-doped ZIF-8 have been synthesized using different solvents, metal precursor 

salts, temperatures, and Metal to Ligand ratios.  

Several researchers have reported the effect of changing the metal to ligand ratio on the 

ZIF-8 crystals. Here, 60%-Ni-ZIF-8-1:X samples were synthesized at different molar ratios 

(1:X) of metal to 2-methylimidazole (1:2,1:4, 1:8, 1:16), following this procedure: 50 mL 

of methanol solution [Zn(NO3)2·6H2O and Ni(NO3)2·6H2O, while keeping the molar ratio 

of Ni to the total amount of metals (Ni+Zn) in the synthetic precursors at 60%] and 40 mL 

of methanol solution [2-methylimidazole, 1 M] were mixed and stirred for 10 hours; the 

obtained product was collected by centrifugation and thoroughly washed with methanol. 

Then, the samples are dried at 60 oC for at least three hours. 

Ethanol-60%-Ni-ZIF-8 sample was synthesized following the previous procedure reported 

188 for 60%-Ni-ZIF-8 except that ethanol is used instead of methanol as a solvent. 

DMF-45%-Ni-ZIF-8 sample was synthesized following the previous procedure 188 except 

that DMF is used instead of Ethanol as a solvent and the molar ratio of Ni to the total 

amount of metals (Ni+Zn) in the synthetic precursors is kept at 45%. 

XXg-Ni-ZIF-8 samples were synthesized in water at room temperature with different 

(XXg) amounts of 2-methylimidazoles (5g, 7.5g, 10g, 12.5g, and 15g) in the solution, 

following this procedure: A solution containing 452 mg of nickel acetate tetrahydrate and 

800 mg of Zinc Acetate dehydrate were dissolved in 20ml of water. The molar ratio of Ni 
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to the total amount of metals (Ni+Zn) in the synthetic precursors is kept at 30%. Then, 

another solution containing different amounts of 2-methylimidazoles (2.5g, 5g, 7.5g, 10g, 

12.5g, or 15g) was dissolved and sonicated in 45 ml of water. After that, 25.6 ml of this 

solution is added to the metal-containing solution and then mixed for one minute. The 

synthetic mixture is kept for 1 hour. Then, it is centrifuged, washed with methanol at least 

5 times, and kept for drying at 60 oC in an oven. 

6x-12.5g-Ni-ZIF-8 samples were made by scaling up the previous procedure by six times. 

12x-12.5g-Ni-ZIF-8 samples were made by scaling up the previous procedure by two 

times. 

1L-12.5g-Ni-ZIF-8 samples were made by scaling up the previous procedure so that the 

synthetic volume fills the maximum filling volume recommended by the manufacturer of 

a 1 L Nalgene TM centrifuge bottle. 

Preact#1 samples were made by simply mixing 500 mg of 1L-12.5g-Ni-ZIF-8 with around 

24 ml of MMAO-12 at 350 rpm for 3 hours and allowed to sediment for 1 hour. Then, the 

mother liquor was slowly removed from the catalyst solution within 2 days. 

Preact#2 samples were synthesized by the following procedure: 500 mg of 1L-12.5g-Ni-

ZIF-8 is added to a filtration setup containing a frit, filter paper, and a vacuum pump inside 

the glovebox. Then, the catalyst was washed three times each with MMAO-12 (5ml) for 5 

minutes (a total of 15 ml of MMAO-12 in 15 minutes). Then, the catalyst was dried for 16 

hours at 70 oC under vacuum (a photo of the catalyst is shown in Figure 4.1).  
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Figure 4.1. A photo picture of Preact#2 catalyst shows a grey color after activation. 

4.2.2 Characterization of Catalysts 

Powder X-ray diffraction (PXRD) patterns were recorded on Bruker D8 Advance 

instrument with Cu Κα radiation (λ = 0.1542 nm). The tube voltage and current were 40 

kV and 40 mA, respectively. 

Scanning TEM (STEM) imaging was performed on an FEI Titan 80-300 microscope 

equipped with a probe Cs corrector, operated at 300 kV. Low-magnification TEM images 

and high-resolution TEM imaging was performed on an FEI Titan 80-300 microscope 

equipped with an image Cs corrector, operated at 300 kV. 

Inductively coupled plasma optical emission spectrometry (ICP-OES) measurements were 

carried out on an Agilent 5110 spectrometer. The samples were first digested through a 

mixture of nitric acid and hydrochloric acid where it dissolves completely. 

N2 gas adsorption measurements were conducted via Micromeritics ASAP 2020 Surface 

Area and Porosity Analyzer which was used to collect nitrogen sorption isotherms at 77 K.  
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4.2.3 Catalytic Reactions 

The catalytic ethylene dimerization screening experiments were performed in a Parr 

stainless steel autoclave reactor (75 mL, from Parr Series 5000 Multiple Reactor System). 

In a typical run, catalyst (15 mg), solvent (20 mL of dried toluene), and a specified number 

of equivalents of co-catalyst MAO (10 wt% in toluene) or MMAO (7wt% in toluene)  were 

loaded into Parr autoclave reactor in the glovebox. Then, the reactor was sealed and 

transferred out of the glovebox. The reactor was heated to the desired temperature, stirred, 

and connected to the ethylene cylinder (99.95%). After 10 min of reaction, the reactor was 

cooled down in a dry ice/acetone bath. When the internal temperature reached -20 °C, the 

reactor was slowly vented to atmospheric pressure. The reactor was opened and 0.1 mL of 

cooled cyclopentene was added to the solution to serve as an internal standard. Then, ice-

cold deionized water was added into the reaction solution before the organic layer was 

filtered through a precooled syringe filter. The organic layer was quickly analyzed via gas 

chromatography equipped with a flame ionization detector (FID) and an HP-PONA 

column.  

To evaluate the lifetime of the catalyst, 1 mg of 12.5g-Ni-ZIF-8 (1.2 wt% Ni) was dispersed 

into 20 mL toluene and 1 ml of MAO (10 wt% in toluene) were loaded into the Parr 

autoclave reactor in the glovebox. Then, the reactor was sealed and transferred out of the 

glovebox. The reactor was heated to 35 °C, stirred, and connected to the ethylene cylinder 

(30 bar, 99.95%). The reaction was conducted for four hours. After the reaction, the reactor 

was cooled down in a dry ice/acetone bath. The procedure of product collection and 

analysis was the same as described above. 
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A larger-scale catalytic ethylene dimerization was performed using a 300 ml stainless steel 

autoclave reactor. In a typical run, 1L-12.5g-Ni-ZIF-8 catalyst (75 mg), solvent (100 ml of 

dried toluene), and a specific number of equivalents of MMAO-12 (MMAO) co-catalyst 

(7 wt% in toluene)were loaded into the reactor in an oxygen-free environment. Then, the 

reactor was heated to the desired temperature, stirred, and connected to the ethylene 

cylinder (99.95%). After a certain reaction duration, the reactor was cooled down. When 

the internal temperature reached -20 °C, the reactor was slowly vented to atmospheric 

pressure. The reactor was opened, then a quencher (methanol) and cyclopentene was added 

to the solution to serve as an internal standard. Similarly, specific amounts of Preact#1 

catalyst and Preact#2 catalyst were tested following the same procedure without the 

addition of a co-catalyst. 

Gas-phase fixed bed ethylene dimerization reactions were performed using a 16-inch 

stainless steel isothermal reactor with an internal diameter of 8 mm and an outer diameter 

of 14.3 mm. The catalyst is loaded inside a glovebox with 4 g of pelletized Preact#2 

(prepared by pressing the powder to 100-300 micrometer size) that is sandwiched between 

two layers of inert aluminum oxide. After the reactor, the flow passes through an oven that 

is set at a temperature of 140 oC to avoid condensations in the products. The flow of 

ethylene was varied with a maximum flow of 64 NL/hr in the presence of 5% of Argon and 

a certain amount of Nitrogen that act as a diluent. Products are analyzed via GC and a 1L 

safety condenser is also kept on downstream in case of product condensation. 
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4.2.4 Product Analysis 

The organic layer is analyzed with a gas chromatography that is equipped with a flame 

ionization detector (FID) and an HP-PONA column where cyclopentene is used as an 

internal standard for quantifying the amount of products produced.  

4.3 Results and Discussion 

4.3.1 Optimization of Synthesis Conditions for Ni-ZIF-8 

We have shown previously the preparation of Ni-ZIF-8 using methanol as solvent as 

indicated in section 2.1.1 where we utilized metal nitrate salts as precursors in the synthesis 

which consists of small particles in the size of ~100 nm, a maximum of 0.7 wt% of Ni, and 

a yield of 0.07 g of catalyst per batch. We wanted to try to develop a better catalyst by the 

optimization of synthetic conditions in a way that will maximize the amount of nickel 

loading, catalyst yield, and particle size. Therefore, we have optimized metal precursors, 

the ratio of the metal to ligand, and the solvent medium in the synthesis of Ni-ZIF-8 

catalysts to try to approach the industrial requirement.  

First, we explored the effect of other metal precursors such as sulfates, acetates, and 

chlorates on the synthesis of Ni-ZIF-8 in methanol solution. Unfortunately, we found that 

sulfates and carbonates precursors are not dissolvable in methanol and therefore, we 

weren’t able to obtain Ni-ZIF-8 structures through utilizing these two precursors. In 

addition, we tried to use metal chlorates where the product obtained was an unknown 

yellowish powder that we postulate to be a nickel complex. Acetates precursors showed a 

very small yield of product (a few milligrams) and there was almost no nickel where the 
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color appears to be totally white. Therefore, none of these metal precursors have helped to 

develop a better catalyst than previously reported 60%Ni-ZIF-8. 

Then, we tried to investigate the effect of changing the metal to ligand ratio in Ni-ZIF-8 

samples prepared using methanol as solvent. We found that the yield increases as we go 

from 1:2 to 1:8 whereas increasing the metal to ligand ratio from 1:8 to 1:16 lowers the 

yield obtained severely. This can be explained by the excessive amount of 2-

methylimidazole which may hinder the particle growth as suggested by Daigo et al. 189 and 

Zhang et al.190 for pure ZIF-8 crystals. We characterized our samples using ICP-OES to 

check for the nickel amount and we found that as the ratio increases, the nickel loading 

increases as shown in Table 4.1.   

Table 4.1: The effect of changing metal to ligand ratio in 60%Ni-ZIF-8-1:X samples on the nickel 

loading as determined by ICP-OES. 

Sample Nickel loading (wt%) 

60%Ni-ZIF-8-1:2 0.02 

60%Ni-ZIF-8-1:3 0.1 

60%Ni-ZIF-8-1:4 0.3 

60%Ni-ZIF-8-1:8 0.7 

60%Ni-ZIF-8-1:16 0.9 

 

Furthermore, we studied the effect of other synthetic solvents. Using Dimethylformamide 

(DMF) in the synthesis solutions showed large crystals in the DMF-45%Ni-ZIF-8 sample 



126 
 

where the size of the particle is very large (see Figure 4.2). However, the nickel loading 

(DMF-45%-Ni-ZIF-8, 0.2 wt% Ni) has shown to be half of the methanol-based sample 

(45%Ni-ZIF-8, 0.4 wt%) at the same molar ratio of Ni to the total amount of metals 

(Ni+Zn) in the synthetic precursors. 

 

Figure 4.2. SEM images of the DMF-45%-Ni-ZIF-8 showed a large particle size with rhombic 

morphology. 

Furthermore, we have prepared Ethanol-60%-Ni-ZIF-8 samples in which also showed a 

very low nickel content (0.16 wt%) as compared with methanol-based samples (0.7 wt%). 

Then, we have discovered the synthesis of Ni-ZIF-8 particles in an aqueous solution where 

we have screened four different kinds of metal precursors, namely, acetates, nitrates, 

sulfates, and chlorates. In aqueous samples, we noticed that once we keep the molar ratio 

of Ni to the total amount of metals (Ni+Zn) in the synthetic precursor solution more than 

35%, we could see some yellow impurities via the naked eye which is undesired. The Pure 

phase of ZIF-8 particles has been reported to require an excessive amount of 2-
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methylimidazole in the aqueous solution as compared to methanolic samples.191 Keeping 

the molar ratio of Ni to the total metals at 15%, once we utilize Chlorate or Nitrate metal 

precursors, the ZIF-8 structure didn’t form albeit their morphology looks interesting (see 

Figure 4.3). On the other hand, once Sulfate or Acetate metal precursors are used in the 

synthetic solution they all showed the characteristics peaks of Ni-ZIF-8 particles as 

confirmed by XRD and their morphologies can be seen via SEM images (see Figure 4.3 

and Figure 4.4). 

 

Figure 4.3. SEM images of the solid products were collected by selecting different precursors in 

an aqueous solution. 
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Figure 4.4. Powder XRD patterns of Ni-ZIF-8 samples in an aqueous solution made with 

different metal precursors sources (Sulfates on the left, Acetates on the right). 

Another important notice in aqueous Ni-ZIF-8 samples is that they have a higher yield than 

methanolic Ni-ZIF-8 samples by a factor of 10. In addition, the aqueous Ni-ZIF-8 samples 

tend to be more environmentally friendly, faster to make, cheaper, have higher nickel 

content, and have a larger particle size than methanol-based samples at the same molar 

percentage of nickel to the total metals in the total synthetic solution (see Table 4.2).  

Table 4.2: Comparison between Ni-ZIF-8 samples made using aqueous and methanolic solutions. 

Sample Yield per batch  

(g) 

Synthesis time  

(hr) 

Nickel loading  

(wt%) 

7.5g-30%-Ni-ZIF-8  

(Aqueous Synthetic solution) 

0.7 1 0.8 

30%-Ni-ZIF-8 

(Methanolic Synthetic solution) 

0.12 10 0.2 

 

Since metal acetates are usually cheaper and more environmentally once disposed of than 
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metal sulfates, we have decided to choose them for further optimizing aqueous Ni-ZIF-8 

samples. We have investigated the effect of increasing the concentration of the 2-

methylimidazole solution. XRD patterns of obtained samples are identical to the Ni-ZIF-8 

structure which confirms the success of the synthesis (see Figure 4.5). Results have shown 

that as the concentration of the 2-methylimidazole solution increases, the particle size 

decreases (see Figure 4.6). The average particle size of 5g-Ni-ZIF-8 was around 3 μm 

which is the highest obtained Ni-ZIF-8 sample obtained so far. On the other hand, 10g-Ni-

ZIF-8 was shown to have a size of 1.5 μm while 15g-Ni-ZIF-8 particle size reached around 

500 nm. This is in line with results obtained previously with methanol-based Ni-ZIF-8 

samples.  

 

Figure 4.5. Powder XRD patterns of different aqueous Ni-ZIF-8 samples. 
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Figure 4.6. The effect of 2-methylimidazole concentration in the synthetic solution on the 

particle size. 

Table 4.3: Effect of concentration of 2-methylimidazole in the synthetic solution on the nickel 

loading. 

Sample Ni loading  

(wt%) 

5g-Ni-ZIF-8 0.35 

10g-Ni-ZIF-8 1 

15g-Ni-ZIF-8 1.2 

 

Moreover, we found out that the nickel loading is increasing as the concentration of 2-

methylimidazole increases as shown in Table 4.3.  

After further optimization, we found out that 12.5g-Ni-ZIF-8 is the best catalyst obtained 

so far to maximize the nickel loading (1.2 wt%), catalyst yield (0.7 g per batch), and particle 

size (>1 μm) which will enhance most aspects of the economics of the catalyst price. It 

tends to have a relatively higher nickel loading, high yield, and large particle size than most 

other Ni-ZIF-8 catalysts made so far. Before scaling it up, we wanted to ensure the 

reproducibility of this catalyst and therefore, we have repeated the synthesis many times at 
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this scale on different days and we asked different people to make it. We found that the 

obtained catalyst is highly reproducible where the Nickel value analyzed by ICP-OES for 

the 8 batches at this scale is within 5% of error (an average value of 1.2 wt. % Ni) and they 

all showed the characteristic peaks for Ni-ZIF-8 (see Figure 4.7). 

 

Figure 4.7. Powder XRD patterns of Ni-ZIF-8 samples made by different people on different 

days. 

4.3.2 Catalyst and Process Scale-Up of 12.5g-Ni-ZIF-8 

We decided to scale up 12.5g-Ni-ZIF-8 material by six and twelve times in which we 

obtained a yield of 3.6 g and 7.3 g of catalyst respectively. We confirmed the crystallinity 

of the scaled-up catalysts and we have compared it with the small-batch XRD pattern (see 

Figure 4.8). In addition, we confirmed by SEM that the average size of particles was in 

the range of 1 μm (see Figure 4.9).  



132 
 

 

Figure 4.8. Powder XRD patterns of scaled-up 12.5g-Ni-ZIF-8 samples. 

 

Figure 4.9. SEM images of scaled-up 6x-12.5g-Ni-ZIF-8 and 12x-12.5g-Ni-ZIF-8 samples. 

Furthermore, we further scaled up the synthesis to fill 75% of a 1L centrifuge bottle where 

1L-12.5g-Ni-ZIF-8 samples produced a maximum yield of 9 g of catalyst per batch so that 

in one hour (6x 1L centrifuge bottles), we get around 54 grams of catalyst. We repeated 

this process many times until we obtained a total of 500 grams of catalyst (see Figure 
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4.10). The XRD pattern was used to confirm the crystallinity of Ni-ZIF-8 (see Figure 4.11) 

and the nickel content obtained on these samples was having an average value of 1.2 wt% 

as confirmed by ICP-OES. 

 

Figure 4.10. A photo picture of a total of 500 grams of 1L-12.5g-Ni-ZIF-8 catalyst. 

 

Figure 4.11. Powder XRD patterns of the 1L-12.5g-Ni-ZIF-8 sample compared with the small-

batch 12.5g-Ni-ZIF-8 sample. 
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Then, we screened the catalytic activity of the obtained 1L-12.5g-Ni-ZIF-8 catalyst using 

a 75ml Parr reactor utilizing MAO as a co-catalyst where it showed a TOF that is similar 

to our previously reported 60%Ni-ZIF-8 samples. However, as the nickel content, in this 

case, is almost two times higher than our previously reported work, the amount of grams 

of products produced per gram of catalyst per hour is much higher (see entries 1 and 2 in 

Table 4.4). In addition, we have further verified that the catalyst is still active during four 

hours of reaction using MAO as co-catalyst and we couldn’t detect any polymers at this 

scale (see entry 3, Table 4.4). 

Table 4.4: Catalytic ethylene dimerization using 1L-12.5g-Ni-ZIF-8 using 75 ml reactor.a 

Entry Catalyst b TOF c 

(h-1) 

Selectivity d Productivity  

(g/g cat∙hr) e 

Reaction Duration  

(min) 

1 g Ni-ZIF-8 

(0.70 wt%) 

297 000 C4=94.8% 

(1-C4=85.5%) 

1000 10 

2 1L-12.5g-Ni-ZIF-8 

(1.2 wt%) 

315 000 C4=94.6% 

(1-C4=81%) 

1800 10 

3 1L-12.5g-Ni-ZIF-8 

(1.2 wt%, 1mg) 

338 500 C4=91.3% 

(1-C4=70%) 

1940 240 

4 f 1L-12.5g-Ni-ZIF-8 

(1.2 wt%) 

345 000 C4= 95.9% 

(1-C4=74%) 

2000 10 

a Reactions were conducted in a 75 mL Parr autoclave reactor; solvent: 20 mL of toluene; Ethylene pressure: 30 bar, Co-

Catalyst Concentration: 0.075 mol/L. b The amount of catalyst is 15 mg unless otherwise specified. c Average mole of 

ethylene per mole of Ni per hour. d The 1-C4 selectivity shown in the parenthesis refers to the percentage of 1-butene in 

C4 products. e Average gram of products produced per gram of catalyst per hour. g From our work 
188

. f MMAO-12 as 

co-catalyst. 
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As compared to other alkyl-aluminum compounds, usually MAO tends to be more 

expensive.192 Therefore, the search for other commercial co-catalyst will help to better 

enhance the economics of the process. We have tried to utilize MMAO (7 wt% in toluene) 

as a co-catalyst which is reported by several researchers to perform very well in ethylene 

dimerization reaction. Indeed, utilizing a similar equivalent amount to MAO, 1L-12.5g-Ni-

ZIF-8 activated by MMAO showed a TOF of 343,000 h-1 and productivity of 2000 g of 

products per gram of catalyst per hour (entry 4, Table 4.4). Therefore, we have selected 

this co-catalyst for further process scale-up.  

To roughly calculate the price of the catalyst, we asked for chemical quotations from 

different suppliers across different countries around the world. Based on the catalyst yield 

that we have obtained in 1L-12.5g-Ni-ZIF-8, the price of the catalyst would be around 

$100/kg. 

Utilizing a 300 ml reactor, we have increased the amount of catalyst used in the reactor up 

to five times higher in which we want to demonstrate the scalability of the process. In 

addition, we have investigated the effect of temperature and pressure on the catalytic 

activity (see Table 4.5). We can see that increasing the temperature will lead to a sharp 

decrease in the activity and the increase in ethylene pressure has led to an enormous 

increase in the ethylene uptake. This is indeed in line with the Le Chatelier principle which 

is a very well-known observation of the chemical equilibrium of reactions in the chemical 

engineering field.193 Here, we can see that an activity approaching 1,000,000 h-1 is obtained 

at an ethylene pressure of 30 bar utilizing a less expensive co-catalyst than MAO.  

Table 4.5: Catalytic ethylene dimerization using 1L-12.5g-Ni-ZIF-8 using 300 ml reactor.a 
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Entry TOF b 

(h-1) 

Selectivity c Productivity  

(g/g cat∙hr) d 

Reaction 

duration 

(min) 

Temperature 

(oC) 

Pressure 

(bar) 

1 400 000 C4=93.1% 

(1-C4=62.1%) 

2370 20 35 30 

2 675 000 C4=91.6% 

(1-C4=70.4%) 

3820 20 35 35 

3 854 000 C4=94.8% 

(1-C4=85.5%) 

4890 20 35 40 

4 990 000 C4=88.9% 

(1-C4=68.4%) 

5630 20 35 45 

5 340 000 C4=90.5% 

(1-C4=64.2%) 

1940 20 40 30 

6 220 000 C4=90.9% 

(1-C4=69.6%) 

1260 20 50 30 

7 170 000 C4=91.9% 

(1-C4=69.1%) 

980 20 60 30 

8 140 000 C4=90.5% 

(1-C4=70.4%) 

810 20 70 30 

a Reactions were conducted in a 300 mL autoclave reactor; catalyst amount: 75 mg; solvent: 20 mL of toluene; Ethylene 

pressure: 30 bar; 7.15 ml MMAO-12 at a concentration: 0.075 mol/L. b Average mole of ethylene per mole of Ni per 

hour. c The 1-C4 selectivity shown in the parenthesis refers to the percentage of 1-butene in C4 products. d Average gram 

of products produced per gram of catalyst per hour. 

Moreover, we can see that in Table 4.5, the selectivity obtained for the 1-butene in the C4 

products are quite low in some cases due to the high concentration of 1-butene in the system 

(see Figure 4.12). 
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Figure 4.12. Reaction scheme of ethylene dimerization and 1-butene isomerization on Ni-ZIF-8. 

4.3.3 Gas-Phase Ethylene Dimerization using 12.5g-Ni-ZIF-8 

One of the key advantages of utilizing heterogeneous catalysts is their ability to be run in 

gas-phase reactions. We started to search for a way to pre-activate the 1L-12.5g-Ni-ZIF-8 

catalyst so that we can utilize it in a gas phase fixed bed reactor. Several pre-activated 

samples have been made in several ways and before testing them in large-scale gas phase 

conditions, we wanted to ensure that they are first active in the batch reactor without the 

addition of a co-catalyst during the reaction. It is important to note that the 1L-12.5g-Ni-

ZIF-8 catalyst is inactive for ethylene dimerization alone and there is a need for a co-

catalyst according to the Cossee-Arlman mechanism to achieve the high activity. We 

started by investigating a way to try to reduce the amount of co-catalyst in the reaction so 

that we can further reduce the cost of co-catalyst in the process. We started by screening 
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the activity of 1L-12.5g-Ni-ZIF-8 in a 300 ml reactor with a very low concentration of 

MMAO-12 in the reaction solution (1 ml of MMAO in 100 ml of toluene). Results have 

been shown that the catalyst is inactive at this state under conditions of 30 bar, 10 minutes, 

and 35 oC (Table 4.6, entry 1). In the pre-activated-1L-12.5g-Ni-ZIF-8 sample, we choose 

to stir 75 mg of 1L-12.5g-Ni-ZIF-8 in the reactor vessel in the presence of 20 ml of toluene 

and 1ml of MMAO-12 for 2 hours inside the glovebox. Then, we added additional 80 ml 

of toluene and sealed the reactor. Results have shown that the catalyst is active for ethylene 

dimerization (Table 4.6, entries 2 and 3,). This is significant as it tends to reduce the 

amount of MMAO-12 in the solution by almost 7 times and obtain a higher 1-butene 

selectivity albeit the activity is not as high as the case once utilizing a higher amount of 

MMAO-12 (Table 4.5, entry 1). However, we may consider this as a promising strategy 

to reduce the amount of MMAO-12 in the reaction mixture.  

Table 4.6: Pre-activated Ni-ZIF-8 catalysts tested for ethylene dimerization .a 

Entry Catalyst TOF b 

(h-1) 

Selectivity c Productivity 

(g/g cat∙hr) d 

Co-catalyst 

amount  

(ml) 

Solvent 

Amount   

(ml) e 

1 1L-12.5g-Ni-ZIF-8  

(no preactivation) 

0 0 0 1 100 

2 Pre-activated- 

1L-12.5g-Ni-ZIF 

75 000 C4=96.6% 

(1-C4=90.5%) 

438 1 100 

3 1L-12.5g-Ni-ZIF-8  400 000 C4=93.1% 

(1-C4=62.1%) 

2370 7.15 100 

4 Preact#1 52 000 C4=65% 

(1-C4=86.2%) 

294 0 100 
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5 Preact#2 59 000 C4=81.4% 

(1-C4=86.8%) 

340 0 100 

a Reactions were conducted in a 300 mL autoclave reactor; catalyst amount: 75 mg; solvent: toluene; Ethylene pressure: 

30 bar; Temperature: 35 oC. b Average mole of ethylene per mole of Ni per hour. c The 1-C4 selectivity shown in the 

parenthesis refers to the percentage of 1-butene in C4 products. d Average gram of products produced per gram of catalyst 

per hour. e Total solvent amount at the time of the reaction. 

Moreover, we investigated two solid pre-activated dried catalysts (Preact#1 and Preact#2). 

In these experiments, there is no co-catalyst in the reaction solution and results showed that 

there is only a minor activity toward butenes (Table 4.6, entries 4 and 5). However, these 

results represent that the catalyst once preactivated, there is no need for the addition of 

MAO during the reaction. As compared to other heterogeneous catalysts which utilize co-

catalyst during the reaction or not, the activity obtained is still higher than most reported 

heterogeneous catalysts but the selectivity toward butenes is found quite low. 

Finally, we have utilized a large gas-phase flow reactor for the continuous ethylene 

dimerization reaction using about 4g of Preact#2. First, a blank test was measured on the 

unit which showed an excellent heat distribution across the 0.4m reactor.  The reaction had 

a soft startup to not harm the catalyst where the WHSV was set to equal to 2 h-1 under high 

nitrogen dilution at a total pressure of 40 bar and 35 oC. Although the partial pressure of 

ethylene was only 5 bar, it showed some minor activity for more than 3 hours on stream 

where the 1-butene selectivity was quite stable at about 48% and the total C4 was higher 

than 71%. We can see the start of the formation of trimers and tetramers during the time 

on stream due to the high accumulation of C4 products on the active sites (see Figure 4.13).  
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Figure 4.13. Performance of Preact#2 in gas flow fixed bed reactor at a WHSV of 2h-1. 

After 3 hours on stream, the WHSV was increased to 8 h-1 within a timeframe of about 1 

hour. Hot spots were observed at these conditions among which the reactor temperature 

increased from 36 oC to 50 oC. Then, the reactor was kept running for 16 hours under these 

conditions where heavy products (C12) were accumulating in the reactor over time (see 

Figure 4.14). 
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Figure 4.14. Performance of Preact#2 in gas flow fixed bed reactor at a WHSV of 8h-1. 

Then, the WHSV was increased from 8 h-1 to 16 h-1 within a time frame of 1 hour. After 

that, an enormous increase in the temperature to 116 oC and an increase by 7 bar in the 

pressure was observed which triggered the alarm of the unit where the ethylene flow was 

closed. This is most probably attributed to the high accumulation of heavy products which 

caused some plugging in the catalyst bed. The shutdown of ethylene flow lasted for about 

30 minutes before the catalyst bed came in contact with ethylene again at a low WHSV = 

2 h-1. The catalyst retained still showed that it is active and the WHSV was increased to 16 

h-1 again but slowly within a timeframe of 3 hours. Under this condition, pure ethylene is 

introduced and there is no nitrogen used for dilution. Another noticeable exothermicity of 

the reaction was observed at this condition in which the temperature increased to 50 oC. 
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Then, the catalyst was running at this condition for almost 12 hours which showed the most 

stable performance (see Figure 4.15).  

 

Figure 4.15. Performance of Preact#2 in gas flow fixed bed reactor at a WHSV of 16h-1. 

However, at TOS=42 hours (2520 min), a pressure increase of 5 bar was observed in the 

unit which is indicated a partial plug of the reactor. Then, we decided to continue the run 

with the partly plugged catalyst bed in which we increased the temperature and the 

downstream pressure was reduced to account for the increase in the pressure drop due to 

plugging. However, the fluctuation of the pressure was always seen. The reactor was 

disassembled as the reactor was plugged with oligomers that reached downstream 

equipment and blocked pipes downstream (see Figure 4.16).  



143 
 

 

Figure 4.16. (a) Photo pictures of the heavy oligomers that blocked the downstream pipes and (b) 

The used catalyst glued with heavy oligomers. 

Finally, we think the use of a fixed bed gas phase reactor for continuous ethylene 

dimerization reaction is very challenging if the chain growth mechanism is in operation as 

butenes will accumulate over the active sites and led to the formation of higher oligomers 

that will react again to form longer chain products. In addition, the control of the heat of 

exothermicity is very difficult to control in this case as an enormous amount of cooling 

will be required when considering a plant scale. Therefore, it seems the utilization of 

solvent and the back mixing of the catalyst in a CSTR or semi-batch reactor are 

advantageous as very high conversion with controlled production of butenes can be 

achieved. 

4.4 Conclusion 

We have optimized the synthetic conditions of Ni-ZIF-8 samples in a way that will 

maximize the nickel loading, obtain a higher yield and enlarge the particle size. As we 
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showed, 12.5g-Ni-ZIF-8 is the optimized catalyst that is synthesized in an aqueous solution 

whereas in this case, we are not using organic solvents that may harm the environment. 

The nickel loading has increased from 0.7 wt% in the methanolic 60%Ni-ZIF-8 sample to 

1.2 wt% in the aqueous 12.5g-Ni-ZIF-8. In addition, the catalyst yield per batch obtained 

from the water-based sample (0.7 g of catalyst per batch) is about 10 times higher than the 

catalyst yield obtained from methanolic counterparts (0.07 g of catalyst per batch). 

Furthermore, their separation from the reaction solution is much easier as they tend to have 

a relatively large particle size (>1 μm in optimized water sample vs 80 nm in methanol-

based 60%Ni-ZIF-8 sample). In addition, the catalyst performed very well in liquid batch 

conditions with a TOF= 315,000 under 30 bar and 35 oC. Similar to methanolic samples, 

12.5g-Ni-ZIF-8 was shown to be highly active for at least four hours on stream. The 

optimized catalyst was scaled up where a total of 500 grams of catalyst have been made. 

The scaled-up catalyst was shown to be able to achieve a TOF of about 990,000 h-1 and 

productivity of 5630 g of products per gram of catalyst per hour under 45 bar pressure of 

ethylene and 35 oC at a larger scale. Moreover, several process parameters have been 

optimized in which we showed that we would be able to activate the catalyst with a very 

small amount of co-catalyst (87% less) at a TOF of 75,000 h-1. In addition, we have 

obtained a dried preactivated catalyst that was tested in a co-catalyst free liquid batch 

reactor which showed a TOF= 59,000 h-1. Finally, a large-scale continuous flow fixed bed 

reactor loaded with the pre-activated catalyst was tested for ethylene dimerization where 

results showed that this may not be the proper choice for commercialization as there are 

many challenges associated with the accumulation of oligomers over the active sites which 
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led to the formation of higher molecular weight oligomers and engineering issues such as 

heat control. 
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Chapter 5: Production of LAOs Using Other Heterogonous MOF 

Catalysts 

5.1 Introduction 

As we have shown, Metal-Organic-Framework (MOF) heterogonous catalysts are very 

promising in the field of ethylene dimerization reaction. Our results showed that the special 

coordination environment of the active metal site played a very critical role to obtain a 

combination of high activity and selectivity toward the production of Linear Alpha Olefins. 

The reported strategy by taking the advantage of the incompatibility between Ni and the 

ZIF-8 framework has shown its superiority as these nickel sites tend to have a square-planar 

coordinated environment which is known to be active for ethylene dimerization. We 

wanted to demonstrate that the strategy can be applied to other MOF materials. So we can 

get a similar Ni coordinated environment using another ZIF such as ZIF-67 or ZIF-L; we 

can get the similar Ni coordinated environment by transferring the 6 coordination to 4, such 

as activating the Ni-MOF-5; and we can get a similar Ni coordinated environment by post-

treatment methods, such as thermal treatment of Ni-MOF-74. 

Chen et al.194 reported ZIF-L with leaf-shaped crystals which consist of the same building 

units of ZIF-8. Brozek et al.195 reported a method to load Ni into MOF-5, where the Ni 

coordination can be transferred from 6 to 4 after activation under vacuum at 200 oC, and 

the Ni sites are reported to also have a square-planar coordinated environment, in which 

the Ni loading amount can reach 3.5wt%.195 Tsumori et al.196 reported the defected MOF 

can be obtained by thermal treatment, in which the coordination of Au is reduced from 6 

to 4.  



147 
 

 In this chapter, we are going to prepare different Ni-MOFs with similar Ni coordination 

environments using different methods. Then we will utilize these catalysts for the ethylene 

dimerization/oligomerization reactions. Besides ethylene, we also will test 60%Ni-ZIF-8 

for the propylene dimerization reaction to produce hexenes. 

5.2 Experimental Section 

5.2.1 Preparation of catalysts 

Ni-ZIF-L was synthesized from the following procedure: The solution of zinc nitrate and 

nickel nitrate (1.4 mmol of Zn(NO3)2·6H2O and 0.6 mmol of Ni(NO3)2·6H2O in 40 ml of 

deionized water) and imidazole solution (16 mmol of 2-methylimidazole in 40 ml DI water) 

were prepared separately. Then, the two solutions were mixed and stirred at room 

temperature for 24 hours (the molar ratio of Zn to 2-methylimidazole is 1:8); the obtained 

product was collected by centrifugation and thoroughly washed with water. After that, it 

was dried in an oven at 60 oC for 12 hours. 

Unactivated-Ni-MOF-5 was synthesized at room temperature according to the previous 

report.195 In a typical synthesis, 0.765 mmol of terephthalic acid and 0.21 mL of 

trimethylamine were dissolved in 10 mL of DMF. Then, it was mixed with a solution 

containing 1.36 mmol of zinc acetate dihydrate and 0.58 mmol of nickel acetate dihydrate 

dissolved in 12.5 mL of DMF. The mixture was stirred at room temperature for 10 hours. 

The resulting suspension was centrifuged and washed with DMF and dichloromethane and 

kept dried at 70 oC to yield yellow color crystals. The preparation of Ni-MOF-5 is via 

heating unactivated-Ni-MOF-5 under vacuum at 200 oC, where blue-colored crystals can 

be seen. 
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Ni-MOF-74 was synthesized similar to a previous paper.197 A mixture of nickel nitrate 

hexahydrate (0.24 g, 0.8 mmol), 2, 5- dihydroxyterephthalic (0.08 g, 0.4 mmol), 9 ml DMF 

and 1 ml H2O was prepared in a 28 ml Teflon-lined autoclave. The autoclave was then 

sealed and heated to 100 ˚C for 3 days. After filtering and washing with 20 ml DMF, the 

product was collected and exchanged with methanol every 2 hours for 8 hours in 3 days. 

ZIF-67 was synthesized from the following procedure: 50 mL of methanol solution 

[Co(NO3)2·6H2O, 0.1 M] and 40 mL of methanol solution [2-methylimidazole, 1 M] were 

mixed and stirred at room temperature for 24 hours (the molar ratio of Co to 2-

methylimidazole is 1:8); the obtained product was collected by centrifugation and 

thoroughly washed with methanol. Ni-ZIF-67 was made similarly except that cobalt nitrate 

hexahydrate was replaced with a mixture of nickel nitrate hexahydrate and cobalt nitrate 

hexahydrate with different ratios. 

60%Ni-ZIF-8 was synthesized following our previously reported procedure.188 In a typical 

synthesis: 50 mL of methanol solution [Zn(NO3)2·6H2O and Ni(NO3)2·6H2O, while 

keeping the molar ratio of Ni to the total amount of metals (Ni+Zn) in the synthetic 

precursors at 60%] and 40 mL of methanol solution [2-methylimidazole, 1 M] were mixed 

and stirred for 10 hours; the obtained product was collected by centrifugation and 

thoroughly washed with methanol. Then, the samples are dried at 60 oC for at least three 

hours. 
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5.2.2 Characterization of catalysts 

Powder X-ray diffraction (PXRD) patterns were recorded on Bruker D8 Advance 

instrument with Cu Κα radiation (λ = 0.1542 nm). The tube voltage and current were 40 

kV and 40 mA, respectively. 

Inductively coupled plasma optical emission spectrometry (ICP-OES) measurements were 

carried out on an Agilent 5110. The samples were first digested through a mixture of nitric 

acid, hydrofluoric acid, and hydrochloric acid where it dissolves completely. 

Scanning TEM (STEM) imaging and Energy-dispersive X-ray spectroscopy (EDS) 

elemental analysis experiments were performed on an FEI Titan 80-300 microscope 

equipped with a probe Cs corrector, operated at 300 kV. Low-magnification TEM images 

and high-resolution TEM imaging was performed on an FEI Titan 80-300 microscope 

equipped with an image Cs corrector, operated at 300 kV. 

Mettler Toledo Thermogravimetric Analyzer (TGA/DSC 1) was used to determine the 

catalyst thermal stability in which the mass of the catalyst is measured over a certain period 

as the temperature increases. 

5.2.3 Catalytic reactions 

The catalytic ethylene dimerization experiment was performed in a Parr stainless steel 

autoclave reactor (75 mL, from Parr Series 5000 Multiple Reactor System). In a typical 

run, catalyst, solvent (20 mL of dried toluene), and a specified number of equivalents of 

MAO (10 wt% in toluene) were loaded into Parr autoclave reactor in the glovebox. Then, 

the reactor was sealed and transferred out of the glovebox. The reactor was heated to the 

desired temperature, stirred, and connected to the ethylene cylinder (99.95%). After 10 min 
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of reaction, the reactor was cooled down in a dry ice/acetone bath. When the internal 

temperature reached -20 °C, the reactor was slowly vented to atmospheric pressure. The 

reactor was opened and 0.1 mL of cooled cyclopentene was added to the solution to serve 

as an internal standard. Then, ice-cold deionized water was added into the reaction solution 

before the organic layer was filtered through a precooled syringe filter. The organic layer 

was quickly analyzed via gas chromatography equipped with a flame ionization detector 

(FID) and an HP-PONA column. In different reaction tests, the amounts of catalyst and 

MAO, pressure of ethylene, reaction temperature, and reaction time were adjusted as 

needed. 

5.2.4 Product Analysis 

The organic layer is analyzed with a gas chromatography that is equipped with a flame 

ionization detector (FID) and an HP-PONA column where cyclopentene is used as an 

internal standard for quantifying the amount of products produced. 

5.3 Results and Discussion 

5.3.1 Ethylene Dimerization/Oligomerization on Ni-ZIF-L, Ni-ZIF-67, Ni-MOF-5, 

and Ni-MOF-74 

To be able to study the effect of the MOF topology and to prove that our synthesis strategy 

can be applied to other MOF materials, we have synthesized a four coordination leaf-

shaped Ni-ZIF-L sample (2D) which is made by the same building blocks of Ni-ZIF-8 

(3D). As shown in Figure 5.1, the XRD analysis indicates the successful synthesis of Ni-

ZIF-L. Moreover, we have confirmed the morphology of Ni-ZIF-L as the leaf shape can 
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be seen from the SEM images (Figure 5.2). In addition, ICP-OES confirmed the nickel 

adoption via our strategy where the sample contained 0.3 wt% of nickel.  

 

Figure 5.1. Powder XRD patterns of Ni-ZIF-L. 

 

Figure 5.2. An SEM image of Ni-ZIF-L shows the leaf shape topology. 
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Then, we investigated its activity toward ethylene dimerization in which Ni-ZIF-L showed 

similar Ni-ZIF-8 performance (260,000 h-1) toward the production of butenes (see Table 

5.1). This indicated that our strategy of designing active sites has worked on other ZIF 

materials and the topology didn’t affect the results in ethylene dimerization reaction.  

Table 5.1: Comparison of performance of pure ZIF-L and Ni-ZIF-L for ethylene dimerization 

reaction.a 

Entry Catalyst  TOF b 

(h-1) 

Selectivity c MAO conc. 

(mol/L) 

1 ZIF-L 0 - 0.075 

2 Ni-ZIF-L 

(0.3 wt%) 

260,000 C4=95.6% 

(1-C4=90) 

 

0.075 

3 188 60%Ni-ZIF-8  

(0.7 wt%) 

297 000 C4=94.8% 

(1-C4=85.5%) 

0.075 

a Reactions were conducted in a 75 mL autoclave reactor; catalyst amount: 15 mg unless otherwise specified; solvent: 

toluene; Ethylene pressure: 30 bar; Temperature: 35 oC. b Average mole of ethylene per mole of Ni per hour. c The 1-C4 

selectivity shown in the parenthesis refers to the percentage of 1-butene in C4 products.  

A series of Ni-ZIF-67 were made among which we varied the molar ratio of nickel to the 

total molar ratio of metals in the synthetic solution at ratios of 15, 30, 45, and 60%. Similar 

to our study on Ni-ZIF-8, the nickel loading decreases as the particle size increases (see 

Figure 5.3). We think that the nickel loading is lower than Ni-ZIF-8 as the particle size of 

the Ni-ZIF-67 tends to be larger. For instance, the nickel loading in 60%Ni-ZIF-67 is only 

0.45 wt% (average particle size of 560 nm) while in 60%Ni-ZIF-8 it is 0.7 wt% (average 

particle size of 80 nm) (see Figure 5.4). Therefore, we think that Ni may be all on the 
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surface as we indicated for our work in Ni-ZIF-8.188 We found interestingly that Ni-ZIF-67 

produces a wide range of olefins in the range of C4-C20 via ethylene oligomerization with 

a productivity of 144 g of products per gram of catalyst per hour (Table 5.2, entry 2). In 

addition, pure ZIF-67 was shown to have some productivity of 96 g of product per g of 

catalyst per hour, unlike pure ZIF-8 which is not reactive at all for ethylene dimerization 

in the Ni-ZIF-8 study (Table 5.2, entry 1). We think that cobalt is responsible for this 

oligomerization effect.  

 

Figure 5.3. Effect on the nickel loading in Ni-ZIF-67 by changing the precursor ratio of Ni/Co. 
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Figure 5.4. SEM images of different Ni-ZIF-67 samples. 

Table 5.2: Catalytic ethylene oligomerization on Ni-ZIF-67.a 

# Catalyst  Productivity b 

(g/g cat∙h) 

Temperature 

(oC) 

Pressure  

(bar) 

C4 

Selectivity 

(%)  

C6-C10 

Selectivity 

(%) 

C12-C18 

Selectivity 

(%)  

C20+ 

Selectivity 

(%) 

1 ZIF-67 96 35 30 11 40 46 3 

2 15%Ni-ZIF-67 

(0.03 wt%) 

144 35 30 11 25 62 2 

3 c Gulfene  

(Homogenous) 

n.r 175-290 138-276 14 41 31 14 

4 c 

 

SHOP 

(Homogenous) 

n.r 80-120 69-138 7-14 25-41 26-33 14-42 

a Reactions were conducted in a 75 mL autoclave reactor; catalyst amount: 15 mg; solvent: toluene; MAO concentration (mol/L)=0.075.b g of products 

produced per gram of catalyst per hour. c  Retrieved from reference 
3

. 
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Then, we wanted to show how the coordination environment of nickel in MOF-5 catalysts 

will be able to demonstrate its high activity in heterogeneous ethylene dimerization. Zinc 

in MOF-5 has tetrahedral coordination which makes it suitable for this reaction. Therefore, 

we have prepared unactivated-Ni-MOF-5 which has 6 coordination active sites, and Ni-

MOF-5 which has 4 coordination active sites after activation at 200 oC under vacuum. The 

characteristics peaks have confirmed the structure of Ni-MOF-5 by XRD (Figure 5.5) and 

were found to have a high loading of 3.5 wt. % of nickel that was measured using ICP-

OES. The catalyst was found to be very active for ethylene dimerization in which the 

activity achieved was about 80,000 h-1 and productivity of 1200 g/g cat∙hr (Table 5.3, entry 

2). However, we can see a severe isomerization effect where the 1-butene in the C4 stream 

was about 70% and we speculate that it is due to the high productivity of the catalyst. On 

the other hand, the six coordination unactivated-Ni-MOF-5 has shown a much lower 

activity of only 3,900 h-1 (Table 5.3, entry 3) which further verify the importance of the 

coordination environment of the nickel active sites. 
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Figure 5.5. Powder XRD patterns of pure MOF-5 and Ni-MOF-5 sample. 

Table 5.3: Comparison of performance of unactivated Ni-MOF-5 (six coordination) and Ni-MOF-

5 (four coordination) in ethylene dimerization reaction.a 

Entry Catalyst  TOF  

(h-1) b 

 

Selectivity c Productivity  

(g/g cat∙hr) d 

MAO conc. 

(mol/L) 

1 MOF-5 0 0 0 0.075 

2 Unactivated-Ni-MOF-5 

(3.5 wt%) 

3 900 C4=91.4% 

(1-C4=92.3%) 

58 0.075 

3 Ni-MOF-5 

(3.5 wt%) 

80 000 C4=87% 

(1-C4=70%) 

1200 0.075 

4 e 1L-12.5g-Ni-ZIF-8  

(1.2 wt%, 15mg) 

315 000 C4=94.6% 

(1-C4=81%) 

1800 0.075 

a Reactions were conducted in a 75 mL autoclave reactor; catalyst amount: 35 mg unless otherwise specified; solvent: 

toluene; Ethylene pressure: 30 bar; Temperature: 35 oC. b Average mole of ethylene per mole of Ni per hour. c The 1-C4 
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selectivity shown in the parenthesis refers to the percentage of 1-butene in C4 products. d Average gram of products 

produced per gram of catalyst per hour. e Retrieved from section 2.3.2. 

Then, we designed thermally engineered defects in Ni-MOF-74 where the nickel in this 

MOF is connected to five oxygen atoms (3 is from COOH and 2 is from OH, see Figure 

5.6) in which we wanted to investigate the defected coordination. Based on the obtained 

TGA curves for Ni-MOF-74 in Nitrogen (Figure 5.7), we treated Ni-MOF-74 at three 

different temperatures (300, 350, and 400 oC) under a continuous flow of Nitrogen that is 

set at 25 ml/min for 80 minutes in a fixed bed reactor. XRD confirmed the structural 

characteristics of Ni-MOF-74 were obtained after the thermal treatment (Figure 5.8) and 

SEM images showed the morphologies of Ni-MOF-74 samples (Figure 5.9). Then, we 

tested these samples for the reaction of ethylene dimerization in which the treatment at 350 

oC showed the best performance among other Ni-MOF-74 samples (Table 5.4, entry 1-4). 

Then, we screened different treatment times of 80 min, 3 hours, and 12 hours where we 

found that 3 hours perform better than 80 minutes and 12 hours (Table 5.4, entry 4-6) 
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Figure 5.6. Illustration of nickel coordination in complete coordination and structural defect of 

Ni-MOF-74.198 

 

Figure 5.7. TGA curves were obtained for Ni-MOF-74 in pure nitrogen. 
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Figure 5.8. XRD Pattern for untreated Ni-MOF-74 and thermally engineered Ni-MOF-74. 
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Figure 5.9. SEM images were obtained for untreated Ni-MOF-74 and thermally engineered Ni-

MOF-74 catalysts treated at different temperatures for 80 minutes. 

Table 5.4: Effect of temperature of treatment and duration on Ni-MOF-74 performance toward 

ethylene dimerization reaction.a 

Entry Catalyst  TOF  

(h-1) b 

Butenes 

Selectivity c 

1 Ni-MOF-74-Untreated 0 0 

2 Ni-MOF-74-300oC-80min 83 38 

3 Ni-MOF-74-400oC-80min 61 100 

4 Ni-MOF-74-350oC-80min 987 91 
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5 Ni-MOF-74-350oC-3hr 2 176 97 

6 Ni-MOF-74-350oC-12hr 942 87 

a Reactions were conducted in a 75 mL autoclave reactor; catalyst amount: 35 mg; solvent: toluene;  MAO concentration 

(mol/L)=0.075; Ethylene pressure : 30 bar; Temperature: 35 oC. b Average mole of ethylene per mole of Ni per hour. 

Note that the calculation of the TOF is very conservative considering that the number of active sites defected which is 

expected to be lower than the total amount of nickel in the sample. 

5.3.2 Propylene Dimerization using Ni-ZIF-8 

We have investigated the effect of utilizing propylene as a feed instead of ethylene to 

evaluate the greater steric hindrance. Detailed characterization of 60%Ni-ZIF-8 catalyst 

can be found in our previous section 2.1.1. We found that 60%Ni-ZIF-8 catalyst is 

extremely active toward propylene dimerization with very high selectivity toward C6 

products (see Table 5.5). This shows that the catalyst can overcome the hindrance opposed 

by propylene molecules and compete with Hafnocene catalysts which are among the few 

high-performing catalysts for propylene dimerization (see Table 5.5). 

Table 5.5: Catalytic propylene dimerization using Ni-ZIF-8.a 

Entry Catalyst  Productivity 

(g/g cat∙hr)  

C6 Selectivity  

(wt%)  

Temperature 

(oC) 

Pressure  

(bar) 

1 60%Ni-ZIF-8  

(heterogeneous) 

2700 97 35 6.8 

2 Hafnocene catalyst  

(homogenous) 
199

 

1800 34.3 50 2 

a Reaction was conducted in a 75 mL autoclave reactor; catalyst amount: 35 mg; solvent: toluene;  MAO concentration 

(mol/L)=0.075; Ethylene pressure: 30 bar; Temperature: 35 oC.b g of products produced per gram of catalyst per hour. 
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5.4 Conclusion 

We have shown that the selective doping of nickel was successfully achieved in ZIF-L in 

which the active site showed a performance toward ethylene dimerization similar to our 

previous work (260,000 h-1 vs 298,000 h-1). Additionally, we have utilized Ni-ZIF-67 

which has the same structure as ZIF-8 except that the metal center is Co instead of Zn 

where it has shown an interesting effect in which we produced a wide range of Linear 

Alpha Olefins that have high selectivity toward the C12-C18 products as compared to other 

wide range LAOs wide range processes. Furthermore, we designed two nickel coordination 

sites utilizing MOF-5 in which we showed that four coordination sites in Ni-MOF-5 

perform much better than 6 coordination active sites in unactivated-Ni-MOF-5 as predicted 

(80,000 h-1 vs 3,900 h-1). Then, we have investigated the thermally defected Ni-MOF-74 

where it showed activity (2,176 h-1) toward ethylene dimerization as compared to non-

defected Ni-MOF-74 which is inactive for the reaction. Finally, we wanted to investigate 

the effect of the greater steric hindrance of the olefin on Ni-ZIF-8 active sites. We found 

that once we utilize propylene as a feed, high productivity (2700 g of products per g of 

catalyst per hour) is accompanied by high selectivity (97% C6) for propylene dimerization. 

This is very interesting as it shows the robustness of the nickel single active sites where 

many other catalysts have failed to overcome the greater steric hindrance opposed by 

propylene. 
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Chapter 6: Conclusions and Outlooks 

In a nutshell, we designed and investigated robust catalysts for the production of Linear 

Alpha Olefins utilizing Metal-Organic-Framework (MOF) to gain an understanding of the 

importance of the coordination sites in ethylene dimerization/oligomerization catalysis.  

First, we have reported the synthesis, characterization, and catalytic performance of Ni- 

ZIF-8 for ethylene dimerization. Unlike the other traditional Ni-MOFs, we reported Ni-

ZIF-8 that possess square-planar coordinated Ni2+ active sites on the surface of ZIF-8 via 

taking the advantage of the incompatibility between the d8 electronic configuration of Ni2+ 

and the three-dimensional framework of ZIF-8. Through our work, we proved that nickel 

can only be residue on the MOF surface as Ni cannot replace Zn at the tetrahedral sites. 

This has shown several advantages as it eliminates the mass transport limitation imposed 

by the microporous structure. In addition, it provides sufficient freedom to the Ni centers 

to adopt an optimal coordination state and expose more vacant sites for ethylene 

coordination. The work showed a stable MOF heterogeneous catalyst with high activity in 

ethylene dimerization, giving a significantly higher turnover number in a single reaction 

than most existing catalysts. Based on this discovery, KAUST has filed an international 

patent and we have won the 2019 KAUST Research Translational Award ($1M) to take it 

to the next scale. 

Then, we have studied the mechanism of ethylene dimerization on Ni-ZIF-8. In this work, 

we have performed isotopic labeling experiments via utilizing a mixture of C2H4/C2D4, and 

based on analyzing the fragmentation mass pattern, we found that it fits best with the 

Cossee-Arlman mechanism. Therefore, we speculate that the reaction starts with ethylene 
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insertion into the Ni-H bond that is followed by a second ethylene insertion into the Ni-

ethyl bond. Then, 1-butene is liberated via β-elimination and regenerates the starting 

species. We evaluated the energetics of the catalytic path on Ni-ZIF-8 via performing 

density functional theory (DFT) calculations based on the Cossee-Arlman mechanism 

which showed that the whole reaction path is smooth and energetically favorable. 

Therefore, we attribute the high activity of Ni-ZIF-8 toward the unique coordination 

environment of Ni. Further verification of this hypothesis was shown in a controlled 

ethylene dimerization experiment among which we utilized core/shell-structured Ni-ZIF-

8@ZIF-8. As in this experiment, the Ni centers were encapsulated within the crystal and 

presumably tetrahedrally coordinated with imidazole in the 3D framework (unless local 

structural defects occur). The results were in line with our prediction that the Ni is in an 

inactive state in this restricted environment. All of these results have solidified the 

importance of the nickel coordination environment for ethylene dimerization reactions. 

Later, we focused on the optimization and scale-up of Ni-ZIF-8 to approach the industrial 

criteria to minimize the amount of catalyst used in the process, the cost of the catalyst, and 

enlarge the particle size for ease of separation. The work indicated that the aqueous 

synthesis of Ni-ZIF-8 led to a much better catalyst in terms of nickel loading, catalyst yield, 

particle size, and environmental impact. Therefore, we have scaled up this catalyst (1L-

12.5g-Ni-ZIF-8) which showed similar characteristics of the small scale batches and a 

similar ethylene dimerization performance. There are several advantages of utilizing this 

catalyst in the industry as it is easy to make, separate, not sensitive to moisture, comparable 

activity, and selectivity to the reported industrial catalyst (see Table 6.1). In addition, the 

catalyst produces a negligible amount of polymer in the catalytic testing at the lab scale 
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which showed a very good potential to eliminate the reactor/heat exchanger fouling 

problems. Furthermore, no deactivating agent is needed as the catalyst once separated, 

allows full recovery of products. Therefore, in principle, the catalyst can be recycled and 

re-used, while its disposal is also more environmentally friendly as it doesn’t contain 

excessive amounts of solvents. Based on the capacity of a 50,000 ton ethylene dimerization 

plant, we show in Table 6.1 a rough comparison between KAUST-1M technology (Ni-

ZIF-8/MAO) and the reported industrial catalyst system (Ti(Obu)4/TEAL). We show a 

significant decrease in the amount of catalyst utilized in the process 

Table 6.1: Comparison between an industrial catalyst and KAUST-1M technology based on 50K 

ton plant.a 

Process (Ethylene Dimerization) Industrial catalyst 
7,11,45,61

 KAUST-1M   

(Based on laboratory scale)* 

Catalyst Type Homogenous (Ti(Obu)4/THF) Heterogeneous (Nickel Based) 

Catalyst Moisture Sensitive Yes No 

Temperature (oC) 55 35 

Pressure (bar) 23 30 

Selectivity to C4 (%) 91.7 91~96 

Selectivity of 1-C4 in C4 (%) 99.5 85~98 

Amount of catalyst (ton/year) 120 ~ 130 3.125 

Catalyst Lifetime n.r. At least 8 hours 

Polymer formation (fouling) Yes No (at laboratory scale) 
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Total separation of used catalyst No Yes 

Amine for catalyst deactivation  Yes No 

*The calculation of the amount of catalyst KAUST-1M is based on the results in lab-scale: activity of catalyst =2000 g 

of product per g of catalyst per hour; the lifetime of catalyst = 8 hours, batch reactor. 

Later, we have studied a technique to try to eliminate as much as possible from the co-

catalyst amount used in the process. Then, we have tested the gas phase ethylene 

dimerization at a large scale in which the preactivated catalyst showed good stability but 

due to the high exothermicity of the reaction, low conversion associated with fixed bed 

reactor, and the buildup of heavy products, we think that utilizing of such configuration 

may not be the proper choice for commercialization of ethylene dimerization. 

Finally, we have investigated the nickel coordination environment in MOFs and the 

propylene dimerization reaction. In this work, we first demonstrated the applicability of 

the selective nickel doping technique in other MOF materials (e.g. Ni-ZIF-L and Ni-ZIF-

67) where results showed that Ni-ZIF-L is as active as ZIF-8 under similar conditions 

toward ethylene dimerization. While Ni-ZIF-67 has shown an interesting phenomenon of 

producing a wide range of LAOs from ethylene ranging between C4-C20. Then, we have 

shown how the nickel coordination environment affects the activity toward ethylene 

dimerization reactions in Ni-MOF-5 and Ni-MOF-74 catalysts. In Ni-MOF-5, we have 

shown that nickel that has 4 coordination performs very well as compared to the other 6 

coordination in ethylene dimerization reaction. On the other hand, defected Ni-MOF-74 

has shown activity toward ethylene dimerization as compared to non-defected Ni-MOF-74 

which is inactive for this reaction. Later, we have shown the robustness of the active sites 

in Ni-ZIF-8 catalyst in which we used a reactant (propylene) with a greater steric hindrance. 
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Interestingly, we found that the catalyst is highly active and selective toward propylene 

dimerization where the majority of the products are C6 hydrocarbons.  

With this research, we finally hope to offer some constructive guidance or advice on the 

optimum design of a catalyst for different applications. Based on our gained insights from 

our work, we can get these outlooks as follows: 

 This work shows new insights on the development of super active Ni-MOFs that 

are simple, stable, scalable, and be able to compete with classical homogenous 

catalysts in the field of ethylene dimerization. The square-planer nickel 

coordination plays an important role in obtaining high activity in ethylene 

dimerization reactions. However, nickel is very well known for its isomerization 

effect in case of product accumulation over the catalyst, unlike titanium which has 

a low isomerization effect. Therefore, Ti-doped MOFs should be promising 

catalysts in ethylene dimerization reactions. To enhance the doping of metals in 

MOFs, optimizing the synthetic conditions should be taken into considerations to 

obtain a better catalyst. Future work on MOFs should be more focused on reducing 

their cost, maximizing the number of active sites, and enhancing its mechanical 

stability. Utilizing this catalyst for liquid phase ethylene dimerization will be 

advantageous to show excellent catalyst performance. However, for gas-phase 

ethylene dimerization reactions, the preactivation of the catalyst is a key to obtain 

good performance. Further research is needed to better understand the preactivation 

of MOF catalysts for ethylene dimerization gas-phase reactions. 
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 The work has shown a feasible solution to long-standing challenges associated with 

the homogenous catalysts utilized for the production of LAOs. This work should 

inspire the development of more MOF-based catalysts not just for the LAOs 

production but also for other important reactions which require selective single-site 

catalysts where the coordination structure is very important. 

 The work has shown the importance of the careful observation of the common 

structural moiety of metals in highly active homogenous catalysts to better design 

heterogeneous catalysts in a way that will mimic their coordination structure. This 

work should show that MOFs can be suitable candidates for catalysis reactions in 

the industry. 
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