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ABSTRACT 

Thermal, non-catalytic conversion of light olefins (C2= - C4=) was originally utilized in the 

production of motor fuels at several U.S. refineries in the 1920-30’s. However, the resulting fuels 

had relatively low-octane number and required harsh operating conditions (T > 450 oC, P > 50 bar), 

ultimately leading to its succession by solid acid catalytic processes. Despite the early utilization 

of the thermal reaction, relatively little is known about the reaction products, kinetics, and initiation 

pathway under liquid-producing conditions.  

In this thesis, thermal ethylene conversion was investigated near the industrial operating 

conditions, i.e, at temperatures between 320 and 500 oC and ethylene pressures from 1.5 to 43.5 

bar. Non-oligomer products such as propylene and/or higher odd carbon products were observed 

at all reaction temperatures, pressures, and reaction extents. Methane and ethane were minor 

products (< 1 % each), even at ethylene conversions as high as 74 %. The isomer distributions 

revealed a preference for linear, terminal C4 and C5. The reaction order was found to be 2nd order 

with a temperature dependent activation energy ranging from 165 to 244 kJ/mol. The importance 

of diradical species in generating free radicals during a two-phase initiation process was proposed. 

The reaction chemistry for ethylene, which has only strong, vinyl C-H bonds starkly contrasted 

propylene, which possesses weaker allylic C-H bonds and showed preference for dimeric C6 

products over C2-C8 non-oligomers.  

Extending this work further, the thermal oligomerization of ethylene was enhanced using 

high surface area supports such as silica and alumina. Both supports resulted in order of magnitude 

rate increases compared to the gas phase reaction, however the ethylene conversion rate with 

alumina was superior to silica by a factor of between 100 and 1,000. Additionally, the alumina 

evidently confers a catalytic function, resulting in altered product distributions, notably an increase 

in branched products such as isobutene and isopentenes. The oligomerization chemistry with 

alumina appears to reflect the involvement of Lewis acid sites rather than traditional Brønsted acid 

or transition metal catalysis, which operate via carbenium ion and metal-alkyl intermediates, 

respectively.  
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 BACKGROUND 

The U.S. shale gas boom has resulted in an abundance of residual ethane and propane that 

accompany the methane which is pipelined for electricity generation. Due to infrastructure 

constraints, the ethane and propane in remote shale locations cannot be processed and is essentially 

stranded at the well-head. Due to environmental concerns, flaring of these gases is not acceptable 

either. A two-step process of alkane dehydrogenation followed by oligomerization of the resulting 

light olefins could be a viable way to utilize ethane and propane if the oligomerization step directly 

produces a fungible fuel. State-of-the-art oligomerization catalysts utilize either transition metal 

complexes or acidic catalysts, however both have drawbacks limiting their utility for converting 

ethylene and propylene at small scale. Homogeneous transition metal catalysts require activators, 

co-catalysts, and separations, whereas acid catalysts typically suffer from deactivation, requiring 

frequent regeneration. An oligomerization process with little deactivation or coking issues is the 

thermal, gas phase oligomerization process, which was applied in several refineries in the 1920’s. 

Unfortunately, the thermal reaction has a relatively low rate at regular catalytic operating 

parameters and requires higher temperatures and pressures (near 450 oC and > 50 bar). 

Additionally, the product distribution made by the thermal process tends to have a poor octane 

rating compared to acidic catalysts. 

Studies of the thermal reactions of olefins above atmospheric pressure largely stopped after 

1950. Thus, detailed product distributions and kinetics above 1 bar have not been clearly delineated, 

which has limited the interpretation of the reaction pathway, and thus no modeling of the reaction 

pathway has been reported. The advantage of understanding the reaction pathway is the possibility 

of engineering a catalyst that might enable a thermal radical oligomerization pathway at milder 

conditions, and/or with better product selectivity.  

The goals of this thesis are therefore twofold: (1) to develop new insights into the chemistry 

of the thermal oligomerization of ethylene and (2) to study the influence of high surface area 

supports on controlling the rate and product distribution of the thermal conversion of ethylene to 

liquid fuel range hydrocarbons. 
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 INSIGHTS INTO THE CHEMISTRY OF THE HOMOGENEOUS 
THERMAL OLIGOMERIZATION OF ETHYLENE TO LIQUID-FUEL 

RANGE HYDROCARBONS 

2.1 Introduction 

The U.S. shale gas boom has incentivized the on-site valorization of the residual ethane and 

propane which are of little value on their own.1,2 A two-step process of alkane dehydrogenation 

followed by oligomerization of the resulting light olefins could be viable if the oligomerization 

step directly produces a fungible fuel.3 Current oligomerization processes utilize either 

homogeneous transition metal complexes or solid Brønsted acid catalysts.4–19 Homogeneous 

transition metal catalysts20–29 can be tailored to make dimers or trimers selectively, or in the case 

of the Shell Higher Olefins Process, a distribution of C4-C20 linear olefins.23,24,30 However, these 

processes require activators, co-catalysts, and separation units. Heterogeneous nickel ion catalysts 

avoid these requirements but are overall less productive, favor dimerization, and deactivate at 

temperatures above 250 oC.7,31,32 Acidic catalysts such as solid phosphoric acid (SPA)33–37 and 

zeolites, namely H-ZSM-5,38–47 produce motor fuels from C3-C4 feedstocks; however, they tend to 

deactivate over time and must be regenerated.  

The earliest processes for converting cracked refinery olefins were purely thermal methods 

dating back to the 1920’s.48–58 While the thermal reactions of olefins has been studied at 

atmospheric pressure since the late 1790’s,59–70 the high pressure reactions were pioneered by the 

work of Ipatieff in 1911.71,72 These high pressure processes generally converted C2= - C4= 

feedstocks at 450-500 oC and 50-70 bar into a liquid with a research octane number (RON) of 96 

and motor octane number (MON) of 78.56,57 At higher temperatures such as 650 – 700 oC, a highly 

aromatic distillate with MON of roughly 100 was demonstrated.56 In terms of productivity, 

Sullivan et al. achieved a liquid yield of 20.6 wt % during a contact time of 4.1 minutes from pure 

C2H4 at 34 bar and 453 oC in a 520 cm3 reaction bomb.55  

The thermal route was not widely implemented due to the discovery of the CatPoly process 

using SPA by Ipatieff and coworkers at UOP, which produced higher-octane gasoline at lower 

temperatures and pressures.48 Studies of the thermal reactions of olefins above atmospheric 

pressure largely stopped after 1950. Thus, detailed product distributions and kinetics above 1 bar 
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have not been clearly delineated, which has limited the interpretation of the reaction pathway, and 

thus no modeling of the reaction pathway has been reported.  

The most recent adjacent studies since 1950 take place either at lower temperatures and higher 

pressures in the thermal polymerization to polyethylene73–79 or at higher temperatures and lower 

pressures in ethylene pyrolysis from 500 to 650 oC and 1.3 to 79 kPa in which cracking processes 

dominate, leading to many light gas products.80–102 At these conditions, there is agreement across 

studies that propylene and ethane are major products from pure ethylene along with butenes, 

methane, propane, butane, butadiene, and small amounts of cyclopentene, cyclohexene, benzene, 

and toluene.82–84,91,93 Cyclobutane has also been reported.103 Due to the low pressures in those 

studies, there is very little information about the dynamic effects of temperature, pressure, and 

conversion on the molecular-weight distribution at conditions leading to liquid fuel range products. 

Furthermore, the detailed C4+ isomer distributions are not known. Kinetic analyses in these studies 

agree on a second order ethylene pressure dependence, however the activation energy for ethylene 

conversion has varied from 145 to 181 kJ/mol across studies.82–84,91,92,96,104–106 Additionally, 

another recurring observation among studies is an initial induction period in which the rate is lower, 

followed by a rapid increase. This suggests the presence of a complex initiation pathway; however, 

no explanation given has been supported with computational evidence. 

The lack of rigorous quantum chemical simulations has led to differing opinions on the 

initiation mechanism to generate free radicals from ethylene, which, unlike the higher olefins, does 

not contain any allylic C-H bonds. Heterogeneous initiation by reactor wall effects has been ruled 

out by multiple studies, which found no rate enhancement by increasing the reactor surface 

area.91,93,107,108 Buback suggested that the thermal polymerization of ethylene below 250 oC at 

about 2,500 bar initiates via a diradical intermediate arising from the collision of two ethylene 

monomers, i.e. tetramethylene.76 The diradical initiation has been proposed in several other 

cases.78,84,109 Halstead and Quinn concluded that ethylene pyrolysis above 500 oC was controlled 

by the secondary decomposition of 1-butene.93 That is, 1-butene forms initially from two ethylene 

via an undescribed molecular reaction and subsequently decomposes to methyl and allyl radicals 

which serve as the free radical chain initiators. In contrast, at similar conditions Boyd et al. asserted 

that the thermal reactions of ethylene initiate via a bimolecular H-transfer reaction to form vinyl 

and ethyl radicals, based on the claim that ethane was the only product observed during an 

induction period of several minutes.91 
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The various reaction chemistries and initiation mechanisms proposed in literature for ethylene 

pyrolysis make accurate kinetic modeling challenging in the application to liquid fuel production. 

The goal of this study, therefore, is to better understand the detailed product distributions and 

kinetics of the thermal reactions of ethylene at conditions conducive to producing liquid fuels – 

above atmospheric pressure and below pyrolytic (i.e. coking) temperatures (ca. 500 oC). New 

insights into the reaction chemistry may help to advance the understanding of the key reaction 

steps and intermediates. With this aim in mind, the following four questions are posed as a broad 

research framework: 

(1) What are the detailed product distributions? Notably, how does the molecular-weight 

distribution change as a function of temperature, pressure, and reaction conversion? What is 

the molecular-weight distribution at low conversion? What is the nature of the C4+ isomer 

distributions?  

(2) What are the observed kinetic parameters, i.e., the overall activation energy and reaction order 

for ethylene consumption? 

(3) How do free radicals arise during the thermal initiation reactions of pure ethylene? What are 

the free energy barriers for possible initiation mechanisms? What are possible reactions which 

might lead to the propagating radical chains following initiation? 

(4) Do the thermal reactions of olefins which contain allylic C-H bonds, such as propylene and 1-

hexene, behave like ethylene? Do the C4 and C5 product distributions share the same isomer 

distributions? Are the activation energy and reaction order the same? How do the overall olefin 

conversion rates compare? 

A combination of experiments and theory were performed to address these questions. First, a 

benchmark experiment was conducted near the industrial operating conditions at 465 oC and 31.5 

bar with a pure ethylene feed to determine the general molecular-weight distribution and 

productivity at high ethylene conversion. Second, the influence of temperature, pressure, and 

conversion were measured from 432 - 449 oC, 14.0 - 21.0 bar, and 0 to 11 % conversion. The 

products at conversions below 0.1 % were measured from 340 to 380 oC at 1.5 bar and from 290 

to 360 oC at 43.5 bar. Next, the isomer distributions for C4+ products were elucidated near 0.1 % 

conversion at 1.5 bar from 410 - 490 oC. Subsequently, the kinetics of ethylene consumption were 

measured below 5 % conversion from 340 oC to 500 oC at pressures ranging from 1.5 to 43.5 bar. 

The third question was answered by employing DFT to determine the free energy barriers for four 
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initiation reactions previously discussed in literature, but never rigorously calculated. The four 

elementary initiation reactions were the bimolecular reactions of ethylene to form either 

cyclobutane, 1-butene, tetramethylene, or vinyl and ethyl radicals. Secondary initiation steps 

involving cyclobutane cracking, cis-hydrogenation, diradical addition to ethylene, and H-transfer 

were then evaluated for each of the cases, where relevant.  

Traditional oligomerization reactions produce even carbon chains from ethylene, i.e., butenes, 

hexenes, octenes, etc. However, non-oligomer products such as propylene, pentenes, etc. were 

observed in significant amounts in addition to the true oligomers under all experimental conditions. 

Moreover, olefins other than ethylene also contain allylic C-H bonds which might lead to more 

facile initiation reactions. Therefore, the thermal reactions of propylene were also tested to 

understand its products and kinetics from 400 to 500 oC and 0.8 to 6.0 bar. Since C6 are the first 

common oligomers when comparing ethylene and propylene oligomerization, 1-hexene was 

reacted from 370 – 420 oC at 1-20 kPa to understand its reaction chemistry. Specifically, the 1-

hexene cracking rate and products were measured to gauge its relative contribution to the formation 

of non-oligomer products from ethylene. 

2.2 Experimental Methods 

2.2.1 Atmospheric Pressure Olefin Oligomerization 

A quartz tube (10.5 mm ID, 1.1 mm thickness) approximately 14” in total length was loaded 

into a clamshell furnace with insulation enclosing a heated reaction zone 5.7” in length (see Figure 

A.1). A thermal-well placed down the axial length of the tube allowed the temperature profile to 

be measured at 1” intervals. A length-averaged temperature was then calculated for each 

temperature setpoint. The reactor was then heated to the desired setpoint and olefin flow rate. For 

each data point, the product gas flow rate was verified using a bubble film flowmeter. Ultra-high 

purity ethylene or propylene was purchased from Indiana Oxygen and used in all experiments. 

Products were analyzed using a Hewlett Packard 6890 Series Gas Chromatograph with an 

Agilent HP-Al/S column (25 m in length, 0.32 mm ID, and 8 µm film thickness) and flame 

ionization detector. To detect higher molecular weight products up to C8, the reactor discharge 

lines were traced with heat tape and set to 150 oC during the experiments. The conversion and 

product distribution were calculated on a molar basis, assuming a closed carbon balance since no 
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significant carbon deposition was observed over the course of experiments. In experiments from 

400 to 500 oC, the rates were measured at different flow rates to determine if the conversion 

increased proportionally with average residence time (see Figures A.2-a and A.5), which was the 

case.  

2.2.2 High Pressure Olefin Oligomerization 

To understand the product distributions and rates at higher olefin concentrations and 

conversions, ethylene was tested at pressures up to 43.5 bar, and propylene up to 6.0 bar. A 316 

stainless steel tube (3/8” ID, 1/8” thickness) 2 feet in length, with VCR fittings at the inlet and 

outlet to seal the system was used. The reactor setup was in a ventilated fume hood as a safety 

precaution, and a pressure relief valve rated for 650 psi was installed at the top of the reactor. The 

insulation allowed a thermal reaction zone of about 16.5” which corresponded to a volume of ca. 

30 cm3. A thermal-well placed down the length of the tube allowed the temperature profile to be 

measured at 2” intervals (see Figure A.1). A length-averaged temperature was then calculated for 

each temperature setpoint. The reactor was first pressurized to check for leaks and then the reactor 

was heated to the desired setpoint temperature in flowing N2 and allowed to stabilize for 4 hr to 

purge oxygen from the system. Pure C2H4 or C3H6 was then flowed through the reactor. Ultra-high 

purity ethylene or propylene, purchased from Indiana Oxygen, were used in all experiments. 

Products were analyzed using a Hewlett Packard 7890 Series Gas Chromatograph with an 

Agilent HP-1 column (25 m in length, 0.32 mm ID, and 8 µm film thickness) and flame ionization 

detector. To detect higher molecular weight products up to C10, the reactor discharge lines were 

traced with heat tape and set to 175 oC during the experiment. The conversion and product 

distribution were calculated on a molar basis. A mass flow controller calibration curve was made, 

and so comparison of the product flow rate to the flow rate with no conversion enabled an 

estimation of the conversion. For differential conditions (X < 10 %), the product flow rate did not 

deviate from the expected flow rate. Additionally, very little carbon was observed over 5 days of 

continuous testing, thus, a 100% carbon balance was assumed in the calculations. For X > 10 %, 

the molar volumes of each carbon number group (e.g. 1-hexene for C6 products) were obtained 

from Yaw’s Handbook110 and the C2H4 conversion was estimated from the product volume flow 

rate. Products above C5 were assumed to be saturated in the product stream at room temperature 

and atmospheric pressure where the bubble flowmeter was operated. In experiments above 400 oC, 
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the rates were measured at different flow rates to determine if the conversion increased 

proportionally with average residence time (see Figure A.2-b). 

2.2.3 Thermal Reactions of 1-Hexene at Atmospheric Pressure 

1-Hexene (> 99 %) was purchased from Sigma-Aldrich and N2 was used as a carrier gas. 

Approximately 5-10 mL of 1-hexene were loaded into a roughly 100 mL stainless steel vessel, 

installed via Swagelok fittings, between the N2 mass flow controller and the reactor. The 1-hexene 

concentration was varied from about 1-20 % in N2 at a total system pressure of about 1 bar. The 

reactor system was purged for 3 hours with 100 sccm N2 after sealing to purge any dissolved O2 

in the 1-hexene storage vessel. The reactor effluent was fed into a gas chromatography unit 

equipped with a flame ionization detector. Molar selectivity of non-C6 products were reported in 

addition to the conversion of 1-hexene. Before the furnace was turned on, the 1-hexene was fed 

into the reactor at room temperature to verify no reaction due to contaminants, as well as to obtain 

a baseline of impurities present as received. The 1-hexene was found to be > 99 % pure. 

2.2.4 Computational Methods 

Density functional theory calculations were carried out to investigate ethylene oligomerization 

reactions. All calculations were conducted in the gas-phase using the M062X meta-hybrid 

functional with the Def2-TZVP basis set of Alrichs and co-workers. The UltraFine integration grid 

and default optimization convergence criteria were used throughout. Dispersion was included in 

the form of Grimme’s D3 empirical dispersion correction without any damping scheme. The 

correctness of each transition state was confirmed by calculation of intrinsic reaction coordinates 

to connect transition states to appropriate minima. 

Contributions to the enthalpy of the system from frequency modes below 100 cm-1 were 

adjusted using the quasi-harmonic (QH) correction of Head-Gordon. Contributions to the entropy 

from the same small vibrational modes were adjusted using the QH method of Grimme. Both 

methods were used as provided in the GoodVibes software. GoodVibes was also used to scale all 

vibrational frequencies by a factor of 0.971, as recommended by Truhlar et al. All thermodynamic 

values are reported at 1 atmosphere of pressure and at 25 oC. All minima were confirmed to have 
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zero imaginary frequency modes, while transition states calculations showed exactly 1 negative 

frequency mode.  

2.3 Results 

2.3.1 High Ethylene Conversion at Elevated Temperature and Pressure 

As discussed in the introduction, at pressures above 1 atm, the thermal conversion of ethylene 

to liquid hydrocarbons occurs above about 300 oC. Given the absence of recent studies of ethylene 

reactions at super-atmospheric conditions, high conversion experiments were conducted in a 

continuous flow stainless-steel tube reactor to determine the ethylene conversion rates and product 

distributions as a benchmark.  

Ethylene conversions from 21 to 74 % were obtained at 465 oC from 15.0 to 31.5 bar with a 

feed flow rate of 156 sccm in a 30 cm3 stainless-steel tube flow reactor (see Table 1). The resulting 

C5+ yield ranged from 11 to 49 %. From the product analysis of ethylene reacted at 465 oC, four 

observations are apparent: 

1. Non-oligomers, such as propylene, pentenes, heptenes, etc., comprised 50-55 % of the 

products. 

2. 1-butene was 70-75 % of the C4 isomers, with very little isobutene or isobutane detected 

(< 1 %). 

3. The gas products were highly olefinic in nature, e.g., the mole ratios of propane to 

propylene and butane to butenes were less than about 0.1. 

4. Little methane or ethane (< 1 % each) were produced.  

Next, the products were studied systematically over a range of temperature, pressures, and 

conversion. 

2.3.2 Effects of Temperature, Pressure, and Conversion on MW Distribution 

To understand the dependence of product distribution on changes in temperature, a series 

of experiments were conducted from 432 to 449 oC at 21.0 bar and ca. 7 % ethylene conversion 

(Figure 1-a). Despite being at lower pressure, temperature, and conversion than the data in Table 

1, the overall product distributions at share many of the same features, with methane and ethane 

selectivity less than 1 mole % each, and many odd and even carbon products from C3 to C9. C10 
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products, which were less than 5 mole % of the products in the benchmark experiment at 74 % 

ethylene conversion, were only detected in trace amounts at these conditions. Clearly, the 

selectivity to propylene and butenes increases as temperature increases, accompanied by similar 

decreases in C6 to C9. Meanwhile, the C5 products remain around 20 mole % at each temperature.  

Table 1.C2H4 Conversion in an Empty 30 cm3 Stainless Steel Reactor at 465 oC 
 P (bar) 15.0  25.0  31.5  

 Flowfeed (sccm) 156  156  156  

 GHSV (hr-1) 28  17  13  

 Conversion (%) 21  56  74  

 Selectivity (Carbon %)  
 Methane 0.1  0.2  0.4  

 Ethane 0.7  0.4  0.8  

 Propane 0.2  0.6  1.4  

 Propylene 20.8  15.6  12.4  

 C4# 26.5 (% of C4) 24.4 (% of C4) 18.3 (% of 
C4) 

           n-butane 0.4 (1.6 %) 1.0 (4.2 %) 2.2 (7.9 %) 

           1-butene 20.0 (75.5 %) 18.2 (74.4 %) 12.4 (72.0 %) 

           trans-2-butene 3.7 (14.1 %) 3.2 (13.1 %) 2.2 (12.2 %) 

           cis-2-butene 2.3 (8.8 %) 2.1 (8.4 %) 1.4 (7.9 %) 

 C5 19.5  20.1  15.1  

 C6 13.4  15.4  13.6  

 C7 10.6  13.2  13.3  

 C8 5.3  7.9  11.4  

 C9+ 2.9  2.2  13.3  

 C5+ 51.7  58.7  66.7  

 Yield to C5+ (%) 11  33  49  

 Rate of C2H4 consumption  
(mol/cm3/s) x 106 1.8  4.9  6.2  

 Rate of C5+ production  
(mol/cm3/s) x 106 0.4  1.1  1.1  

 #Isobutene, isobutane, and butadiene were only present in trace amounts (< 1 % each of C4) 
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To probe the effect of pressure, experiments were conducted from 14.0 to 21.0 bar at 449 oC 

and ~ 6 % ethylene conversion (Figure 1-b). Changes in the reaction pressure have noticeable 

effects on the selectivity to propylene, C4, and C6 to C9 products. As the pressure increases, 

Figure 1. Product distributions of ethylene thermal reactions at high pressure. (a) 21.0 bar and ~ 
7 % conversion, temperature varied from 432 to 449 oC. (b) 449 oC and ~ 6 % conversion, 

pressure varied from 14.0 to 21.0 bar. (c) 432 oC and 21.0 bar, conversion varied from 3.7 to 
11.0 %. 
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selectivity to propylene and C4 decreases commensurately with increases in C5 to C9. Thus, the 

influence of pressure appears to be opposite of the influence of increasing temperature on the C3 

to C9 molecular weight distribution. 

The effect of ethylene conversion on the product distribution was also investigated. At 21.0 

bar and 432 oC, the data in Figure 1-c demonstrate two key trends: (1) an increase in C3 to C6 

fractions and (2) a corresponding relative decrease in C7 to C9 fractions as the conversion increased 

from 3.7 to 11.0 %. While the relative amount of C7 to C9 decreased compared to C3 through C6 

with increasing conversion, the net molar production rate of C7 to C9 did not appear to decrease, 

indicating that the change in selectivity is due to increased overall C3 to C6 production, and not 

decomposition of C7 to C9. 

2.3.3 Isomer Distributions of C4+ Products 

In the next series of experiments, the products were studied at 1.5 bar and ca. 0.1-0.2 % 

conversion from 410 to 490 oC with an emphasis on understanding the C4, C5, and C6 isomer 

distributions. The C4 distribution (Figure 2-b) shows the high prevalence for linear butenes (> 

80 %), along with small amounts of butadiene, n-butane, and an unidentified C4. Isobutene is a 

very minor product, comprising less than 1 % of all the C4. The identity of the other C4 was not 

confirmed but the retention time points towards either a cyclic C4 or isobutane. Isobutane seems 

unlikely because formation of an isobutyl radical would require methyl shift reactions, which are 

uncommon in radical reactions.111 Additionally, the isomer ratios were affected by the temperature. 

The ratio of 1-butene to 2-butenes increased from 2.7 at 410 oC to 12.2 at 490 oC. However, the 

ratio of linear butenes to isobutene remained greater than 130 at all three temperatures. 

Furthermore, butadiene increased over the temperature range from 2 to 7 %. The other C4 similarly 

increased from less than 0.1 % at 410 oC to 8 % at 490 oC. 

The C5 distribution (Figure 2-c) also shows high selectivity to linear pentenes. However, while 

the C5 products are more than 65 % linear, they display relatively more iso-olefins compared to 

the C4 isomers. The branching is especially more significant at 410 oC, in which isopentenes were 

27.8 % of C5. This observation is consistent with the finding at 360 oC and 43.5 bar that the C5 

products consisted of some skeletal and/or cyclic isomers. N-pentane is the least abundant C5 

detected (2 mole %), while isopentane was not detected. The C5 isomers showed a temperature 

dependence for both the ratio of linear to branched C5 as well as the ratio of 1-pentene to 2-pentenes. 
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The ratio of linear to branched C5 olefins increased from 2.4 at 410 oC to 8.9 at 490 oC. Likewise, 

the ratio of 1-pentene to 2-pentenes increased from 1.7 at 410 oC to 5.3 at 490 oC. The other C5 

isomer was observed to increase from 4 to 21 % of C5 from 410 to 490 oC. This other C5 isomer 

was not determined, but each of the n-pentenes, isopentenes, and saturated C5 were identified, 

implying it must be either a multiply unsaturated open chain C5 or a cyclic C5 isomer. 
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conversion. (a) By carbon number, (b) C4 distribution, (c) C5 distribution. 

(b) 

69%
79% 76%

15%
6%

4%

10% 4%
2%

3%
2%

3%

2%
3%

7%

4% 8%

410 oC 460 oC 490 oC
0

20

40

60

80

100

C
4 D

is
tr

ib
ut

io
n

Temperature

 isobutene
 other C4

 butadiene
 n-butane
 cis-2-butene
 trans-2-butene
 1-butene

P = 1.5 bar C2H4

X = 0.1-0.2 %

(c) 

42%

59% 60%

17%

9% 7%8%

5% 4%2%

28% 14%

8%

4%
11%

21%

410 oC 460 oC 490 oC
0

20

40

60

80

100

C
5 D

is
tr

ib
ut

io
n

Temperature

 other C5

 isopentenes
 n-pentane
 cis-2-pentene
 trans-2-pentene
 1-pentene

P = 1.5 bar C2H4

X = 0.1-0.2 %



 
 

24 

From the C6 distribution, the presence of at least 10 isomers is apparent at each temperature. 

While most C6 isomer identities were not assigned, the 1-hexene retention time is known from 1-

hexene feed experiments. The GC data show that 1-hexene comprises less than 5 % of C6 at each 

of the temperatures. This result also agrees with the data at 360 oC and 43.5 bar, which provided 

evidence that no individual C6 isomer accounted for more than 50 % of the C6 products. Thus, the 

trend of high selectivity to terminal olefin is limited to C4 and C5 products.  

2.3.4 MW Distributions at Very Low Ethylene Conversions 

Pure ethylene was also reacted at 1.5 bar to determine the initial product distributions (See 

Figure 3-a) at very low conversion. The lowest measurable conversion was 0.00041 % at 340 oC. 

Propylene and 1-butene were the only products detected. At 380 oC and 0.0073 % conversion, C5 

and C6 products were detected, however propylene was the most selective product in each case. 

These results are somewhat surprising considering that propylene is a non-oligomer product. That 

is, it requires both C-C formation and C-C scission for each propylene molecule formed starting 

from ethylene. 

Ethylene was also reacted at 43.5 bar (Figure 3-b). As low as 290 oC at the lowest measurable 

conversion, the only products detected were 1-butene, C5, and C6 products. Propylene and C8+ 

products become detectable at 340 oC. At 360 oC and 0.58 % conversion, there are products of 

each carbon number from C3 to C10, with the selectivity of each group decreasing from C6 > C4 ~ 

C8 ~ C5 > C7 > C9 > C3. The GC chromatogram shows the quantity of distinct isomers in each 

carbon number group (see Figure A.3). C4 consists of about 80 % 1-butene and 20 % 2-butenes. 

There is an unassigned product between the C4 and C5 fractions. The last butene isomer, cis-2-

butene, has a boiling point of 4 oC, whereas 3-methyl-1-butene and 1-pentene boil at 20 and 30 oC, 

respectively. On the other hand, cyclobutane boils at 12.5 oC. This, however, cannot be confirmed 

without a cyclobutane reference, but would be consistent with Quick et al.’s observation that 

cyclobutane is formed in ethylene thermal reactions.103 The C5 fraction contains at least 4 isomers, 

about 60 % of which is 1-pentene. Since there are only 3 possible linear pentene isomers, the data 

suggest that some cyclic and/or branched C5 isomers are produced. C6 appears to have 7 or more 

isomers. There are 5 possible linear C6 isomers, so the occurrence of 7 or more isomers implies 

the presence of cyclic and/or branched C6 isomers. The C7 product group increases to at least 11 

isomers (with 5 possible linear C7 isomers), which appear highly distributed. Both C8 and C9 
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appear to each have even more distinct isomers. Furthermore, there is no evidence for significant 

amounts of saturated or doubly unsaturated products at 360 oC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.5 Measured Kinetics of the Thermal Reactions of Ethylene 

To further understand the behavior of the thermal reactions of ethylene, the reaction order and 

activation energies were measured across a range of temperature and pressures. Ethylene was 

studied from 336 to 500 oC from 1.0 to 43.5 bar. The reaction order for ethylene was determined 

to be 2.1 with pressure varied from 1.0 to 18.0 bar (see Figure 4-a). This 2nd order dependence 

suggests that the initiation mechanism is bimolecular. The Arrhenius analysis reveals a functional 

relationship between the activation energy and temperature. The result is the appearance of two 

distinct regions: a linear region below about 410 oC and a quasi-linear region above 410 oC which 

Figure 3. Product distributions for ethylene feed below 400 oC at low conversion. (a) 
1.5 bar, quartz reactor with volume = 11 cm3. (b) 43.5 bar, stainless steel reactor with 

volume = 30 cm3. 
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decreases slightly in slope with increasing temperature up to about 500 oC. The values for the low 

and high temperature regions are 244 and 165 kJ/mol, respectively (Figure A.4). In either case, the 

activation energy is quite large, which is consistent with a non-catalytic gas phase reaction.  

In radical chain reactions, the activation energy is a function of the initiation and propagation 

reactions. Propagation reactions in oligomerization, e.g. olefin addition or beta-scission, are 

relatively well-known; however, the initiation steps for this reaction are not clear. In the next 

section, four initiation reactions were modeled to propose a reaction pathway leading to free 

radicals which may be used to rationalize the observed kinetics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The kinetics of ethylene thermal reactions. Rates were measured with X < 5.0 % 
with units of moles C2H4 converted/cm3/s. (a) The reaction order at 449 oC from 1.0 to 18.0 

bar. (b) The Arrhenius plot at 1.5, 21.0 and 43.5 bar from about 340 to 500 oC 
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2.3.6 DFT of Proposed Initiation Reactions 

To ascertain the mechanism of initiation for ethylene oligomerization, four bimolecular 

ethylene reactions were modelled for comparison. The relative free energies for each pathway are 

shown in Figure 5, alongside the products of each reaction. The first pathway (blue) concerns the 

formation of cyclobutane through a 2+2 cycloaddition reaction. This single step reaction occurs 

through a highly distorted, asymmetric transition state with a large 78.8 kcal mol-1 free energy 

barrier.  

 

Figure 5. Free energy profiles for four ethylene bimolecular initiation reactions. 
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molecule. The activation barrier of 80.4 kcal mol-1 for this reaction is almost identical to the 

cyclobutane formation, however, tetramethylene formation is considerably more endergonic due 
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almost identical to the previous two at 79.8 kcal mol-1. Unsurprisingly, the formation of 1-butene 

is more exergonic than cyclobutane owing to the increased degrees of freedom in the former and 

the ring-strain in the latter. The final initiation reaction, shown in green, is a simple hydrogen atom 

transfer from one ethylene molecule to another. This reaction, with a significant activation free 

energy of 89.7 kcal mol-1, yields a vinyl and an ethyl radical. This reaction is highly endergonic, 

exhibiting a free energy of formation of 70.6 kcal mol-1. 

Cyclobutane Cracking Reactions. 

We identified two routes for the decomposition of cyclobutane, the first of which is shown in 

Figure 6 alongside the free energy profile for the reaction. Formation of tetramethylene involves 

homolytic dissociation of a C-C bond in cyclobutane to yield a planar tetramethylene diradical. 

The barrier for this homolytic dissociation was calculated to be 57.1 kcal mol-1. Following 

dissociation, the tetramethylene intermediate converts to an open-book like geometry with a C1-

C4 dihedral angle of 60o. Rotation about the central C-C bond yields a slightly lower energy, more 

linear structure with a C1-C4 dihedral of 175o. 

 

Figure 6. Free energy profile for homolytic ring cleavage of cyclobutane. 
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cyclobutane to the ethylene. This reaction has a barrier height of 56.4 kcal mol-1 and exhibits a 

minimal change in the overall free energy. 

 

Figure 7. Free energy profile for cyclobutene formation of homolytic ring cleavage. 
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Figure 8. Free energy profile for the addition of ethylene to tetramethylene. 
 

 

Figure 9. Free energy profile for the addition of ethylene to 2-butene 1,4-diradical. 
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Hexamethylene Conversion 

One potential fate for the hexamethylene that is produced from the reaction of tetramethylene 

and ethylene is conversion to 1-hexene, as shown in Figure 10. This reaction proceeds via an 

intermolecular hydrogen atom transfer, similar in nature to a retro-ene reaction. This single step 

pathway has a small activation free energy of 18.1 kcal mol-1 and is considerably exergonic, owing 

to the satiation of the two radical centers. 

 

Figure 10. Free energy profile for conversion of hexamethylene to 1-hexene. 
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Figure 11. Free energy profile for hydrogen atom abstraction from one hexamethylene molecule 
to another. 

 

The second pathway, which is provided in Figure 12, involves abstraction of an allylic hydrogen 

of 1-hexene to an end-chain carbon of a 2-hexene diradical. This reaction has a relatively small 

barrier height of 19.0 kcal mol-1, but is significantly less exergonic than the hydrogen atom transfer 

reaction between two hexamethylene molecules shown previously. 

 

Figure 12. Free energy profile for hydrogen atom abstraction from 1-hexene to a 2-hexene 1,6-
diradical. 
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Diradical Formation from 1-Butene 

The final pathway modelled in this work is shown in Figure 13. It is a two-step reaction, the 

first step of which is the formation of butadiene and ethane from 1-butene and ethylene. This cis-

hydrogenation is analogous to the one presented earlier in this work for cyclobutane and, 

unsurprisingly, has a similar free energy barrier of 54.6 kcal mol-1 and reaction energy of -2.9 kcal 

mol-1. The newly formed butadiene can then convert to a resonance stabilized diradical form, 

wherein the C2-C3 carbon bond has the most double bond character and the terminal carbons are 

the radical centers. The free energy required for this process is 53.0 kcal mol-1, lower than any 

other radical generating reaction step reported in this work. 

 

Figure 13. Free energy profile for the generation of a 2-hexene 1,4-diradical and ethane from 1-
butene and ethylene. 

2.3.7 Comparison of the Thermal Reactions of Other Olefins 

Propylene. 

The molecular-weight distribution of the propylene reaction at 400 oC, Figure 14-a, shows 

a marked difference between the products of propylene compared with ethylene. By carbon 

number, the C6 dimer is the major product (ca. 70 %). Non-oligomer products were observed also 

(< 30 %), but in much smaller amounts compared to ethylene. C2, C4, C5, C7, and C8 products were 

detected in similar amounts (about 3 – 8 mole % each). Methane and ethane were present in minor 
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amounts (less than 2 mole % each). Isobutene was 28 % and 1-butene only 16 % of the C4. The C5 

products contained small amounts of 1-pentene (8 %). There were at least 15 distinct C6 species 

present at 400 oC. 1-Hexene is about 10 % of the C6, whereas several other isomers were present 

in larger amounts. There are 7 possible branched C6H12 isomers and therefore 12 maximum 

expected open-chain olefin isomers. The presence of 15 isomers implies the presence of dienes, 

saturated C6, and/or cyclic isomers in addition to iso-hexenes and n-hexenes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Product distribution at 0.42 % conversion of pure propylene reacted at 1.5 bar and 400 
oC. (a) By carbon number, (b) C4 distribution, (c) C5 distribution. 
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Figure 15. The kinetics of propylene thermal reactions. Rates were measured X < 1.0 % with 
units of moles C3H6 converted/cm3/s. (a) The reaction order from 0.8 to 6.0 bar. Rates were 
normalized by the Arrhenius term exp(-Ea/RT) using the observed Ea of 125 kJ/mol. (b) The 
Arrhenius plot measured from 400 to 500 oC. Rate constants are the rate normalized by the 

observed 1.0 reaction order. 
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The reaction order for propylene was found to be first order from 0.8 to 6.0 bar, with an 

activation energy of roughly 125 kJ/mol from 400 to 500 oC (see Figure 15). Thus, the kinetics of 

propylene compared to ethylene thermal reactions are quite distinguished, like their different 

product behaviors, suggesting a different reaction pathway.  

 

1-Hexene. 

The experimental results for 1-hexene are shown in Table 2. At 260 oC, no detectable 

conversion of 1-hexene occurred. At 370 oC, 22.0 % of the 1-hexene was converted. 99.5 % of the 

products were 7 or more C6 isomers, and the other 0.5 % were C2-C8 olefins. No methane, ethane 

or higher paraffins were detected. At 400 oC and 86.0 % 1-hexene conversion, 99.0% of the 

products were 12 or more distinct C6 isomers (Figure A.8). The remaining 1.0 % of products were 

C2 – C8 olefins, with a very small amount of methane and ethane (< 1 mole % each). At 420 oC 

and 38.9 % conversion there is some methane and ethane (about 2.5 mole % each) in addition to 

the other non-C6 olefin products (see Figure 16-a). The C4 and C5 products from 1-hexene cracking 

consist of linear and branched isomers. At 370 oC, 29 % of the C4 was isobutene, and 38 % was 1-

butene (Figure 16-b). 1-Pentene was only 26 % of C5, and about 28 % were isopentenes (Figure 

16-c). The appearance of about 5 % total methane and ethane at 420 oC is accompanied by 

butadiene, 13 % of the C4, which was not detected at 370 oC.  

 

Table 2.1-C6H12 Conversion in an Empty Quartz Reactor from 1-20 kPa 
 
 Average Temperature (oC) 260 370 420 400 400 
 1-Hexene Pressure (kPa) ~ 5 ~ 10 ~ 5 ~ 1 ~ 20 
 Insulated Reactor Volume (cm3) 11 11 11 25 25 
 Flow of N2 feed (sccm) 5 100 100 100 20 
 Conversion (%) Tr 22.0 38.9 88.4 86.0 
 Yield to C6 isomers (carbon %)  21.9 38.8 88.2 85.1 
 Number of C6 isomer peaks  > 7 > 7 > 12 > 12 
 Yield to non-C6 isomers (carbon %)  0.1 0.1 0.2 0.9 
 Rate of 1-hexene isomerization 

(mol/cm3/s) x 109  320 220 67 210 

 Rate of 1-hexene cracking 
(mol/cm3/s) x 109  1.6 0.6 0.1 2.2 

 Ratio of isomerization to cracking  200x 370x 460x 100x 
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2.4 Discussion 

2.4.1 Product Distributions 

Detailed molecular weight distributions for the thermal oligomerization of ethylene have not 

been reported above atmospheric pressure. The effects of temperature, pressure, and conversion 

were evaluated from 14.0 to 21.0 bar and 432 to 449 oC with conversions between 3.7 and 11.0 %. 

The effects of temperature and pressure affect the product distribution in an opposing manner. 

Lower temperature and higher pressure promote the formation of longer chain products (C6+), 

Figure 16. Product distribution of non-C6 products at 0.1 % yield to non-C6 of 1-hexene reacted 
at 370 and 420 oC (a) By carbon number, (b) C4 distribution, (c) C5 distribution. 
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whereas higher temperature and lower pressure result in more short chain olefins such as propylene 

and 1-butene. As the reaction progresses from 3.7 to 11.0 % conversion, more C3 to C6 are 

produced compared to C7+. It is important to note that even though the relative molar selectivity to 

C7 to C9 becomes less, the overall molar production rates of C7 to C9 do not appear to decrease. 

Thus, the shift towards higher C3 to C6 selectivity is due to greater production from the reactions 

of the remaining ethylene as opposed to the decomposition of stable C7 to C9 products. These 

molecular-weight distribution trends are thus a reflection of the propagation steps, in which C-C 

bond formation, leading to higher olefins such as C6+, competes with C-C scission, leading to 

lighter olefins such as C3H6 and C4. 

The occurrence of non-oligomer products such as propylene, pentenes, etc. has been reported 

in previous reports above 500 oC at low pressure.91–93,96 However, product distributions at high 

pressures below 500 oC were all conducted at significant conversions above 10 %.52,55,56,72 This 

study has provided evidence that non-oligomers are present even at very low conversions (see 

Figure 3). Furthermore, the results suggest that at 43.5 bar and 290 oC, for example, propylene is 

not necessarily the first non-oligomer formed. At 43.5 bar and low conversion, the growth pattern 

no longer resembles 1-carbon chain growth. Knowledge of this result demonstrates that the chain 

growth is not addition of single carbon species, as in the Fischer-Tropsch reaction,112 but that the 

competing C-C bond formation and scission propagation reactions lead to scrambling of the 

molecular-weight distribution very rapidly. 

This study also brings to light new information about the C4, C5, and C6 products. The high 

preference for terminal C4 and C5 compared to internal double bonds and branched olefins is 

evident. This outcome is distinct from Brønsted acid-catalyzed oligomerization, which 

preferentially produces internal and branched olefins, due to the higher stability of tertiary and 

secondary carbenium ions compared to primary carbenium ions.42 The stability of radicals follows 

the same trend, i.e., tertiary are the most stable, and primary, the least.113 Therefore, the fact that 

branched C4 and C5 olefins are minor products is evidence of a reaction pathway in which there is 

low preference to forming tertiary radicals. The ratios of 1-butene to 2-butenes, 1-pentene to 2-

pentenes, and n-pentenes to isopentenes all increased from 410 to 490 oC. Thus, another conclusion 

is that temperature influences the propagation reactions in a way that leads to a stronger preference 

for linear, terminal C4 and C5 olefins at 490 oC compared to 410 oC at 1.5 bar. 
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The C6 isomers deviate substantially from the C4 and C5 isomer distributions, which showed 

strong preference to 1-butene and 1-pentene, respectively. In contrast, no individual C6 isomer 

accounted for more than half of the total C6. In fact, at 490 oC, the 1-hexene appears to be less than 

5 % of all C6, a marked difference compared to C4 and C5. The same observation can be made for 

the C7 to C9 isomers at 43.5 bar and 360 oC. More isomers are present for C6+ than are accounted 

for by the theoretical number of linear olefins, indicating that skeletal isomerization and/or 

cyclization is occurring. The ability of n-alkyl radicals to undergo 1,4 and 1,5 hydrogen-transfer 

reactions resulting in more stable secondary radicals is well known,114–118 and gives rise to highly 

branched polyethylene in the radical polymerization of ethylene.119,120 Thus, in conjunction with 

the thermal isomerization of 1-hexene demonstrated in this study, at least two pathways exist that 

can lead to the observed numbers of isomers for C6+ products. 

2.4.2 Kinetics 

In addition to the products, the kinetics of ethylene reactions were also investigated. The 

previous kinetic measurements above atmospheric pressure estimated the rates from reactor 

pressure changes at conversions greater than 10 %.104 In the present study, the kinetic 

measurements were determined from conversions below 5.0 % in a continuous flow reactor. The 

reaction order of 2.1 obtained here agrees well with those previous studies.82,83,91,104,105 However, 

the activation energy was observed to be a function of temperature, a feature not previously 

reported in ethylene pyrolysis. Above 410 oC, the measured value, 165 kJ/mol, agrees with the 

values reported previously, but increased to 244 kJ/mol below 410 oC. The change in activation 

energy with temperature is an important finding, which highlights the fact that different reaction 

steps can become rate controlling as conditions change.  

2.4.3 Reaction Pathway 

Free radical chain reaction pathways are well-known to be characterized by initiation, 

propagation, and termination reactions. Propagation and termination steps for radical chemistry 

are well-studied,121,122 but the initiation step for this reaction has been under debate, lacking a 

rigorous energetics study.  
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There is strong evidence suggesting that the thermal oligomerization of ethylene proceeds first 

through a slow initiation stage, followed by a secondary faster period of oligomerization. Our 

computational results propose several possible mechanisms than can account for a slow initiation 

phase, as well as more facile oligomerization reactions that are accessible through the products 

formed during the initiation period.  

While all four of the bimolecular reactions provided in Figure 5 require significant energy 

input to overcome their free energy barriers, it is clear to see that the hydrogen atom transfer 

reaction pathway (green) is considerably less favorable than the other possible routes. While the 

remaining three bimolecular reactions pathways exhibit similar energy requirements, the 

formation of cyclobutane and of 1-butene are notably more thermodynamically favorable than 

tetramethylene formation. Both pathways are also reasonably exergonic, thus promoting 

accumulation of cyclobutane and 1-butene in the early stages of the ethylene thermal 

oligomerization process. For these reasons, cyclobutane and 1-butene are further explored as 

potential intermediates in ethylene oligomerization reactions. 

Both cyclobutane decomposition pathways in Figures 6 and 7 have comparable free energy 

barriers, however, the resonance stability of the 2-butene 1,4-diradical makes its formation the 

more thermodynamically favorable pathway. It is worth noting that formation of the 2-butene 1,4-

diradical is a bimolecular reaction, requiring one mole of ethylene for each mole of cyclobutane 

reacted, and thus will exhibit greater pressure dependency than the unimolecular decomposition 

route that produces tetramethylene. Our proposed mechanism for the formation of cyclobutene 

also provides a source for the small concentrations of ethane consistently observed in our 

experimental results.   

In Figures 8 and 9 we have explored the free-radical addition of ethylene to both tetramethylene 

and to the 2-butene 1,4-diradical, giving hexamethylene and a 2-hexene 1,6-diradical, respectively. 

While we have only reported the first step of the chain-growth reactions involving tetramethylene 

and 2-butene 1,4-diradical, it is reasonable to assume that rapid growth of biradical chains will 

occur through free-radical polymerization and that this chain-growth will proceed with similar 

energetic requirements.  

The instability of diradical intermediates is demonstrated clearly by the facile conversion of 

hexamethylene to 1-hexene. As seen in Figure 10, this conversion is highly exergonic and proceeds 
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via a small free energy barrier. The 1-hexene produced from this reaction can participate in the 

reaction pathway outlined in Figure 12, producing a 2-hexene 1,6-diradical and ethane. 

An alternative means of stabilizing the diradical intermediates is through hydrogen atom 

abstraction reactions between two diradical compounds. One example reaction, provided in Figure 

11, is the abstraction of a hydrogen atom from the second carbon of one hexamethylene to the end 

chain radical site of another hexamethylene, yielding a hexane radical and a 1-hexene radical. The 

second example hydrogen atom abstraction reaction in this study is the reaction of 2-hexene 1,6-

diradical and 1-hexene. Abstraction from the allylic site of 1-hexene was chosen owing to the 

resonance stabilization of the neighboring double bond. Similarly, the non-allylic radical site of 

the 2-hexene 1,6-diradical was saturated with the abstracted hydrogen atom as the radical position 

at the other end of the chain is resonance stabilized. 

Regardless of the formation pathway, the four monoradical species generated from the 

hydrogen atom abstraction reactions can participate in free radical polymerization reactions with 

ethylene, rapidly generating oligomeric polyethylene type species. The length of the growing 

carbon chains is dictated by an interplay of polymerization and cracking reactions. Such reactions 

have been discussed at length elsewhere and their roles in the thermal chemistry of polyolefins are 

well understood. Of particular interest to this work are beta-scission reactions (see Figure 17), a 

mid-chain cleavage reaction that generates a smaller end-chain radical and a terminal alkene.  

 

 

Figure 17. Beta-scission reaction of a mid-chain radical to yield an end-chain radical and a 
terminal alkene. 

 

The rapid polymerization of ethylene and subsequent generation of unsaturated products 

through cracking reactions represents the end of the initiation phase. Up to this point, all pathways 

are dependent on the bimolecular reactions of ethylene to form the diradical species. These 

reactions have very high activation free energies and so consequently the concentration of all 

radical intermediates will remain low and the rate of oligomerization will be severely limited. 

The terminal alkenes that are formed through beta-scission reactions are able to participate in 

a lower energy radical forming pathway that is shown in Figure 13. The dehydrogenation of 1-

butene by ethylene gives butadiene and ethane. This is followed by formation of the 2-butene 1,4-
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diradical generated in our earlier reactions. The free energy barrier for the first step is 54.6 kcal 

mol-1 and for the second it is 53.0 kcal mol-1. Both these values are significantly lower than any of 

the bimolecular ethylene reactions that were necessary for initial diradical formation. While not 

shown explicitly, we have observed that any unsaturated functionality within a chain is able to 

dehydrogenate another chain. We therefore posit that unsaturated chains of all observed lengths 

may be formed through these hydrogenation/dehydrogenation reactions. 

Figure 18 provides a summary of the proposed oligomerization reaction pathways. The 

reactions that form part of the initiation pathways are shown with black arrows, while the 

secondary phase pathways are shown with green arrows. While not an exhaustive description of 

possible reactions, our computational study clearly supports a two-phase oligomerization of 

ethylene. High energy barrier bimolecular reactions of ethylene are required to generate the initial 

free radicals necessary for free radical oligomerization. Rapidly growing polyethylene chains are 

then subject to thermal cracking, yielding shorter chain free radicals and unsaturated terminal 

alkenes amongst other species. The formation of these terminal alkenes allows for the generation 

of free radicals through lower energy pathways when compared against the bimolecular ethylene 

reactions. This more facile formation of free radicals will promote ethylene oligomerization at a 

much higher rate than during the initiation phase. 

 

 

Figure 18. General scheme for the two-phase thermal oligomerization of ethylene. 
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shown to produce mostly propylene at the same conditions. Furthermore, propylene produces 

branched and linear C4 and C5, whereas ethylene makes mostly linear C4 and C5. Propylene also 

gives rise to large amounts (> 10 mole %) of methane at 500 oC (Figure S6), whereas ethylene 

does not. On the other hand, a similarity of both C2H4 and C3H6 reactions was the fact that 1-

hexene was less than 10 % of all C6, which also formed skeletal and/or cyclic isomers. For 1-

hexene cracking, the C4 and C5 isomers resembled those of C3H6 much more closely than C2H4, 

with the presence of branched C4 and C5. Thus, in general propylene and 1-hexene tend to produce 

more isobutene and isopentenes, whereas ethylene favors n-butenes and n-pentenes.  

The reaction kinetics further highlight the dissimilarity between ethylene and propylene 

thermal reactions. Propylene was 1st order with a lower activation energy of 125 kJ/mol from 410 

to 500 oC. The lower activation energy is consistent with the observed higher rate of propylene 

conversion at 400 oC and 1.5 bar, but higher rate of ethylene conversion at 500 oC and 1.5 bar. 

Additionally, the 2nd order pressure dependence results in high ethylene conversion rates at higher 

ethylene pressures, but also a more severe drop-off in rate as the pressure decreases below 

atmospheric. This observation is consistent with conclusions by previous workers that ethylene is 

the easiest olefin to polymerize thermally at high pressures.9,55  

The nature of the C-H bond strengths in ethylene and propylene are quite different. Ethylene 

contains four vinyl C-H bonds, which have a homolytic bond dissociation energy (BDE) of about 

463 kJ/mol.113 Propylene, on the other hand, possesses three allylic C-H bonds, which are much 

weaker (BDE = 372 kJ/mol) due to the resulting resonance stabilization that occurs for the allyl 

radical. Thus, the disparate chemical bond strengths of ethylene and propylene also suggest that 

their behavior in thermal reactions should be different, which is the case. 

The extrapolated rates of 1-hexene cracking and isomerization at its experimentally observed 

concentration in the products, shown in Table A.1, demonstrate strong evidence that 1-hexene 

cracking is not responsible for the observed non-oligomer products. This result indicates that the 

molecular-weight distribution is controlled by the propagation reactions of reactive free radical 

intermediates rather than degradation of stable C6 products. The relative isomerization rate, 

however, is at the same order of magnitude of the conversion rate of both ethylene and propylene 

to products and could be competitive with other routes of isomerization such as 1,4 and 1,5 

hydrogen shifts. 
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2.5 Conclusion 

In-depth study of the chemistry of the thermal reactions of ethylene has demonstrated several 

important characteristics. Below 500 oC and above atmospheric pressure, the reaction is 2nd order 

with a temperature dependent activation energy, spanning 165 to 244 kJ/mol. Non-oligomer 

products are formed under all conditions, but are not accompanied by formation of more than about 

1 mole % each of methane and ethane. The C4 and C5 products are highly linear, with strong 

preference for the terminal olefin. The free radical oligomerization appears to initiate by a two-

phase process typified by the formation of diradical intermediates. In the first phase, ethylene can 

react to form 1-butene or cyclobutane. Following several reaction steps such as cyclobutane 

cracking, ethylene addition, and hydrogen transfer, a 2nd initiation phase can occur with more facile 

free radical generation due to the presence of unsaturated products which can hydrogenate ethylene 

and form conjugated diradicals. 

The thermal reactions of propylene are very different than ethylene, displaying 1st order 

kinetics with an activation energy of about 125 kJ/mol. The selectivity to non-oligomers is small 

compared the dimer C6 product, and many branched C4 and C5 products result in contrast to 

ethylene. The C6 products for both ethylene and propylene reactions, however, are highly 

distributed among many isomers including skeletal isomers and/or cyclic products. 1-Hexene is 

converted efficiently to other C6 isomers in the almost complete absence of methane formation. 

Decomposition to C2-C8 olefins occurs at a rate about 2-3 orders of magnitude slower than 

isomerization. The formation of C3H6 from C2H4, which occurs at very low conversion, does not 

occur by cracking of 1-hexene, but instead as the result of a complex family of initiation and 

propagation steps of reactive radical polyethylene chains. 
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 HIGH TEMPERATURE CONVERSION OF ETHYLENE TO LIQUID 
HYDROCARBONS USING g-ALUMINA 

3.1 Introduction 

Oligomerization of ethylene and propylene is an important upgrading reaction, such as in the 

valorization of the ethane and propane in shale gas into motor fuels or the production of sustainable 

aviation fuels from bio-alcohol.1–3 There are three broad classes of olefin oligomerization, deriving 

from the type of reactive intermediate formed: carbanion-like species (organometallic or supported 

metal catalysts),4–14 carbenium ions (acid catalysts),13–21 and free radicals (thermally induced).15,22–

32 The first two have been studied extensively over the past half-century, whereas the latter, which 

was discovered first, has been given little consideration since the 1950’s.  

Carbanionic-like, alkyl chains are ubiquitous to metal-based oligomerization catalysts. These 

catalysts convert ethylene either into select oligomers (dimers, trimers, etc.) or non-selective 

(Schultz-Flory or Poisson) product distributions using a cationic form of one of the following: 

nickel,33–37 titanium,38 chromium,39,40 aluminum,10,41 and zirconium,42 among several other less 

commonly used metals.4 These oligomers are central to the specialty chemicals industry but 

require additional transformations to become usable fuels. Furthermore, homogeneous processes 

require activators, co-catalysts, and separators, spurring interest in heterogeneous transition-metal 

catalysts as more efficient alternatives. These catalysts have not been commercialized, however, 

due to the comparatively lower productivity and/or catalyst deactivation. 

Carbenium ion oligomerization is a common refinery operation to make motor fuels from 

cracked light olefins. The acidic catalysts can be liquid (e.g. H3PO4, H2SO4, HF) or solid phase 

(e.g. solid phosphoric acid (SPA), zeolites, resins). Since the liquid acids are corrosive and more 

hazardous, solid acid catalytic systems such as SPA and zeolites are preferred.  Moreover, solid 

acid catalytic systems circumvent the need for expensive separations, but are hindered by 

deactivation due to coking, site loss, and pore blockage, requiring frequent regeneration. 

The thermally induced free-radical conversion of light olefins to liquids was the first refinery 

oligomerization process26–28,43 yet did not experience widespread implementation due to the harsh 

temperatures required and relatively low octane rating compared to SPA.44 The detailed products 

and kinetic behaviors were recently delineated for the gas phase, thermal radical reactions of 

ethylene, revealing that the C4 and C5 isomers by thermal oligomerization were mostly linear, 
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terminal olefins. The thermal reactions of ethylene are attractive to study further since very little 

coking occurs in an empty reactor even at 450 oC and the reaction pathway gives rise to non-

oligomer (odd carbons) distributions under all conditions. In contrast to the metal-alkyl and 

carbenium ion pathways, which require catalysts, there is no precedent for catalyzing a free radical 

reaction using a solid material. Thus, if the reaction pathway could be controlled to some extent, 

then the productivity and/or product distribution might be greatly enhanced.  

In this study, we hypothesized that high surface area supports might exert influence on the 

thermal reactions of ethylene, accelerating rates and/or altering the product distributions. The basis 

for this hypothesis stemmed from two hallmarks of traditional heterogeneous catalysis: (1) the 

adsorption properties of supports, resulting in higher surface concentrations than in the gas phase, 

and (2) the ability to form reactive surface intermediates. To test this hypothesis, an experimental 

approach was structured to answer the following two questions: 

1. Does filling the reactor volume with a high-surface area support affect ethylene conversion 

rates? What are the apparent kinetics for ethylene thermal reactions in the presence of a support? 

Is the rate proportional only to surface area, or does the support composition matter too? 

2. Are the product distributions affected by the presence of a high-surface area support? Are 

non-oligomer products such as propylene produced analogously to the gas phase, thermal 

reaction? Are the C4, C5, and C6 products mostly linear or does branching occur as well? 

To probe the effect of adding high-surface area supports, g-Al2O3 and amorphous SiO2 were 

initially screened by packing the entire thermal volume and reacting with ethylene. These solids 

both adsorb hydrocarbons45–47 but embody varying levels of known catalytic activity.48,49 Silica is 

comprised of weakly acidic silanol (Si-OH) surface sites, which are generally regarded as inert.  

In contrast to silica, alumina has been the subject of numerous catalytic studies,54–70 many of 

which suggest that pure alumina does not have Brønsted acidity but does contain multiple types of 

strong and weak Lewis acid sites.70–73 Commercial processes using acidified aluminas almost 

exclusively rely on the addition of chloride or fluoride ions, which confer Brønsted acidity.74–77 

Pure aluminas are generally less active but have been demonstrated to catalyze the following 

hydrocarbon reactions involving olefins or paraffins: alcohol dehydration,55,56,78,79 propane 

dehydrogenation,69,70 ethylene hydrogenation,60,61,64,80 olefin double bond and cis/trans 

isomerization,58,59,63,65,66 and H2-D2 exchange of olefins and paraffins.80–84 In chemisorption 

experiments, infrared spectroscopy has provided evidence that ethylene forms chemically bonded 
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intermediates at room temperature with alumina.85 Silica, on the other hand, did not chemisorb 

ethylene.86 Clearly, these two supports, while having similarly high surface areas, possess varying 

catalytic properties. 

For both supports, C2H4 conversion rates were measured from 300 to 400 oC at 1.5 bar and 43 

bar, from which comparisons can be made of the product distributions and apparent kinetics 

relative to the empty tube reaction. Since Al2O3 was found to be clearly the most active, detailed 

product distributions were measured to evaluate the effects of conversion, temperature, and 

pressure. In addition, propylene and 1-hexene were also reacted with Al2O3 to understand more 

about the product selectivity and possible secondary reaction pathways. 

3.2 Experimental Methods 

3.2.1 Materials 

Alumina (Al2O3). High-purity Catalox Sba 200 g-alumina was obtained from Sasol, having a 

reported average pore size of 4 -10 nm, surface area of 200 m2/g, and pore volume of 0.35-0.5 

cm3/g. This alumina was in powder form with an average size of 45 microns. 

Silica (SiO2). High-purity grade (> 99%) amorphous silica (Davisil 636) was purchased from 

Sigma-Aldrich, having an average pore diameter of 6.0 nm, surface area of 480 m2/g, and pore 

volume of 0.75 cm3/g. The particle size distribution was 200-500 microns (35-60 mesh). 

3.2.2 Atmospheric Pressure Olefin Oligomerization 

A quartz tube (10.5 mm ID, 1.1 mm thickness) approximately 14” in total length was loaded into a 

clamshell furnace with insulation enclosing a 5-inch-long heated reaction zone. A thermal-well placed 

down the axial length of the tube allowed the temperature profile to be measured at 1” intervals. A length-

averaged temperature was then calculated for each temperature setpoint. The reactor was then heated to the 

desired setpoint and ethylene flow rate. For each data point, the product gas flow rate was verified using a 

bubble film flowmeter.  Ultra-high purity ethylene or propylene was purchased from Indiana Oxygen and 

used in all experiments.  
Products were analyzed using a Hewlett Packard 6890 Series Gas Chromatograph with an Agilent HP-

Al/S column (25 m in length, 0.32 mm ID, and 8 µm film thickness) and flame ionization detector. To detect 

higher molecular weight products up to C8, the reactor discharge lines were traced with heat tape and set 
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to 150 oC during the experiments. The conversion and product distribution were calculated on a molar basis, 

assuming a closed carbon balance since no significant carbon deposition was observed over the course of 

experiments. 

3.2.3 High Pressure Ethylene Oligomerization 

To understand the product distributions and rates at higher olefin concentrations and conversions, 

ethylene was tested at pressures up to 43.0 bar.  A 316 stainless steel tube (3/8” ID, 1/8” thickness) 2 feet 

in length, with VCR fittings at the inlet and outlet to seal the system was used. The reactor setup was in a 

ventilated fume hood as a safety precaution, and a pressure relief valve rated for 650 psi was installed at 

the top of the reactor. The insulation allowed a thermal reaction zone of about 16.5” which corresponded 

to a volume of ca. 30 cm3. A thermal-well placed down the length of the tube allowed the temperature 

profile to be measured at 2” intervals. A length-averaged temperature was then calculated for each 

temperature setpoint. The reactor was first pressurized to check for leaks and then the reactor was heated 

to the desired setpoint temperature in flowing N2 and allowed to stabilize for 4 hr to purge oxygen from the 

system. Pure C2H4 was then flowed through the reactor. Ultra-high purity ethylene, purchased from Indiana 

Oxygen, was used in all experiments.  
Products were analyzed using a Hewlett Packard 7890 Series Gas Chromatograph with an Agilent HP-

1 column (25 m in length, 0.32 mm ID, and 8 µm film thickness) and flame ionization detector. To detect 

higher molecular weight products up to C10, the reactor discharge lines were traced with heat tape and set 

to 175 oC during the experiment. The conversion and product distribution were calculated on a molar basis, 

except at high conversions (X > 20 %), in which the mass selectivity was more convenient to calculate due 

to the condensation of considerable amounts of liquid products, which were collected in a glass vial 

maintained in an ice bath. Comparison of the liquid production rate and unreacted ethylene in the gas 

effluent to the feed mass flow rate enabled an estimation of the conversion. For lower conversions (X < 20 

%), the product did not condense significantly. Additionally, little carbon deposition was observed over 

several days of testing, thus, a 100% carbon balance was assumed in the calculations. 

3.2.4 Thermal Reactions of 1-Hexene at Atmospheric Pressure 

1-Hexene (> 99 %) was purchased from Sigma-Aldrich and N2 was used as a carrier gas. Approximately 

5-10 mL of 1-hexene were loaded into a roughly 100 mL stainless steel vessel, installed via Swagelok 

fittings, between the N2 mass flow controller and the reactor. The vessel was housed in an ice bath to control 

the 1-hexene vapor concentration. The reactor system was purged for 3 hours with 100 sccm N2 after sealing 

to purge any dissolved O2 in the 1-hexene storage vessel. The reactor effluent was fed into a gas 
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chromatography unit equipped with a flame ionization detector. Molar selectivity of non-C6 products were 

reported in addition to the conversion of 1-hexene. Before the furnace was turned on, the 1-hexene was fed 

into the reactor at room temperature to verify no reaction due to contaminants, as well as to obtain a baseline 

of the 1-hexene purity.  

3.3 Results 

3.3.1 Ethylene Reaction Rates and Products with High-Surface Area Supports 

The ethylene conversion rates were measured from 300 to 400 oC at conversions below 5 %. 

In each case, a higher ethylene conversion rate was observed by packing the reactor with high 

surface area support, evidenced at ca. 43 bar, shown in Table 3. Since the densities of the supports 

were different, each had a different weight loading. Furthermore, the thermal background 

conversion was subtracted from the rates of the supports. At 340 oC and 43 bar, the gas phase 

conversion was 0.082 % at a gas-hourly space velocity (GHSV) of 8.0 hr-1, whereas with Al2O3, 

the conversion was 5.0 % at a GHSV of 81 hr-1. With SiO2, a GHSV of 5.4 hr-1 resulted in 0.32 % 

ethylene conversion. Thus, the conversion rate was about 600 times higher in the presence of Al2O3 

and only 2.6 times higher in the presence of SiO2. The supports were also compared to each other 

by normalizing with the surface area (see Table B.1). The SiO2 had the larger surface area per 

gram (480 m2/g) compared to Al2O3 (200 m2/g). However, the Al2O3 was about 270 times more 

reactive than SiO2 per m2 available. Therefore, the available surface area alone does not control 

the rate of ethylene conversion on these two high surface area materials.  

Table 3. Comparison of Ethylene Conversion Rates at 340 oC and 42.0 – 43.5 bar C2H4 

Estimates for the reaction order were made from the rate measurements at 1.5 and 43 bar. At 

340 oC, the orders for SiO2 and Al2O3 were 1.4 and 1.1, respectively, compared to the gas phase 

order of 1.9 (Table B.2). The observed Arrhenius relationship revealed a lower apparent activation 

energy for each support compared to the empty reactor, which is about 244 kJ/mol at both 1.5 and 

 GHSV Conversion Rate per Surface 
Area  Rate per Volume  

 (hr-1) (%) vs SiO2 vs Thermal 
Thermal, Gas 
Phase 8.0 0.082 - 1 

SiO2 5.4 0.32 1 2.6 
Al2O3 81 5.0 270 620 
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43.5 bar (Figure 19). At 1.5 bar, the apparent activation energies for SiO2 and Al2O3 were 89 and 

55 kJ/mol, respectively. At 43 bar, these values for SiO2 and Al2O3 were 176 and 76, respectively. 

Thus, SiO2 showed a 100 % higher activation energy at 43 bar, whereas the Al2O3 was 35 % higher. 

Clearly, the composition of the support plays a significant role in determining the overall rates and 

kinetics. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The products for ethylene conversion in the presence of SiO2 and Al2O3 were also compared 

to the gas phase reaction at high pressure, and the two displayed unique behaviors. SiO2 was 

reacted with ethylene at 360 oC and 43 bar, giving a conversion of 0.96 %. For comparison, 

thermally the conversion was 0.58 %. The carbon number distributions, shown in Figure 20, are 

very similar for SiO2 and the gas phase reaction, with one noticeable difference, the selectivity to 

C4 products were about twice as high with SiO2. Given that the relative rate of ethylene reaction 

with SiO2 is only about twice the thermal rate, the data suggest that the presence of SiO2 gives rise 

to more C4 products. The C4 linear isomer distributions in Figure 18-b show that double bond 

isomerization occurs with SiO2 compared to gas phase reaction, which produces about 80 % 1-

Figure 19. Kinetics of C2H4 reactions with different high surface area supports. Arrhenius 
plot from 300 to 410 oC at (a) 1.5 bar and (b) 42 - 43.5 bar C2H4. The thermal reactions of 

C2H4 from 300 to 410 oC are shown in open squares. 
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butene. With SiO2, 1-butene is 44 % of C4, with the remainder being mostly trans- and cis-2-butene. 

The amount of n-butane is very small (ca. 1 %) in both cases. Furthermore, there was no evidence 

of increased branched products such as isobutane or isobutene compared.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Alumina gave rise to a unique product distribution. The products were compared to the thermal 

reaction at 385 oC and 27.5 bar around 15 % conversion. Since the rate with Al2O3 was much 

higher relative to SiO2 compared to the thermal rate, the conversions at high pressure with a fully 

packed reactor of Al2O3 were too high to compare. Thus, in one experiment, only about 10 % of 

the reactor was filled (3 g of Al2O3). The thermal reaction rate was verified to be less than 10 % 

of the rate with 3 g of Al2O3, and the small thermal background conversion was subtracted from 

the products reported in Figure 21. Despite subtracting the thermal background, the carbon number 

distributions share many features, such as little methane production (< 2 %) and the presence of 

many non-oligomer products, resulting in analogous apparent single-carbon growth patterns. For 

example, the most abundant products with Al2O3 at these conditions is C4 followed by propylene 

(35 and 25 %, respectively). The remaining higher MW products (C5+) decrease in order of 

increasing carbon number. The same is true for the thermal reaction, except that there is less 

propylene and more C5 to C9 products. Thermally, C4 was the most abundant carbon number group 

(nearly 32 %) while propylene was just 11 %.  

Figure 20. Products of ethylene conversion in the presence of SiO2 compared to the thermal 
reaction at 360 oC, 43.0-43.5 bar. The conversions thermally and with SiO2 were 0.58 and 

0.96 %, respectively. (a) The products based on carbon number distribution. 
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The two major differences observed here between Al2O3 and the gas phase reaction are the 

production of ethane and the C4 distribution. With Al2O3, there is about 9 % selectivity to ethane, 

whereas in the thermal reaction ethane is less than 1 % of the products. The C4 distribution, shown 

in Figure 3-b, features the introduction of branched C4 products, which were not observed 

thermally. Isobutene and isobutane were collectively 18 % of the C4, and 1-butene was only 14 % 

Figure 21. Products of ethylene conversion in the presence of alumina compared to the thermal 
reaction at 385 oC, 27.5 bar. The conversions thermally and with alumina were 11.9 and 

16.9 %, respectively. (a) The products based on carbon number distribution 
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of C4. The remaining C4 were 2-butenes (63 %). The gas phase reaction produced 1-butene with 

71 % selectivity among C4 isomers. 

In summary, the comparative study of SiO2 and Al2O3 demonstrated varying levels of ethylene 

rates compared to the thermal reaction, as well as product alterations. Al2O3 provided the best yield 

to desired products C3+ and introduced branched C4 products. Therefore, Al2O3 was studied over 

a wider range of conditions to determine the effects of temperature, pressure, and conversion on 

the products with ethylene. Additionally, to gain further insights into the reactions of olefins with 

Al2O3, propylene and 1-hexene were reacted over Al2O3.  

3.3.2 Product Distribution at High Ethylene Conversion with Al2O3 

At 360 oC and 23 bar, by varying the space velocity, ethylene conversions from 1 to 70 % were 

obtained. At the same conditions, the purely thermal reaction was not significant. The higher 

activity with alumina is consistent with the measured kinetic rates at lower conversions since, as 

mentioned earlier, comparing the rates with alumina at high temperature and pressure resulted in 

about two orders of magnitude higher rate than thermally. The molecular-weight distributions as 

a function of conversion in Figure 22 demonstrate the high selectivity to C5+ products. During this 

experiment, a light-yellow liquid product was condensed into an in-line vial submerged in an ice 

bath. The weight-hourly space velocity (WHSV) required to obtain 70 % conversion was 0.1 hr-1. 

Nonetheless, the high conversion remained stable for at least 24 hours. Approximately 1 cm3 of 

liquid hydrocarbons were condensed per hour during the 24 hour duration of the trial. At the end 

of the experiment, the Al2O3 in the center of the packed bed displayed a yellow-orange color, but 

was not black, suggesting coking was not significant at this temperature. In our previous study of 

the thermal reactions of ethylene, conversions near 70 % required temperatures greater than 450 
oC, and the resulting carbon number distribution produced more light olefins such as propylene 

and 1-butene, and less C5+. 

Figure 22 illustrates several noteworthy observations about the reaction pathway, with the 

major products being C5+, C4, propylene, and ethane. Methane was less than about 1 % selective 

at each conversion. The ethane selectivity decreased steadily with increasing conversion, starting 

as high as 15 % at 2 % conversion, but becoming only about 5 % at 70 % conversion. Conversely, 

the C5+ production increased over the same conversion range from about 40 to 80 % of the products. 

The propylene and C4 selectivity profiles appear to increase in the early stages of the reaction 
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(below 20 % conversion), however decrease steadily after reaching maximum selectivity values, 

signifying their importance in secondary reactions leading to C5+ liquids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As was seen earlier in Figure 21, the comparison of the product distribution with the gas phase 

reaction at similar conversion shared some product behavior, namely the presence of non-oligomer 

products. Since secondary reactions become important at higher conversions, i.e. above 1 %, an 

experiment was conducted to compare the reaction with alumina compared to the gas phase at the 

early stage of the reaction (X < 1 %). 

3.3.3 Comparison of Products with Al2O3 vs the Thermal Reaction at Low Pressure and 
Conversion 

Figure 23 shows that at 0.1 % conversion at 400 oC and 1.5 bar there is a completely different 

molecular-weight distribution due to Al2O3, despite also sharing several similarities with the gas 

phase reaction. To compare Al2O3 to the thermal reaction at 0.1 % conversion, 0.25 g of Al2O3 

were loaded. The thermal conversion at the same flow rate was at least 50 times lower so that the 

products observed were only due to Al2O3.  In a separate experiment, employing a much lower 

flow rate, 0.1 % conversion was achieved thermally for comparison. With Al2O3, the major 

Figure 22. Products with Al2O3 at 23 bar C2H4, 360 oC, from 1-70 % conversion 
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products were 60 % C4 followed by 15 % C3H6 and 10 % ethane, in stark contrast to the gas phase 

which produces about 65 % propylene, 20 % C4, and little ethane. Both the thermal reaction and 

Al2O3 produce less than 1.5 % methane at this temperature. Along with propylene, non-oligomer 

products such as C5 and C7 were present in comparable amounts to oligomers such as C6 and C8. 

The C4 isomer distribution further highlights the influence Al2O3 has on the reaction. The C4 

products were 68 % 2-butenes and only 25 % 1-butene, whereas for the gas phase reaction 1-

butene was about 69 %. While the amount of isobutene produced is small (4 %), it is nonetheless 

relatively more than produced without Al2O3 (< 0.1 %). Butadiene is also produced to a small 

extent in both cases (near 2 %). No butane was observed with Al2O3, although about 3 % selectivity 

was seen thermally. The distribution of C5 products with Al2O3 forms much less 1-pentene 

compared to double bond and skeletal isomers. With Al2O3, 1-pentene was 7 % of C5, whereas 

isopentenes and 2-pentenes were 61 and 33 %, respectively. In contrast, without Al2O3, the C5 

were 42 % 1-pentene, 31 % isopentenes, and 25 % 2-pentenes. N-pentane was also only observed 

thermally, around 3 % of C5. 

3.3.4 MW and Isomer Distributions versus Conversion 

The products were next studied to identify the effects of increasing conversion below 20 %, 

with an emphasis on tracking changes in the molecular-weight and isomer distributions. At 1.5 bar 

and 360 oC the conversion was varied from 2.7 to 15.6 %. The molecular weight distribution, in 

Figure 24-a, demonstrated several clear trends. Importantly, C4 decreased from about 35 to 25 % 

whereas C5 increased from 7 to 13 % and C6 from 3 to 7 %. The propylene selectivity increased 

from 31 to about 40 %. The ethane selectivity decreased from 14 to 8 %. However, the propane 

selectivity increased from < 0.5 to 2 %. 

The C4 to C6 isomer behavior offer several notable observations. The C4 distribution, which is 

mostly 2-butenes (50-70 %), demonstrated a notable increase in branched isomers, with isobutene 

and isobutane increasing from 15 % to 24 % combined of C4. Additionally, the ratio of isobutene 

to isobutane decreased from > 50 at 2.7 % conversion to 2.1 at 15.6 % due to increasing isobutane 

production. The C5 isomers reveal similar trends to the C4 isomers when the conversion increased 

from 2.7 to 15.6 %. The branched C5, isopentane and isopentenes, together increased from 64 to 

73 % of C5. Meanwhile, the isopentenes to isopentane ratio decreased from > 50 to 4.5 due to 

increasing isopentane formation. The C6 isomers are illustrated by the raw GC data in Figure B.7. 
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Clearly, there are at least 20 isomers present, which implies that many skeletal isomers must be 

present. Less than about 5 % of the C6 is 1-hexene, which is comparable to the C4 and C5 isomer 

trends. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 23. Products with Al2O3 vs the thermal reaction at 1.5 bar C2H4, 400 oC, and 0.1 % 
conversion. (a) Carbon number distribution, (b) C4 distribution, (c) C5 distribution. 

(a) 

T = 400 oC  
P = 1.5 bar C2H4 
X = 0.1 %  

C
H

4

C
2H

6

C
3H

8

C
3H

6

C
4

C
5

C
6

C
7

C
80

10

20

30

40

50

60

70

M
ol

e 
Se

le
ct

iv
ity

 (%
)

 Thermal
 Al2O3

(b) 

69%

25%

15%

40%

10%
28%

3% 4%
2% 2%

Thermal Al2O3

0

20

40

60

80

100

C
4 D

is
tr

ib
ut

io
n  butadiene

 isobutene
 other C4

 n-butane
 cis-2-butene
 trans-2-butene
 1-butene

(c) 

42%

7%

17%

21%

8%

11%

2%

31%

61%

Thermal Al2O3

0

20

40

60

80

100

C
5 D

is
tr

ib
ut

io
n  isopentenes

 n-pentane
 cis-2-pentene
 trans-2-pentene
 1-pentene



 
 

64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

C
H

4

C
2H

6

C
3H

8

C
3H

6

C
4

C
5

C
6

C
7

C
80

5
10
15
20
25
30
35
40

M
ol

e 
Se

le
ct

iv
ity

 (%
)

 2.7 %
 7.7 %
 15.6 %

10 g Al2O3

T = 360 oC
P = 1.5  bar C2H4

Figure 24.  Products with Al2O3 versus conversion below 20 % at 1.5 bar C2H4, 360 
oC. (a) Carbon number distribution, (b) C4 distribution, (c) C5 distribution. 
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3.3.5 Selectivity versus Temperature 

The reactions of ethylene with Al2O3 reveal a transition in product behavior above about 400 
oC, shifting from higher MW products below 400 oC to decomposition products (methane, ethane, 

coke) above 400 oC. As seen in Figure B.2, the selectivity to methane increased from less than 1 % 

at 300 oC to 14 % at 470 oC. Likewise, the ethane selectivity increased from 8 to 47 %. The 

remaining products are mostly propylene and C4 with less than 3 % each of C5 to C7. The high 

selectivity to saturated products were accompanied by blackening of the Al2O3 at 470 oC, 

indicating coke deposition. At 300 oC, the Al2O3 remained white during the experiment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For temperatures below 400 oC, such as 300 compared to 360 oC at 23 bar, at higher 

temperature more ethane and less C4 was formed at each conversion (see Figure 25). The propylene 

and C5+ showed more complex trends. For example, the propylene selectivity appears the same at 

both temperatures until about 8 % conversion; above 8 % conversion more propylene forms at 360 
oC. Likewise, the C5+ selectivity is nearly the same at both temperatures above 8 % conversion but 

is clearly higher at 360 oC below 8 % conversion. As seen in Figure 22 above, as conversion 

increases, secondary reactions become important leading to changes in the product distributions. 

Figure 25. Selectivity of Major Products with Al2O3 at 300 vs 360 
oC at 23 bar of C2H4 below 20 % conversion. 
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Thus, these features as seen in Figure 25 highlight the complicated nature of interpreting product 

changes at different temperatures due to consecutive reactions in oligomerization chemistry. 

Comparison of the MW and isomer distributions between 300 and 360 oC at 1.5 bar and a 

single conversion (~ 8 %), seen in Figure B.3, reveals similar features of higher ethane selectivity 

and lower C4 selectivity at 360 compared to 300 oC. The 60 oC increase also lead to about twice 

as much isobutene formed (22 vs 11 % of C4). The branched C5 only slightly increased from 65 to 

70 %; however, the ratio of isopentane to isopentenes decreased from 0.23 to 0.11 upon going 

from 300 to 360 oC. Thus, there are clear temperature effects on the products, both to the 

molecular-weight and amount of branched C4. 

3.3.6 Selectivity versus Pressure 

The effects of pressure on the products at 1.5 vs. 23 bar at 360 oC below 20 % conversion is 

depicted by Figure 26. Propylene, C4, C5+, and ethane are the main products. Ethane and propylene 

show the most straightforward pressure dependences. At 360 oC, the ethane selectivity at 23 bar is 

slightly less than twice the selectivity at 1.5 bar. On the contrary, about twice as much propylene 

is produced at 1.5 bar than 23 bar. Both the C4 and C5+ products appear in comparable amounts at 

both pressures. Analogous to the effects of temperature in Figure 25, the products may show 

complex selectivity profiles due to the competing consecutive reactions. 

Additionally, at 43 bar and about 8 % conversion, most of the same trends are evident, with 

propylene being 38 % at 1.5 bar but only 12 % at 43 bar (see Figure B.4). The C4 was 27 % at 1.5 

bar but comprised 40 % of the products at 43 bar. Similarly, there were almost twice as many C6 

products at 43 bar. Thus, a striking observation is that at the higher pressures the product 

distributions apparently embody earlier stages of the reaction where oligomerization is the main 

reaction (C4, C6, C8, etc), before cracking results in significant non-oligomers. That is, the even 

carbon oligomers (C4, C6, and C8) are more abundant than C3, C5, C7, and C9 non-oligomers, as 

opposed to the single-carbon growth pattern characteristic at higher reaction extents and lower 

pressures. 

When comparing the effects of conversion, temperature, and pressure on the products, it was 

apparent that secondary reactions play an important role in the product distributions, especially as 

conversion increased beyond 20 %. Propylene, for example, increased to a maximum selectivity 

below 20 % conversion in Figure 20, and then steadily decreased up to 70 % conversion. It is 
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therefore insightful to evaluate the reactions of propylene with Al2O3, to understand the difference 

in kinetics and product behavior to ethylene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.7 Reaction of Propylene with Al2O3 

The Arrhenius parameters for propylene with Al2O3 were measured from 260 to 300 oC at 1.5 

bar, shown in Figure 27. Over this temperature range, the apparent activation energy was measured 

to be 55 kJ/mol, the same value as ethylene. The conversion of C3H6 at 300 oC and 1.5 bar was 

7.4 % at a GHSV of 61 hr-1. For comparison, at the same conditions, the C2H4 conversion was 

0.85 % at a GHSV of 20 hr-1. Thus, propylene reacts about an order of magnitude faster than 

ethylene at 300 oC and 1.5 bar, an important distinction since propylene is one of the main products 

early in the reaction (below 20 % conversion) and could result in more facile bond activation 

leading to increased ethylene consumption or higher MW products. 

 

Figure 26. Selectivity of Major Products at 1.5 vs 23 bar of C2H4 at 
360 oC below 20 % conversion. 
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When pure propylene was reacted over Al2O3 from 260 to 300 oC at 1.5 bar, the molecular 

weight distribution revealed a disproportionation had occurred, with ethylene and isobutene as the 

major products, forming in a 1:1 molar ratio at low conversion (2.0 % at 260 oC). The product 

distribution at 2.0 % conversion at 260 oC in Figure 28 shows that ethylene and isobutene are the 

main products, comprising 27 and 28 % of the products, respectively, followed by C6 (23 %). 

Propane was about 4 %, and neither methane nor ethane were detected. Small amounts of n-butenes, 

C5, C7, and C8 products were also formed (< 5 % each). The C5 isomers, in contrast to the C4, were 

mostly linear. Of the C5, only about 10 % were isopentenes, and 81 % were 2-pentenes. The C6 

isomers, shown in Figure B.7, visibly consist of more than 20 distinct isomers. By comparing the 

GC data for C3H6 to C2H4 at roughly the same conditions, one can see that the chromatograms for 

the C6 isomers are almost superimposable, indicating that the C6 distributions are nearly identical 

for both C2H4 and C3H6. Next, the effects of reaction temperature and conversion for propylene 

are illustrated. 

The effects of increasing temperature from 260 to 300 oC, shown in Figure B.5, portray several 

notable shifts. Less ethylene and C6 and more C4 are formed at 300 oC compared to at 260 oC. The 

Figure 27. Kinetics of C3H6 reactions with Al2O3. Arrhenius plot from 260 to 300 oC of 
1.5 bar C3H6. X < 10 % The thermal reaction of C3H6 from 400 to 500 oC are shown in 

open triangles for comparison. 
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C4 reveal a gradual increase in n-butenes compared to isobutene at higher temperatures. Isobutene 

decreased from 78 to 73 % of C4 while n-butenes increased from 16 to 20 % at 300 oC compared 

to 260 oC. The C5 experienced a sharper change, with isopentenes increasing from 15 % of C5 at 

260 oC to 31 % at 300 oC.  

 

 

 

 

 

 

 

 

 

 

 

 

Increasing the conversion from 7.4 to 25.2 % at 300 oC, depicted in Figure B.6, demonstrated 

clear shifts in selectivity, with ethylene and C6 each decreasing from about 20 to 15 mole % while 

C4, C5, and C7 increased. Ethylene and C6 both decreased from around 20 to 15 mole %. The net 

increase in C4 appears to be largely due to an increase in isobutane and n-butenes as opposed to 

the major product, isobutene. The isobutene to isobutane ratio decreased with increasing 

conversion, from 45 to 13. Likewise, the isopentene to isopentane ratio fell from 87 to 22. Both n-

butane and n-pentane were less than 0.2 % of their respective carbon groups across the whole range 

of conversion. The isopentene selectivity increased from 25 % of C5 at 7.4 % conversion to 36 % 

at 25.2 % conversion. 

3.3.8 Reaction of 1-Hexene with Al2O3 

When 1-hexene was flowed over Al2O3 at 260 oC, more than 90 % of it was converted (see 

Table 4). When no Al2O3 was present, no conversion of 1-hexene occurred at 260 oC. To obtain a 

comparable conversion in the empty reactor, a temperature of about 420 oC was required. Over 

95 % of the products were other C6 isomers. In fact, the major C6 isomers formed appear by 

Figure 28. Products of C3H6 with Al2O3 at 2.0 % conversion 260 oC and 1.5 bar 

C 2H
4

C 3H
8

1-C
4H

8

t-2
-C 4H

8

c-2
-C 4H

8

i-C
4H

8

i-C
4H

10

1-C
5H

10

t-2
-C 5H

10

c-2
-C 5H

10

i-C
5H

10 C 6 C 7 C 8

0
5

10
15
20
25
30

M
ol

e 
Se

le
ct

iv
ity

 (%
)



 
 

70 

alumina at 260 oC coincide almost identically with those in the thermal isomerization at 420 oC 

(see Figure B.9). The isomerization rate was 22x10-9 mol/cm3/s compared to a rate of cracking of 

0.6x10-9 mol/cm/s, a factor of about 40x. It was of interest to compare the rates of isomerization 

and cracking at a relevant concentration to 1-hexene in the products of propylene, to determine if 

cracking of 1-hexene, or its isomerization products, contributes to the non-oligomer products 

formed. The selectivity to C6 products at 2.0 % conversion was 23.4 mole %, such that the mole 

fraction at the reactor outlet was 0.0023, resulting in a partial pressure of about 0.3 kPa of C6. 

Therefore, to a first-order approximation, the rate of 1-hexene cracking would be 3.2x10-11 

mol/cm3/s, which is about 0.1 % of the rate of C3H6 conversion to products at the 260 oC and 1.5 

bar. Thus, 1-hexene or its isomers do not contribute substantially to the observed non-oligomer 

products via cracking, for example, conversion of ethylene to propylene or conversion of 

propylene to ethylene and butenes. 

Table 4. 1-C6H12 Conversion with Al2O3 and Thermally 

 Reactor Loading Al2O3 
(11 cm3)  

Empty 
Quartz 
(11 cm3) 

 
Empty 

Quartz (25 
cm3) 

 

 Average Temperature (oC) 260  260  400  

 Flow of N2 feed (sccm) 5  5  20  

 1-Hexene Pressure (kPa) 5  5  20  

 Conversion (%) 92.9  Tr  86.0  

 Yield to C6 isomers (carbon %) 90.5    85.1  

 Number of C6 isomer peaks > 8    > 12  

 Yield to non-C6 isomers (carbon %) 2.4    0.9  

 Rate of 1-hexene isomerization 
(mol/cm3/s) x 109 22    51  

 Rate of 1-hexene cracking 
(mol/cm3/s) x 109 0.6    0.5  

 Ratio of isomerization to cracking 40x    100x  
 

C6 isomers were about 97 % of the products on a carbon basis, whereas the cracking products 

comprised the remaining 3 %. The C6 isomers are shown in Figure B.8, revealing the presence of 

3 major isomers and at least 9 total isomers. The most abundant non-C6, or cracking, products were 

propylene and C4, followed by C5, C7, C2H4, and C8 (see Figure 29). Methane and ethane were 

each less than 1 % of the non-C6 products. The C4 isomers where highly linear, with 4 % isobutene, 
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and the other 96 % mostly 2-butenes. 1-Butene comprised the remainder of C4 (14 %). The C5 

isomers were also highly linear, with just 16 % selectivity to isopentenes. The n-pentenes, like n-

butenes, showed preference for the 2-pentenes (75 %) over 1-pentene (8 %).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 29. Products with Al2O3 with 5 kPa 1-hexene fed at 260 oC 
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3.4 Discussion 

The thermal reactions of several olefins were recently investigated in depth, establishing the 

detailed product distributions and kinetics from 300 to 500 oC. Ethylene was found to be sensitive 

to pressure and temperature, with the rates being high above 35 bar and 450 oC. In fact, the reaction 

order was found to be 2nd. Therefore, in this study it was hypothesized that high surface area 

supports would increase the rate of the thermal reaction due to the higher effective olefin 

concentration adsorbed on the surface compared to the gas phase. In conjunction, we hypothesized 

that the supports might promote bond activation of the olefins, either by physical (e.g. van der 

Waals) or chemical interactions (e.g. Lewis acidity), conferring additional rate enhancement 

and/or alteration of the product distributions.  

3.4.1 Effect of High Surface Area Supports on Rates, Kinetics, and Products 

In this study, ethylene was converted at higher rates when the thermal volume was packed with 

a high surface area support. Silica and alumina were evaluated, and the results indicate that high 

surface area alone does not control the rate of ethylene conversion relative to the empty reactor. 

For example, the alumina was 270 times more active per m2 than silica at 340 oC and 43 bar. 

The gas phase radical oligomerization reaction consists of initiation, propagation, and 

termination steps. The overall rate of ethylene consumption is thus a consequence of the relative 

rates of propagation to initiation/termination. For example, in thermal ethane pyrolysis, the 

reaction chain length corresponds to roughly 100 propagation steps per initiation and 

corresponding termination step.90 Increasing the rate of initiation or increasing the propagation 

rate could both give rise to higher overall ethylene conversion in the presence of the supports. 

Additionally, new initiation mechanisms could also occur due to physical or chemical interactions 

with the support surface, resulting in more facile bond breakage and/or surface stabilized reactive 

intermediates. At this point, however, no key initiation reactions or intermediates can be ascribed 

to the observed rates or changes in product distributions of silica and alumina, as rigorous energetic 

and kinetic modeling are needed to elucidate the complex reaction system. 

Secondly, the sensitivity of the rate with respect to temperature and pressure were different for 

each support. Each had apparent activation energies and reaction orders less than the observed 

values for the gas phase reaction, which were 244 kJ/mol and 2nd order, respectively. At 1.5 bar 
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alumina had the lower activation energy (55 kJ/mol) but the higher rate. Silica, with the lower rate, 

had the higher activation energy (89 kJ/mol). At 43 bar, the alumina and silica demonstrated larger 

activation energies of 76 and 176 kJ/mol, respectively. These relative shifts in rate behavior 

coincide with different apparent reaction orders for silica (1.4) and alumina (1.1). The observed 

kinetic behaviors are accompanied by distinguished product distributions for each support, which 

can be correlated to the known surface chemistry for each (vide infra). 

Silica 

Silica gave rise to a similar product distribution to the empty reactor below 1 % conversion at 

43 bar, aside from producing more 2-butenes. As mentioned above, the activation energy of 176 

kJ/mol at 43 bar and reaction order of 1.4 are the closest to the values for the empty reactor of all 

the supports tested. Thus, an important connection is that the kinetics and products under the 

influence of silica are most like the gas phase reaction, suggesting that silica participates to a lesser 

extent than alumina.  

Still, a rate enhancement of even 1 order of magnitude is significant (as in Figure 20-a), since 

packing the reactor with silica effectively removes much of the reactor volume which would 

otherwise host the gas phase reaction. This is not the case in ethane cracking, for example. Ethane 

thermal cracking was found previously to be more productive in empty reactors than with supports 

or even bimetallic Pt catalysts. This contrary behavior for ethylene versus ethane suggests that the 

support enhances the initiation and/or propagation reaction steps relative to the termination 

reaction steps, however the influence becomes less impactful at 43 bar compared to 1.5 bar. The 

lack of major product alterations is consistent with the absence of strong Brønsted acid sites on 

amorphous silica, which does not catalyze alkane dehydrogenation or cracking, for example.  

Alumina 

The kinetics observed using alumina were distinct from silica. The apparent reaction order (1.1) 

was lower than silica (1.4), and the apparent activation energy at 1.5 bar was also lower (55 kJ/mol). 

Akin to silica, the alumina experienced a moderate increase in activation energy at 43 bar (76 

kJ/mol). In other words, the value becomes closer to that of the gas phase reaction at higher 

pressure, which indicates a shift in relative contributions between the gas phase and surface 
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reaction. The products with Al2O3 behave in some respects like the gas phase reaction, and in some 

regards like a catalytic, surface reaction, as explained in the next section.  

3.4.2 Insights from the Products of C2H4 with Al2O3 versus Thermally 

MW Distribution 

Non-oligomers were present under all reaction conditions with Al2O3, analogous to the thermal 

reaction. However, dimerization was visibly favored at low conversion and higher pressure. The 

preference for dimerization was not observed at higher conversions and lower pressures. Instead, 

a MW distribution reminiscent of the gas phase thermal oligomerization, with an apparent one-

carbon growth pattern, develops as early as 2.7 % conversion at 360 oC and 1.5 bar. The key 

differences to the purely thermal reaction present themselves in terms of C4 and C5 isomer 

distributions and the extent of hydrogen transfer reactions. 

Isomerization of C4, C5, and C6 

Branched C4 and C5 were identified under all conditions, which were not major products 

thermally. At low conversions (0.1 %), isobutene was a minor C4 isomer (about 4 %) but became 

significant (> 20 %) at higher conversions (> 5 %), suggesting that it forms because of secondary 

reactions of the primary products. Higher temperature was a factor leading to higher isobutene 

formation, too, with about twice as much branched C4 at 360 oC compared to 300 oC at 1.5 bar and 

ca. 8 % conversion. This outcome is unsurprising since skeletal isomerization requires the cleavage 

of a C-C bond, which is endothermic, during some step of the reaction. In contrast, oligomerization 

(C-C forming) reaction steps are exothermic, which are less thermodynamically favored at higher 

temperatures. The isopentenes were substantial (> 50 % of C5) at all conditions. In fact, in contrast 

to isobutene, the isopentenes were the principal C5 at low conversion too. Accordingly, there were 

less drastic changes in branched C5 as a function of conversion or temperature. Lastly, the number 

of C6 isomers detected (nearly 20) indicates that C6 are also highly branched. 

It is not immediately obvious how isobutene should form in this system. The skeletal 

isomerization of linear butenes is believed to occur in Brønsted acid zeolites via sequential 

oligomerization, isomerization, and cracking reactions. Al2O3, though, is known to lack the high 

cracking activity that Brønsted acid catalysts possess and does not show spectroscopic evidence 
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of Brønsted acidity. Furthermore, the results of 1-hexene isomerization and cracking over alumina 

demonstrated a high preference for linear versus branched C4 and C5 isomers. Thus, the data do 

not provide any evidence that oligomer cracking would give rise to isobutene. One other possibility 

for skeletal isomerization is a unimolecular route involving a methyl shift; still, there are very few 

reports of Al2O3 catalyzing unimolecular skeletal isomerization of olefins.68,71 Nonetheless, 

alumina is known to catalyze double bond and cis/trans isomerization of olefins,58,59,63,66 which is 

consistent with the observation in this study that 1-butene and 1-pentene were minor isomers (< 

20 %), unlike in the gas phase reaction. 

H-Transfer 

Another distinguishing feature of the reactions of ethylene with alumina compared to the gas 

phase was the production of modest amounts of ethane (ca. 5-20 mole %), which were very low 

(< 1 mole %) in the absence of alumina. This phenomenon was reported by Hindin et al. previously 

at low ethylene pressures in the absence of significant oligomerization, which was coined “self-

hydrogenation” and ascribed to highly strained Lewis acid sites formed by dehydration of the 

surface.60  

As conversion increased and isobutene/isopentenes accumulated in the system, isobutane and 

isopentane became increasingly important, suggesting that the iso-olefins were converted to iso-

paraffins as the reaction progressed. These shifts, along with increases in propane selectivity, 

happened concurrently with a decreasing selectivity to ethane. A reasonable explanation is that the 

sites responsible for hydrogenating ethylene into ethane also hydrogenate other olefins as their 

concentrations increase. Intriguingly, n-butane did not increase to the same extent even though n-

butenes were produced at much higher amounts than isobutene early in the reaction. The cause of 

this is not clear, but one hypothesis could be that there is greater steric hindrance for H-transfer to 

2-butenes, which have methyl substituents at each sp2 carbon atom, compared to isobutene. A 

second hypothesis is that having a tertiary sp2 carbon atom is kinetically preferred, which would 

be the case if a tertiary carbenium or radical intermediate is involved but would suggest that ethane 

formation should be unfavorable too.  

The production of saturated products without cofeeding hydrogen requires unsaturation of 

another species. No C2 to C4 products with multiple degrees of unsaturation (e.g. acetylene, 

propadiene, butadiene) were detected below 400 oC. In addition, the catalyst did not appear to be 
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accumulating significant amounts of coke below 400 oC – the ethylene conversion rates were stable 

over several days of testing, and the alumina did not turn black below 400 oC. It did change to a 

light orange color at 360 oC, however, which is a sign of oligomeric surface adsorbates. Such 

species might serve as coke precursors. However, apparently these do not lead to significant loss 

of activity, even at 70 % conversion. 

3.4.3 Insights from the Contrasting Products Formed by C3H6 versus C2H4 with Al2O3 

MW Distribution 

The products for the reactions of propylene provide several sharp contrasts to those of ethylene. In 

terms of MW distribution differences, the main products at low conversion are not simply dimer 

products (C6) but appear to be disproportionation products (ethylene and isobutene). This outcome 

was the opposite of the thermal reaction of propylene in our previous study which showed that 

propylene tends to form mostly (> 70 %) dimeric C6 products at 400 oC. Cracking to form non-

oligomers was minimal (< 30 %) until the temperature increased to about 500 oC. With alumina, 

even at 260 oC the dimer is the minor product (ca. 25 %) compared to isobutene and ethylene and 

other non-C6 products. In addition to the molecular-weight distribution differences, the branched-

to-linear ratios of C4 and C5 isomers using alumina were reverse for propylene compared to 

ethylene. That is, ethylene produced relatively more linear C4 and branched C5, whereas propylene 

produced more branched C4 and linear C5. Finally, the extent of hydrogen transfer was also less 

with propylene. 

Isomerization of C4, C5, and C6 

As noted above, propylene produces more than equilibrium amounts of isobutene with respect 

to n-butenes, whereas ethylene initially favors n-butenes, followed by a convergence towards 

equilibrium with the n-butenes above about 5 % conversion. Additionally, when propylene was 

reacted over alumina, the amount of isobutene formed at low conversion was close to the ethylene 

produced, which is unlike the reaction pathway catalyzed by Brønsted acid sites in H-ZSM-5, for 

example. H-ZSM-5 at 250 oC with a propylene feed, has been shown to produce C4 and C5 cracking 

products in stoichiometric amounts below 4 % conversion, which was ascribed to cracking of C9 
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oligomers.91 Furthermore, no ethylene was reported with H-ZSM-5 at these conditions, 

highlighting again that alumina operates differently than Brønsted acid chemistry. 

With propylene over alumina, the C5 were highly linear, whereas ethylene produced mostly 

branched C5 isomers. Moreover, unlike the opposing C4 and C5 isomer behavior for each, the C6 

composition appeared to be almost identical whether ethylene or propylene was the reactant. The 

comparable C6 distributions seems to eliminate the possibility that the substantial variations in C4 

and C5 isomers between ethylene and propylene are due to different higher oligomer structures. 

This is also supported by the 1-hexene isomerization/cracking experiments, which produced highly 

linear C4 and C5 that are not consistent with either ethylene or propylene feed reactions. Instead, 

this suggests that the different C4 and C5 isomer trends are due to the configurations with which 

each monomer adds to reactive intermediates present in each case. Thus, an intricate reaction 

pathway seems to be at play, which will require a more rigorous theoretical and modeling approach 

to elucidate further.  

H-Transfer 

Less saturates were produced by propylene than with an ethylene feed. For example, ethane 

was about 10 mole % from ethylene at about 5-10 % conversion, whereas propane was only about 

5 mole % from propylene. Although ethylene was a major product, very little ethane (< 0.1 %) 

was detected with a propylene feed even at 25 % conversion at 300 oC. Lower selectivity to 

isobutane and isopentane was witnessed as well. This result is conflicting to the thermal reactions 

of ethylene and propylene, in which propylene produces more saturated products (methane, ethane, 

and propane), which was reconciled by its allylic C-H bond. Ethylene contains four strong, vinyl 

C-H bonds, whereas propylene possesses a much weaker allylic C-H. The fact that more hydrogen 

transfer occurs with ethylene suggests that the activation of the allyl C-H bond is not significant 

compared to vinyl C-H activation.  

This behavior is in good agreement with the previous D2 exchange experiments with Al2O3 

compared to other solid oxide materials. For example, pure Al2O3 has been demonstrated to 

perform D2 exchange with ethylene at room temperature at high rates.82,83 Furthermore, D2 

exchange with propylene at room temperature occurred preferentially at the unsubstituted sp2 

carbon atoms, followed by the substituted sp2, compared to the allylic C-H.84 Thus, in the context 

of H exchange preference, the results in this study for the relative amounts of H-transfer between 
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ethylene and propylene are consistent with the previous observations. It remains to be seen, 

however, if this ability to activate vinyl C-H bonds is connected to the peculiar C4 to C6 branching 

behavior of the reactions of ethylene and propylene over alumina. For example, C-C bonds are 

generally weaker than C-H bonds.  Therefore, it would be reasonable that vinyl C-CH3 bonds are 

also vulnerable to activation compared to vinyl C-H bonds. This would be supported by the fact 

that propylene was an order of magnitude more reactive than ethylene, even though the products 

did not indicate that the allyl C-H bond was involved. Additionally, aluminas also catalyze D2 

exchange with methane at room temperature, implying they form methyl surface intermediates, 

which would be expected if methyl scrambling of products is occurring from ethylene and 

propylene feeds.81 

3.5 Conclusion 

In this study, the interaction of high surface area silica and alumina supports with the thermal 

reactions of ethylene and propylene were investigated. Amorphous silica and g-alumina each 

converted ethylene to products at higher rates than the gas phase, thermal oligomerization. 

However, the product behaviors and apparent kinetics were distinct for each. Silica was less 

impactful, with products and kinetics closer to the gas phase radical reaction. Alumina 

demonstrated the ability to produce high yields of C5 to C10 liquids at 23 bar and 360 oC, with more 

product branching than the thermal reaction, and there was minimal deactivation of the rate. The 

reaction chemistry appears to be related to the Lewis acidity of Al2O3 rather than Brønsted acid 

(carbenium ion) or transition metal (metal-alkyl) oligomerization. The explicit role of the radical 

reaction in the presence of alumina remains unclear, however, this study opens the door for future 

studies about possible catalytic reactions and surface intermediates using theory and/or modeling. 

Under these conditions, the rate with alumina was at least 100 times than the thermal reaction. The 

results of this study will also be beneficial to ongoing research focused on understanding the 

complex catalytic Lewis acid sites of aluminas. 
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 FUTURE DIRECTIONS 

The work comprised in this thesis advances the understanding of the chemistry of thermal 

ethylene reactions on two major fronts: 

(1) New insights into the purely thermal initiation pathway, detailed product behaviors, and 

kinetic analysis. 

(2) The development of a baseline understanding of the influence of bare catalyst supports 

such as silica or g-alumina on the thermal oligomerization of ethylene, in terms of both 

rate enhancement and changes to the product distribution. 

Pertaining to point (1), this thesis has demonstrated that ethylene radical oligomerization can 

initiate purely thermally despite the lack of allylic C-H bonds. DFT calculations support a two-

phase initiation process, highlighted by the formation of diradicals, eventually leading to the 

generation of free radicals which can contribute to growing alkyl chains. Following initiation and 

the formation of free radicals, a family of propagation reactions take place, the result of which is 

embodied by the dynamic product distribution trends with respect to temperature, pressure, and 

conversion in Chapter 2. Thus, the first impact from this work is the generation of reaction pathway 

data (i.e. product selectivity vs conversion) which can be input into a microkinetic model, which 

is currently being pursued by collaborators in Linda Broadbelt’s group at Northwestern University. 

A rigorous modeling approach will elucidate the rate controlling reactions and potentially provide 

predictions as to the optimum temperature and pressure conditions given a desired activity or 

product composition. 

In the second area of broader impact, this thesis has provided an elementary account of the 

reaction kinetics and product trends when using a high-surface area support such as alumina to 

influence the thermal reaction. The reaction chemistry using alumina as an oligomerization catalyst 

aligns more closely with a Lewis acid function in contrast to Brønsted or transition metal catalysis. 

The impact is that this is an unprecedented type of oligomerization catalysis, which opens the door 

for many related studies with other high surface area supports and catalysts.  

In terms of high-surface area supports, one could envision studies using other oxides such as 

magnesia, titania, ceria, etc. as well as activated carbons or non-acidic zeolites. These materials do 
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not contain traditional strong acid sites but may contain Lewis acidity which could be key to 

unlocking further rate enhancements or steering of the products towards a desired fuel grade.  

The second facet of searching for other active materials involves single-site metal ions 

deposited on the surface of any of these high surface area supports. In our group, we have 

previously synthesized Zn2+, Ga3+, and Co2+ single site catalysts supported on Al2O3 for propane 

dehydrogenation and propylene hydrogenation. Unlike Ni2+ single sites, each is quite stable even 

up to 550 oC in H2 treatment, an important feature for potential high temperature oligomerization 

catalysts. Thus a 2nd major impact for future research is the comparison of these single site 

M/Al2O3 catalysts with the unmodified Al2O3 in terms of rate enhancement and product 

distribution. While it is not yet clear what the active site of the unmodified Al2O3 is for these 

reactions, developing an understanding of which single site metal ions provide the best 

enhancement, if any, could reveal useful information about the active site, for example Lewis acid 

or Lewis base sites. 
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure A.1. Top: Quartz reactor tube temperature profiles from Setpoint 400 oC to 490 oC. Solid vertical lines are the 

averaged values reported. Bottom: Stainless steel reactor used for high pressure experiments from Setpoint 382 oC to 

405 oC. 
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Figure A.3. Product distributions for ethylene feed below 400 oC at low conversion. Raw GC chromatogram 

at 43.5 bar and 360 oC and 5.8x10-1 % conversion using HP-1 column. 

Figure A.2. Conversion measured versus space time. (a): 1.5 bar C2H4. (b): 21.0 bar C2H4   

(a) (b) 
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 Figure A.5. Conversion measured versus space time. 1.5 bar C3H6, Average temperature from 380 to 500 oC. 

Figure A.4. (a) The activation energy analysis from 336 to 410 oC, rates were measured with conversions below 

1.0 %. (b) The activation energy analysis from 420 to 500 oC at 1.5 and 21.0 bar, rates were measured with 

conversions below 5.0 % 

(a) (b) 
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Figure A.7: Product distribution at 0.42 % conversion of pure propylene reacted at 1.5 bar and 400 oC.  

 

Figure A.6: Product distribution versus temperature at 0.42 % conversion of pure propylene reacted at 1.5 bar, temperature 

was either 400 or 500 oC. (a) By carbon number, (b) C4 distribution, (c) C5 distribution. 

(a) 
(b) 

(c) 
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Figure A.8. Raw GC chromatogram of approximately 20 % 1-hexene feed at 1.0 bar and 400 oC, using HP-1 column. 

1-hexene total conversion was 86.0 %. The red curve shows the 1-hexene feed through the reactor at room 

temperature. (a) The entire chromatogram scaled to show non-C6 by carbon number. (b) The C6 isomer products from 

30 to 38 minutes of retention time. 

(a) 

(b) 
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Table A.1. Comparison of Relative Olefin Conversion Rates at 1.5 bar 

Feed Olefin C2H4 C3H6 

Temperature (oC) 400 500 400 500 

Conversion Rate (mol/cm3/s) 2.1 x 10-10 1.2 x 10-8 6.0 x 10-10 6.8 x 10-9 

Mole fraction of C6 at 0.1 % conversiona 0.000039  0.00024  

Partial Pressure of C6 (kPa) 0.0059  0.036  

Rate of C6 Cracking (mol/cm3/s)b 8.3 x 10-13  5.0 x 10-12  

C6 Cracking/Conversion Rate  0.4 %  0.8 %  

C6 Isom./Conversion Ratec 40 - 180 %  80 - 370 %  
aMole fraction of C6 at 0.1 % conversion estimated using the experimentally observed selectivity to C6  
bExtrapolated rate using 1st order rate constant at 1 kPa 
cThe relative isomerization to olefin conversion rate is presented as a range, estimated using the lowest and highest 
isomerization to cracking ratios observed, 100 and 460x, respectively.  
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 3 

 

 

Table B.2. Apparent Kinetic Parameters for Ethylene Reactions with and without High 
Surface Area Supports 
 Reaction Order (1.5 to 43.0 bar) 

at 340 oC 
Eact at 
1.5 bar 

Eact at 43.0 
bar 

Empty Reactor 1.9 244 
SiO2 1.4 89 176 
Al2O3 1.1 55 76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table B.1. Comparison of Ethylene Conversion Rates Normalized by Surface Area at 340 
oC and 42.0 – 43.5 bar C2H4  
 Rate per Volume Massa Specific 

Surface Areab 
Surface 

Area Rate per Area Rate per 
Area  Rate per Volume  

 (MoleC2H4 s-1 cm-3) (g) (m2/g) (m2) (MoleC2H4 s-1 m-2) vs SiO2 vs Empty Reactorc 

Gas Phase 2.9x10-9 0 0 0 - - - 

SiO2 7.5x10-9 11.6 480 5,600 4.0x10-11 - 2.6 

Al2O3 1600x10-9 2.4 200 480 1.1x10-8 270 550 
aBulk volume of each solid was 29 cm3 for SiO2 and Carbon, based on particle and pellet sizes. For Al2O3, the volume was about 3 cm3 to limit the 
conversion below 10 % to obtain differential kinetics 
bAs reported by supplier of each support (see Methods Section) 
cThermal reaction rate was 2.9E-9 mol/cm3/s at 340 oC and 43.5 bar C2H4 



 
 

94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1. Products with Al2O3 versus conversion below 10 % at 1.5 bar C2H4, 300 oC 
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Figure B.2. Products with Al2O3 at 300 vs 470 oC at 0.4-0.9 % conversion and 1.5 bar C2H4 
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Figure B.3. Products with Al2O3 at 300 vs 360 oC at 7.7-8.0 % conversion and 1.5 bar C2H4 
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Figure B.4. Products with Al2O3 at 1.5 vs 43.0 bar and 360 oC at 7.3-7.7 % conversion 
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Table B.3. Ethylene Conversion Rates at Several Temperatures and Pressures with and 
without Al2O3. 

P (bar) T (oC) Mass Al2O3 (g) 
Vol in ( ) in cm3 

Rate (mol/cm3/s) 
x 109 

Rate vs empty 
reactor 

1.5 340 8.1 (11) 46 10,000x 

1.5 340 0 (11) 0.0046  

1.5 360 8.1 (11) 63 4,000x 

1.5 360 0 (11) 0.016  

43.0 340 2.4 (3) 1,600 550x 

43.5 340 0 (29) 2.9  

43.0 360 2.4 (3) 2,700 140x 

43.5 360 0 (29) 19  
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Figure B.5. Products with Al2O3 versus temperature from 260 to 300 oC at 12.1-14.4% 

conversion at 1.5 bar C3H6 
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Figure B.6. Products with Al2O3 versus conversion from 7.4 to 25.2 % at 300 oC and 1.5 

bar C3H6 
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Figure B.7. The GC signal for retention times corresponding to C6 products formed by 

Al2O3. (a) C2H4 feed at 1.5 bar and 300 oC, X = 8.0 %. (b) C3H6 feed at 1.5 bar and 300 
oC, X = 14.4 %  
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Table B.4. Products of propylene reactions at 1.5 bar and 260 oC from 2.0 to 13.3 % 
conversion  

X (%) 2.0 6.1 13.3  
CH4 0.0 0.0 0.0  
C2H6 0.0 0.0 0.0  
C2H4 26.4 24.4 21.2  
C3H8 4.3 3.4 2.8  

C4 34.4 36.3 38.5  
C5 6.4 9.8 13.1  
C6 23.4 21.7 19.6  
C7 3.9 3.1 2.8  
C8 1.2 1.3 2.2      

C4 n-C4 0.0 0.0 0.0  
1-C4 0.9 0.9 1.0  

t-2-C4 2.9 3.3 3.7  
c-2-C4 1.8 2.0 2.3  
i-C4 0.3 0.7 1.4  
i-C4= 28.5 29.3 30.0  
C4=,= 0.0 0.0 0.0      

C5 n-C5 0.0 0.0 0.0  
1-C5= 0.6 0.9 1.1  
t-2-C5 3.5 5.4 7.0  
c-2-C5 1.7 2.4 3.0  
i-C5 0.0 0.0 0.0  
i-C5= 0.6 1.2 1.9 
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Figure B.8. The GC signal for retention times corresponding to C6 isomers. (a) 5 kPa 

1-C6H12 feed at 260 oC in the presence of Al2O3. (b) 5 kPa 1-C6H12 feed 420 oC in the 

empty quartz reactor 
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