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Ethylene oligomerization into linear olefins over cobalt oxide on 
carbon catalyst  

Alvin Jonathan,a Nathaniel M. Eagan,a David L. Bruns,b Shannon S. Stahl,b Michael P. Lanci,c James 
A. Dumesic,a and George W. Huber*a 

Here, we show that C4-C12 linear olefins, including linear alpha olefins, can be selectively produced from ethylene over a 

stable cobalt oxide on carbon catalyst. Both bulk and surface cobalt phases are CoO when the catalyst is stable, suggesting 

CoO is the stable cobalt phase for oligomerization. During the reaction, polyethylene forms in the catalyst pores which 

influences the product selectivity. The catalyst is more stable at higher temperatures (~ 200 °C) likely due to reduction of 

Co3O4 to CoO while rapid deactivation is observed at lower temperatures (e.g., 80-140 °C). The product selectivity can be fit 

to two different Schulz Flory distributions, one from C4 to C10 olefins and one above C10 olefins, suggesting that transport 

restrictions influence product selectivity. At 48.3% conversion, product linearities up to C12 olefins are above 90%, making it 

the most selective heterogeneous catalyst to linear olefins to date in the absence of activators and/or solvents.

Introduction 

The advent of hydraulic fracturing technologies and the discovery of 

additional natural gas sources have led to considerable increases in 

natural gas production since 2006.1, 2 Steam cracking of natural gas 

produces light olefins including ethylene, one of the most 

manufactured commodity chemicals produced today.3, 4 Ethylene 

can also be synthesized from dehydration of ethanol which is 

currently the most widely produced biofuel in the world.5-7 Light C2-

C4 olefins are important feedstocks in the production of linear alpha 

olefins (LAOs) for use in polyethylene comonomers (C4 - C8), 

plasticizers (C6 - C10), lubricants (C10 - C12), and detergents (C10 - C16).8, 

9 Higher linear olefins (C10-C22) are also valuable as they can be used 

as precursors for diesel fuels.3 Current industrial processes for LAO 

synthesis involve the oligomerization of light olefins, often with 

homogeneous catalysts.10-13 Olefin oligomerization has also been 

classically carried out over solid acids, though this typically produces 

highly branched products resulting from the underlying carbocation 

mechanisms.3, 14, 15 Various attempts have been made to adapt the 

former technology to fully heterogeneous systems, most commonly 

by supporting nickel on aluminosilicates or metal organic 

frameworks (MOFs).11, 12, 16-23 To date, these strategies have only 

obtained <60% selectivity to C8+ linear products at low conversions 

(e.g., <20%), with decreased linear product selectivity at higher 

conversion.22 

Heterogeneous carbon-supported cobalt catalysts, on the other 

hand, have been reported to yield high selectivities to linear 

olefins.24-31 Schultz et al. demonstrated that dimerization of 

propylene over a doubly ammoniated cobalt oxide on carbon catalyst 

(CoOx/N-C) in a batch reactor at 85 °C yielded 52% selectivity to linear 

hexenes.24 This catalyst was prepared by treating the activated 

carbon in a solution containing NH4OH, followed by cobalt 

impregnation, and then a second treatment with NH4OH. Schultz et 

al. also reported that dimerization of 1-butene and 1-hexene with 

this catalyst at 150 °C yielded 65% and 83% selectivities to linear 

dimers, respectively.25 However, no catalyst stability study as a 

function of reaction time was reported in those reactions. Recently, 

Xu et al. demonstrated that ethylene oligomerization over a doubly 

ammoniated cobalt oxide on carbon catalyst (CoOx/N-C) at 80 °C in a 

continuous flow reactor yielded octenes with 77.6% linearity but only 

5.2% 1-octene at 20% conversion.28 Xu et al. claimed that the 

addition of Cr to the doubly ammoniated cobalt oxide on carbon 

catalyst (Cr-CoOx/N-C) improves the activity and stability of the 

catalyst.31 However, these experiments were performed in a reaction 

condition where the catalyst deactivated losing of over 30% of the 

catalyst activity in a 12 h period.  As we will show in this paper, the 

hypotheses of implementing ammonia and Cr to the catalyst to 

improve the activity or stability of the catalyst need to be tested in a 

regime where the catalyst is stable to prove their validity. 

Kiani et al. investigated ethylene oligomerization over both 

cobalt on carbon and ammoniated cobalt on carbon catalysts at the 

reaction temperature of 80 °C. They performed in-situ DRIFTS, in-situ 

Raman, and in-situ UV-Vis to try and elucidate the nature of the 

active site of these catalysts.32 Kiani et al. showed that the rate of 1-

butene formation with both cobalt on carbon and ammoniated 

cobalt on carbon catalysts decreased by approximately 80% in an 8 h 

period at 80 °C. Both catalysts had similar activity for ethylene 

conversion and deactivation rates at 80 °C.  Kiani et al. proposed that 

the active site is the immobilized pseudo-tetrahedral [Co(NH3)x]2+, 
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which was unfortunately not present in the cobalt on carbon catalyst 

(from the absence of the NH wavenumber at 3325 cm-1 in their in-

situ DRIFTS spectra).32 Several fundamental questions need to be 

elucidated about these cobalt on carbon catalysts including how to 

reduce the rate of deactivation and what the active site is. It would 

also be desirable to be able to tune the product selectivity to linear 

alpha olefins (LAOs) instead of linear internal olefins as well as the 

selectivity to larger olefins (e.g., C8+) while maintaining high product 

linearity. In this paper, we elucidate the reactions, the nature of the 

active site, the causes of catalyst deactivation, and how to tune the 

product selectivity for ethylene oligomerization over a carbon-

supported cobalt catalyst. 

Experimental 

Catalyst synthesis 

High-temperature-treated carbon (HTTC) was prepared by heating 

sieved activated carbon (Norit Darco MRX m-2278, 250-600 m 

particle size, 600-800 m2 g-1 BET surface area) at 900 °C for 2 h under 

100 cm3 (STP) min-1 of He at 10 °C min-1 ramp rate. The carbon 

support used in this paper is the same carbon used by Xu et al., Zhao 

et al., and Chada et al. (Norit Darco MRX m-1721), except with a 

different batch.27-31 This is a different carbon support used by Schultz 

et al. (Pittsburgh Coke) and Kiani et al. (Alfa Aesar).24-26, 32 After being 

cooled to room temperature, 2.0 g of the HTTC was impregnated 

with a solution composed of 1.89 g of Co(NO3)2·6H2O (Sigma Aldrich) 

and 1.22 g of deionized (DI) water while exposed to air to obtain a Co 

loading of approximately 12 wt%. This loading was chosen for 

comparison to results obtained previously by Xu et al.28, 31 The 

catalyst was dried overnight on a hotplate at 120 °C. 

 

Continuous flow reactions 

The ethylene oligomerization experiments were performed in 30 cm 

in length (1 ft) downflow fixed bed reactors with 1.27 cm (½ in) OD 

tubing for the reactions at 33.2% and 48.3% conversions, and 0.64 

cm (¼ in) OD tubing for all other reactions. A diagram of this system 

is provided in Fig. S1. Both ethylene and argon flow rates were varied 

from 20 to 40 cm3 (STP) min-1 while the amount of catalyst was varied 

from 0.5 to 13.0 g. The contact time for each experiment is defined 

as the ratio of the mass of catalyst to the inlet mass flow rate of 

ethylene (h gcat gethylene
-1). Prior to the experiment, the catalyst was 

pretreated in the reactor at 230 °C (1 °C min-1 ramp rate) in 100 cm3 

(STP) min-1 of Ar for 2 h. The catalyst was cooled to room 

temperature, pressurized to 32 bar (450 psig) using a back-pressure 

regulator (Equilibar), and heated to the desired reaction 

temperature at 5 °C min-1 ramp rate under Ar, followed by a switch 

in feed. Each reaction was performed with a 50:50 mixture (by 

volume) of ethylene and argon. After the regulator, the product 

stream was directed to a 120 mL glass tube submerged in an ice bath 

to condense out heavier species. The vapor fraction was analyzed by 

an online gas chromatograph equipped with a flame ionization 

detector (GC-FID, Shimadzu) approximately every 45 minutes. The 

liquid product was washed with 10 g of heptane to ensure full 

collection and analyzed by a two-dimensional gas chromatograph 

equipped with a flame ionization detector (2D-GC-FID, Agilent) every 

3 h. During liquid product collection, the reactor effluent was 

temporarily directed to a secondary condenser before a new 

condenser was installed. The details of the GC-FID and the 2D-GC-FID 

are described elsewhere, except the hold time for the GC-FID was 

changed to 16 min at 250 °C and the liner for the 2D-GC-FID was not 

packed with a Pd/C catalyst.30 

 

Product quantification 

The online GC-FID detected C2-C10 species while the 2D-GC-FID 

detected C2-C24 species. The online GC-FID was calibrated using a 

Scotty gas standard (a mixture of 0.1 mol% of each C2-C6 LAO and 

99.5 mol% of He). For species heavier than C6, a linear correlation of 

the inverse calibration constant with the carbon number was 

approximated, described in detail in the supplementary information. 

For the liquid product quantification, nonane was used as an internal 

standard, and the quantification was based on the effective carbon 

number approximation. The C4 isomer distribution was determined 

using the online GC-FID while the isomer distributions of heavier 

species were analyzed by the 2D-GC-FID. LAO standards up to C24 and 

linear internal olefins standards up to C8 were used to determine 

retention times. Representative 2D-GC-FID chromatograms for the 

overall products and the C8 olefin species are shown in Fig. S2a and 

b, respectively. For species heavier than C8, GC peaks with retention 

times later than the corresponding LAOs were assumed to be linear 

internal olefin based on the trends observed with the C4, C6, and C8 

olefins. In all cases, GC peaks with retention times earlier than the 

corresponding LAOs were assumed to be branched olefins. Isomer 

distributions of species heavier than C12 were not analyzed due to 

extensive GC peak overlap. Oxygenated products were not observed. 

 Data points before 6 h for experiments with ¼ in tubing and 

before 48 h for experiments with ½ in tubing were not included due 

to system transients. Carbon balances were above 97% for all 

reactions below 30% conversion, above 94% at 33.2% conversion, 

and above 91% at 48.3% conversion. Because transients have a 

particularly noticeable impact on isomer distributions, the product 

selectivity, linearity, and LAO isomer distribution for experiments 

with ¼ in tubing and ½ in tubing were calculated from the average of 

12 to 24 h and 48 to 96 h data points, respectively. Error bars were 

calculated from the standard deviations of these data points. 

 Various parameters are defined as follows: 

Ethylene conversion (C%) =
∑ (𝑖 × 𝐹C𝑖,out

)𝑛
𝑖=4

2 × 𝐹C2,in

 × 100 

 

LAO isomer distribution of C𝑖 (C%) =
𝐹C𝑖,linear alpha,out

𝐹C𝑖,out
 × 100 

 

Product linearity of C𝑖 (C%) =
𝐹C𝑖,linear alpha,out + 𝐹C𝑖,linear internal,out

𝐹C𝑖,out

 × 100 

 

Product selectivity of C𝑖 (C%) =
𝑖 × 𝐹C𝑖,out

∑ (𝑖 × 𝐹C𝑖,out
)𝑛

𝑖=4

× 100 

 

Ethylene consumption rate (molethylene gcat
-1 h-1) =

𝐹C2,in
 × conversion

mass of catalyst
 

 

Carbon balance (C%) =
∑ (𝑖 × 𝐹C𝑖,out

)𝑛
𝑖=2

2 × 𝐹C2,in

× 100 

 

Here 𝑭 is the molar flow rate in mol h-1 and 𝐂𝒊 represents all olefins 

of a specific structure (linear, linear alpha, or total) containing 𝒊 

carbon atoms. 
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Soxhlet extraction procedure 

In a nitrogen-filled glovebox, the spent catalyst was removed from 

the sealed reactor tube and placed into a tared 24 mL scintillation 

vial. A portion of the spent catalyst was placed into a tared oven-

dried cellulose thimble, on top of which was placed glass wool (to 

prevent the catalyst from escaping due to static electricity). The 

thimble was inserted into a Soxhlet extractor and then attached to a 

250 mL round bottom flask with 100 mL of anhydrous toluene and a 

reflux condenser capped with a ground glass stopper. All ground 

glass joints were lightly greased with Apiezon H grease. The sealed 

Soxhlet assembly was removed from the glovebox and moved to a 

Schlenk line, placed under a positive pressure of N2, and refluxed in 

an oil bath for 24 h. After 24 h, the round bottom flask replaced with 

a 25 mL Schlenk flask under a counterflow of N2. Residual toluene in 

the Soxhlet assembly was removed in vacuo on the Schlenk line 

before being returned to the glovebox. The hot toluene extract was 

poured into 500 mL of acetone causing polyethylene to precipitate 

from solution. The precipitate was collected in a ground glass frit and 

washed several times with pentane to remove residual waxy 

pentane-soluble products. Before being transferred to a tared 24 mL 

scintillation vial, the precipitate was dried under vacuum to remove 

residual solvent. The filtrate was reduced on a rotary evaporator, and 

the remaining waxy residue was transferred to a tared 24 mL 

scintillation vial and dried under vacuum line to remove residual 

solvent. 

 

X-ray diffraction (XRD) procedure 

Powder XRD experiments were performed using a Rigaku Rapid II 

diffractometer with a Mo K source at 50 kV and 50 mA with the 2  

range of 2 to 45 ° and 30 min exposure time. For the XRD experiments 

without exposure to air, the catalysts were packed in glass capillaries 

with one end sealed with glass and the other end sealed by vacuum 

grease (Apiezon H vacuum grease) inside the glove box. This 

technique was applied to a highly pyrophoric material (diethylzinc) 

which did not react after three days outside of the glovebox, thus 

negligible oxygen entered the capillaries once exposed to air. These 

catalysts were transferred from the reactor to the glovebox either 

after pretreatment in argon at 230 °C for 2 h (fresh catalysts) or after 

reaction (spent catalysts) with both reactor tube ends sealed. For the 

experiments with exposure to air, the catalysts were packed inside a 

polyimide tube (American Durafilm) with both ends sealed with a 

clay. XRD experiments of the spent catalysts were performed prior 

to Soxhlet extractions. The XRD patterns of standards (e.g., carbon 

(graphite), polyethylene, and cobalt phases) were obtained from 

JADE 9 software. The baseline of each XRD pattern was corrected 

using JADE 9 software. The XRD detection limit of supported 

nanoparticles is typically 2-2.5 nm.33  

 

X-ray photoelectron spectroscopy (XPS) procedure 

XPS experiments were performed using a K-alpha spectrometer 

(Thermo Scientific) with a K X-ray source. All fresh and spent 

catalysts were packed into a vessel (Transfer Vessel K-Alpha) and 

sealed under vacuum inside a glovebox. These catalysts were 

analyzed without exposure to air. The fresh catalyst was pretreated 

in argon at 230 °C for 2 h before being transferred to the glovebox. 

The spent catalysts were treated with Soxhlet extractions without 

exposure to air to remove the liquid hydrocarbons in order to reach 

the 10-7 mbar vacuum requirement for XPS analyses. The Co3O4 and 

CoO standards (Sigma Aldrich, ≥ 99.5% trace metal basis) were 

analyzed with exposure to air. For the CoO standard, a monoatomic 

ion gun with 2000 eV was used with 90 s etch time to collect the 

spectrum. The collected CoO spectrum is consistent with the CoO 

spectrum from literature.34 All samples were analyzed with the flood 

gun on. All binding energy (BE) values were calibrated to the BE of 

the C 1s peak for graphite at 284.5 eV. The Co 2p spectra were taken 

over 50 scans with 50 kV pass energy, 50 ms dwell time, and 0.1 eV 

step size. The C 1s spectra were taken over 20 scans with 50 kV pass 

energy, 50 ms dwell time, and 0.2 eV step size. The N 1s spectra were 

taken over 20 scans with 50 kV pass energy, 50 ms dwell time, and 

0.2 eV step size. The baseline of each spectrum was corrected using 

a straight line. Intensities of all Co spectra were normalized to the Co 

spectrum from the spent 80 °C to have comparable intensities. The 

XPS detection limit is typically 0.1% to 1%.35 

 

Attenuated total reflectance (ATR) procedure 

Attenuated total reflectance FTIR (ATR-FTIR) spectra were collected 

on a Bruker Tensor 27 instrument with a Pike Technologies diamond 

ATR stage. Approximately 5 mg of precipitate collected in the Soxhlet 

extraction was used for each measurement. Spectra were collected 

at 4 cm-1 resolution between 4000-600 cm-1 with 16 scans and 16 

background scans. High density polyethylene (HDPE, ExxonMobil, 

MW = 7845.30 Da) and low density polyethylene (LDPE, Dow 608A) 

were used as standards. The baselines of each spectrum were 

corrected using Origin 2015 software. 

 

Thermogravimetric analysis (TGA) procedure 

TGA experiments were performed using a Thermal Analysis 

Instruments Q500 system. For each measurement, approximately 10 

mg of sample was heated at 10 °C min-1 under 50 cm3 (STP) min-1 of 

N2 to 800 °C. 

 

N2 physisorption procedure 

N2 physisorption experiments were performed using an ASAP 2020 

(Micrometrics) at -196 °C. Approximately 200 mg of sample was used 

for each measurement. The sample was degassed for 6 h at 120 °C 

prior to the N2 physisorption experiment. The Brunauer-Emmett-

Teller (BET) surface areas were obtained from the N2 physisorption 

data in the relative pressure (P/P0) range of 0.06 to 0.24. The Barrett-

Joyner-Halenda (BJH) pore size distributions (dV/dw where V is the 

pore volume and w is the pore width as a function of pore width) 

were obtained from the N2 desorption isotherm. 

Results and discussion 

Ethylene oligomerization in continuous flow reactor 

Supported cobalt oxide on carbon catalysts were synthesized using 

high-temperature-treated carbon (HTTC) heated at 900 °C in helium 

prior to incipient wetness impregnation of cobalt nitrate, described 

in detail in the experimental section. This high temperature 

treatment has been shown to remove sulfur impurities and oxygen 
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functional groups from activated carbon which could potentially 

affect the catalytic performance.36 In addition, we neither 

incorporated ammonia treatment nor Cr to the catalysts to eliminate 

the potential contamination of the cobalt oxide on carbon catalysts 

(CoOx/HTTC), especially when elucidating the active site. The plots of 

conversion and ethylene consumption rate of both CoOx/HTTC and 

Cr-CoOx/N-C at similar reaction conditions (i.e. 0.5 g of catalyst, ~40 

cm3 (STP) min-1 of ethylene, ~40 cm3 (STP) min-1 of inert, 32 bar (450 

psig) total pressure, and 80 °C reaction temperature) are shown in 

Fig. 1.31 Fig. 1 shows that ethylene oligomerization reaction over 

CoOx/HTTC is consistent both in terms of activity and stability with 

Cr-CoOx/N-C obtained by Xu et al. at the reaction temperature of 80 

°C.31 For example, the present CoOx/HTTC catalyst deactivated from 

11.2% conversion at 6 h time on stream (TOS) to 7.3% conversion at 

12 h TOS (35% activity loss) and subsequently to 3.5% conversion at 

24 h TOS (70% activity loss). Xu et al. reported catalyst deactivation 

from 10% conversion at 6 h TOS to 6% conversion at 12 h TOS (40% 

activity loss). Data points before 6 h in this study are excluded due to 

system transients during startup. All ethylene oligomerization 

reactions in this study were performed with CoOx/HTTC since this 

catalyst is simpler to study and analyze than the Cr-CoOx/N-C.  

 We hypothesize that the CoOx/HTTC catalyst initially deactivates 

before starting to stabilize, and this initial deactivation occurs faster 

at higher reaction temperature. To prove this hypothesis, ethylene 

oligomerization was carried out for 24 h periods at 80 °C and 200 °C 

with fresh catalysts, and at 80 °C with the catalyst previously used at 

200 °C (for 24 h) to assess catalyst stability. Fig. 2a shows that the 

fresh catalyst at 80 °C loses 70% of its activity in 24 h. When the 

reaction was instead performed at 200 °C, the catalyst remained 

stable (Fig. 2a). After reaction at 200 °C, the catalyst can also be used 

Fig. 1 Conversions and ethylene consumption rates of CoOx/HTTC (black square) and Cr-CoOx/N-C as reported by Xu et al. (red circle) for ethylene 
oligomerization at 80 °C.31 (a) Ethylene conversions as a function of time on stream (TOS). (b) Ethylene consumption rates as a function of TOS. Reaction  

conditions in this study: 32 bar (450 psig) total pressure, 0.5 g of catalyst,  40 cm3 (STP) min-1 of ethylene, 40 cm3 (STP) min-1 of argon, and 0.18 h contact time. 

Reaction conditions from Xu et al.: 32 bar (450 psig) total pressure, 0.5 g of catalyst, 34.8 cm3 (STP) min-1 of ethylene, and 45.4 cm3 (STP) min-1 of helium.31 Data 
points before 6 h in this study are excluded due to system transient. 

Fig. 2 Ethylene consumption rates versus time on stream (TOS) at different reaction temperatures. (a) Data points represent the following reaction 

temperatures: fresh 80 °C (black square), fresh 200 °C (red circle), and spent 80 °C after 200 °C (blue triangle). Dashed lines are added to guide the eye. 
Reaction conditions: 16 bar ethylene, 16 bar argon, 12 wt% CoOx/HTTC, 0.18 h contact time for fresh 80 °C, and 1.45 h contact time for fresh 200 °C and spent 

80 °C after 200 °C. (b) Data points represent the following reaction temperatures: first 200 °C (black square), 140 °C (red circle), 180 °C (blue triangle), 160 °C 

(magenta upside-down triangle), and last 200 °C (green diamond). Reaction conditions: 16 bar ethylene, 16 bar argon, 12 wt% CoO x/HTTC, and 1.45 h contact 
time. Conversions were below 20% in all cases. 
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at 80 °C without deactivation albeit at a lower rate than with a fresh 

catalyst at 80 °C. This stability is further shown in Fig. 2b (rate versus 

TOS) and Fig. S3 (conversion versus TOS) for a series of temperatures 

with a single catalyst bed in the order 200-140-180-160-200 °C for 24 

h each. The conversions from the first and final reactions at 200 °C 

were 13.70.4% and 13.20.4%, respectively, thus there is no 

statistically significant change in catalyst activity after 120 h of 

reaction. To further support this hypothesis, first order deactivation 

rate constants (kd) were calculated for fresh catalysts at reaction 

temperatures of 80, 140, 160, 180, 200, and 220 °C for data collected 

over 24 h, shown in Fig. S4 (see the derivation of kd in the 

supplementary information). The value of kd decreased with 

increasing reaction temperature, consistent with the previous 

finding that operating at higher temperatures with fresh catalysts 

during a 24 h period yields more stable performance. A similar trend 

of increasing catalyst stability at higher reaction temperature was 

also observed in 1-butene dimerization over nickel zeolitic catalysts 

in the temperature range of 100-180 °C.37 An apparent activation 

energy (Ea,app) of 251 kJ mol-1 was obtained using data where stable 

catalytic activities were observed—fresh catalyst reactions at 180, 

200, and 220 °C as well the sequential reactions at 200-140-180-160-

200 °C (Fig. S5). 

 The contact time for this catalyst was varied from 0.18 to 9.45 h 

gcat gethylene
-1 at 200 °C and 32 bar (450 psig) total pressure to increase 

the conversion from 2.8 to 48.3% (Fig. S6) Fig. 3a shows the linear 

alpha olefin (LAO) isomer distributions of C4, C6, C8, C10, and C12 

olefins as a function of conversion. C14+ olefin distributions are not 

shown due to substantial peak overlap in the GC. The LAO isomer 

distributions for all carbon numbers decreased with increasing 

conversion, likely resulting from more extensive isomerization with 

higher contact times. Fig. 3a shows that this catalyst is selective to 

LAOs among the C4 to C8 olefins at low conversions (e.g., <20%). At 

14.0% conversion, the LAO isomer distributions of C4, C6, and C8 

olefins were 90.2%, 77.6%, and 69.1%, respectively. The product 

linearities of C4 to C12 olefins, shown in Fig. S7, were all above 90% 

even at 48.3% conversion. To our knowledge this material is the most 

selective heterogeneous catalyst for ethylene oligomerization to 

linear olefins in the absence of activators and/or solvents. 

Fig. 3b shows the product selectivities of C4, C6, C8, C10, and C12+ 

olefins as a function of conversion. The C4 selectivity decreased from 

59.8 to 50.6% as the conversion increased from 2.8 to 48.3%. This 

result demonstrates that the C4 olefins can readsorb and further 

react with either ethylene or themselves to form larger olefins. 

Selectivities of C6, C8, and C10 olefins were relatively constant around 

22%, 10%, and 5%, respectively, at these conversions. However, the 

selectivity of C12+ olefins increased the most from 4.1% to 10.9% with 

this increase in conversion. 

 Xu et al. reported that olefin oligomerization over CoOx/N-C 

catalysts follows the Cossee-Arlman mechanism which results in a 

Schulz-Flory type distribution.28 According to the Cossee-Arlman 

mechanism, a plot of log10(carbon selectivity/n) versus n, where n is 

the number of repeat units, will give a straight line with a slope 

corresponding to log10() where  is the chain growth probability. 

Additional details on the Schulz-Flory distribution are discussed in 

the supplementary information. A representative plot is shown in  

Fig. 4. We observed two different slopes for all reactions, one for C4-

C10 olefins and one for C10+ olefins. This trend was not observed in 

the prior work on ethylene oligomerization over CoOx/N-C because 

the product distribution was only shown up to C12 olefins whereas 

our analysis goes up to C16 olefins.28 Iglesia, Bell, and co-workers also 

observed similar behaviour of two different slopes in Fischer-Tropsch 

synthesis reactions.38-40 Iglesia and co-workers proposed that the 

change in slope is due to intrapellet diffusion limitations for the 

larger olefins.39 This result suggests that in the present study, C12+ 

olefins exhibit longer residence times inside the catalyst pores, 

increasing the probability that they react further before diffusing out. 

This behaviour could explain why the C12+ olefin selectivity increased 

the most with increasing conversion. Fig. S8 shows the  values (from 

C4-C10 olefins and C10+ olefins) as a function of conversion. The value 

of  for C4-C10 olefins was relatively constant around 0.33 while the 

value of  for C10+ olefins increased from 0.44 to 0.57 with increasing 

conversion from 2.8 to 48.3%. 

We propose a possible reaction scheme shown in Fig. 5 for 

ethylene oligomerization over a heterogeneous cobalt on carbon 

catalyst. Ethylene is adsorbed onto the catalyst, after which ethylene 

Fig. 3 Isomer distributions and product selectivities versus conversion. (a) 

Linear alpha olefin isomer distributions among C4 (black square), C6 (red 

circle), C8 (blue triangle), C10 (magenta upside-down triangle), and C12 (green 
diamond) olefins versus conversion. (b), Selectivities of C4 (black square), C6 

(red circle), C8 (blue triangle), C10 (magenta upside-down triangle), and C12+ 

(green diamond) olefins versus conversion. Reaction conditions: 200 °C, 16 
bar ethylene, 16 bar argon, 12 wt% CoOx/HTTC, and 0.18 - 9.45 h contact 

time. Bounds represent standard deviations. 
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either desorbs or propagates with other ethylene molecules to 

extend the olefin chain length. The olefin chains continue to grow or 

desorb from the catalyst as LAOs. These olefins may also readsorb 

onto the catalyst after which isomerization may occur to yield linear 

internal olefins. This hypothesis is consistent with our observation 

that internal olefin selectivities increase with contact time, allowing 

each olefin more chances to readsorb and isomerize. Branched 

olefins are not shown in the reaction scheme as they represent less 

than 10% of the products. Coupling reactions between C4+ olefins to 

yield larger linear internal olefins may also occur and have only been 

omitted from this diagram for simplicity.28 

  

Characterizations of fresh and spent catalysts 

We investigated both the bulk and surface cobalt phases of the fresh 

catalyst after pretreatment in argon at 230 °C, the spent catalyst 

after a 24 h reaction at 80 °C, and the spent catalyst after a 24 h 

reaction at 200 °C. The X-ray diffraction (XRD) patterns of these 

catalysts were collected without exposure to air and are shown in 

Fig. 6a. Both the fresh and spent 80 °C catalysts showed clear Co3O4 

reflections, consistent with the work by Xu et al.28 The XRD pattern 

of the spent 200 °C catalyst, on the other hand, showed reflection 

characteristic of CoO, suggesting that the Co3O4 had been reduced 

during the reaction and furthermore that CoO is the more stable bulk 

phase during oligomerization. Peaks attributable to polyethylene 

were also observed in the spent 80 °C and spent 200 °C catalysts, 

suggesting the reaction produced polyethylene with relatively high 

crystallinity. XRD patterns of air-exposed fresh and spent catalysts 

from different reaction temperatures were also examined (Fig. S9), 

which similarly showed CoO being present in all stable catalysts. 

 X-ray photoelectron spectroscopy (XPS) measurements of the 

surface cobalt phase for the fresh, spent 80 °C, and spent 200 °C 

catalysts were collected without exposure to air. Using an air-free 

glovebox and Schlenk line techniques, the spent catalysts were 

initially washed with toluene in a Soxhlet extractor to remove volatile 

hydrocarbons to meet the vacuum requirements of the XPS 

instrument. The Co 2p XPS region of these three catalysts along with 

Co3O4 and CoO standards are shown in Fig. 6b. Co3O4 and CoO can be 

distinguished by comparing the satellite peaks in the Co 2p region.34 

Co3O4 has a satellite peak near 790 eV, while CoO has satellite peaks 

around 786 and 802 eV. All catalysts showed predominantly CoO 

features, although the spent 200 °C catalyst showed more prominent 

786 and 802 eV features than did the fresh and spent 80 °C catalysts, 

suggesting that a higher fraction of its cobalt surface was in the CoO 

state. Metallic Co with a characteristic peak at 778 eV was not 

observed on any of these catalysts. Xu et al. reported that the 

distribution of Co3O4 and CoO according to XANES for CoOx/N-C 

catalyst after pretreatment at 230 °C in helium without exposure to 

air was 72.5 and 27.5 wt%, respectively.27 These results suggest that 

Co3O4 and/or CoO could be the active catalytic site(s) for 

oligomerization with different catalyst stability. It is unclear why the 

catalyst deactivated during a 24 h reaction at 80 °C whereas it was 

stable during a 24 h reaction at 200 °C when CoO was present on 

both catalysts. We hypothesize that the catalyst stability during the 

reaction at 200 °C could be related to the formation of bulk and 

surface CoO. We also investigated the N 1s XPS region of the fresh 

catalyst after pretreatment in argon at 230 °C without exposure to 

air to determine whether nitrogen was present in the catalyst before 

the oligomerization reaction. Fig. S10 shows that the N 1s XPS signal 

is within the noise level of the instrument, thus the active catalytic 

site of this catalyst is not related to nitrogen.  
 Thermogravimetric analysis (TGA) under N2 was performed on 

the spent 80 °C and spent 200 °C catalysts before and after Soxhlet 

extractions to probe the presence of polyethylene and to determine 

whether the catalysts were free from oligomers after the extraction 

(Fig. S11). Before the Soxhlet extractions (Fig. S11a-b), both the spent 

80 °C and spent 200 °C catalysts exhibited a peak near 430 °C, in 

agreement with the traces obtained by Zhao et al. for polyethylene 

TGA under N2.41 After the extractions, the TGA curves of both spent 

80 °C and spent 200 °C catalysts (Fig. S11c-d) still contained oligomers 

and polyethylene. These hydrocarbons were likely formed inside the 

catalyst pores during the reaction and may have been too large to 

diffuse out during extraction.  
 N2 physisorption experiments were performed on the fresh, 

spent 80 °C, and spent 200 °C catalysts to obtain BET surface areas 

(Table S1) and pore size distributions (Fig. S12). The spent catalysts 

were previously treated with Soxhlet extractions due to the vacuum 

requirements of the adsorption equipment. The BET surface areas of 

the spent 80 °C and spent 200 °C catalysts were 70 and 105 m2 g-1, 

respectively, substantially lower than the BET surface area of the 

Fig. 4 A typical product distribution for ethylene oligomerization over 
CoOx/HTTC as a function of repeat unit (n). Reaction conditions: 200 °C, 16 

bar ethylene, 16 bar argon, 12 wt% CoOx/HTTC, 9.45 h contact time, and 

48.3% conversion.  

Fig. 5 Reaction scheme for ethylene oligomerization over a cobalt oxide on 

carbon catalyst. Higher olefins may also react with C4+ alkyl chains forming 
internal olefins (not depicted). Species and reactions on the catalyst surface 

are labelled with red color. 
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fresh catalyst of 418 m2 g-1. The loss of BET surface area can be 

explained by the presence of remnant hydrocarbons including 

polyethylene which could not be fully removed with the extractions. 

The pore size distributions of these catalysts were similar, suggesting 

that polyethylene formation impacts all pores equally. 

To provide further evidence for the presence of polyethylene, 

the hot toluene extracts from both spent catalysts were diluted with 

acetone to promote the precipitation of dissolved solids. The 

precipitate was collected by filtration and washed with pentane to 

remove pentane-soluble hydrocarbon fractions before being dried 

under vacuum. The resulting solids were analyzed by attenuated 

total reflectance FTIR (ATR-FTIR) along with high density (HDPE) and 

low density polyethylene (LDPE) standards, shown in Fig. 6c.  All 

samples (spent 200 °C and spent 80 °C extracts along with the HDPE 

and LDPE standards) showed the same characteristic peaks near 719, 

1462, 2848, and 2915 cm-1, suggesting polyethylene was present in 

both spent catalysts. Schultz et al. also reported that the extract of 

the spent CoOx/N-C catalyst after propylene dimerization had a 

molecular weight of 2000-3000 Da which they hypothesized to cause 

catalyst deactivation.24 

Fig. 6 XRD patterns and XPS spectra of fresh and spent catalysts as well as ATR spectra of the extracts from spent catalysts. (a) Mo-XRD of fresh catalyst after 
pretreatment in argon at 230 °C, spent catalyst after a 24 h reaction at 80 °C, and spent catalyst after a 24 h reaction at 200 °C before Sox hlet extractions. 

Characteristic peaks are carbon (graphite) - filled circle, polyethylene - filled square, Co3O4 - unfilled square, and CoO - unfilled diamond. (b) Co 2p XPS region 

of fresh catalyst after pretreatment in argon at 230 °C, spent catalyst after a 24 h reaction at 80 °C, and spent catalyst af ter a 24 h reaction at 200 °C after 
Soxhlet extractions along with Co3O4, and CoO standards. (c) ATR of polyethylene standards (HDPE and LDPE) and extracts from spent catalysts after 24 h 

reactions at 80 °C and 200 °C. 
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Conclusions 

CoOx/HTTC can selectively oligomerize ethylene into linear C4-

C12 olefins. The presence of CoO in the bulk and the surface 

cobalt phases suggests that this is the stable cobalt phase for 

oligomerization. At higher reaction temperatures (~ 200 °C) the 

catalyst is reduced from Co3O4 to the more stable CoO phase 

leading to improved catalyst stability. However, the presence of 

both Co3O4 and CoO in the fresh and spent catalysts after a 24 

h reaction at 80 °C could suggest that both cobalt states are 

active for oligomerization. Polyethylene is formed in the 

catalyst pores during the reaction.  The product distribution 

follows two different Schulz-Flory distributions with the first 

distribution from C4 to C10 olefins and the second distribution 

above C10 olefins.  This shift in product distribution indicates 

that transport restrictions, likely imposed by the oligomers and 

polyethylene in the pores, influence the product selectivity 

similar to chain growth during the Fischer-Tropsch Synthesis 

reaction. We propose a reaction scheme for this reaction, in 

which ethylene is adsorbed onto the catalyst, after which it 

either desorbs or propagates with other olefins. At lower 

conversion (<20%) high selectivity of C4-C8 linear alpha olefins 

(>60% LAO isomer distributions) is obtained while at higher 

conversion the selectivity to LAOs decreases due to 

isomerization and chain terminating internal olefin production. 

In short, these findings show that CoOx/HTTC is a uniquely 

stable heterogeneous catalyst that produces highly linear 

(including linear alpha) olefin products from ethylene without 

requiring solvents or activators. 
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