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ABSTRACT 

 

This research effort aimed at developing products oriented (alcohols and SNG) catalysts 

loaded on a γ-Al2O3 support. The primary objective was to model catalysts that are 

selective to alcohols or SNG in the Fischer Tropsch reaction. After modeling was 

completed, the catalysts were synthesized using the appropriate procedures and fully 

characterized using BET, XRD and TPR techniques. The activity and selectivity of the 

catalysts were evaluated using fixed bed reactor studies, in order to examine the catalyst’s 

active metal characteristics, as well as, the effect of the active metal precursor on 

performance. The specific objectives included (a) modeling of the catalysts that exhibited 

a selectivity for alcohols or SNG, (b) synthesis of the best catalysts based on the 

modeling results, (c) characterization of the catalysts using I-Lab funded facilities, (d) 

initial screening of the catalysts using a high pressure thermogravimetric reactor, and (e) 

evaluation of the catalyst’s activities, selectivities and stabilities using I-lab funded bench 

scale FT reactors.  

 

In this work, the FT product distribution and CO conversion were shown to depend on 

not only the active metal catalyst, but also on the metal’s precursor composition. In both 

the inorganic and organic precursor treated NiCo/Al2O3 systems, the catalysts were 

selective like common Ni-rich catalysts. The products were mainly methane with a very 

small distribution of C7-C17 hydrocarbons. However, the activity showed a distinct 

difference. The organic precursor treated catalyst had a CO conversion of 89%, much 

higher than the 13% CO conversion of the inorganic precursor treated NiCo alloy. In the 

CuCo/Al2O3 systems, the nitrate treated catalyst produced 14% alcohols, while oxygenate 

products were not found for the NiCo catalyst prepared by organic acetate. 

 

The selectivity and activity variation indicates the surface active species and catalyst 

structure were significantly affected by both the type of the metals and precursors.  The 

study of periodic DFT slab calculations on Co-Cu clusters on an Al2O3 surface, and CO2 

activation on them, has shown that copper incorporation into the Co cluster weakens the 

CO2 activation. The dominated adsorption complex was asymmetrically CO2 which 

mainly produced bicarbonate (the source of oxygenates).  
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EXECUTIVE SUMMARY 

 

This research addressed the improvement of an existing FT process by utilizing a novel 

approach of producing active and selective catalysts for the synthesis of liquid fuels from 

syngas, such that a high yield of liquid transportation fuels are obtained in a single-stage 

operation. It is remarkable to notice that there is today a renewed interest in F–T 

technology mainly due to: (a) instability of the supply and costs of crude oil, (b) the drive 

to supply environmentally friendly automotive fuels, more in particularly, the production 

of synthetic sulfur-free diesel, and (c) the commercialization of otherwise unmarketable 

natural gas at remote locations.  

 

Synthesis of liquid fuels from coal has a two-fold advantage.  With respect to Illinois, the 

state with the largest reserves of coal, the production of transportation fuels at a 

reasonable cost creates a new market segment with a niche for low sulfur liquid fuels.  

The coal industry has been severely hit in the wake of new environmental regulations.  

The coal to liquid fuels technology will provide significant impetus to this industry in the 

state.  On a national level, the successful deployment of this technology will give United 

States independence from the few countries that contain petroleum reserves, especially 

since these regions are wrought with political instability making the steady supply of 

petroleum nearly impossible.  One of the ways of converting coal to transportation fuels 

is the Fischer-Tropsch synthesis of coal-derived syngas. However, as with any 

technology, some fundamental scientific and engineering challenges have to be overcome 

to economically compete with liquid fuel reserves prior to commercialization.  The F–T 

reaction involves the following main steps at the catalyst surface: (a) the adsorption and 

maybe dissociation of CO, (b) the adsorption and dissociation of H2, (c) surface reactions 

leading to alkyl chains, which may terminate by the addition or elimination of hydrogen, 

giving rise to either paraffin or olefin formation. (d) desorption of the final hydrocarbon 

products, which can be considered as the primary products of the F–T process, and (e) 

secondary reactions taking place on the primary hydrocarbon products formed due to, 

e.g., olefin readsorption followed by hydrogenation or chain growth reinitiation. Various 

detailed mechanisms have been proposed and this matter still remains a controversial 

issue in the literature. Some of the scientific questions that arise are: (a) does the 

adsorbed CO molecule first dissociate into chemisorbed carbon and oxygen atoms? The 

chemisorbed carbon formed can then be hydrogenated to surface methyl and methylene 

groups in subsequent steps. Chain growth occurs by stepwise addition of C1 monomers to 

a surface alkyl group, (b) is the adsorbed CO molecule hydrogenated to a CHO or HCOH 

species, which inserts in the growing hydrocarbon chain? And finally (c) is CO directly 

inserted in the growing chain and then subsequently hydrogenated? 

 

In this research, we developed an integrated theoretical and experimental approach to 

tailor the FT catalysts for the desired products. In particular, we first used ab initio 

quantum mechanical methods to analyze the elementary surface reaction steps involved 

in alkane formation over the γ-Al2O3 supported Fe-, Co-, and Ni- catalysts. We then 

introduced Cu into the catalyst and examined the competition between alkane and 

oxygenate formation. By introducing Cu into the supported group VIII metal catalysts, 

we combined the functions of the Cu as methanol synthesis catalyst and group VIII metal 
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as FT synthesis and water-gas shift reaction catalyst, respectively, and tailored the 

catalyst for the desired product distribution. We integrated the structural and chemical 

information obtained from the theoretical analysis into the design of the new catalysts.  

 

Aqueous solution precipitation was used to prepare eight catalysts (four using an organic 

precursor and four using and inorganic precursor) on γ-Al2O3. Metal acetate precursors 

and metal nitrate precursors were used to make the following catalysts: 

 

-10%CuN/2.5%CoN -10%NiN/2.5%CoN 

-10%CuN/2.5%CoA  -10%NiN/2.5%CoA 

-10%CuA/2.5%CoA  -10%NiA/2.5%CoA 

-10%CuA/2.5%CoN  -10%NiA/2.5%CoN 

 

Metal loadings are given as wt. %, precursor solutions are noted with N for nitrate and A 

for acetate. These catalysts were characterized using TPR, oxygen pulse titration, BET, 

and XRD. The activity and selectivity of the catalysts were evaluated using both 

Pressurized TGA and fix bed reactor.  

 

TPR experiments of the Cu-Co catalyst prepared using the nitrate precursor started at 200 
o
C and completed at a lower temperature (450 

o
C) when compared to the Cu-Co catalyst 

synthesized with the acetate precursor (550 
o
C). Reduction of the Cu-Co catalyst 

prepared from organic precursor showed broad peaks when compared to the inorganic 

precursor synthesized catalyst. This may indicate that the reduction of the catalyst 

prepared using acetate (organic) requires more hydrogen to complete the process. 

Moreover, this may also indicate that the surface structure of the organic catalyst is 

different than this prepared using the inorganic precursor (large clusters of the metal 

present on the support surface). The Ni-Co catalyst prepared using acetate (A) reduces at 

higher temperature when compared to the catalyst prepared using nitrate (N) precursor. 

The broad peaks of the organic catalyst clearly indicate that more hydrogen is required 

for its reduction than the inorganic catalyst. A possible reason for this phenomenon is that 

the Ni and Co oxides are highly dispersed on the alumina support, preventing the 

agglomeration of crystallites and favoring the reduction of these oxides at higher 

temperatures with slower kinetics.   

 

More important than knowing the metal loading in catalysis, is the reducible metal 

loading.  When preparing catalysts on an alumina support, forming metal aluminates 

which can be hard to reduce, can be difficult to avoid. Oxygen titration was used here to 

determine differences in reducibility between the two catalysts.  The reducibility of 

CuN10%-CoN2.5% was found to be 39 % and CuA10%-CoA2.5% was 30 %.  These 

values were determined as a ratio of volume of oxygen consumed to theoretical volume 

able of consumption assuming oxidation to CuO and Co3O4. 

 

TGA observations indicate a net result of three competing reactions: (a) reduction of Cu 

and Co oxides; (b) carbon deposition (2 CO →CO2 + C); and (c) carbide formation 

(i.e.carburization). Assuming that Co does not react to form the carbide (at given 

conditions), the maximum theoretical weight gain for CuO → CuC2 is 10%, after 83 
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minutes of the reaction 7% weight gain was observed for [N] catalyst and only 3 % for 

[A] catalyst. However, a gradual increase in weight was observed for these two 

CuCo/Al2O3 catalysts, and this suggests that carbon deposition became the dominant 

reaction, even though carbide formation process was not completed. For NiCo catalysts 

steady weight loss was observed during the experiment with syngas. There was no weight 

gain during the tests, suggesting that Ni does not form carbide and there is no permanent 

carbon deposition on the catalyst surface. This suggests that carbon formed during CO 

reaction to CO2 and C, immediately reacts with H2 producing CH4. This is confirmed in 

the FT experiments, where these catalysts mainly produced methane.   

 

For FT synthesis experiments, in both inorganic and organic precursor treated 

NiCo/Al2O3 systems, the catalyst behaves like a Ni-rich catalyst. The main product 

observed was methane with a very small distribution of C7-C17 hydrocarbons. However, 

the activity showed a distinct difference. The organic precursor treated catalyst had a CO 

conversion of 89%, much higher than the 13 % CO conversion of the inorganic precursor 

treated NiCo bimetal species. In the CuCo systems, the nitrate treated catalyst produced 

14% alcohols. The oxygenate products were not found for the NiCo catalyst prepared by 

organic acetate. 

 

The selectivity and activity variation indicates that surface active species and catalyst 

structure were significantly affected by both the type of the metals and precursors.  Our 

study of periodic DFT slab calculations on Co-Cu cluster on Al2O3 surface and CO2 

activation on them has shown that copper incorporation into the Co cluster weakens the 

CO2 activation. The dominated adsorption complex is an asymmetric CO2 which mainly 

produces bicarbonate (the source of oxygenate). The C-O bond cleavage has been proved 

to exhibit a very high reaction barrier.   

 

In the model we suggest below, synergistic effects of a two-metal composition on catalyst 

performance were illustrated. For the CuCo bimetallic catalysts prepared by inorganic 

precursor, both Co and Cu particles disperse on the 

support surface well. The highly loaded Cu tends 

to cover the Co cluster.  The catalyst activity in 

terms of CO conversion and the selectivity toward 

higher hydrocarbons decrease significantly. The 

mixed cluster shows activity and selectivity 

between two metal components. For the CuCo 

bimetallic catalysts prepared by organic precursor, 

Co particles gather in the outer shell of the Cu 

cluster, which clearly shows the behavior of Co-rich catalyst, i.e. high activity for CO 

conversion and the high selectivity toward higher hydrocarbons. The role of precursor in 

driving the different phase formation is unclear and needs to be explored through more 

experiments. 

 

 



5 

OBJECTIVES 

 

The basic chemistry behind the conversion of syngas to alcohols or methane is well 

known. However, these processes suffer from low yields and selectivity, primarily due to 

lack of a good understanding of the molecular level mechanisms and the evolution 

(activation or deactivation) of the active phase during the synthesis process. The concept 

of this research was to use a molecular modeling and simultaneous experimental 

verification approach to design an enhanced catalyst with high selectivity for alcohols or 

methane. In addition, the work aimed at evaluating the evolution of the selectivity and 

activity of the catalyst with reaction time and temperature. The goal was to develop 

catalysts that would allow the gasification plants to adopt any or all of the syngas 

conversion technologies (depending of local resources and market demands) thereby 

making gasification based clean coal technology more commercially attractive. 

 

The overall objective of the project was to develop active and select catalysts for the 

synthesis of alcohols from Illinois coal-derived synthesis gas. A fundamental 

understanding of the catalytic properties and processes required a detailed modeling of 

the surface and bulk structure of the catalysts. In addition, an optimal catalyst for 

converting syngas to SNG was also modeled and tested.  The specific objectives included 

(a) the modeling of the catalysts that exhibit over 90% conversion of the syngas and high 

selectivity of alcohols or SNG, (b) synthesis of the best catalysts based on the modeling 

results, (c) characterization of the catalysts using I-Lab funded facilities, (d) initial 

screening of the catalysts using high pressure thermogravimetric reactor, and (e) 

evaluation of the catalysts activities, selectivities and stabilities using I-lab funded bench 

scale FT reactors.  Experiments were carried out in a TPR and a TGA instrument to 

develop fundamental understanding and the information gained was utilized to evaluate 

the overall syngas conversion performance in a fixed bed plug flow reactor. At every 

experimental stage, data was correlated to molecular modeling results in order to develop 

a thorough understanding of the mechanisms and utilize those mechanisms to further 

optimize the catalyst.  A thorough kinetic analysis was also conducted for developing 

information for future scale-up. 

 

The following primary tasks were completed to achieve the above objectives: 

 

Task 1. Computational Prediction of Selected Hydrocarbon Production on Fe-, Co-, Ni-

based Catalysts 

   

DFT calculations were employed to determine thermochemistry and kinetics for key 

elementary steps, including chain propagation and termination steps. Steps involving 

reactive intermediates such as insertion and hydrogenation of CH2. Fe-, Co-, and Ni-

based model catalysts supported on γ-Al2O3 were constructed. Metal clusters of 4 to 13 

atoms supported on the γ-Al2O3 surface were used as model catalysts. On the basis of the 

reaction mechanism and reaction energetics established in this task, a prediction of the 

optimal catalyst composition and configuration was made. These predictions formed the 

basis for the Catalyst Preparation listed in Task 3. 
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Task 2. Computational Prediction of Selected Oxygenates Production on Cu-promoted 

Catalysts 

 

On the basis of the optimal catalyst composition and structure determined in Task 1, we 

introduced Cu to the catalysts and examined its effect on the binding of intermediates and 

elementary steps. We then computed the activation barrier for CO insertion and 

compared it with the barrier for hydrocarbon coupling and hydrogenation. This data 

allowed us to predict optimal Cu/TM (TM=Fe, Co, Ni) ratio to produce desired 

hydrocarbon/oxygenates ratio. Again, this information as used in Catalyst Preparation.   

 

Task 3. Catalysts Preparation  

 

Based on the components suggested by the modeling effort, catalysts were prepared on a 

γ- alumina support powder. Catalyst synthesis was performed by the co-precipitation 

technique. The studied active metal for alcohol formation was Cu and that of SNG 

synthesis was Ni.  Additionally, Co was used for CO reduction and chain growth.  Both 

the nitrates and acetates of these metals were used as precursors. 

 

Task 4. Physical Characterization of the Catalysts 

 

BET BET surface area, pore volume, pore size, and average pore size distribution of 

supports and catalysts were obtained. 

 

XRD Powder X-ray diffraction technique was used to identify the various crystalline 

phases present in the catalysts. This analysis was performed with fresh, reduced and used 

catalysts.  

 

Task 5. TPR Studies 

 

Temperature programmed reduction was performed using hydrogen as a reducing agent. 

In general, temperature-programmed reduction (TPR) of metal oxides in a H2 -containing 

stream can be used to measure the reaction rate and oxygen content in reducible metal 

oxides. Typically, a 0.03 g sample was loaded within the bottom of a U-type quartz tube 

cell (4 mm I.D.) containing a thermowell in direct contact with the sample bed. A gas 

mixture of 5% H2 in N2 was passed through the reference side of a thermal conductivity 

detector (TCD), and then introduced into the reactor cell.  Also, oxygen pulse titration 

was performed using pure oxygen to measure the catalysts’ reducibility. 

 

Task 6. TGA Studies 

 

A Cahn TherMax 500 high pressure TGA was used to study weight change of the 

catalysts under syngas flow and a high temperature ramp. The weight change data 

provided information regarding carbon deposition and carburization. 
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Task 7.  Bench Scale Studies  

 

FT experiments were performed by loading a ½” diameter stainless steel reactor tube 

with activated catalysts prepared in Task 3. This reactor was then heated and pressurized 

under syngas flow to facilitate reaction with the catalyst. After leaving the reactor, the 

product gas passed through a gas/liquid separator with a liquids trap. Non-condensable 

gases (CO, H2, CO2, and upto C5- hydrocarbons) were analyzed by on-line gas 

chromatography (Agilent Micro GC). High molecular weight hydrocarbons (wax) and 

liquid products collected in the high-pressure trap were analyzed by Agilent model 5880 

gas chromatograph equipped with a capillary column and mass spectrometer.  
 

INTRODUCTION AND BACKGROUND 

 

In 1925, Professor Franz Fischer, founding director of the Kaiser-Wilhelm Institute of 

Coal Research in Mãlheim an der Ruhr in Germany, and his head of department, Dr Hans 

Tropsch, applied for a patent describing a process to produce liquid hydrocarbons from 

carbon monoxide gas and hydrogen using metal catalysts. The hydrocarbons synthesized 

in the process are made primarily of liquid alkanes, also known as paraffins. Other by-

products are olefins, alcohols, and solid paraffins (waxes). Synthetic liquid fuels were 

produced in Germany from 1938 to 1944, during WWII, using thoria and magnesia-

promoted cobalt catalysts
1
. They were also produced in South Africa from the mid 1950’s 

at Sasol plants in fixed and fluidized-bed reactors utilizing potassium-promoted iron 

catalysts; and the facilities there are still in operation
2
. Synthetic liquid fuels are most 

commonly made catalytically in the FT reaction.  

 

Today, an increasing demand for clean fuels and chemicals are expected to lead to an 

important shift from crude oil to natural gas as feedstock for chemical industries. This 

will certainly involve the use of Fischer-Tropsch (FT) technology.  However, the 

successful application of FT processes requires intensive research on new generation of 

active and selective catalysts. These catalysts are often loaded with small amounts of 

promoter elements that enhance their overall catalytic performances and catalyst lifetime. 

These beneficial effects are, however, only obtained if the promoter element is added in 

the appropriate manner and in a limited range of promoter loading. It is well known that 

all Group VIII transition metals are active for F–T synthesis. However, the only F–T 

catalysts, which have sufficient CO hydrogenation activity for commercial application, 

are composed of Ni, Co, Fe or Ru as the active metal phase. These metals are orders of- 

magnitude more active than the other Group VIII metals and some characteristics of Ni–, 

Fe–, Co– and Ru-based F–T catalysts are summarized in Table 1.  

 

Table 1.  Overview of some characteristics of Ni–, Fe–, Co– and Ru-based F–T catalysts 
 

Active metal F-T activity WGS activity Hydrogenation activity 

Ni + +/- +++++ 

Fe +++ +++ + 

Co +++ +/- +++ 

Ru ++++ +/- +++ 
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Although catalyst promotion is heavily studied in the field of heterogeneous catalysis, not 

so much is known about the physical and chemical origins of iron FT promotion effects. 

 

Products from FT synthesis are predominantly normal paraffins. Other possible products 

include α-olefins and/or alcohols. The reactions that produce the listed products are:   

 

nCO + (2n+1)H2  CnH2n+2 + nH2O (n-paraffins) 

nCO + 2nH2 CnH2n + nH2O (α-olefins) 

nCO + 2nH2  CnH2n+1OH + nH2O (alcohols) 

 

Depending on the catalysts and syngas compositions, competing side reactions such as 

water-gas shift reaction, Boudouard reaction, as well as carbide formation will also likely 

to occur. Most of the previous studies have focused on syntheses and characterization of 

different FT catalysts. These studies provided essential information for catalyst 

development and for industrial reactor design. However, understanding of the processes 

at the atomic level, which is important to design more efficient catalysts, remains poor. 

The exact mechanism of FT reactions is very complex and is still a subject of much 

debate
3
. Generally, the FT process is divided into three stages: 1) Chain initiation by 

forming C1 hydrocarbon from CO, which includes CO adsorption and dissociation on the 

catalytic metal surface and hydrogenation of the surface C; 2) Growth of hydrocarbon 

chain by coupling the C1 hydrocarbons; 3) Termination of hydrocarbon chain, which 

includes desorption of unsaturated surface species (olefins) or hydrogenation of 

unsaturated surface species and desorption of saturated species (paraffins). Each stage of 

the process involves a complex network of elementary bond-breaking and bond-

formation steps, as illustrated in Figure 1.  

 

 
 Figure 1. Schematic of elementary steps involved in the FT synthesis 

 

These elementary steps include the activation of CO and H2, the hydrogenation of 

carbon-containing surface species, as well as coupling reactions of surface hydrocarbons. 

The balance between these reactions controls the reactivity and selectivity of the process. 
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For example, transition metals to the left in the periodic table will readily activate CO but 

the products, i.e. surface carbon and oxygen, are too strongly bound to the surface, thus 

blocking subsequent hydrogenation and carbon coupling reactions. Transition metals to 

the right, on the other hand, are not active enough to dissociate CO. The ideal catalysts 

for FT synthesis would be those metals that can promote CO activation, along with a 

balanced degree of surface hydrogenation and hydrocarbon coupling in order to produce 

longer chain hydrocarbon products. Fe and Co have been chosen as the main components 

in commercial FT catalysts, depending on the source of syngas
4,5

. Fe-based catalysts tend 

to produce more olefins and oxygenates than Co-based catalysts whereas Co-based 

catalysts produce the highest CO conversion. In contrast, Ni-based catalysts are more 

methane selective then either Co or Fe. Therefore, Ni-based catalysts have been widely 

used in the water-gas shift reaction.  

 

EXPERIMENTAL PROCEDURES 

 

Tasks 1 and 2. Computational Prediction of Selected Hydrocarbon Production on Fe-, 

Co-, Ni-based Catalysts and of Selected Oxygenates Production on Cu-Promoted 

Catalysts 

 

Density Functional Theory (DFT) calculations were performed using the Vienna Ab initio 

Simulation Package (VASP) in tasks 1 and 2.  VASP is a plane wave code with ultrasoft 

pseudopotential or projector augmented wave to describe nuclei and core electrons. 

Gradient-corrected exchange-correlation functionals have been implemented in the 

package. An electronic smearing of 0.1 eV was found to improve convergence of 

electronic self-consistent cycles. For bulk and surface calculations, the Monkhorst-Pack 

scheme was used to generate k-points for k-space sampling. A space of less than 0.05 Å
-1

 

between two adjacent k-points in any direction was found to be sufficient for most 

oxides. A geometry optimization was considered converged when the maximum force on 

the movable atoms reached 0.05 eV/Å or smaller. Test calculations using a cutoff energy 

up to 600 eV showed that the plane wave basis set is well converged at 400 eV for Al2O3.  

 

Task 3. Catalysts Preparation 

 

Catalyst support material (Alfa Aesar: gamma alumina, activated, neutral, Brockman 

Index 1, 58 angstroms) was pretreated by heating to 500 C for 12 hours. It was then 

stirred in an appropriate solution of copper nitrate (Alfa Aesar: copper (II) nitrate 

hemi(pentahydrate), 98%), copper acetate (copper (II) acetate monohydrate, 98+%), 

nickel nitrate (Fischer Scientific: nickel (II) nitrate hexahydrate, 99.9+%) or nickel 

acetate ((Fischer Scientific: nickel (II) acetate tetrahydrate, 98+%), and either cobalt 

nitrate (Alfa Aesar: cobalt (II) nitrate hexahydrate, ACS, 98%-102%) or cobalt acetate 

(Alfa Aesar: cobalt (II) acetate tetrahydrate, Co 24%) to yield 10 wt%  copper or nickel 

loading and 2.5 wt% cobalt loading for 12 hours. The solution was then heated to 80 C 

and precipitated for 12 hours. The catalyst was then dried for 12 hours at 120 C and 

calcined at 350 C for 12 hours. 

 

 



10 

Task 4. Physical Characterization of the Catalysts 

 

BET – A Quantachrome Nova 2200e was used to measure surface area (multipoint 

Brunauer-Emmett-Teller method), and pore volume and average pore size distribution 

(Barrett-Joyner-Halenda (BJH) method) of the catalysts by applying full-range N2 

sorption isotherms.  0.5 g samples of the catalysts were placed in a sample cell and heated 

to 200 
o
C for 24 h for degassing.  After degassing, the samples were cooled to liquid 

nitrogen temperature (-196 ˚C) and analyzed. 

 

X-ray Diffraction (XRD) – The catalyst samples were studied with a Rigaku Miniflex II 

x-ray diffractometer utilizing a copper target, graphite monochromator, and scintillation 

counter for signal detection. XRD was performed to identify the crystalline phases 

present in the catalysts.   

 

Task 5. TPR Studies 

 

The ChemBET Pulsar TPR/TPD/TPO apparatus was used for temperature programmed 

reduction and pulse titration. This instrument includes a programmable furnace (max 

temp. = 1,100 ˚C), dual filament diffusion type thermal conductivity detector (TCD), and 

is oxidation and ammonia resistant.  The following techniques were used to generate 

information about the catalysts: 

 

Temperature Programmed Reduction (TPR) – A common problem seen with supported 

cobalt catalysts is the extent of reduction to the active zero valence metal.  In TPR 

analysis, a small sample of catalyst (0.03 g) was loaded in a U-tube quartz reactor and 

fully oxidized at 400 ˚C under a 5 % O2 in N2 flow.  The sample was then cooled down to 

room temperature, the gas flow was switched for 5 % H2 in N2, and the sample was 

heated to 800 ˚C at 10 ˚C/min.  At some point as the temperature was rising, the 

reduction of cobalt oxide species occurred. The TCD detected a change in the gas 

composition and generated a signal representing the rate of hydrogen consumption, thus 

reaction.  Peaks were formed providing a reduction profile that is characteristic of both 

the oxide and the heating rate.  The temperatures at which reduction was observed also 

provided the temperature of reduction needed prior to the FT synthesis tests.   

 

Pulse Titration – Pulse titration was performed to provide quantitative extent of reduction 

(oxygen titration) of the catalyts.  For the O2 titration studies, small pulses of pure oxygen 

were automatically injected into sample cell, titrating the reduced catalyst sample.  The 

TCD sensed the excess gas not taken up by the sample and TPRWin software was used to 

calculate from the input volume to mol/g uptake values for the catalysts.   

 

Task 6. TGA studies 

 

A 50 mg catalyst sample was weighed out and placed in a quartz sample bucket and 

loaded into a Thermax 500 TGA unit. The reactor tube was purged with helium at 500 

mL/min until free of air (approx. 15 min). The reactant gas (syngas H2:CO= 2:1) was 

then started at 450 mL/min and left to stabilized (approx. 10 min). During this time, 
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argon was initiated as the furnace gas at 700 mL/min. After the purge and reactant gases 

were stabilized, they were reduced to 137 mL/min and 122 mL/min, respectively, and left 

to stabilize again (approx. 2 min). The chamber was then subjected to a temperature ramp 

profile consisting of: a) ramping to 50 ˚C and held for five minutes, b) ramping to 800 ˚C 

at 10 ˚C/min, and c) held at 800 ˚C for 5 min. The sample weight was recorded 

throughout the duration of the temperature ramp.  

 

Task 7. Bench Scale Studies  

 

The reactor system used in this task consisted of a ½” diameter stainless steel reactor tube 

heated with a Lindberg furnace. The pressure in the system was maintained with a back 

pressure regulator. The feed gas (premixed synthesis gas from AIRGAS, >99.7% purity, 

H2:CO=2:1) flow rate was controlled with a mass flow controller. After leaving the 

reactor, the product gas passed through a gas/liquid separator with a liquids trap. Non-

condensable gases (CO, H2, CO2, and up to C5- hydrocarbons) were analyzed by on-line 

gas chromatography (Agilent Micro GC). High molecular weight hydrocarbons (wax) 

and liquid products collected in the high-pressure trap were analyzed by Agilent model 

5880 gas chromatograph equipped with a capillary column and mass spectrometer.  
 

Prior to the experiment, the catalyst was reduced with hydrogen at 350 ˚C for 12 hours at 

atmospheric pressure and a gas flow rate of 50 mL/min. After reduction of the catalyst, 

the reactor was cooled and purged with nitrogen. Once cooled, the feed flow was 

switched to syngas at 100 mL/min. Once the desired pressure was reached, the 

temperature was raised to the proper FT experimental temperature. Data was collected by 

the online GC every 10 minutes.  The experiments were carried out for 4 hours depending 

steady state and adequate liquid sample acquisition. The selectivities of the various 

reaction products were calculated on the basis of the molar fraction of that hydrocarbon 

in the hydrocarbon mixture, as determined by gas chromatography. 

 

RESULTS AND DISCUSSION 

 

Task 1. Computational Prediction of Selected Hydrocarbon Production on Fe-, Co-, Ni-

based Catalysts 

 

In tasks 1 and 2, catalysts were modeled as clusters of 4 atoms on -Al2O3(110).  Two 

cluster compositions were studied, Co4 and Co3Cu. The following two reaction pathways 

were studied at both interfacial and bridge sites:   

                

CO2+H → CO+H2O  

CO2+H → HCOO 
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Figure 2. CO2 and H co-adsorption on Co4 (top) and Co3Cu (bottom) 

 

Table 2. Structural parameters and charges for CO2 and clusters.  CO2 adsorbed at 

interfacial site was activated more than on bridge sites 

 

CO2_H_on Co4 CO2_H on Co3Cu

charge C0 C1 C2 D0 D2

CO2 -0.68 -0.63 -0.73 -0.66 -0.68

Had -0.51 -0.37 -0.22 -0.49 -0.17

Hs-(OH) 0.53 0.59 0.70 0.57 0.69

Co4 ( Co3Cu) 1.22 1.09 1.00 1.14 0.86

Structure

O-C-O(°) 139.1 139.1 134.6 140.0 135.6

C-O(Å) 1.26, 1.25 1.24, 1.27 1.20, 1.33 1.24, 1.26 1.21, 1.32

Ead(eV) -1.83 -1.47 -1.46 -1.42 -1.09

CO2_H_on Co4 CO2_H on Co3Cu

charge C0 C1 C2 D0 D2

CO2 -0.68 -0.63 -0.73 -0.66 -0.68

Had -0.51 -0.37 -0.22 -0.49 -0.17

Hs-(OH) 0.53 0.59 0.70 0.57 0.69

Co4 ( Co3Cu) 1.22 1.09 1.00 1.14 0.86

Structure

O-C-O(°) 139.1 139.1 134.6 140.0 135.6

C-O(Å) 1.26, 1.25 1.24, 1.27 1.20, 1.33 1.24, 1.26 1.21, 1.32

Ead(eV) -1.83 -1.47 -1.46 -1.42 -1.09  
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Figure 3. Reaction at bridge sites (C0, C1 and D0) via route 1 (CO2+HCO+OH) 

 

 

 
Figure 4. Route (1) at bridge sites (C0): CO2+HCO+OH 
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Figure 5. Route (1) at bridge sites (C0, D0): CO2+HCO+OH 

 

 

Task 2. Computational Prediction of Selected Oxygenates Production on Cu-promoted 

Catalysts 

 

 

 
Figure 6. Route 2 (C2 and D2): CO2+HHCOO 
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Figure 7. Molecular dynamics of interfacial structures (C2 on Co4 and D2 on Co3Cu) 

 

 

 

 
Figure 8. Energy profile of MD trajectories for C2 and D2 
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Figure 9. Reaction at interfacial site (C2): CO2+H→CO+OH 

 

Task 3. Catalysts Preparation 

 

Eight catalysts were prepared by precipitation on a gamma alumina support and they are 

listed below. All percents are representative of the reduced metal weights and the 

precursors are denoted by either N for nitrate or A for acetate. For example, CuN 

represents a copper catalyst made from a copper nitrate precursor.   

 

-10%CuN/2.5%CoN -10%NiN/2.5%CoN 

-10%CuN/2.5%CoA  -10%NiN/2.5%CoA 

-10%CuA/2.5%CoA  -10%NiA/2.5%CoA 

-10%CuA/2.5%CoN  -10%NiA/2.5%CoN 

 

Task 4. Physical Characterization of the Catalysts 

 

XRD- Results from the x-ray diffraction studies of the catalysts are presented in Figures 

10 (Cu-based) and 11 (Ni-based). Crystalline copper oxide was found in three of the four 

Cu-based catalysts, while all of the Ni-based catalysts showed only gamma alumina. 

These results are discussed further in Task 7 results. 
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Figure 10. XRD of copper-based catalysts 

 

 
 

Figure 11. XRD of nickel-based catalysts 
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BET- 

Table 3. BET and BJH sorption data of catalysts 

 

Catalyst 

Specific  

Surface Area  

(m^2/g) 

Pore  

Volume  

(mL/g) 

Pore  

Radius 

 (A) 

10%CuN/2.5%CoN 115.59 0.135 24.51 

10%CuN/2.5%CoA 103.47 0.125 24.64 

10%CuA/2.5%CoN 108.64 0.09 14.54 

10%CuA/2.5%CoA 100.25 0.08 15.76 

10%NiN/2.5%CoN 101.19 0.12 21.63 

10%NiN/2.5%CoA 109.97 0.09 14.53 

10%NiA/2.5%CoN 109.53 0.09 14.58 

10%NiA/2.5%CoA 121.12 0.1 15.74 

Gamma alumina 134.72 0.11 15.72 

 

Task 5. TPR Studies 

 

TPR experiments were performed in Quantachrome Chembet TPR instrument. A flow of 

5% H2 in N2 was used as the reduction gas. Figure 1 shows H2-TPR profiles for Cu-Co 

based catalysts prepared using both organic and inorganic precursors. These two 

catalysts’ TPR profiles are generally similar showing two peaks attributed to Cu oxide 

and Co oxide reduction. Reduction of the catalyst prepared using the nitrate precursor 

starts at 200 
o
C and finishes at a lower temperature (450 

o
C) when compared to the Cu-

Co catalyst synthesized with the acetate precursor (550 
o
C). Reduction of the Cu-Co 

catalyst prepared from organic precursor shows broad peaks when compared to the 

inorganic precursor synthesized catalyst. This may indicate that the reduction of the 

catalyst prepared using acetate (organic) requires more hydrogen to complete the process. 

Moreover, this may also indicate that the surface structure of the organic catalyst is 

completely different than this prepared using the inorganic precursor (large clusters of the 

metal present on the support).  

 

Figure 12 shows the TPR profiles of the Ni-Co catalysts prepared using both organic and 

inorganic precursors. The profiles show two peaks that correspond to the reduction of Ni 

oxide and Co oxide; however, the reduction takes place at higher temperature when 

compared to Cu-Co catalysts Figure 13. The Ni-Co catalyst prepared using acetate (A) 

reduces at higher temperature when compared to the catalyst prepared using nitrate (N) 

precursor. The broad peaks of the organic catalyst clearly indicate that more hydrogen is 

required for its reduction than the inorganic catalyst. A possible reason for this 

phenomenon is that the Ni and Co oxides are highly dispersed on the alumina support, 

preventing the agglomeration of crystallites and favoring the reduction of these oxides at 

higher temperatures with slower kinetics.   
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Figure 12.  Temperature Programmed Reduction of nickel-based catalysts 
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Figure 13.  Temperature Programmed Reduction of copper-based catalysts 
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Pulse Titration Experiments 

 

Oxygen pulse titration is a technique used to calculate the reducibility of a metal catalyst.  

As in TPR analysis, the TCD signal is directly proportional to a volume of gas, in this 

case the titrating gas, oxygen.  A known volume of oxygen was injected into a helium 

carrier gas and passed through the catalyst sample at 400 ˚C.  After passing through the 

sample, the gas stream then passes through a TCD which has been zeroed with pure 

helium.  Injections, or “pulses”, of oxygen are repeated at a predetermined interval.  

Initial pulses were consumed by the reduced metal and thus no signal was shown.  As the 

metal became titrated, signal peaks representing the oxygen pulses will grow in size until 

leveling off at a peak area representative of an entire oxygen injection.  By knowing the 

number of pulses and the representative area of the injected volume, the TCD peaks can 

be integrated to determine the volume of oxygen consumed to oxidize the catalyst.  

Figure 14 illustrates the oxygen uptake per pulse for both catalysts until eventual 

saturation. 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

0

20

40

60

80

100

120

O
2
 u

p
ta

k
e

 (
u

L
)

Injection #

CuA10%-CoA2.5% CuN10%-CoN2.5%
 

Figure 14.  Oxygen pulse titration of CuCo catalysts 

 

Oxygen titration was used here to determine differences in reducibility between the two 

catalysts.  The reducibility of CuN10%-CoN2.5% was found to be 39 % and CuA10%-

CoA2.5% was 30 %.  These values were determined as a ratio of volume of oxygen 

consumed to theoretical volume able of consumption assuming oxidation to CuO and 

Co3O4. 
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Task 6. TGA Studies 

 

Samples were prepared for a resultant 11.25g of fully reduced catalyst in the 

compositions shown in Table 5. Weight of the metal oxide is determined by: 

Wo = Wr*(1+R) 

where Wr is the weight of the reduced metal and R is the weight ratio of oxygen to metal 

in the given oxidation state. 

 

Table 4. Oxygen/metal ratios for catalysts 

 
Standard Atomic 

Weight (g) 

Metal 

Oxide 

Oxygen/Metal 

Ratios 

Cu 63.546 CuO 0.25177 

Co 58.933 NiO 0.272588 

Ni 58.693 Co3O4 0.36197 

O 15.999   

 

Given a calcined sample is 100% weight, the maximum weight loss that can occur due to 

reduction is: 

 

% Reduction = 100*(Wo – Wr / Wo) 

 

This results in a 2.96% reduction for Copper-based catalysts and a 3.13% reduction for 

Nickel-based catalysts. Percent reduction based on individual metals can be found in 

Table 5. 

 

Table 5.  Catalysts weights and theoretical weights of reduction 

 
Fully Reduced 

Composition       

Calcined** 

Composition   

Maximum Weight 

Reduction % 

Copper-Cobalt Weight (g) Percent*   Weight (g) Percent*   

Al2O3 10 86.259 Al2O3 10 86.181 0 

Cu 1 8.626 CuO 1.252 10.800 2.174 

Co 0.25 2.157 Co3O4 0.341 2.941 0.785 

Total 11.25 97.041   11.593 100 2.959 

Nickel-Cobalt             

Al2O3 10 86.107 Al2O3 10 86.107 0 

Ni 1 8.611 NiO 1.273 10.961 2.351 

Co 0.25 2.153 Co3O4 0.340 2.932 0.779 

Total 11.25 96.870   11.613 100 3.130 

* Percent weight calculated using total weight after calcination. 

** Calcining assumes all oxidation states present are as listed: CuO, NiO and Co3O4 

 

Figures 15 illustrates the weight change behavior of CuCo catalysts (both organic [A] and 

inorganic [N]) and Figure 16 shows the weight loss behavior of NiCo catalysts (organic 

[A] and inorganic [N]). For CuCo both [A] and [N] catalysts had lost about 4.4% of the 

initial sample weight till the temperature reached 450
o
C. After that the weight remaining 

began to increase slowly. The observed behavior is the net result of three competing 
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reactions: (a) reduction of Cu and Co oxides; (b) carbon deposition (2 CO → CO2 + C); 

and (c) carbide formation (i.e.carburization). Assuming that Co does not react to form the 

carbide, the maximum theoretical weight gain for CuO → CuC2 after 83 

minutes of the reaction 7% weight gain was observed for [N] catalyst and only 3 % for 

[A] catalyst. However, a gradual increase in weight was observed for these two 

CuCo/Al2O3 catalysts, and this suggests that carbon deposition became the dominant 

reaction, even though the carbide formation process was not completed. 

 

For NiCo catalysts (Figure 16) steady weight loss was observed during experiments with 

syngas. Experimental weight losses for both [A] and [N] at the end of the experiment 

were about 5.8% and 5.2%, respectively. There was no weight gain during the tests, 

suggesting that Ni does not form carbide and there is no permanent carbon deposition on 

the catalyst surface. This suggests that carbon formed during CO reaction to CO2 and C, 

immediately reacts with H2 producing CH4. This is confirmed in the FT experiments, 

where these catalysts mainly produced methane.   
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Figure 15. TGA of copper-based catalysts 
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Figure 16. TGA of nickel-based catalysts 

 

Task 7. Bench scale studies  

 

Fischer-Tropsch reactions were carried out at the temperature range 270 – 325 
o
C, 

atmospheric pressure and 250 psig, syngas flowrate 100  ml/min and H2:CO ratio = 2:1 

over both CuCo and NiCo (A) and (N) catalysts.  Figure 17 presents the data from FT 

reaction CuNCoN at 325
o
C, 250 psi and Figure 18 shows the data from the experiment 

carried out over the same catalyst but synthesized using acetate precursor. While the 

CuA/CoA catalyst did not produce any alcohols, this synthesized with the inorganic 

precursor shows the activity toward alcohols. All alcohols produced and analyzed using 

GC/MS were linear primary monoalcohols between C1OH and C7OH. These two 

catalysts show similar selectivity to CO2, but the CuACoA is more active toward alkanes 

with higher CO conversion when compared with the CuNCoN catalyst. Under these 

conditions, CO2 is assumed to mainly come from the secondary water-gas-shift (WGS) 

reaction. The presence of Cu in both catalysts facilitates the WGS reaction. The activity 

of the CuNCoN catalyst in alcohols production may be explained by the fact that a large 

amount of  Cu clusters are located out of the Co as a separate oxide phase supported on  

the large Co cluster. The existence of this phase is discussed later in this chapter when 

modeling results are compared with experimental data. Meanwhile, the synthesis of 

higher alcohols (>C10) usually requires both Cu and Co presence on the support where 

these two elements are in close proximity.
21-23
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Figure 17. FT bench scale study results with 10%CuN/2.5%CoN catalyst 

  

 
 

Figure 18. FT bench scale study results with 10%CuA/2.5%CoA catalyst 
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Figure 19. FT bench scale study results with 10%NiA/2.5%CoA catalyst 

 

 
 

Figure 20. FT bench scale study results with 10%NiN/2.5%CoN catalyst 

 

Figures 19 and 20 show the experimental results for the NiCo catalysts synthesized using 

organic (A) and inorganic (N) precursors. As can be seen, the main activity of these two 
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catalysts goes toward methane formation, however when Co was impregnated using 

organic acetate, this catalyst shows much lower conversion of CO.  

 

TPR for Ni/Co (Figure 12) shows peak reduction from below 600 to ca. 630 °C.  

Hydrogen spillover from nickel metal to cobalt oxide during reduction therefore is 

supposed to take place.  It might be expected that this spillover is linked to the observed 

enhanced activity to methane formation only in contradiction to the CuCo catalyst when 

alcohols were the main products. A further refinement of the TPR interpretation may 

stem from possible solid solution between the different oxide phases of cobalt, nickel and 

support, but no effort has been taken at this stage to try to detect such mixed phases. In 

addition to this, XRD analysis of Ni based catalyst (Task 4, Figure 11) did not show well 

developed peaks neither as NiO nor the metal.  

 

We therefore conclude that the nickel is well dispersed; however, further investigations 

and improved XRD data are required to be conclusive about any occupancy of nickel in 

the cobalt phases Co3O4, CoO, and Co. It has to be realized that some caution should be 

taken in phase analysis of XRD data due to the detection limit and possible existence of 

amorphous phases.  

 

In both inorganic and organic precursor treated NiCo/Al2O3 systems, the catalyst behaves 

like a Ni-rich catalyst. The products are mainly methane with a very small distribution of 

C7-C17 hydrocarbons. However the activity shows a distinct difference. The organic 

precursor treated catalyst has a CO conversion of 89%, much higher than the 13 % CO 

conversion of the inorganic precursor treated NiCo alloy. In the CuCo systems, the nitrate 

treated catalyst produced 14% alcohols. The oxygenate products were not found for the 

NiCo catalyst prepared by organic acetate. 

 

The selectivity and activity variation indicates the surface active species and catalyst 

structure were significantly affected by both the type of the metals and precursors.  Our 

study of periodic DFT slab calculations on Co-Cu cluster on Al2O3 surface and CO2 

activation on them has shown that copper incorporation into the Co cluster weakens the 

CO2 activation. The dominated adsorption complex is asymmetrically CO2 which mainly 

produces bicarbonate (the source of oxygenate). The C-O bond cleavage has been proved 

to exhibit a very high reaction barrier.  This prediction is consistent with some 

researcher’s observations who claim that adding Cu enhances the selectivity for 

oxygenated products
25

. A selectivity of 40% toward alcohols has been observed by Deng 

et al. on CuCo/SiO2 catalyst
26

.  
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Figure 21. Model of catalyst precursor effects on particle dispersion  

 

We suggest the model seen in Figure 21, where synergistic effects of a two-metal 

composition on catalyst performance are illustrated. For the CuCo bimetallic catalysts 

prepared by inorganic precursor, both Co and Cu particles disperse on the support surface 

well. The highly loaded Cu tends to cover the Co cluster.  The catalyst activity in terms 

of CO conversion and the selectivity toward higher hydrocarbons decrease significantly. 

This model is also consistent with recent experimental observations by Jacobs
27

. The 

mixed cluster shows activity and selectivity between two metal components. For the 

CuCo bimetallic catalysts prepared by organic precursor, the Co particles gather in the 

outer shell of the Cu cluster, which clearly shows the behavior of Co-rich catalyst, i.e. 

high activity for CO conversion and the high selectivity toward higher hydrocarbons. The 

role of precursor in driving the different phase formation is unclear and needs to be 

explored through more experiments. 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

After review of the results of this project, the following conclusions and 

recommendations can be made: 

 

 Reduction of the Cu-Co catalyst prepared from acetate precursor shows broad 

peaks when compared to the inorganic precursor synthesized catalyst. This may 

indicate that the reduction of the catalyst prepared using acetate (organic) requires 

more hydrogen to complete the process. Moreover, this may also indicate that the 

surface structure of the organic catalyst is completely different than this prepared 

using the inorganic precursor (large clusters of the metal present on the support). 

 

 The Ni-Co catalyst prepared using acetate (A) reduces at higher temperature when 

compared to the catalyst prepared using nitrate (N) precursor. The broad peaks of 

the organic catalyst indicate that more hydrogen is required for its reduction than 

the inorganic catalyst. A possible reason for this phenomenon is that the Ni and 

Co oxides are highly dispersed on the alumina support, preventing the 

agglomeration of crystallites and favoring the reduction of these oxides at higher 

temperatures with slower kinetics. 
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 Pulse titration data shows that the reducibility of CuN10%-CoN2.5% was found 

to be 39 % and CuA10%-CoA2.5% was 30 %, this information is in good 

agreement with the above conclusions. 

 

 TGA experiments show that the weight change is the net result of three competing 

reactions: (a) reduction of Cu and Co oxides; (b) carbon deposition (2 CO → CO2 

+ C); and (c) carbide formation. For Cu-Co catalysts carbon deposition is the 

dominant reaction, even though the carbide formation process was not completed. 

Similar observation is made for Ni-Co catalyst, however carbon immediately 

reacts with H2 producing mainly CH4. 

 

 Cu-Co catalyst prepared using inorganic precursor is active in the oxygenates 

(alcohols) formation, however the same catalyst prepared using organic precursor 

produces mainly alkanes and no oxygenates were identified in the products. This 

may be explained  by the fact that a large amount of  Cu clusters are located out of 

the Co as a separate oxide phase supported on  the large Co cluster, as discussed 

in the modeling task. 

 

 Active center of Co catalyst is at the cluster-support interface. 

 

 Cu doping could alter the reaction products from hydrocarbon (CO route) to 

oxygenates (bicarbonates). 
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