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ABSTRACT 

 

This project studied the performance of carbon nanotubes (CNTs) in FT synthesis in 

comparison with conventional FT catalyst, mechanistic processes related to FT synthesis 

on CNTs and the viability of immobilizing CNTs on a variety of support materials suited 

for FT reactor systems to cater to large scale industrial applications. The primary aim of 

this project was two-fold. The first aspect was to utilize different strategies suited for 

growing CNTs directly on various supports such as coerderite monoliths, alumina 

cylinders as well as Inconel sheets and tubes. Detailed characterization of the 

immobilized CNTs on various supports and FT synthesis was also carried out. This was 

important in order to establish the ideal type of support-CNT combination needed for FT 

reactors. Experiments related to various suitable reactor designs using loaded CNTs 

catalysts were performed. The second aspect of this project was to understand the 

mechanism responsible for the elevated catalytic behavior shown by the CNTs when 

compared to conventional FT catalyst. To facilitate this understanding, a joint 

experimental and theoretical (Density Functional Theory) approach was undertaken 

where CNT surfaces were chemically analyzed using extreme surface analysis tools. The 

knowledge gathered from these experiments was utilized to systematically model the FT 

reaction pathways as well the mechanisms involved. It is anticipated that these findings 

will provide knowledge of suitable CNT support materials as well as an optimized reactor 

design needed for possible commercialization of CNT based FT catalyst. 
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EXECUTIVE SUMMARY 

 

In order to cope with the ongoing energy crisis, efficient catalytic processes are being 

developed which will lead to commercially viable clean energy sources. One of such 

processes includes the direct and indirect liquefaction of coal which makes coal a source 

of liquid fuels and precursor to several chemicals. Fischer Tropsch (FT) synthesis 

process
1-5

, a catalyzed chemical reaction, can convert a mixture of carbon monoxide (CO) 

and hydrogen (H2) to a wide range of straight chained and branched olefins and paraffins 

and oxygenates. When this process is combined with a suitable coal gasification 

technology upstream and a refining process (typically used to crack/fractionate crude oil) 

downstream, gasoline and diesel fuels with low trace and sulfur components but with 

high octane and cetane numbers, respectively, can be produced.   

 

In the Fischer Tropsch synthesis reaction, CO and H2 

react to form methyl radicals that combine to form 

hydrocarbons.  The FT synthesis process consists of 

five basic steps: a) reactant adsorption, b) chain 

initiation, c) chain growth, d) chain termination, and e) 

product desorption.  The mechanism of Fisher Tropsch 

synthesis is shown in Figure 1.   

 

In any kind of catalytic process, the catalysts are 

dispersed on high surface area materials, known as the 

catalyst support. The support provides mechanical 

strength to the catalysts as well as boosts the specific 

catalytic surface and enhances the reaction rates. The 

efficiency of FT synthesis process lies on the activity 

of metal catalyst as well as the catalyst support
6-20

. The 

two primary active catalysts for Fischer Tropsch 

synthesis are cobalt and iron
6-20

, prepared over a 

variety of support materials such as -alumina, -alumina, titania, and zirconia
6-14

. 

Typical state of the art support materials are oxides, which pose severe drawbacks 

towards the process efficiency of FT synthesis. Zirconia has a significant disadvantage in 

terms of the specific surface area and small pore sizes it provides for the deposition of the 

active catalyst.  As a result, higher amounts of the catalyst are required to achieve the 

same yield as alumina or silica.  However, the use of silica and alumina has shown the 

formation of iron silicates and iron aluminates.  These compounds are not active catalysts 

and result in the loss of estimated catalyst activity.   In addition, for cases where there is a 

strong support to catalyst interaction (such as in - alumina which is the choice for 

catalysts support), the reduction of the catalyst to their metallic form (such that they are 

active towards FT synthesis reactions) is greatly hindered and requires higher 

temperatures and time
16,17

.  Higher temperatures not only mean higher energy demand for 

catalyst preparation but may actually result in the sintering of the catalysts that would 

cause it to deactivate.  A primary cause of catalysts deactivation is due to the highly 

exothermic nature of this reaction.  The ceramic supports are generally not able to 

efficiently remove the heat from the catalyst surface, thus resulting in hot spots and 

Figure 1.  The FT-process. 
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eventual deactivation of the catalyst. In the past, activated carbon (AC) has been used as 

non-oxide based FT catalyst support
21

. Though the AC’s have very high surface areas (~ 

1800 m
2
/g), most of the available surface area resides in pore with pore sizes less than 2 

nm which limits the accessibility of the catalyst to the major portion of the surface areas 

offered by the AC’s. Further, the micro porous texture of these materials often makes the 

metal catalyst deposition aggregated on the outer surface. Thus in effect the state of the 

art catalyst preparation for FT synthesis includes a suitable support and then multi step 

process to load these supports with appropriate catalyst.  

 

In view of these drawbacks in preparing FT synthesis, a strategic endeavor was deployed 

for designing novel FT-Catalyst by drawing strengths from the use of carbon based nano 

scale materials. The research team has shown through previously funded ICCI proposals 

(ER-06 and 10-7B) that carbon nanotubes (CNTs) can act as suitable FT catalyst, with 

higher conversion efficiencies than conventional FT catalyst. CNTs can also provide a 

tunable product distribution and can be easily loaded onto cordierite supports as well as 

other structural materials. 
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OBJECTIVES 

 

The main objective of this project was to investigate two important aspects of CNT 

catalyst for FT synthesis. The first aspect was to determine the viability of immobilizing 

CNTs on a variety of support materials suited for FT reactor systems, for large scale 

industrial applications. And second, a detailed study to understand the mechanism 

associated with FT reaction on CNT surfaces, through Density Functional Theory 

calculations, in order to optimize them for highest possible efficiencies when generating 

FT liquid fuels, was performed. Major project objectives were as follows:  

 Immobilzing the CNTs on supports for use in a scaled up reactor system 

 Develop three reactor designs for scale up analysis  

 Evaluate the performance on scaled up reactor and compare with similar loading 

for commercial catalyst 

 Conduct comparative economic analysis for both catalysts  

 Conduct mechanistic analysis using DFT and MD calculations. 

 

INTRODUCTION AND BACKGROUND 

 

Near ideal catalysts for FT synthesis process have to satisfy stringent demands on their 

specific surface areas, mechanical, high chemical activity as well as thermal stability. 

Recent research has shown that one material that seems to qualify in this category could 

be carbon nanotubes (CNTs)
22,23

. Due to their distinctive morphologies they can be 

considered as one-dimensional (1D) materials. In other words, a carbon nanotube is a 

honeycomb lattice rolled on to itself, with diameters of the order of nanometers and 

length of up to several micrometers. Generally, two distinct types of CNTs exist (Figure 

2) depending whether the tubes are made of more than one graphene sheet (multi walled 

carbon nanotube, MWNT) or exhibiting only one cylinder (single walled carbon 

nanotube, SWNT). Irrespective of the number of walls, CNTs are envisioned as the new 

engineering materials which possess large 

mechanical strength, exotic electrical 

properties and superb chemical and thermal 

stability needed for a variety of 

applications
22,23

. As far as applications in 

catalysis is concerned CNTs offer 

extraordinary advantages over conventional 

catalyst-support systems in terms of the 

available specific surface areas
24,25,26

 (ranging 

from 50m
2
/g – 1600m

2
/g depending on the 

type of CNTs).  It is competitive in providing 

adequate mechanical strength and due to its 

excellent heat conductivity, the use of CNT 

catalysts is expected to reduce hot spots on 

the active sites.  

 

Figure 2. (a) Electron microscope image 

of bundles of SWNT. (Inset) Schematics of 

SWNT bundle. (b) Electron microscope 

image of a MWNT showing its multiple 

walls and hollow core. (Inset) Schematics 

of a MWNT. 

 

a b 
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Chemical Vapor Deposition (CVD) processes are widely used to produce carbon 

nanotubes at low cost and high quality. Typically, growth of CNTs, is achieved by vapor 

phase catalyst delivery CVD method. In this method a solution of a carbon source and a 

catalyst is vaporized over a substrate kept inside a furnace. The temperature of the 

furnace is tuned (700 – 900
o
C) such that the catalyst particles precipitate on the substrate 

from the vapor and carbon atoms disassociate from the carbon source. The disassociated 

carbon atoms stick to the catalyst particles and form subsequent carbon chains to 

facilitate CNT growth. An air-assisted, vapour-phase catalyst delivery CVD method for 

growing CNTs
30 

was employed in this study. By using this method growth rate of CNTs 

can be dramatically enhanced, about three times than conventional CVD. Ferrocene 

(contains iron as the catalyst) and xylene (carbon source) for growing vertically aligned 

CNTs were used. A solution of ferrocene-xylene was vaporized in a steel bottle and was 

injected into a furnace (using Argon/ Hydorgen (85% Ar)) containing the substrates for 

CNT growth. We have also been able to use solution of ferrocene; toluene; ethanol and 

being able to generate extremely long MWNTs (e.g. 3-10 mm long) exhibiting an 

outstanding high degree of crystallinity. By using these novel approaches, we have grown 

gram quantities per day of aligned CNTs structures, and thoroughly investigated the 

ability of as produced CNTs to act as FT catalyst. 

 

In the previous ICCI funded projects we have shown that CNTs have high syngas 

conversion ratios than conventional catalysts. Results of FT experiments performed on 

one of our CNT samples (MWNT1) are shown in Figure 3. For comparison, conversion 

per gram of the catalyst obtained using conventional Fe catalyst deposited on -alumina 

(Fe-Zn-K/ Al2O3) are also presented in this figure. The conditions of the FT reaction 

process were kept identical in both the cases. We found that MWNT1 has significantly 

higher conversion efficiency than typical state of the art FT catalyst.  

 

We also found that purification of MWNT1 to obtain FT catalyst (named MWNTP) with 

even higher conversion efficiencies. The purification of the MWNT1 were performed by 

immersing the MWNT1 materials into 50 ml of hydrogen peroxide (H2O2 30 vol%) 

Figure 3. Moles of CO & H2 converted per gram of CNT catalyst and conventional catalyst (Fe-Zn-K/g 

Al2O3) are shown, indicating higher conversion efficiencies of the CNT catalyst.  
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solution. The carbon nanotubes in the solution were then dispersed using ultrasonic 

agitation for about 30 min. After the sonication the carbon nanotubes were left in the 

solution for 24 hrs. Subsequently 50 ml of hydrochloric acid (HCl 37 vol%) was slowly 

added into this the solution containing CNTs and H2O2. This mixture was left to stand for 

several hours. Finally 100 ml of DI water was added into the solution and vacuum filtered 

through a porous membrane to obtain purified carbon nanotubes MWNTP.  In Figure 3 

(right panel), we have compared the conversion percentage of CO and H2 of the 

MWNNT1 and MWNTP at two different temperatures. It is evident from these data that 

the conversion percentage of CO and H2 in the case of purified CNTs is about one order 

of magnitude higher than the as-produced CNTs and two orders of magnitude higher than 

Fe catalyst deposited on -alumina (Fe-Zn-K/ Al2O3). 

 

In Figure 4, the product distribution obtained using one of our CNT catalyst, MWNT1, at 

three different temperatures is shown. It was found that lower temperatures favor lower 

chain growth.  Increasing the temperature resulted in products ranging from a jet fuel to 

diesel fuel and to a mixture of other hydrocarbons and alcohols.  In Figure 4, FT 

synthesis performed on as-grown 

MWNT5 is also shown. The FT 

synthesis was performed with 

syngas ratio 3:1 on MWNT5 

samples at two different 

temperatures. We found that at 

lower reaction temperatures the 

products are predominantly n-

alkanes (in the diesel fuel range) 

while the higher temperature 

resulted in the formation of 

oxygenates (primarily alcohols 

within which 1-pentanol 

predominates).  

 

Similar tunability of products was 

also obtained by varying the 

pressure of the reactor during the 

FT-synthesis process (data not 

shown). It was found that the syngas 

ratio did not affect the broader 

outcome of the FT reactions on 

MWNTs, i.e all the MWNT samples 

studied in the previous funded ICCI 

proposals were able to act as FT 

catalyst, leading to similar 

distribution of FT liquids. A family 

of CNTs prepared from different precursors were evaluated. The outcome of the FT 

reaction each of these CNT catalyst, along with the chemicals used as starting materials 

are presented in the table below.  

Figure 4. Product distribution of two CNT catalyst MWNT1 

(Top) and MWNT5 (Bottom) at different reaction temperature 

are shown. 
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Table 1:  Summary of Past Results 

CNT Type Precursor FT Product 

MWNT1 1g of Ferrocene in 100 ml of Xylene Liquid distribution 

MWNT2 2g of Ferrocene in 100 ml of Xylene Liquid distribution 

MWNT3 3g of Ferrocene in 100 ml of Xylene Liquid distribution 

MWNT5 5g of Ferrocene in 100 ml of Xylene Liquid distribution 

FSWNT Direct decomposition of ferrocene at 

1130
o
C 

100% Conversion to Methane 

PMWNT MWNT1 followed by purification (iron 

removal) 

Liquid Distribution 

NSWNT Direct decomposition of Nickellocene at 

1130
o
C 

Liquids and Synthetic Natural 

Gas 

CSWNT Direct decomposition of Cobaltcene at 

1130
o
C 

Primarily Synthetic Natural 

Gas 

 

Preliminary X-ray Photoelectron 

Spectroscopy (XPS) investigations of the 

MWNT samples (MWNT1, MWNT5 and 

MWNTP) were carried out to evaluate the 

mechanism that allows for FT catalysis. The 

wide scan survey spectrum from all these 

samples did not show the presence of the Fe 

on the surfaces of the CNTs . High 

resolution scan near the C1s region of these 

samples (presented in Figure 5) showed 

presence of oxygen bonded to carbon in 

various configurations. The peaks at ~ 284.2 

eV were assigned to the C=C bonds of the 

hexagonal graphite lattice forming the 

surface of the CNTs. Features at higher 

binding energies were also observed for 

MWNT1, MWNT5 and MWNTP samples. 

These peaks were assigned to C-O (epoxy 

groups), C=O groups and COOH groups 

attached to the CNT surfaces. These data 

indicate the presence of epoxy groups in all 

the samples irrespective of their preparation 

and/or post production treatment. 

 

From this XPS data it was hypothesized that 

epoxy groups allow the FT catalysis. This hypothesis was based on background 

knowledge for performing theoretical calculations involving CNTs and the chemical 

species involved in the FT process.  

 

Figure 5. High resolution XPS data near the 

vicinity of C1s peak (a) for MWNT1 (b) for 

MWNT5 and (c) MWNTP Samples. 
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Illinois coal is expected to see an emergence again in light of new technologies such as 

gasification followed by hydrogen separation and coal to liquid fuels technology.  Several 

technologies are being currently investigated.  Gasification, hydrogen separation, carbon 

dioxide capture, and FT synthesis are generally achieved by chemical reactions.  The rate, 

yield, selectivity, and capacity are all outcomes that directly affect the projected 

profitability of these processes.  Thus the design of an effective catalyst is of utmost 

importance.  The proposed catalysts structures are of special importance to FT synthesis 

due to the high active phase to support weight without loss of surface.  This is 

particularly useful when combined with technologies that can achieve higher throughputs 

through the use of catalyst structures with high active phase to support weight ratios for a 

given catalyst surface.  The development of coal to liquid fuels technology that can 

commercially compete with the oil prices will provide a huge impetus to Illinois coal, 

especially due to the ability of the overall process to produce low sulfur liquids from high 

sulfur coal. The commercial production of these fuels using these novel catalyst supports 

(as proven by SASOL) would compete with the petroleum produced in regions with 

political instability and provide Illinois coal a new market.  The success of this project 

will also open avenues for collaboration with different industries who are leaders in the 

production of FT catalyst. Efforts to communicate with such industries will be made 

during the period of this project. Depending on the outcome of the proposed activities 

and communications with the private sector we anticipated that the technology will have 

the possibility to reach commercialization with 3-5 years after the completion of the 

current project.   

 

EXPERIMENTAL PROCEDURE 

 

PROJECT RATIONALE AND APPROACH 

 

The proposed R&D and the statement of work were built upon past successful 

investigation of the ICCI funded project. In particular, the team has demonstrated that as-

produced CNTs are good catalysts for FT synthesis.  

 

Past research has discovered several important aspects in the field of FT synthesis,  

 CNTs are excellent catalysts for FT reaction with superior performance compared to 

lab synthesized and commercial transition metal based catalysts.   

 MWNT’s are the best both in terms of ease of preparation and FT performance. 

 Product spectrum can be controlled by temperature and pressure tuning. 

 Epoxy groups dominate the CNT surfaces. 

 

However, a major thrust in several other aspects, such as CNT stabilization on support 

materials, understanding the mechanism of FT synthesis on CNT surfaces and devising 

processes for maximizing the FT synthesis output, in order to take CNT catalysts towards 

commercialization was needed. Once the long term robustness of the CNT-structural 

support structure was established, four designs were easily implemented for reactor tests.  

The advantages of the designs are that they are scale independent.  Since all of these 

designs are based on microchannel systems, simple addition of units will allow for easy 

scale up.  In two of the designs, the possibility of heat recovery within the same reactor 
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design can also be explored. In a second prong of the study, DFT
32-35 

studies provided an 

insight into the mechanism of FT on a CNT surface.  DFT studies provided with 

information of suitable functionalization of the CNT surfaces to enhance its performance.  

It should be noted here that FTS on CNTs have already been shown to be effective.  The 

DFT studies were expected to provide avenues for further enhancign the activity of these 

catalysts for FTS. Further, a strong investigation geared towards finding paths to make 

the CNT catalyst viable for large scale applications as well as to understand the FT 

mechanism on CNT surfaces in order to optimize them for obtaining FT products more 

efficiently was undertaken. Since the CNTs were too light for packed bed, slurry bed or 

fluid bed reactors investigations on how to load CNT onto structural supports for 

immobilization were needed in order to perform conduct meaningful economic analysis. 

This work focused on such investigations.  

 

METHODOLOGY 

 

Synthesis of free standing aligned MWNTs: A chemical vapor deposition (CVD) process 

was used to produce free standing 

aligned MWNTs on various 

supports (Figure 6).  CVD 

processes are widely used to 

produce carbon nanotubes at low 

cost and high quality.  It is able to 

produce high purity nanotubes by 

in-situ etching of amorphous 

carbon during the growth process.  

The method used utilizes a 

solution of a carbon source (xylene) and a catalyst (ferrocene).  The solution was 

vaporized and passed over (using argon/ hydrogen (85% Ar)) a silicon dioxide substrate 

placed inside a furnace.  The temperature of the furnace was maintained between 700 – 

900
o
C so that the catalyst particles precipitate on the substrate from the vapor and carbon 

atoms disassociates from the carbon source.  The disassociated carbon atoms stick to the 

catalyst particles and form subsequent carbon chains to facilitate CNT growth.  It was 

found that the growth rate of the MWNTs can be 

dramatically enhanced, by introducing a small 

amount of air along with the carrier gas.   

 

FT Synthesis Experiment: In order to understand the 

heterogeneous catalysis phenomena driving the FT 

reactions on the carbon nanostructures, experiments 

were conducted in a plug flow system equipped with 

a gas recycle pump capable of pumping gases 

containing hydrogen.  A simplified diagram 

(without the recycle pump) is shown in Figure 7.  

The products were passed through a heat exchanger 

and a liquid sample collector where the liquid 

hydrocarbon fractions were collected.  A portion of 

Figure 6.  CVD reactor used for production of CNTs. 

 

Figure 7. Schematics of the reactor 

to be used for studying FT process. 
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the gas stream (depending on the recycle ratio) exiting the liquid collection vessel was 

passed through an online GC for analysis equipped with both TCD and FID for analysis 

while the remainder was recycled to the reactor.  Both unsteady and steady state data 

were collected.  Experiments were conducted in the temperature range of 200 – 450 
o
C 

and between pressures of 300-350 psi at varying residence times  The liquid products 

obtained were analyzed in an offline GC/MS.  Data were analyzed to obtain conversion 

based on GHSV (gravimetric hourly space velocity), product yield, product selectivity.   

 

Density Functional Theory Calculations for Determining FT Mechanism on CNTs: 

Theoretical calculations involving CNTs and the chemical species involved in the FT 

process using molecular dynamics (MD) ab-initio calculations using the SIESTA 

(Spanish Initiative for Electronic Simulations with Thousands of Atoms) code were 

performed. SIESTA uses self-consistent density functional theory (DFT) for the 

calculation of the electronic structure. In addition to this, it offers options to modify the 

nuclear variables, such as molecular dynamics simulations, optimization and phonon 

calculations. It uses a linear combination of atomic orbitals (LCAO) as a basis set. The 

iterative solver scales linear with the number of atoms. Generally, all DFT functionals 

lead to a systematic overestimation of charge transfer, except for long-range excited 

states where charges are strongly underestimated. Among different exchange-correlation 

functionals, GGA functionals have been reported to yield quantitatively better results 

than LDA, though with an overestimation of charge due to the incorrect asymptotic decay 

in the XC potential. Brillouin zone sampling and energy cut-off was chosen after careful 

convergence study for the charge density and total energy. The charge density integration 

was obtained using the tetrahedron method with Bloch correction. In particular, different 

techniques (mainly tight binding models, and first principles calculations) were carried 

out. These methods played an important role in the description and understanding of new 

synthesized nanostructures. The interaction established between the carbon nanotubes 

and the gaseous species, was studied using first principle calculations, specifically the 

SIESTA, Gaussian, Castep, and Abinit softwares.  

 

RESULTS AND DISCUSSIONS 

 

Task I: Catalyst Synthesis 
 

(i)MWNT catalyst growth on 

Alumina Supports: The direct 

growth of the CNTs on alumina 

cylinders was achieved by using 

air assisted chemical vapour 

deposition technique
 

in which 

horizontal tube furnace was heated 

to 790ºC in argon environment 

and a solution of ferrocene and 

xylene was continuously injected, 

vaporized and flown (using argon 

and hydrogen (85%/15%) gas) 

Figure 8. (a) SEM image of bare Al2O3 cylinder and Al2O3 

cylinder covered with CNTs. (b) Image of CNT network 

grown on Al2O3 cylinder. 

Al2O3 cylinder            Al2O3 cylinder  
              covered with CNTs.  

a b 
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into a quartz tube reactor containing the alumina substrates. The flow rate of carrier gas 

was maintained at ~400 sccm. During the growth process, a small amount of air (~7.5 

sccm) was mixed with the reaction environment to maintain the catalyst activity 

facilitating enhanced growth rate. The growth results are presented in Figure 8. 
 

(ii)MWNT catalyst growth on Inconel Supports: The direct growth of the CNTs on 

Inconel was achieved by using a 

recently reported air assisted 

chemical vapour deposition 

technique
 
in which horizontal tube 

furnace was heated to 790ºC in 

argon environment and a solution of 

ferrocene and xylene was 

continuously injected, vaporized 

and passed (using argon and 

hydrogen (85%/15%) gas) into a 

quartz tube reactor containing the 

Inconel substrates. The flow rate of 

carrier gas was maintained at ~400 

sccm. During the growth process, a small amount of air (~7.5 sccm) was mixed with the 

reaction environment to maintain the catalyst activity facilitating enhanced growth rate. 

Typically the growth rate of aligned carbon nanotubes on Inconel using xylene and 

ferrocene is about 170 µm/hr, however an introduction of a minute quantity of air into the 

system increased the rate by two-fold (~360 µm/hr). The length of CNTs on Inconel 

substrate was controlled by varying the reaction time. The growth results are presented in 

Figure 9. The surface of the piece shown in Figure 9 was deliberately scratched in order 

to realise the growth of aligned CNTs on Inconel surface. It can be seen from these 

images that the CNTs grow uniformly coating the surface of Inconel. 

 

(iii) CNT grown on Inconel reactor: Carbon 

nanotube synthesis experiments were 

conducted on onto Inconel reactor as shown in 

Figure 10.  The growth of CNTs on large area 

reactor pieces seems to be very uniform.  

 

Task II: Reactor Design 
 

(a) Inconel Plate Reactor: In Figure 11 the 

fabrication process of the reactor system with 

Inconel sheets is shown.  1”X 1” plates were 

cut from larger Inconel plates.   

 

a b 

Figure 9. (a) & (b) SEM image of CNTs grown on Inconel 

sheets. 

CNT covered 
Inconel plate 

Figure 10. CNTs grown on Inconel plate 

reactor and blank reactor plates. 
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Each piece has channels machined as shown in Figure 11. Regions marked as “A” are the 

holes that can be connected to supply the gas to the channels on this plate and plates 

aligned identically.  “B” are holes that would get connected to next plate and the plates 

aligned identically to the next plate.  The orientations of the plates are also shown in the 

picture below.  Every alternate plate can be coated with CNTs.  All plates can be 

compressed together with a set of four screws.  Each piece consists of a wedge on one 

side and a groove on the other along the borders on all four edges.  This is for the purpose 

of sealing with a graphite sheet.  The plates with CNTs and those without CNTs was 

altered and stacked.  They were then sealed together and machined on the ends where the 

channels end. 

 

As shown in the figure 

(Figure 12.) (Blue – no CNT, 

Grey - with CNT), syngas 

was fed on one end into the 

blue plates and left (heated) 

from the connecting holes 

(B).  The heated syngas was 

then directed into the 

openings of the channels in 

the grey plates (these 

channels contain CNTS) and 

was passed through the 

reactor and the FT products 

collected through the holes connecting the plates with the CNTs (A).  The alternating 

channels allow the heat transfer from the exothermic FT reactions to the incoming syngas 

in alternating channels.   

A 

B 

Figure 11. An in-house designed FT reactor using Inconel sheets. 

Figure 12. Scheme of syngas flow and the FT product 

collect exit is depicted schematically. 



 13 

 

CNT growth was performed on an Inconel plate reactor (Figure 13) as well as a tube 

reactor (Figure 14).  The growth of CNTs on large area reactor pieces seems to be very 

uniform. (Figure 13 Top Panel). The reactors were assembled and tested.  

 

TASK III: FT Synthesis Experiments 
 

Fischer-Tropsch-synthesis on CNTs 

grown on ceramic monoliths: In Figure 

15. Fischer-Tropsch-synthesis on 

CNTs grown on ceramic monoliths is 

shown (a) Product distribution 

obtained with respect to reaction 

temperature using 3:1 ratios of CO:H2 

on CNTs is presented. (b) Shows CNTs 

grown directly on as received coerdite 

monoliths (inset). Before performing 

the FT reactions the growth was 

analysed using a scanning electron 

microscope (SEM) (c) & (d) Scanning 

electron microscopy images of 

different portions of the coerdite 

monolith showing uniform growth of 

CNTs (e) Shows typical liquid 

collected from FT synthesis on CNTs 

grown on the monoliths. The liquids 

analyses was conducted in an external 

c b d e 

a 

Figure 15. Number of moles converted per kg of 

catalyst per hour. 

Figure 13. (Top) CNT coated reactor 

plates. (Bottom) Top and bottom assembly 

plates. 

Figure 14. (Left) Model of the CNT reactor. (Right) 

CNT coated reactor tubes.  
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laboratory.  An Agilent 5975 series GC/MS was employed for analyzing the liquid 

components.  An Agilent 7890 GC was used in this setup. Initially, the organic 

components were extracted by solvent extraction with dichloromethane and the analysis 

was carried out with a diluted, extracted fraction. 

 

The effect of temperature cycling of FT synthesis on CNT catalysts grown on coerdite 

monoliths was studied (Figure 16.). Initial experiments were conducted at 350 
o
C and a 

syngas (H2:CO =1:1) flow rate of 25 mL/min.  After 100 hours the temperature was 

raised to 450 
o
C and then reduced to 350 

o
C after 180 hours.  Figure 15 shows the number 

of moles converted per kg of catalyst per hour.  It is seen that the conversion is similar to 

those obtained on free standing MWNTs reported in previous ICCI project reports.  As 

expected, raising the temperature increased conversion.  However, lowering the 

temperature caused a further increase in the conversion (nearly seven times that before 

the activation) and was consistent with previous findings of activation due to high 

temperature treatment in syngas.  An increase in feed flow rate to 30 mL/min contributed 

to an increase in the number of moles converted.  An increase in the feed flow rate further 

to 3 times the original flow rate 

caused and increase in the value 

of the moles converted per kg 

per hr to around 27.  In addition, 

the conversions were found to 

be relatively constant with time. 
 

Table II contains data on the 

selectivities of hydrocarbon 

gases ((C2 – C6), methane, 

carbon dioxide with the balance 

being the liquid selectivity.  It is 

observed that very high liquid 

selectivities are obtained from 

this reactor design.  Thus even 

if the other designs do suffice as 

potential alternates, it can be seen that loading the monoliths with CNTs is a viable 

method for loading CNT catalysts into a tubular plug flow reactor. 

 

 

 

 

 

Table II.  Summary of Selectivities 

 

Selectivites (%) 

Temp HC Gas HC Liquid CH4 CO2 

350 0.47 96.93 1.7 0.9 

450 0.187 93.59 5.88 0.343 

350-A 0.2 99.79 0 0.01 
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Figure 16. Number of moles converted per kg of catalyst 

per hour. 

Figure 17. XPS spectra of MNNT 

surface. 
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In order to determine the chemical state of the CNT catalyst surfaces XPS studies were 

conducted.  High resolution scan near the C1s region of these samples (Figure 17) 

showed distinct presence of oxygen (bonded to carbon in various configurations). The 

peaks at ~ 284.3 eV were assigned to the C=C bonds of the hexagonal graphite lattice 

forming the surface of the CNTs (sp
2
). Immediately next to that C=C sp

2
 peak another 

peak corresponding to the sp
3
 content of the sample was found. These peaks were 

assigned to the C-O (epoxy groups) attached to the CNT surfaces. Prominent features at ~ 

287.2 eV and 289.2 eV, arising due to the presence of carbonyl (C=O) and carboxyl 

(COOH) groups were seen. In summary, XPS data suggest the presence of C-O (epoxy 

groups) in the samples. 
 

 

FT synthesis on CNT grown on Inconel sheets: FT Synthesis on CNTs grown on Inconel 

sheets were performed at various temperatures. The reaction pressure was 300 psi, with 

syngas ratio of H2:CO = 1:1 and a flow rate 20 mL/min.  Figure 18a shows the effect of 

temperature on product selectivity on CNTs grown on Inconel sheets.  Figure 18b 

presents the results on the effect of temperature on hydrocarbon distribution and Figure 

18c shows the effects of reaction temperature on product types.  Results of FT-reaction 

upon activating the CNT catalysts are indicated in the figures with the alphabet “A”. 

 

(i) FT synthesis on CNT grown on Alumina: FT Synthesis experiments were conducted 

on multi-walled nanotubes (MWNTs) loaded onto alumina pellets as the catalyst support.  

 

 
Figure 18: (a) Effect of temperature on product 

selectivity on CNTs grown on Inconel sheets is 

shown. (b) Effect of temperature on hydrocarbon 

distribution is presented and in (c) Effects of 

reaction temperature on product types are 

presented. The results of FT-reaction upon 

activating the CNT catalysts.are indicated in the 

figures with the alphabet “A”. 

 

a b 

c 
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Figure 19: Effect of temperature on the liquid product distribution 

of MWNTs on alumina substrate, 300 psig, 1:1 syngas. 

Figure 20: Summary of the effect of temperature on the liquid 

product distribution of MWNTs on alumina substrate, 300 

psig, 1:1 syngas. 

 

Figure 21: Conversion of syngas over MWNTs on alumina substrate 

and the effect of temperature on liquid product selectivity. 

 

The catalyst/support was 

tested under three 

temperatures, 350, 450, 

and at 350°C after 

activation for 1 hour at 

450 
o
C (350

 o
C  -A)  at 

pressures of 300 psig and 

syngas hydrogen to carbon 

monoxide ratio of 1:1.  

The liquid product 

distribution of syngas over 

the MWNTs on alumina 

pellets is shown in Figure 

19.  A trend is shown 

among the three 

temperatures.  At 350°C, 

longer-chained 

hydrocarbons (mostly C21-

C27) are present with C23 

at 22% of the yield.  The 

next temperature in the 

set, 450°C, resembles the 

product distribution of 

350°C, just shifted to the 

shorter-chained 

hydrocarbons.  The 

majority (66%) of the 

distribution are C10-C12 

hydrocarbons.  

Conducting the 

experiment at 350°C after 

activation at 450
o
C 

(350°C-A), produced 

hydrocarbons in the range 

of C15-C23 in the liquid 

fraction.  The highest 

percentage among all the 

hydrocarbons and all the 

temperatures was C21 at 

350°C-A, comprising of 

over 30% of the liquid 

product yield.  At both 

350°C experiments, waxy 

hydrocarbons were 

produced.  Figure 20 

summarizes the liquid 
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product distribution and organizes the distribution in terms of produced oxygenated 

compounds, aromatics, alkenes, and alkanes.  The liquid product from the experiment 

conducted at 350°C reported 86% of the yield as alkanes, with the rest being aromatic 

compounds.  At 450°C, the liquid hydrocarbon product was primarily alkenes, with 93% 

of the yield, and the rest were alkanes (at 5%) and aromatics.  Surprisingly, when 

conducting the experiment at 350°C-A (after activation at 450°C), 100% of the produced 

liquid was comprised of alkanes.  With a syngas conversion of over 95% (Figure 21) for 

both 350°C and 450°C, the MWNTs on alumina substrate exhibited very good reaction 

qualities.  However, the selectivity to methane is less desirable.  At nearly double the C2-

C7 selectivity, methane had a 60% selectivity.  Neither CO2 selectivity nor C7+ selectivity 

were higher than 10%.  The liquid product selectivity for each temperature is shown in 

Figure 21.   

 

Task IV: DFT Studies 
 

Extensive DFT calculations were carried out to account for all the major observations 

made during the catalytic conversion of CO and H2 into long chain hydrocarbons 

catalyzed by MWNTs. The calculations were performed by the VASP code
 
using the 

generalized gradient approximation (GGA).   Our findings indicate that in order to initiate 

the FT synthesis, CO molecules must be absorbed on the surfaces of carbon nanotube 

(CNTs), acting as active sites to react with incoming hydrogen. Calculations show that 

CO could only physisorb on a pristine CNT via weak van der Waals forces. For a (6,6) 

CNT, a stable position corresponded to a formation energy EF of  -0.034 eV, and the 

distance of CO to the CNT surface larger than 3 Å, thus indicating that CO molecules can 

hardly interact with perfect CNTs. Therefore, a pure CNT cannot, in its pristine form, 

trigger the FT reaction. This puzzling result indicates that the MWNT surface must be 

structurally or chemically modified in order to enable an efficient FT reaction. X-Ray 

Photoelectron Spectroscopy (XPS) analysis was carried out and investigated the presence 

of chemical groups on the MWNT surface. The presence of C-O groups (epoxy groups) 

for the as-grown MWNTs (Figure 22a) was noted. DFT calculations predict the 

absorption of CO by an epoxy-CNT to be significantly more exothermic (-0.584 eV) 

when compared to that of a perfect CNT (-0.034 eV), thus confirming the key role of 

epoxy groups towards priming the FT reaction. The CO bonding strength with the epoxy-

CNT corresponds to chemisorption (Figure 22b). Furthermore, it was found that 

removing CO2 from the epoxy-CNT+CO moiety has an activation barrier of 0.265 eV. 

These results indicate that the chemisorbed epoxy groups significantly modify the local 

electronic properties and act as a chemically active site which facilitates the absorption of 

CO molecules in order to form stable intermediates. Moving along the reaction, the 

subsequent hydrogenation of the C=O double bond by two incoming H2 molecules leads 

to H2CO bound on the CNT surface, and the release of a H2O molecule (Figure 22c and 

22d) with an associated energy of 0.897 eV. The detachment of H2CO from the CNT has 

an activation barrier of 1.106 eV, thus suggesting that H2CO is stable on the surface of a 

CNT, and constitutes a stable platform for the continuation of the FT reaction. Further, 

subsequent hydrogenation of C=O by two incoming H2 is also exothermic (-1.228 eV), 

and results in (CH2)2O bound to the CNT and the release of a water molecule (Figure 

22e).  In addition, the desorption of (CH2)2O has a high activation energy of 1.701 eV, 
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indicating that (CH2)2O is also stable on the CNT allowing further CO insertion, and 

subsequent hydrogenation is able to grow the hydrocarbon chain (Figure 22f and 22g). 

Based on this mechanism, the production of a long hydrocarbon chain could be obtained 

by repeating the same steps, during which CO and H2 are consumed and water is 

produced. Note that the growth of the hydrocarbon chain introduces instabilities that 

leads to the enhanced probability of breaking the C-O bond, thus releasing (CH2)n and 

leaving intact the epoxy group on the CNT surface. Alternatively, a C-C bond in the 

chain could also break, releasing (CH2)n and generating a short chain (CH2)nO bound to 

the CNT. In either case, the epoxy-nanotube complex is left unchanged at the end of the 

reaction cycle. As the temperature increases or the pressure builds up, the opportunities 

for CO and H2 for getting close to the hydrocarbon chain increase, thus preventing the  

chain from desorption and enabling further polymerization. This explains our 

experimental observations in which the chain length is increased when temperature 

increases from 200 ºC to 300 ºC. However, when the temperature becomes too high (400 

ºC), the species are unstable on the MWNT surface. Consequently, the chain growth is 

terminated and short chains (CH2)nO detach from the tube surface. As a result, 

oxygenates are obtained, as is also observed experimentally. 

 

Figure 22. Proposed mechanism for long chain hydrocarbon growth using CNTs.  (a) Epoxy groups bound 

on the CNT surfaces, (b) Absorption of CO by the epoxy-CNT enabling CO to chemically bind with the 

epoxy-CNT (c) Hydrogenation of the C=O double bond by two incoming H2 molecules leads to (d) H2CO 

bound on the CNT and the release of a H2O molecule (e) Subsequent hydrogenation of C=O by two 

incoming H2 results in (CH2)2O bound to the CNT and release of a water molecule (f & g) Further CO 

insertion and subsequent hydrogenation leads to the growth of hydrocarbon chains. 
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In order to determine the 

main pathway for the FT 

reaction, two reaction 

alternatives have been 

considered: the insertion 

of a CO into C-O bond 

of H2CO, and the 

dissociation of C-O 

bond of H2CO. The first 

pathway is highly 

exothermic (-1.675 eV) 

with an activation 

barrier of 2.653 eV 

(Figure 23). Once again, 

subsequent 

hydrogenation of C=O 

by two incoming H2 is 

also exothermic (-1.228 

eV), and results in 

(CH2)2O bound to the CNT and the release of a water molecule (Figure 22e). The second 

pathway (Figure 4b) is endothermic (+0.624 eV) with a higher activation barrier (3.380 

eV). The first pathway is thermochemically and kinetically preferred.  In addition, the 

desorption of (CH2)2O has a high activation energy of 1.701 eV, indicating that (CH2)2O is 

also stable on the CNT allowing further CO insertion, and the subsequent hydrogenation 

able to grow the hydrocarbon chain (Figure 22f and 22g). Based on this mechanism, the 

production of a long hydrocarbon chain could be obtained by repeating the same steps, 

during which CO and H2 are consumed and water is produced.  

 

The presence of C-O groups for the as-grown MWNTs which was utilized to initiate 

calculations related to the mechanism of FT reaction (Figure 24a) was observed. DFT 

calculations predict the adsorption 

of CO by a hydroxyl group OH 

bound CNT to be significantly more 

exothermic (-1.10  eV) when 

compared to that of a perfect CNT 

(-0.04 eV) and the CO bonding 

strength with the OH-CNT 

corresponds to a chemisorption 

(Figure 24b). More importantly, the 

barrier energy for such adsorption is 

0.70 eV and the desorption of 

COOH from the OH-CNT+CO 

moiety has an activation barrier of 

1.00 eV. These results indicate that 

the chemisorbed hydroxyl groups 

significantly modify the local electronic properties and act as a chemically active site 

Figure 24. Possible FT initiation due to attached CO 

groups on CNT surfaces. 

 

 

Figure 23. Two reaction pathways: (a) the insertion of CO into 

C-O bond of H2CO; (b) the dissociation of C-O bond of H2CO. 

(R = reactants; TS = transition state; P = products). 
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which facilitates the adsorption of CO molecules in order to form stable intermediates. 

Furthermore, the continuation of FT reaction requires subsequent hydrogenation. 

Nonetheless, it is found that the hydrogenation of the COOH group by an incoming 

hydrogen molecule has a significantly high barrier (more than 2.85 eV). Clearly, 

hydrogenation by H2 molecules is not the primary reaction pathway. Further DFT 

calculations show that the existence of an epoxy group enables the dissociative adsorption 

of a hydrogen molecule on the CNT surface, forming a H and OH bound on two nearest 

carbon atoms respectively 

(Figure 25a). Comparing to the 

activation barrier (4.53 eV) of 

hydrogen dissociation 

adsorption on a pristine CNT, 

the epoxy-CNT lowers the 

barrier significantly to 1.69 eV. 

Consequently, after addition of 

heat and under external 

pressure, incoming hydrogen 

molecules interact with epoxy 

groups to provide H atoms and 

hydroxyl groups for reaction 

sources. Moving along the 

reaction, the subsequent 

hydrogenation of the oxygen 

atom of the C=O double bond 

of COOH species by a H atom 

nearby bound on the surface, 

leading COHOH bound on the 

surface (Figure 24c), has an 

activation barrier 0.82 eV 

(lower than the barrier of 1.00 

eV required by the detachment of COOH) with energy release 0.46 eV (Figure 25b for 

details of the reaction pathway).   

 

First-principles density functional theory calculations were performed in order to 

investigate the the effect of different structural configurations of CNTS for attaching CO 

and H2 molecules on them.  It was found that the CO molecule does not attach covalently 

on bare surface nanotubes. In spite of defects (single vacancy, double-, triple- or more 

vacancies) and OH-group, O-epoxy functionalization are considered (Figure 26) the CO is 

not attached.  When the carbon nanotubes contain hydrogen atoms inside, the surface 

carbon nanotubes are able to capture CO molecule (Figure 27), when this molecule is 

hydrogenated, a CH2 group (anchored on nanotube) and a released H2O molecule are 

obtained (Figure 28). When a second CO molecule is approached to CH2 molecule, the 

system prefers to reject it.  Based on this fact, it is believed that the H2 molecules are able 

to intercalate between carbon nanotubes walls and the carbon monoxide can be dissociated 

on the surface of carbon nanotubes via FTS and consequently hydrocarbons formed by 

carbon nanotube wall rupture can be helped by a temperature increase.     

Figure 25. Three reaction pathways: (a) the adsorption of a 

CO molecule by COHOH; (b) the hydrogenation of the 

carbon atom of COHOH;  (c) the desorption of COHOH.  
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Figure 26: Optimized structure of the CO molecule interaction with a (6,6) Armchair carbon nanotube with 

different oxygen configurations. (a) O-substitutional, (b) O-epoxy, and (c) OH-group attached on the 

surface.   The distance between the oxygen attached to the carbon nanotube and the carbon atom of the CO-

molecule is 2.71, 2.77, and 2.61 Å for (a), (b) and (c) respectively. The distance C-O in the CO molecule is 

1.148 Å approximately. Distances related with C-O within the nanotube are less than 1.52 Å. 

Figure 27: (a) Top and (b) Side views of the optimized 

geometry of a single-wall (6,6) Carbon nanotubes with a CO-

molecule covalently anchored on its surface. Notice that the 

carbon nanotube contains hydrogen atoms inside.  
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CONCLUSIONS AND RECOMENDATIONS 

 

1. Direct growth of CNT catalysts on supports/reactor materials was successfully 

demonstrated. 

2. Cordierite, alumina and Inconel were chosen as the supports. 

3. Fischer Tropsch synthesis on CNT-support systems were evaluated and shown to 

produce liquid fuels. 

4. Four reactor designs were conceptualized and fabricated.  The four designs were 

alumina loaded, cordierite monolith, Inconel micro-channel reactor and a multi-

tubtular reactor.   

a. The growth on alumina was successful.  However, it was not chosen as the top 

choice due to unnecessary weight increase.   

b. The CNT growth on monoliths was found to be the easiest and good 

conversions were obtained.  The CNT-cordierite monolith is an acceptable 

design.  However, due to lack of efficient heat transfer to utilize the heat from 

the exothermic reaction two other reactor designs were considered. 

c. The next two designs were based on CNT-Inconel structures.   

Figure 28: (a) Top and side views of the initial structure constructed 

from figure 1, here the C and O atoms are saturated with H-atoms. 

(b) Top and side views of the final optimized structure. Notice that 

the final structure exhibits the carbon nanotube with attached CH2 

specie and a weakly joined water molecule (H2O). 
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i. The first is a micro-channel reactor with internal heat recovery to preheat 

the feed syngas.  The advantages of this design additionally include 

compact design, ease of replacement, and scalability.  The biggest 

disadvantage is precise fabrication of each plate may be more expensive 

than the other designs.   

ii. The last design is a multi-tubular reactor with inherent heat recovery to 

preheat the feed.  The CNT growth on cylindrical structures were slightly 

more difficult than flat plates.  As compared to the flat plate micro-channel 

reactor, the multi-tubular reactor is not as compact.  However, the greatest 

advantage of this design is the ease of fabricability and installation, in 

addition to ease of maintenance. 

5. DFT calculations clearly show that the impact of both the tubular structure of 

CNTs and the oxygen functional groups are key to CO hydrogenation and the 

formation of long chain hydrocarbons. 
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