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ABSTRACT 

 

The primary objective of this research proposal was to develop carbon nanotube (CNT) 

catalysts for Fischer Tropsch (FT) synthesis. Different types of carbon nanotubes 

multiwalled carbon nanotubes (MWNT) and single walled carbon nanotubes (SWNTs)) 

were synthesized and employed as catalysts in FT synthesis experiments. The CNTs 

grown were characterized with a variety of materials characterization tools in order to 

establish their structural morphology as well as composition. The FT synthesis 

experiments results indicate that as-grown MWNTs can produce FT fuels with high 

conversion efficiencies of about two orders of magnitude higher than the present state-of 

the-art FT catalysts. Tailored synthetic fuels with desired carbon chain lengths can be 

readily obtained by simple tuning of the reaction parameters using the MWNTs. It was 

also found that SWNTs are capable of reducing CO with H2 but not suitable for 

generating liquid fuels. In order to demonstrate the ability of MWNT catalysts to be 

seamlessly integrated with the current designs used in industrial reactors for loading 

catalysts, MWNTs were grown on cordierite monoliths. Even when MWNTs were grown 

directly on the monoliths, they retain their valuable catalytic property needed for 

generating FT fuels. Our findings demonstrate that MWNTs represent an elite class of 

highly competent, robust, support-free FT catalyst. We anticipate that these studies will 

initiate investigations using CNTs for producing clean fuels as well as for other important 

catalytic processes.  
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EXECUTIVE SUMMARY 

 

To cope with the ongoing energy crisis 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 and hydrogen (commonly 

known as synthesis gas produced during coal gasification) 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 toxic 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.  It is seen in 

the mechanism that water is a byproduct of the primary 

FT synthesis reaction.  However, carbon dioxide may 

be a byproduct of the primary FT reaction if 

availability of hydrogen at the reaction sites is low.  

Thus the hydrogen spillover onto the support and its 

ability to weakly adsorb these hydrogen moieties is a 

determining factor for the carbon efficiency.   

 

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 silicates and 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 

Figure 1.  The FT-process. 
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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 the FT synthesis reaction.  The ceramic supports are generally not 

able to efficiently remove heat from the catalyst surface resulting in hot spots and 

eventual deactivation of the catalyst. In the past, activated carbon (AC) has been used as 

non-oxide based FT catalyst support
21

. Though the ACs have very high surface areas (~ 

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

nm which limits the accessibility of the catalyst to a major portion of the surface area 

offered by the ACs. Further, the microporous 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 a multi step 

process to load these supports with appropriate catalyst.  

 

In 2008, the PIs (Talapatra along with his collaborator Mondal)
 13-15

 began investigations 

on the suitability of aligned CNTs as supports for traditional transition metal catalysts for 

FT synthesis.  It was during these investigations that the authors serendipitously 

discovered the phenomenon that CO hydrogenation could be catalyzed by as-produced 

CNTs with or without H2 activation.  In fact, the CO conversion on as-produced CNTs 

were two orders greater than an Fe-Zn-K/g alumina catalyst and significantly higher than 

the cases where the CNTs were used as supports for Co and Fe catalysts.  To further 

evaluate CNTs, a series of experimental investigations into the nature of CO 

hydrogenation on CNT surfaces was conducted as a part of this 18 –month study.  The 

key objectives of this project were A) Adopt innovative routes (single step approach) for 

synthesizing various architectures of CNTs for FT catalysts; B) Strategically increase the 

catalyst content in the carbon nanotubes through single step synthesis; C) Systematically 

investigate the physical properties of the carbon nanotube catalyst; D) Evaluate the ability 

of active metal-support catalysts for synthesizing liquid hydrocarbons especially the 

selectivity for C5+ moieties; and E) Directly grow CNTs on ceramic (cordierite supports) 

monoliths for robust performance inside FT reactor.   
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OBJECTIVES 

 

The key project objective (Figure 2) of this proposal was to develop and characterize a 

new breed of carbon nanotube (CNT) catalyst for FT synthesis. The central idea was to 

utilize the superior thermal, mechanical and surface properties of these novel nano-

structured carbon materials and design new breed of catalyst with superior performance 

for FT synthesis, typically not achieved with conventional catalysts loaded on non –oxide 

catalyst supports or other carbon based catalyst supports. 

 

Carbon nanotubes possess several 

advantages
 

over conventional 

catalyst/support materials. For example, 

they have very high specific surface 

areas and are resistant to acidic or basic 

media. They are stable at high 

temperatures (> 700
o
C in inert 

atmosphere). The surface curvature and 

the pore structure (something very 

important when shape selectivity is a 

must in catalysis) can easily be tailored. 

The chemical nature of the surface can 

be modified for increased catalyst 

activity. Specific aims of this research 

were to synthesize various architectures 

of CNTs by adopting innovative routes 

to produce CNT based FT catalyst in a 

single step. FT synthesis experiments 

were performed in a laboratory scale to 

evaluate the ability of the CNTs for 

synthesizing liquid hydrocarbons 

especially the selectivity for C5+ 

moeities. We have also developed techniques to grow CNTs directly on ceramic 

monoliths for providing higher stability of the CNT structures inside FT reactor. 

 

INTRODUCTION AND BACKGROUND 

 

Production of liquid transportation fuels from domestic resources is becoming 

increasingly attractive on both commercial and energy-security grounds.  The 2010 EIA 

report also showed an increasing demand for transportation fuels.  Thus, in the near 

future, increasing demand for transportation fuels derived from coal and natural gas is a 

virtual certainty to meet this demand.  One potentially attractive route for production of 

liquid transportation fuels from domestically available resources is Fischer-Tropsch (FT) 

conversion of syngas
2, 3

.  Fischer Tropsch Synthesis (FTS) is essentially the catalyzed 

hydrogenation of CO followed by subsequent polymerization to form long chain 

hydrocarbons.  A simplified pathway for FTS is shown in Figure 1.  Traditionally, late 

transition metals have been regarded as suitable catalysts for this reaction
2-9

.   These 

 Adopt innovative routes (single step 

approach) for synthesizing various 

architectures of CNTs for FT catalysts.  

 Strategically increase the catalyst content in 

the carbon nanotubes through single step 

synthesis 

 Systematically investigate the physical 

properties of the carbon nanotube catalyst. 

 Evaluate the ability of active metal-support 

catalysts for synthesizing liquid 

hydrocarbons especially the selectivity for 

C5+ moeities.  

 Directly grow CNTs on ceramic (cordierite 

supports) monoliths for robust performance 

inside FT reactor. 

 
 

 

Project Objectives 
 

Figure 2. Research objectives 
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transition metals are often dispersed on supports to increase the surface areas as well as 

provide mechanical strength
2, 4-8

.  Support materials have been traditionally oxides such 

as alumina, silica, titania, zirconia, although some research has been conducted on 

activated carbons.  The primary considerations
4
 in the synthesis of such active 

material/support catalysts have been the increase in surface area, degree of dispersion of 

the active sites
5
, the size of the clusters of active components and reduced metal-support 

interaction.  In addition, hydrogen spillover onto the support and the support’s ability to 

weakly adsorb the hydrogen moieties have also been found to be a determining factor for 

the conversion efficiency.  Thus, in terms of catalyst development for FTS, research 

efforts have and are being directed towards synthesis protocol to reduce the cluster sizes 

of the active component, improved dispersion and identification of suitable promoters
10

.  

In addition, there has been significant activity towards the reduction of the interaction 

between the support and the catalyst (for example the formation of non catalytic 

aluminates and silicates) that reduce the ability to reduce the surface species to the 

metallic forms of the transition metals
11, 12

.  These efforts have led researchers in recent 

years to investigate the use of carbon nanotubes (CNTs) as possible support candidates.  

Amongst the various reasons for the choice of CNTs as catalyst supports are their unique 

thermal conductivity (to reduce hot spots often cited as the reason for FT catalyst 

deactivation) and chemical inertness.   

 

In 2008, the PIs (Talapatra along with his collaborator Mondal)
 13-15

 began investigations 

on the suitability of aligned CNTs as supports for traditional transition metal catalysts for 

FT synthesis.  It was during these investigations that the authors serendipitously 

discovered the phenomenon that CO hydrogenation could be catalyzed by as-produced 

CNTs with or without H2 activation.  In fact, the CO conversion on as-produced CNTs 

were two orders greater than an Fe-Zn-K/g alumina catalyst and significantly higher than 

the cases where the CNTs were used as supports for Co and Fe catalysts.  As mentioned 

earlier, transition metals, specifically Fe, Co and Ru have been considered good catalysts 

for CO hydrogenation.  Simply stating, transition metals are generally considered good 

catalysts due to their ability easily lend and take electrons from other molecules as well 

as hold any excess electron density.  This is, in large part, due to their incompletely filled 

d-orbitals which allows them to exist in a variety of oxidation states.  In addition, the 

activity and selectivity of the particular metals towards any chemical reaction also 

depends on the ability of the transition metal to adsorb the reactants and form specific 

complex intermediates.  Therefore, the issue of mimicking transition metal capabilities as 

a catalyst would depend on the ability to reproduce the above basic mechanisms in a new 

catalyst.  In a recent development it was reported that vanadium nitrogenase (composed 

of a specific reductant and a catalytic component) of Azotobacter vinelandii was able to 

reduce CO to produce ethylene, ethane and propane although no such activity was 

observed in molybdenum nitogenase.  It was shown through isotopic studies that the 

carbon in the products originated from CO only.  It has been hypothesized that  the 

nitrogenase use a catalytic mechanism that involves adenosine triphosphate (ATP)–

dependent electron transfer from a reductant  to the catalytic component and the 

reduction of CO at the cofactor site of the latter.  Thus, a complex molecule or a complex 

system could possibly exhibit similar catalytic properties as transition metals.  The 

unprecedented findings in the past studies in the PI’s laboratory coupled with these 
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results reported have given rise to the distinct possibility of alternate mechanisms that 

may lead to CO hydrogenation and subsequent chain growth on CNT surfaces especially 

due to the fact that although FT has been widely investigated over the last century, the 

mechanism on even transition metal is equally widely debated.  The carbide formation 

mechanism, CO-insertion mechanism, the carbene mechanism, and the  hydroxycarbene 

mechanism have all been proposed  in  literature.  It was long assumed that CO and 

hydrogen are both dissociatively adsorbed on the surface of the active metal, followed by 

hydrogenation of the atomic carbon which then polymerize (carbide mechanism) and 

many still subscribe to this theory.  Recent density functional theory calculations have 

shown that  non-dissociative adsorption of CO followed by hydrogenation of the  CO to 

CH2O and then the subsequent cleavage of the CO to form a carbene intermediate which 

then polymerize have been shown to be both thermodynamically and kinetically favored.  

Thus, it is clearly seen that the controversy of the exact mechanism that elucidiate the 

role of transition metal in CO hydrogenation is not conclusively established.  The above 

findings warranted further investigations into the mechanism of the reactions and the 

identification of active sites on the as –produced CNTs for FT synthesis. 

 

A series of experimental investigations into the nature of CO hydrogenation on CNT 

surfaces was conducted as a part of this study.  .In this research, the iron content in the 

CNTs was reduced by peroxide and acid treatment to comprehensively determine the role 

of CNTs in FT synthesis.  The FT synthesis tests revealed an additional order 

enhancement in CO conversion on the post treated CNTs.  Another significant finding in 

this study was that the CNT preparation conditions did not significantly alter the 

conversion
14, 15

.  On the other hand, it was observed that when the CNTs were pretreated 

with a CO/H2 mixture at 450 
o
C before the FT experiments, the product distributions 

changed from predominantly alcohols to hydrocarbons along with conversion 

improvements.  In addition, the CNTs were immobilized on monolithic structures and 

were shown to produce liquids fuels without loss of activity.  The above results show that 

as-produced CNTs by the method employed in this research can effect CO hydrogenation 

at rates comparable to industrial catalysts and pretreatment enhances the activity and 

alters the selectivity of the process.  This report extensively describes the activities 

conducted during this research project and contains the results similar to those mentioned 

in this paragraph. 

 

EXPERIMENTAL PROCEDURES 

 

PROJECT RATIONALE AND APPROACH 

 

In comparison to FT synthesis, CNTs are a relatively new entrant in the field of 

engineering and technology and undoubtedly the forerunners of nanotechnology
16-20

.  The 

unlimited potential of these nanostructures are being constantly revealed.  CNTs can be 

defined as carbon whiskers, which are tubules of nanometer dimensions with properties 

close to that of an ideal graphite fiber
16-18, 20

.  Due to their distinctive structures they can 

be considered as matter in one-dimension (1D). Generally, two distinct types of CNTs 

exist (Figure 2) depending on whether the tubes are made of more than one graphene 

sheet (multi walled carbon nanotube, MWNT) or only one graphene sheet (single walled 
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carbon nanotube, SWNT). CNTs possess large mechanical strength, exotic electrical 

properties and superb chemical and thermal stability.  In the field of catalysis, CNTs are 

being touted as a interesting alternative
21-25

 to conventional supports for reasons 

including but not limited to a) mechanical properties, b) thermal properties, c) low intra-

particle mass transfer limitations (such as those that exist in micropores), d) tunability of 

metal support interactions, and e) high purity (lower probability of self poisoning).  It was 

recently reported that metal particles confined inside the carbon nanotubes greatly 

enhanced the conversion of syngas to ethanol as compared to those on the outer surface
26

.  

To date a number of studies involving CNT supports include hydrogenation (Ru, Pt) and 

hydroformylation (Ru) in the liquid phase, ammonia decomposition (Ru), Fischer 

Tropsch synthesis (Fe, Co, Ru), photocatalysis (TiO2), electrocatalysis (Pd, Pt) etc. have 

been reported.  However, more recent investigations have revealed the ability of CNTs to 

catalyze reactions
27

.  Zhu et al
28

 reported experimental validation of the self catalytic 

behavior of CNTs.  Frank et al
29

 reported in metal-free catalytic oxidative alkane 

dehydrogenation on CNTs with enhanced rates as compared to those performed over 

traditional transition metal oxide catalysts.  The CNTs used in this study were purified in 

nitric acid and functionalized to contain P2O5 or B2O3.  Liming Dai
30

 and his group at the 

University of Dayton showed that aligned CNTs doped with nitrogen were able to 

catalyze the reduction of oxygen more efficiently than platinum.  It is also known that 

defects are inevitably formed during the growth of carbon nanotubes or introduced during 

post synthesis treatments.  Researchers have recognized that these defects influence the 

physical nd chemical behavior of the CNTs.  Attempts have been made to visualize these 

defects by binding nanoscale clusters which in turn determine the reactivity of the 

defects.  In this respect, studies have been conducted on the adsorption of O2, O3 and 

acetone and chemical functionalization of the defects with  nitrenes and carbenes.   

 

In view of these major developments and experimental evidence gathered in our 

laboratories, a strategic endeavor was deployed to comprehensively understand the role 

of CNTs during FT synthesis and for subsequently designing breakthrough FT catalyst 

for commercialization by growing CNT catalysts on monolithic supports which will have 

the potential to revolutionize FT synthesis process. 

 

METHODOLOGY 

 

Synthesis of free standing 

aligned MWNTs  

 

For accomplishing this task, 

we have used chemical 

vapor deposition (CVD) 

process currently available 

in our lab (Figure 3).  CVD 

processes are widely used 

to produce carbon 

nanotubes at low cost and 

high quality.  More Figure 3.  CVD reactor used for production of CNTs. 
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importantly, it is able to produce high purity nanotubes by in-situ etching of amorphous 

carbon during the growth process.  The method we 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 vapour 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.  We also found that the growth rate 

of the MWNTs can be dramatically enhanced, by introducing a small amount of air along 

with the carrier gas.   

 

Synthesis of SWNTs 

 

For SWNT growth, we have used direct thermal decomposition of metallocenes. The 

process of CNT growth was carried out in a horizontal tube furnace. A ceramic boat (8 

cm long) containing the ferrocene sulfur mixture was placed at one end of the quartz tube 

approximately 2 feet away from the center of the furnace. The set point of the furnace 

was adjusted so that the middle of the furnace containing the quartz tube reaches ~1150 
o
C.  The temperature at of the quartz tube end containing the ferrocene sulfur mixture was 

then monitored using a thermocouple. When the temperature of the quartz tube in the 

region containing metallocene/sulfur mixture reaches ~ 350
o
C – 400 

o
C, the mixture 

starts to evaporate. At this stage a mixture of Ar and H2 (Ar 85%) gas is introduced into 

the quartz tube at a rate of about 2000 sccm to carry the ferrocene vapors into the reaction 

zone (middle of the furnace). The CNTs are produced from the metallocene vapors in the 

reaction zone is carried by the carrier gas and gets deposited on the walls of the quartz 

tubes as macroscopic films on the other end of the quartz tube (the tube exhaust).  

 

Characterization 

 

The CNTs produced were 

characterized using Transmission 

Electron Microscopy (TEM), 

Scanning Electron Microscopy 

(SEM), and Vibrating Sample 

Magnetometer (VSM).   

 

Fischer-Tropsch Synthesis on CNTs 

 

FT synthesis was carried out in a ½” 

dia X 16” tall tubular fixed bed 

reactor.  The reactor was packed with 

the CNT catalysts.  Syngas with a 

H2:CO ratio of 2:1 was introduced at 

different flow rates (to vary the 

residence time) at temperatures and 

pressures ranging from 200-450 
o
C 

Figure 4.  Schematic of the reactor used for 

studying FT process. 
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and 14.7 psig -300 psig, respectively.  Thermocouples coupled with temperature 

controllers were used to measure and control the reaction zone temperature.  A 

backpressure regulator with a pressure transducer was employed to maintain the desired 

pressures.  A schematic of the setup is shown in Figure 4. 

 

Fischer-Tropsch Synthesis on Fe-Zn-K/ alumina, commercial catalyst and on CNTs on 

monoliths 

 

Similar experiments were conducted on Fe-Zn-K/  alumina (synthesised at SIUC), a 

commercial catalyst (from Sudchemie) and CNTs immobilized on cordierite monoliths.  

The products were analyzed and compared with the product distributions obtained from 

Fischer Trospch experiments employing the various carbon nanotubes as catalysts. 

 

RESULTS AND DISCUSSION 

 

Task I.  Synthesis of Multi Walled Carbon Nanotubes  

 

(i) Multi walled Carbon Nanotubes 

(MWNT1, MWNT2, MWNT3, & MWNT5): 

We have used air assisted, chemical vapour 

deposition technique for growing the 

MWNTs. The CVD process used to grow 

the CNTs lead to the deposition of aligned 

bundles of MWNT on silicon oxide 

surfaces. Synthesis of multi walled 

nanotube samples was performed using 

xylene ferrocene mix of 1gm of ferrocene in 

100 ml of xylene for MWNT1, 2gm of 

ferrocene in 100 ml for of xylene MWNT2, 

3gm of ferrocene in 100 ml of xylene for 

MWNT3 and 5 gm of ferrocene in 100 ml 

of xylene for MWNT5. Scanning electron 

microscopy (SEM) and Transmission 

Electron Microscopy (TEM) images of the 

MWNTs grown using this process is shown 

in Figure 1. Free standing blocks of as 

produced MWNT3 and MWNT5 Figure 5 

(a) and (c) respectively) are shown. Typical 

TEM images of as produced MWNT5 is 

also presented in Figure 5 (d). 

 

(ii) Purified Multi walled Carbon Nanotubes (MWNTP): We also purified MWNT1 

samples (MWNTP) using chemical treatments. The purification of the MWNNTP were 

performed by immersing the MWNT1 materials into 50 ml of hydrogen peroxide (H2O2 

30 vol%) solution. The carbon nanotubes in the solution were then dispersed using 

ultrasonic agitation for about 30 mins. After the sonication the carbon nanotubes were left 

Figure 5. Electron Microscopy images of MWNT 

samples.  
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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. Transmission electron 

microscopy images of as produced 

MWNT1 (Figure 6a inset) and 

purified MWNTP (Figure 6a) are 

shown.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 (a). Shows the effect of purification on the 

CNT samples. It is clear from the images that the 

majority of the iron particles present in CNTs (see inset  

a) are removed after purification.  

 

Figure  7. (a) (b) and (c) Shows SEM image of film of as FDSWNT. (d) TEM images showing the 

presence of thin bundles of SWNT with iron nano particles (indicated by arrows) adhered to their 

surface is presented. (e) Shows Raman measurement obtained from these samples. 
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Task II.  Synthesis of Single Walled Carbon Nanotubes  

 

(i) Synthesis of FDSWNT: We have synthesized single walled carbon nanotubes 

(FDSWNTs) by direct thermal decomposition of ferrocene (Fe(C5H5)2). This process is a 

single step production method to obtain CNT materials with high Fe content. The process 

of CNT growth was carried out in a horizontal tube furnace. A ceramic boat (8 cm long) 

containing the ferrocene sulfur mixture was placed at one end of the quartz tube 

approximately 2 feet away from the center of the furnace. The set point of the furnace 

was adjusted so that the middle of the furnace containing the quartz tube reaches ~1150 
o
C.  The temperature at of the quartz tube end containing the ferrocene sulfur mixture was 

then monitored using a thermocouple. When the temperature of the quartz tube in the 

region containing ferrocene/sulfur mixture reaches ~ 350
o
C – 400 

o
C, the mixture starts 

to evaporate. At this stage a mixture of Ar and H2 (Ar 85%) gas is introduced into the 

quartz tube at a rate of about 2000 sccm to carry the ferrocene vapors into the reaction 

zone (middle of the furnace). The CNTs produced from the ferrocene vapors in the 

reaction zone are carried by the carrier gas and gets deposited on the walls of the quartz 

tubes as macroscopic films on the 

other end of the quartz tube (the 

tube exhaust).  

 

In Figure 7, electron microscopy 

images of some of the as-produced 

CNT films are presented. A visual 

inspection of the films indicated that 

the CNTs were assembled as thick 

macroscopic films, however it was 

possible to peel off very flexible 

transparent films containing thin 

diameter CNTs from the CNT 

macro film, as shown in the SEM 

image Figure 3a. Figure 3b and 3c 

shows higher magnification images of 

the CNT films. These images 

clearly indicate the presence of thin 

diameter CNTs present in our 

sample. TEM of these samples are 

shown in Figure 3d. From the TEM 

images it can be seen that the as-

grown samples consisted of ropes of 

SWNT.  

 

(ii) Synthesis of NSWNT: We have 

synthesized single walled carbon 

nanotubes (NSWNTs) by direct 

thermal decomposition of 

Nickellocene. This process is a 

e 

Figure 8. Electron microscopy images of some of 

the as-produced NSWNT films are presented. A 

visual inspection of the films indicated that the 

CNTs were assembled as thick macroscopic films 

(4a), however it was possible to peel off very 

flexible transparent films containing thin diameter 

CNTs from the CNT macro film, as shown in the 

TEM image Figure 4c. 
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single step production method to obtain CNT materials with high Ni content. The process 

of CNT growth was carried out in a horizontal tube furnace. A ceramic boat (8 cm long) 

containing the nickellocene sulfur mixture was placed at one end of the quartz tube 

approximately 2 feet away from the center of the furnace. The set point of the furnace 

was adjusted so that the middle of the furnace containing the quartz tube reaches ~1150 
o
C.  The temperature at the quartz tube end containing the nickellocene-sulfur mixture 

was then monitored using a thermocouple. When the temperature of the quartz tube in the 

region containing ferrocene/sulfur mixture reaches ~ 350
o
C – 400 

o
C, the mixture starts 

to evaporate. At this stage a mixture of Ar and H2 (Ar 85%) gas is introduced into the 

quartz tube at a rate of about 2000 sccm to carry the nickellocene vapors into the reaction 

zone (middle of the furnace). The CNTs are produced from the nickellocene vapors in the 

reaction zone is carried by the carrier gas and gets deposited on the walls of the quartz 

tubes as macroscopic films on the other end of the quartz tube (the tube exhaust).  

 

(iii) Synthesis of CSWNT: We have synthesized single walled carbon nanotubes 

(CSWNTs) by direct thermal decomposition of Cobaltcene. This process is a single step 

production method to obtain CNT materials with high Co content. The process of CNT 

growth was carried out in a horizontal tube furnace. A ceramic boat (8 cm long) 

containing the nickellocene sulfur mixture was placed at one end of the quartz tube 

approximately 2 feet away from the center of the furnace. The set point of the furnace 

was adjusted so that the middle of the furnace containing the quartz tube reaches ~1150 
o
C.  The temperature at of the quartz tube end containing the cobaltcene-sulfur mixture 

was then monitored using a thermocouple. When the temperature of the quartz tube in the 

region containing ferrocene/sulfur mixture reaches ~ 350
o
C – 400 

o
C, the mixture starts 

to evaporate. At this stage a mixture of Ar and H2 (Ar 85%) gas is introduced into the 

quartz tube at a rate of about 2000 sccm to carry the cobaltcene vapors into the reaction 

zone (middle of the furnace). The CNTs are produced from the cobaltcene vapors in the 

reaction zone is carried by the carrier gas and gets deposited on the walls of the quartz 

tubes as macroscopic films on the other end of the quartz tube (the tube exhaust).  

 

 

Task III.  Characterization 
 

(i) Electron Microscopy: All the samples produced were characterized using scanning 

electron microscopy and transmission electron microscopy. Results of these 

characterization studies are already presented in Figure 5 – 9. Figure 5 is the EM image 

of MWNT while Figure 6 compares MWNTP with MWNT1.  The figure clearly shows 

a b Figure 9. Electron microscopy images of the as-

produced CSWNT films are presented. A visual 

inspection of the films indicated that the CNTs 

were assembled as thick macroscopic films (2a 

scale bar = 100 m). This macro film consisted of 

very thin diameter carbon nanotubes with catalyst 

particle attached to its surface as shown in Figure 

2b (scale bar = 800 nm). 
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the removal of iron from the CNT by the purification process.  Figures 7 – 9 are the 

electron microscopy images of FSWNT, NSWNT and CSWNT, respectively.  It appears 

as though the SWNT samples form a thick microscopic film that is easily peeled from the 

substrate as opposed the free standing aligned bundles formed as MWNTs.  The images 

of the as-produced bundles sow that the CNT synthesis catalysts adhere to the tube 

surfaces.  Figure 5 also shows the spectra obtained from the Raman measurements 

conducted on MWNT1 sample. 

 

(ii) Adsorption Isotherm 

Experiments: The specific 

surface areas of the MWNT 

samples and SWNT samples 

were performed using 

volumetric adsorption 

isotherm measurements. 

Adsorption on MWNT 

samples were performed at 

liquid nitrogen temperature (at 

77.3K) with Nitrogen gas as 

adsorbate. Based on the 

monolayer capacity of, the 

specific surface area of all the 

MWNT samples was found to 

be ~ 35 m
2
/gram (Table 1). A 

typical adsorption isotherm is 

shown in Figure 2. Simiarly, 

the specific surface areas of 

the FDSWNT, NSWNT and 

CSWNT samples were 

determined using volumetric 

adsorption isotherm 

measurements. Based on the 

monolayer capacity of, the 

specific surface area of the 

samples was found to be ~55 

m
2
/gram, ~50 m

2
/gram and ~ 

120 m
2
/gram for FDSWNT, 

CSWNT and NSWNT 

respectively. Typical 

adsorption isotherms for 

MWNT samples and SWNT 

samples are shown in Figure 

10.  

 

 

Figure 10. Adsorption Isotherm of MWNT1 (Top) and 

NSWNT (Bottom). 
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Table 1 Specific surface area from adsorption isotherm measurement and Fe 

content from VSM measurement 
 

 

 

 

 

 

 

 

iii) Magnetic Measurements: 

We have perfromed VSM 

(Vibrating Sample 

Magnetometer) measurements 

in order to determine the Fe 

content. The idea is to 

measure magnetic saturation 

of the samples and try to 

estimate the Fe content from 

the known value of saturation 

magnetization value for Fe. 

Typically, iron particles of 10 

nm diameter show a saturation 

magnetization of ~160 emu/g 

of saturation magnetization. 

The measured data for the 

MWNT5 sample (which have 

Fe particles trapped inside) is 

shown in the figure. From the 

measured data we can 

conclude that the amount of Fe 

present in MWNT5 is roughly 30 microgram. Iron content values of other samples were 

also found to be of the order of micrograms (Table 1).  

 

Task IV: FT Experiments  

 

(i) FT experiments on MWNT1 samples: 

 

Results of FT experiments performed on MWNT1 are shown in Figure 12. Figure 12a 

shows the scanning electron micrograph (SEM) of the MWNT1 samples. Figure 12b 

shows the amount of CO and H2 converted using MWNT1 as catalyst at two different 

reaction temperatures, obtained in a batch reactor. 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 (see 

methods for details) were kept identical in both the cases. We found that FT synthesis on 

MWNT1 result in significantly higher conversion efficiency than typical state-of-the-art 

FT catalyst. Further, the hydrocarbon product distribution was easily tuned by varying the 

Sample Fe content (g) SSA 

MWNT1 6.7X 10
-6

 35 m
2
/gm 

MWNT2 13 X 10
-6

 38 m
2
/gm 

MWNT3 15 X 10
-6

 34 m
2
/gm 

MWNT5 31 X 10
-6

 30 m
2
/gm 

Figure 11. VSM measurement of MWNT5 
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temperature of the reaction. In 

Figure 12 c, the product 

distribution obtained using 

MWNT1 for three different 

temperatures are shown. We 

found that lower temperatures 

favor lower chain growth.  

Increasing the temperature 

resulted in products, ranging 

from a jet fuel type to diesel 

fuel type to a mixture of 

hydrocarbons and alcohols. 

 

(ii) FT experiments on 

MWNTP samples: We have 

performed FT experiments on 

purified MWNT samples. In 

Figure 13, we have compared 

the specific conversion 

percentage of CO and H2 of 

the MWNNT1 and MWNTP at 

two different temperatures. It 

is clear from these data that the 

specific conversion of CO and 

H2 in the case of purified 

CNTs is about two orders of 

magnitude higher than the as-

produced CNTs.  

 

(iii) FT experiments on 

MWNT2 samples: In Figure 

14, the product distribution 

from FT synthesis performed 

on as-grown MWNT2 at 

different temperatures is 

shown. The FT synthesis was 

performed with syngas ratio 

1:1 on MWNT2 samples. The 

effect of temperature on 

liquid product distribution for 

MWNT2, 300 psig, with 

1:1 syngas (Figure 14 a) and 

the effect of temperature on 

liquid product composition 

for MWNT2, 300 psig, with 

Figure 12. (a) MWNT1 samples (b) conversion ratios of these 

samples with Fe-Zn-K/ Al2O3 catalyst and (c) product 

distribution. 

Figure 13. Specific conversion of purified MWNT with respect 

to as produced MWNTs. 
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1:1 syngas is shown (Figure 14b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(iv) FT experiments on 

MWNT3 samples: The FT 

synthesis was performed 

with syngas ratio 1:1 on 

MWNT3 samples. The 

effect of temperature on 

liquid product distribution 

for MWNT3 is shown in 

Figure 15. It is observed 

that simple temeprature 

tuning can yield 

hydrocarbons in select fuel 

ranges from gasoline to jet 

fuel to diesel.  The catalysts 

seem to be active upto 450 
o
C. 

Figure 15. Product distribution obtained MWNT3 samples. 

Figure 14. Results of FT experiments on MWNT2 samples 
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(V) FT experiments on 

MWNT 5 samples: FT 

synthesis was 

performed on as-grown 

MWNT5 at two 

different temperatures. 

The FT synthesis was 

performed with syngas 

ratio (H2:CO) 3:1 on 

MWNT5 samples. We 

found (Figure 16) 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).  

 

Similarly, varying the 

reaction pressure led to a 

shift in the hydrocarbon 

chain length distribution.  

The effect of the 

variation of the reaction 

pressure on the product 

distribution is shown in 

Figure 17. The FT 

synthesis was performed 

at 350
o
C with syngas 

ratio 1:1 on MWNT5 

samples. It is clear that 

though the distribution 

of the carbon species 

varied with the changing 

pressure of the FT 

reaction for the same 

temperature however, 

the distribution is not Figure 17. Product distribution on MWNT5 at two different pressures. 

Figure 16. Product distribution MWNT5 at two different reaction temperature. 
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limited to a narrow product species range.  In general, from the data we can conclude that 

lower operating pressure resulted in shorter chain hydrocarbons. An increase in pressure 

tended to increase the chain growth probability of the products.  In addition to an increase 

in the chain growth, it was also observed that substantial amounts of oxygenates 

(primarily alcohols are also formed at the higher pressure.  This is probably a result of 

insufficient residence time on the active sites for the R-CH2O intermediate species 

resulting in incomplete hydrogenation to form alcohols.   

 

(vi) FT experiments on NSWNT samples: FT synthesis was performed on as-grown 

NSWNT at different temperatures. The FT synthesis was performed with syngas ratio 1:1 

on NSWNT samples. The effect of temperature on liquid product distribution for 

NSWNT is shown in Figure 18. We observed that no organics were formed when 

experiment was conducted at 350 
o
C. At 400 

o
C, organic liquid fraction contained 

79.82 % of aromatics. 

 

 

(vii) FT experiments on CSWNT samples: FT experiments were conducted on SWNT 

derived from cobaltcene in the temperature range of 250 – 450 
o
C.  Experiments were 

conducted for 120 hrs to maintain steady state for a significant time. One experiment was 

performed at 350 
o
C after thermal activation at 450 

o
C.  Although extremely high 

conversions were obtained (Figure 19), no gaseous products were obtained in any 

experiment except for the experiment conducted after thermal activation.  The gas 

chromatograms obtained at 300 and 350 
o
C clearly showed that the product was primarily 

methane followed by higher gaseous hydrocarbons.  It was observed that increasing the 

temperature resulted in the formation of higher hydrocarbons as well as carbon dioxide.  

              Figure 18. Product distribution on NSWNT at five different temperatures. 
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The experiment conducted at 450 
o
C resulted in nearly 50 % carbon dioxide in the 

product stream. 

 

 

 

Task V - FT Experiments on commercial catalyst and on CNTs grown on monoliths 

 

(i) FT experiments on Fe-Zn-K/ alumina:  The first comparison of the CNT catalysts 

with conventional catalysts were conducted with laboratory synthesized Fe-Zn-K/ 

alumina catalysts.  The data obtained from these FT experiments are provided in Figure 

20 which clearly show the dominance of hydrocarbons as compared to oxygenates and 

aromatics  at both temperatures. 

 

 

(ii) FT experiments on commercial catalyst (Sudchemie) samples: For comparison, the 

FT synthesis was performed on Co based catalysts from Sudchemie. The FT synthesis 

was performed with syngas ratio 1:1 on these samples. The effect of temperature on 

liquid product distribution is shown in Figure 21. The reaction pressure 350 psig and the 

catalyst loading was 10gms.  Experiments were conducted at 3 different temperatures. 
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Figure 19. Product distribution on CSWNT at five different temperatures. 
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  Figure 21. Product distribution on Sudchemie catalyst at three   

  different temperatures. 
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Figure 20. Effect of temperature (300
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(iii) Synthesis of CNT-Monoliths: We have employed an air assisted vapour phase 

catalyst delivery CVD method for growing CNTs on coeredite monoliths. By using this 

method, growth rate of CNTs can be dramatically enhanced, about three times faster than 

conventional CVD. In our experiments we used ferrocene (contains Iron as the catalyst) 

and xylene (carbon source) for growing vertically aligned CNTs. A solution of ferrocene-

xylene (0.05g/l) was vaporized in a steel bottle and was flown into a furnace (using 

Argon/ Hydrogen (85% Ar) containing the substrates (monoliths in this case) for CNT 

growth. Figure 22 contains pictures and SEM images of the MWNTs grown on cordierite 

supports.  As-produced CNTs grown on the substrate was used as catalyst in the reactor 

for performing the FT synthesis. 

 

 
 

Figure 22.  Images of MWNT grown on cordierite monolith. 

 

(iv) FT Synthesis of CNT-Monoliths: In Figure 23, results from Fischer-Tropsch synthesis 

on CNTs grown on ceramic monoliths with higher syngas ratio are shown.  The product 

distribution obtained with respect to reaction temperature using syngas with 1:3 ratio of 

CO:H2 on CNTs shows that alcohols are predominantly formed at higher temperatures 

while hydrocarbons are formed at lower temperatures.   
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CONCLUSIONS AND RECOMMENDATIONS 

 

In conclusion, it was found that the carbon nanotubes produced and examined under this 

project are capable of converting CO and H2 either to form gaseous hydrocarbon or long 

chain hydrocarbons and liquid fuels.  It was demonstrated that the syngas conversion 

(moles converted per gram of catalyst used) of the traditional iron-based catalyst on 

alumina (Fe-Zn-K/γ-Al2O3) and commercial catalyst (from Sudchemie) was far surpassed 

by many different types of nanotubes, whether they were SWNTs, MWNTs, as-produced 

or, purified.  This confirms that carbon nanotubes are indeed capable of CO 

hydrogenation and by many orders of magnitude over the traditional catalyst.  

Irrespective of the variation of the growth conditions, all the multiwalled carbon 

nanotubes are capable of producing liquid hydrocarbons. Therefore, it is recommended 

that the as- produced MWNTs used in this process could significantly lead to the 

development of carbon based FT catalyst.  It was also found that after the removal of iron 

from the MWNT surface the conversion of syngas was significantly enhanced and thus 

 

Figure 23. (a) Product 

distribution obtained with 

(b) MWNTs grown on 

coerdite monoliths, c) 

picture of liquid fuel 

collected. 

c 
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one can conclude that iron is not a major contributing factor towards the catalytic activity 

observed in the CNTs.   

 

For most reaction conditions, an increase in temperature promoted the growth of 

hydrocarbon chains, although this was not true for every experiment.  More important to 

note, the higher temperatures usually led to the formation of more alcohols (and 

sometimes ketones) and fewer hydrocarbon products.  A trend similar to the temperature 

effects was seen with changes in pressure.  This series of experiments to evaluate the 

effect of pressure on the FT products was not as thorough as the temperature series.  Still, 

it revealed an increase in hydrocarbon chain length with increasing pressure, and showed 

that alcohols were formed in greater quantities at higher pressure. The syngas with H2:CO 

ratio of 1:1 produced longer hydrocarbon chains than the 3:1 syngas for the operating 

conditions and type of CNT examined during this series of experiments.  At higher 

temperatures (≥350°C), however, the product composition shifted to contain primarily 

alcohols no matter which syngas composition was used.  FT experiments also showed 

that the product distribution is also affected by the type of MWNT used (meaning, the 

exact solution used to synthesize the MWNTs).  A clear correlation between the product 

distribution and the synthesis of the MWNT could not be determined, yet it is clear that 

the different ferrocene/xylene solutions adjusted some property of the MWNTs that has 

an impact on the results.  The activities of the MWNTs were found to be significantly 

high in the temperature range of 250 – 450 
o
C.  This is indeed remarkable since the two 

traditional catalysts Co and Fe are active in narrow temperature regimes only.   

 

One additional step taken at the end of this research was to develop a method by which 

CNTs could be more effectively utilized in the Fischer-Tropsch synthesis and other 

industrial processes.  To this end, CNTs have been successfully grown on a cordierite 

monolith support.  The CNTs were grown on every surface of the monolith, including the 

inside of the long cylindrical channels. It is believed that CNTs on the monolith support 

will be more easily transported, handled and loaded into an FT reactor than CNTs in a 

near-powder form. The monolith support was not expected to inhibit the performance of 

the CNT catalysts, and FT experiments using this CNT/monolith catalyst showed 

promising results. 

 

This demonstration of the catalytic ability of carbon nanotubes in the FT synthesis opens 

the doors for CNTs to be employed in a number of other catalytic reactions.  One of the 

advantages of carbon nanotubes over the traditional catalysts is that they can be used as-

produced and do not have to go through the time-consuming process steps of 

impregnating supports with metal catalysts, promoters, stabilizers, et cetera.  There are 

two main directions for further research that can be suggested. First, a deeper 

investigation needs to be performed by scientists and researchers to determine exactly 

which surface reaction mechanisms are taking place for the initiation and polymerization 

of hydrocarbons on CNTs.  Gaining a better understanding of the underlying science will 

help reveal exactly how the carbon nanotubes are able to catalyze the reduction of carbon 

monoxide to these products, which will lead to the development of the most productive 

CNTs. This analysis, in conjunction with more experiments evaluating the type of CNT, 

will help determine which property of the CNT correlates to changes in product 
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distribution. An understanding of the reaction mechanisms will also allow for the fine 

tuning of reaction parameters (temperature, pressure, syngas composition) resulting in a 

high level of control over the product distribution. When the effects of all parameters are 

determined, the large-scale FT synthesis will be more efficient and highly selective to 

specific types of liquid fuel. 

 

On the engineering side of the FT synthesis, the process (using CNTs) needs to be scaled 

up to allow for commercialization. This will require efficient mass production of carbon 

nanotubes, and the ability to easily adjust the type or composition of CNTs. It will also 

require better methods of handling CNTs and loading them into an industrial-scale 

reactor. One possible solution to this issue by growing CNTs on cordierite monolith 

supports has been developed and discussed in this report. 
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