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ABSTRACT 

This project focuses on preparation of Fischer-Tropsch (FT) catalyst by using 

strong electrostatic adsorption (SEA) method. The simple catalyst synthesis method of 

strong electrostatic adsorption is applied to cobalt-iron (bimetallic) system on carbon 

nanotubes support. The pH value plays an important role in the deposition of metal 

precursor using SEA method. Iron was incorporated into cobalt at ratio of 10, 20 and 30 

wt"lo.The physico-chemical properties, FT activity and selectivity of the bimetallic 

catalysts were analyzed and compared with those of monometallic cobalt catalysts at 

similar operating conditions (H2/CO = 2: l molar ratio, P = Atmospheric and T = 220 
0 C). The average size of metal oxide particles deposited on the inner and outer walls of 

the CNTs was 6±1.5mn and 6.5± 3nm, respectively. Using the 90Co10Fe/CNT catalyst, 

the CO conversion was 2.5% and C/ selectivity was 0.85%. Other composition did not 

produce ct hydrocarbon. 
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1.1 Background Study 

CHAPTERl 

INTRODUCTION 

In the paper by Andrei Y. Khodakov, Wei Chu, and Pascal Fongarland, it stated 

that the first experiment on catalytic hydrogenation of carbon monoxide was carried out at 

the beginning of 20th century. In 1902, Sabatier and Senderens synthesized methane from 

a mixture of CO or C~ with hydrogen. The reaction was performed on cobalt or nickel 

catalysts at temperatures of 473-453 K and under atmospheric pressure. In 1922, Hans 

Fischer and Franz Tropsch proposed the Synthol process, which gave, under high pressure 

(> 100 bar), a mixture of aliphatic oxygenated compounds via reaction of carbon monoxide 

with hydrogen over alkalized iron chips at 673 K. This product was transformed after 

heating under pressure into "Synthine", a mixture of hydrocarbons. Important progress in 

the development of Fischer-Tropsch (FT) synthesis was made in 1923. It was found that 

more and more heavy hydrocarbons could be produced when the Synthol process was 

conducted at lower pressure (7 bar). Heavy hydrocarbons were the main products of 

carbon monoxide hydrogenation. {Andrei Y. Khodakov, 2007] 

In 1993, Shell Bintulu (12 500 barrels per day) (bpd) plant came into operation. In 

June 2006, the Sasol Oryx 34 000 bpd plant was inaugurated. SasolChevron is currently 

building its Escarvos GTL plant in Nigeria. Shell and Exxon signed the agreement on 

building 140 000 and 150 000 bpd GTL-FT plants in Qatar. Thus, after several decades of 

research and development, FT technology has finally come to the stage of full-scale 

industry and worldwide commercialization. 

Nowadays, Fischer-Tropsch synthesis has been developing in oil and gas 

industry. The global resurgence of interest in FT synthesis has been primarily driven by 

the problems of utilization of stranded gas, diversification of sources of fossil fuels, and 

environmental concerns. The abundant reserves of natural gas in many parts of the world 

have made it attractive to commission new plants based on FT technology. 
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Synthetic liquid fuels generally have a very low content of sulfur and aromatic 

compounds compared to gasoline or diesel from crude oil. FT synthesis has been 

considered as a part of gas to liquids (GTL) technology, which converts natural and 

associated gases to more valuable middle distillates and lubricants. This method is one 

of the alternative ways to produce hydrocarbons and also can be considered as one of the 

green technology [Andrei Y. Khodakov, 2007]. 

There are few methods to synthesize the nanocatalysts for the FT synthesis. The 

methods are impregnations, precipitation, sol-gel, plasma, colloidal, micro emulsion, 

strong electrostatic adsorption (SEA) [Andrei Y. Khodakov, 2007]. The different 

method will have different catalyst performance. There are several important steps in the 

preparation of the catalyst which are choice of appropriate catalyst support, choice of 

method of deposition of the active phase, catalyst promotion, and oxidative and 

reductive treatments. The catalytic performance ofFT catalysts is usually affected by 

different oxidizing and reducing pretreatments. The catalytic support could also 

influence the performance ofFT catalyst. This study will focus on strong electrostatic 

adsorption (SEA) method. 

1.2 Problem Statement 

The strong electrostatic adsorption (SEA) method was used to synthesize monometallic 

cobalt [Chee Kai Ling, 2011]. Supported cobalt has been found to be a good choice of 

catalysts for FT synthesis due to potentially high activity and selectivity. However SEA 

method has not been used to synthesize bimetallic iron and cobalt nanocatalyst. 

1.3 Objectives 

The objectives of this project are to: 

• To synthesize iron-cobalt (bimetallic) nanocatalyst via strong electrostatic 

adsorption (SEA) method on carbon nanotube (CNT). 

• To characterize physical and chemical properties of cobalt-iron on CNT support. 

• To do the Fischer Tropsch reaction study using cobalt-iron nanocatalyst. 
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1.4 Scope of Work 

The scope of work includes the following: 

• Conduct the experiment that is going to be used in this study. 

• Synthesize l 0 wt"/o of cobalt-iron (bimetallic) nanocatalyst on carbon nanotube. 

• Synthesis 4 sample nanocatalysts that have different percentage of Co:Fe which 

were 100Co, 9{):10, 80:20 and 70:30. 

• Characterizations of the cobalt-iron bimetallic nanocatalyst using Transmission 

Electron Microscope (TEM), Field Emission Scanning Electron Microscope 

(FESEM-EDX), Surface area analyzer (BET) and Temperature-programmed 

reduction (TPR). 

• Use micro-tubular fixed-bed reactor to study the activity and product selectivity 

of nanocatalysts. 

1.5 Relevancy of the Project 

This project is relevant because it may give a positive result on the performance 

ofFT catalyst throughout the experimental practices by applying different catalyst 

synthesis method. The strong electrostatic adsorption (SEA) method is simple, logical 

explanation of mechanism for cobalt precursor deposition on the oxide support and 

should yield higher dispersion at narrow particle size distribution compared to the other 

methods (Jiao, 2008]. To optimize the performance of catalyst, a single metal of cobalt 

is combined with iron to form bimetallic system. The performance ofbimetallic system 

will be compared with that of monometallic system. 

1.6 Feasibility ofthe Project 

The strong electrostatic adsorption (SEA) method is suitable to be done in 

laboratory as there are tools, equipment and also chemicals which are the main elements 

to determine whether this project may excel or not. The time given to conduct the 

experiment is also sufficient which consist of the period of preparing the catalyst and the 

reaction study of catalyst. 
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CHAPTER2 

LITERATURE REVIEW 

2.1 Introduction to Fischer-TropKh synthesis (FfS) 

FTS is a set of chemical reaction that converts a mixture of carbon monoxide and 

hydrogen into liquid hydrocarbons. The process, a key component of gas to liquid 

technology, produces a petroleum substitute, typically from coal, natural gas, or biomass 

for use as synthetic lubrication oil and as synthetic fuel. The FTS has received 

intermittent attention as a source of low-sulfur diesel fuel and to address the supply or 

cost of petroleum-derived hydrocarbons. 

In FTS, syngas CO and H2 are converted to hydrocarbons mainly over Co or Fe 

based catalysts according to reaction [Andrei Y. Khodakov, 2007]: 

FTS reaction 

Natural Gas to Synthesis Ga~ 

~- .o., 

. .. -
-

c ...... 
........... • "'*ac- • Nltlec-t 

Co COz • M~l 

.. 

Synthctsis Gas to Synthettc Crude 

Figure 1: Mechanism of Fischer-Tropsch Synthesis 
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Reaction mechanisms: 

The conversion of CO to alkanes involves net hydrogenaration of CO, the 

hydrogenaration of C-0 bonds, and the formation of C-C bonds. Such reactions are 

assumed to proceed via initial formation of surface-bound metal carbonyls. The CO 

ligand is speculated to undergo dissociation, possibly into oxide and carbide ligands 

[Jiao, 2008J. Other potential intermediates are various C-1 fragments including formyl 

(CHO), hydroxycarbene (HCOH), hydroxymethyl (CHzOH), methyl (CHJ), methylene 

(CHz), methylidyne (CH), and hydroxymethylidyne (COH). Furthermore, and critical to 

the production of liquid fuels, are reactions that form C-C bonds, such as migratory 

insertion. Many related stoichiometric reactions have been simulated on discrete metal 

clusters, but homogeneous F-T catalysts are poorly developed and of no commercial 

importance [Andrei Y. Khodakov, 2007]. 

Process conditions: 

Generally, the Fischer-Tropsch process is operated in the temperature range of 

150-300 oc (302-572 °F). Higher temperatures lead to faster reactions and higher 

conversion rates but also tend to favor methane production. As a result, the temperature 

is usually maintained at the low to middle part of the range. Increasing the pressure leads 

to higher conversion rates and also favors formation oflong-chained alkanes both of 

which are desirable. Typical pressures range from one to several tens of atmospheres. 

Even higher pressures would be favorable, but the benefits may not justify the additional 

costs of high-pressure equipment and higher pressures can lead to catalyst deactivation 

via coke formation. A variety of synthesis gas compositions can be used. For cobalt

based catalysts the optimal Hz: CO ratio is around 1.8-2.1. Iron-based catalysts promote 

the water-gas-shift reaction and thus can tolerate significantly lower ratios. This 

reactivity can be important for synthesis gas derived from coal or biomass, which tend to 

have relatively low Hz: CO ratios (<1) [Andrei Y. Khodakov, 2007]. 

Fundamental studies showed that activity of catalyst depend on the number of 

active sites which is number of precursor metallic particle on the support, namely 

number of metallic particle on the support [Den Breejen, J.P, 2009J. FTS activity is a 
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function of the number of metallic particle on the support surface, which is exposed to 

the syngas reaction [S.Sun, 2000] .This factor, depends on metallic loading, dispersion 

of metallic species and its reducibility. 

2.2 Catalysts for Fischer-Tropsch Synthesis 

All group VIII metals have noticeable activity in the hydrogenation of carbon 

monoxide to hydrocarbons Ruthenium followed by iron, nickel, and cobalt are the most 

active metals for the hydrogenation of carbon monoxide. Vannice et a!. showed that the 

molecular average weight of hydrocarbons produced by FT synthesis decreased in the 

following sequence: 

Ru > Fe>Co> Rh > Ni> Ir>Pt> Pd 

Thus, only ruthenium, iron, cobalt, and nickel have catalytic characteristics 

which allow considering them for commercial production. Nickel catalysts under 

practical conditions produce too much methane. Ruthenium is too expensive; moreover, 

its worldwide reserves are insufficient for large-scale indnstry. 

Cobalt and iron are the metals which were proposed by Fischer and Tropsch as 

the first catalysts for syngas conversion. Both cobalt and iron catalysts have been used in 

the industry for hydrocarbon synthesis. A brief comparison of cobalt and iron catalysts is 

given in Table I. Cobalt catalysts are more expensive, but they are more resistant to 

deactivation. Although the activity at low conversion of two metals is comparable, the 

productivity at higher conversion is more significant with cobalt catalysts. Water 

generated by FT synthesis slows the reaction rate on iron to a greater extent than on 

cobalt catalysts. At relatively low temperatures (473-523 K), chain growth probabilities 

of about 0.94 have been reported [Jager , 1998,Espinoza, 1999] for cobalt-based 

catalysts and about 0.95 for iron catalysts. The water-gas shift reaction is more 

significant on iron than on cobalt catalysts. The water-gas shift reaction is an important 

industrial reaction. It is often used in conjunction with steam reforming of methane or 

other hydrocarbons [Andrei Y. Khodakov, 2007]. 
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The water-gas shift reaction: 

CO (gJ + HzO <•> ~ COz (gJ +Hz (gJ 

Table 1: ComparisonofCobaltandlronFTCatalysts 

(coking, carbon deposit, iron 
carbide) 

Comparable 

0.94 

very more 
noticeable at high conversion 

<O.Ipprn 

Less 
of temperature and pressure on 

hydrocarbon selectivity 

Good 

Lower, strong negative effect of 
water on the rate of CO 

conversion 
0.95 

<02pprn 

Flexible; methane selectivity is 
relatively low even at 613 K 

Not very resistant 

Iron catalysts usually produce more olefins. Both iron and cobalt catalysts are 

very sensitive to sulfur, which could readily contaminate them. For iron-based catalysts, 

the syngas should not contain more than 0.2 ppm of sulfur. For Co catalysts, the amount 
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of sulfur in the feed should be much less than 0.1 ppm. [Dry, M. E, 2002] Cobalt 

catalysts supported on oxide supports are generally more resistant to attrition than iron 

coprecipitated counterparts; they are more suitable for use in slurry-type reactors. Iron 

catalysts produce hydrocarbons and oxygenated compounds under different pressures, 

H2/CO ratios, and temperatures (up to 613 K). Cobalt catalysts operate at a very narrow 

range of temperatures and pressures; an increase in temperature leads to a spectacular 

increase in methane selectivity. Iron catalysts seem to be more appropriate for 

conversion of biomass-derived syngas to hydrocarbons than cobalt systems because they 

can operate at lower H2/CO ratios [Andrei Y. Khodakov, 2007]. 

Both Co and Fe are used in combination with a range of supports and promoters that 

permit further control over the products selectivity. There have a few type of supports 

can be used for the FTS. Silica is commonly used as a support material for Co because 

of its high surface area [D. Song, 2006] and also is often used as a (oxide) support for 

comparison with carbon. Recently, carbon was cited as a good candidate for FT 

synthesis, because lower Co-support interactions relative to silica lead to lower 

reduction temperature and better Co dispersion [Bezemer G.L, 2006]. A cited 

disadvantage of supporting cobalt on silica is that the strong Co precursor-silica 

interaction leads to a high reduction temperature, at which significant Co sintering 

occurs [Bezemer G.L, 2006]. The use of carbon as support for cobalt has been motivated 

by its potentially weaker interaction with the cobalt complexes, which would allow a 

lower reduction temperature and minimize sintering [Bezemer G.L, 2006]. Using CNT, 

based on paper by Bezemer et al. 2006, reported that particle size of cobalt FTS catalysis 

seems to have a threshold value of 6 mn and for silica supported cobalt catalysts, 

average cobalt particle size of 4.6±0.8 mn. So this study chooses the carbon nanotube 

(CNT) as the support. 

A feasible methodology that has been developed for controlling the property of a 

metal is alloying. In particular, it has been experimented that the combination of active 

Fe and Co in the catalyst have generated product streams in the FT reaction richer in 

olefins and alcohols than the outcome of either single Fe or Co catalyst. 
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2.3 Strong electrostatic adsorption (SEA) 

The method of strong electrostatic adsorption (SEA) as a simple, rational approach to 

synthesizing highly dispersed metals on oxide and carbon supports [J.R. Regalbuto, 

2006]. The SEA method is based on an electrostatic mechanism in which the functional 

groups (typically hydroxyl) on the support surface can be protonated and deprotonated 

and thus positively or negatively charged as a function of pH. That pH at which the 

surface is neutral is designated the point of zero charge (PZC). The PZC is an important 

characterization parameter in order to optimize loading and anchor the metal complex 

precursor to maximize dispersion (high dispersion and anchoring of the precursor leads 

to high dispersion of the metal on reduction). At extreme low or high pH, adsorption is 

inhibited over all surfaces by high ionic strength [W.A. Spieker, 2001]. 

It has been suggested that molecular control of electrostatic adsorption might be 

achieved by changing the support PZC by doping with cations to increase the PZC, e.g., 

Na+ on silica, or by doping with anions to decrease the PZC, e.g., Cl- on alumina. This 

works, in so fur as PZC change is concerned, but does not affect the electrostatic 

adsorption of metal complexes (because there is dissolution and reversal of the doping 

effect) [J. Korah, 2003]. The oxidation of a carbon support, on the other hand, is 

reasonably irreversible in the absence of strong reducing agents and can be tuned by 

both the oxygen loading and the mix of functionalities formed by nitric acid oxidation 

and modified by reduction. Liquid phase oxidation mainly produces carboxylic acids 

while gas phase oxidation mainly produces hydroxyl and carbonyl groups [J .L. 

Figueiredo, 1999]. 

The PZC value ofCNT is 3.7 [Sungchul Lee, 2011]. Support contains hydroxyl 

groups on its surface. In a pH<PZC medium, the hydroxyl groups will protonate and 

become positively charged and thus attracting anions. When pH>PZC, the hydroxyl 

groups will deprotonate and became negatively charged and attracting cations show in 

figure 2. At the pH of strongest interaction, oppositely charged metal coordination 

complexes adsorb in well-dispersed monolayers; in many cases, the high dispersion of 
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the precursor phase can be retained as the precursor is reduced to metal [J.R. Regalbuto, 

2006]. In other words, pH value plays an important role in the deposition of metal 

precursor. Moreover this method can attract more metallic particles and increase the 

distribution to the base surface. 

)I t 

Olt o-
Oli 

pll- p~ pJl ~ pLC 

Figure 2: Mechanism of strong electrostatic adsorption (SEA) method 
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3.1 Methodology 

CHAPTER3 

MEmO DO LOGY 

Below is the methodology and flow chart of experiment: 

~~~~r .·-:;;;or·~:-:"4""7·~~~.~~,"""-"r-)7"·~"~':"'T~: ·~~.~'""~-~_.. .. __ 
1 '.~. · · .. :": T~eatmen't~fCNTs · · · · · 

~t'.o:l'!.••!s•~ • • 1•'•....,.._ • • 'J • .~-~.,. .. , - ~--~" ~~Y't~- -..IJ..~ 
,,,t': 

~~ ........ ., '0/~11"!' --~<(;J. , .. ,• 1\o''" ' 0 r,, •y-<; •9" ....... , V. -~·t• ~,-~, ~· ·-'1 ° 

~;~·-:· . : .· --·::=,.· · .. ~Dry.(a.od . calcir,ali·d·n sainple · · · ': 
l: ... ~ .. ~i..:_r,:..,•z_.~~.::.~!·~~· ..... :.~·.~; .. _ ~·j ~t .. :1.:_~r~- . : ., .1

•• -L :.~._·....-:.'~~-,. ~--~-.. ~ -~~ 
I 

Characterizetion of the catalysts 

FTS reaction study 

Figure 3: Flow chart of experimenl procedure 

3.2 Experimental 

3.2.1 Treatment of CNTs 

1. Prepare a 1 OOml HN03 (35%) solution. 

Mlvl = M2v2 

65o/ov2 = 35o/ox100ml 

35%x100ml 
vl=----

65% 

vl = 53.8ml 
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2. Set up the reflux apparatus as shown in figure 4 . 

• 

Paraffin oil 

~~4:CNTsprernwmrem~~ 

3. Treat 3 grams Mknano-MWCNT (>95%) with 35 wt.% HNDJ at too·c for 16 

hours. 

4. After that, tum off the heater. 

5. Let the water stiJJ circulate through the condenser until the temperature cooled 

down to ambient temperature. 

6. Wait for the CNTs to settle down and filter off the HN~ 

7. Filter and wash CNTs with deionized water until the pH is neutral using the 

vacuum pump.( caution: careful with HNDJ and CNTs) 

Fi~ 5: Washingprocess 

8. Dry it at 12o·c for 6 hours. 

CNT with deiooizrd water 

Vacuum pump 
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3.2.2 Catalyst preparation 

J. Cobalt nitrate salt (Merck, 99.90/o purity) and iron nitrate salt (Merck, 99.9% 

purity) are used as precursor to prepare the catalysts. (The PZC value of CNT is 

3.7 [Sungchul Lee, 2011]) 

2. Cobalt and iron precursors are adsorb on the CNT support from an excess solution 

(to prevent pH shift) at various ratio of cobaJt and iron metal Jike in the table 

below: 

Table 2: Composition of Fe VS Co (5 wt. %) 

Composition 100:0 90:10 80:20 

Cobalt nitrate (g) 0.123 0.111 0.09 

Iron nitrate (g) 0 0.02 0.04 

CNTs(g) 0.475 0.475 0.475 

Total (g) 0.593 0.606 0.605 

3. Adjust pH of 50ml of deionized water to 8-9 using ammonia. 

4. Add 0.475g CNT. 

5. Add CoN~ and then FeN~ into the solution and stirred for 1 hour. 

Figure 6: Stirred the solution for an hour 

6. Label the sample with S I, S2, S3 and S4. 

70:30 

0.085 

0.054 

0.475 

0.614 
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7. Filter the sample using filter paper. 

8. Put it in the oven and dry the sample at 120"C for 6 hours. 

9. Followed by calcination at 3700C in nitrogen flow using furnace Carbolite for 5 

hours. 

Figure 7: Calcination process usingfurnoce Carbolite 

3.2.3 Catalysts characterization 

1. Use Transmission Electron Microscope (TEM) to analyze the morphology and size 

of the sample. The CNTs and catalysts were characterized by Transmission 

Electron Microscopy (TEM). Sample specimens for TEM studies were prepared by 

ultrasonic dispersion of the CNTs and catalysts in ethanol. The suspensions were 

dropped onto a carbon-coated copper grid 

2. Field Emission Scanning Electron Microscope (FESEM-EDX) 

3. Surface area analyzer (BE'I). This analytical technique uses physical adsorption 

and capillary condensation principles to detennine surface area and porosity of 

solid materials. 

4. Temperature-programmed reduction (TPR) is a widely used tool for the 

characterization of metal oxides, mixed metal oxides, and metal oxides dispersed 

on a support. 

5. Use micro-tubular fixed-bed reactor at atmospheric pressure to study activity and 

selectivity of sample. (H2/CO = 2: 1 molar ratio, P = Atmospheric and T = 220 °C) 
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3.3 Tools Required 

3.3.1 Chemicals 

1. Mk.nano-MWCNT(>95%) 

ii. 30 wt.% HN03 

iii. Ammonia 

iv. (Co(N<>J)2).6H20 99 wt.% (Merck) 

v. (Fe(N03)J).9H20 99 wt.% (Merck) 

3.3.2 Equipment 

1. Vacuum pump 

11. Furnace Carbolite 

iii. Transmission Electron Microscope (TEM) 

iv. Field Emission Scanning Electron Microscope (FESEM-EDX) 

v. Surface area analyzer (BET). 

vi. Temperature-programmed reduction (TPR) 

vii. Micro-tubular fixed-bed reactor 

3.4 Project's Gantt chart and key milestone 

" ~~~--------------------------;-----+-~-+--~+-~~ I r-+--

11 ll u 13 

e 1--+---+--

~~~~~~~~---L-~~---~~~---~~ ~ ~+-~~-
~~~~~~--l--l-_J_--!---l--l---l---l~t---1---1---1---

Process Key milestone 
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CHAPTER4 

RESULT AND DISCUSSION 

4.1 Transmission Electron Microscope (fEM) 

The sample of catalyst on CNTs was analyzed by TEM. Sample Sl is a 

1 OOCo/CNT catalyst. The TEM image revealed that the catalyst particles were dispersed 

inside the CNT. Sample S2 is a 90Co 1 OFe/CNT catalyst. The TEM image shows that the 

catalyst particles were dispersed inside the tubes and also on the external surface of the 

tube walls. Similar distributions of nanoparticles were observed for sample S3 and S4. 

SJ 

Figure 8: TEM image of the 1 OOCo/CNT 
catalyst 

S3 

Figure 10: TEM image of the 80Co20Fe/CNT 
catal st 

S2 

Figure 9: TEM image of the 
90Co10Fe/CNT catalyst 

S4 

Figure 11: TEM image of the 
70Co30Fe/CNT catalyst 
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Based on the TEM image, particles that distribute inside and outside the CNT for each 

sample can be calculate as shows in the table 

Table 3: Numbers of particles for each sample 

Sl 2 100 0 

S2 4 30.8 9 69.2 

S3 4 12.1 29 87.9 

S4 3 21.4 11 78.6 

From table 3, 100% of particles dispersed inside the CNT for sample S 1, 30.8% 

inside and 69.2% outside the CNT for sample S2, 12.1% inside and 87.9% outside the 

CNT for sample S3, 21.4% inside and 78.6% outside the CNT for sample S4. 

The bar graph depicting the size distribution of the total particles inside and 

outside the CNT was determined based on total particle population taken from several 

TEM micrographs. The fig. 12, 100% of the nanoparticles were in range 13-15nm inside 

the CNT for 1 OOCo/CNT catalyst (S 1 ). The average size of the particles inside the CNT 

is 13.5nm and standard deviation is 1.5nm. 

120 
Pereeatage(%) vs particle size 

100 ---~ - - ---~ --------..---...-
80 -

Percentaae(") 60 -
40 -
20 -

0 

l (1-2) (3-4) (~a~11le (n~10) (11-U) (13-15) 

Figure 12: Particles size distribution for /OOCo/CNT catalyst (inside CN1) 
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Fig. 13 and 14 shows particle size distribution for 90Col OFe/CNT catalyst (S2). 

Fig. 13 shows that 75% of catalyst particles are in range 5-6nm and 25% in range 7-Snm 

been distributed inside the tube. The average size of the particles inside the CNT is 

5.75nm and standard deviation is 0.74nm. 

r
---------------------------------------------------~ 

, Percentage(%) vs particle size 1 

I 
Percentage(%) 40 +----------

20 +-----------

l __ __ (1-2) (3-4) (5-6) (7-8) (9-10) (11-12) (13-15) 
Particles size (nm) 

- --------' 

Figure 13: Particles size distribution for 90Col OFe/CNT catalyst (inside CNI) 

Fig 14 shows the distribution of catalyst particles outside the tube that are 22% in 

range 3-4nm, 22% in range 5-6nm, 11% in range 7-8nm and 45% in range 9-10. 

Average size of the particles deposited outside of CNT is 6.94nm and standard deviation 

is 2.43nm. 

Percentage(") 

Percentage(%) vs particle size 

50 ,------------------------------

40 +---------------

30 +--------------------
20 +-------
lOt---

0 +----.--
(1-2) (3-4) (5--6) (7-8) (9-10) (11-12) (13-15) 

Particles size (nm) 

Figure 14: Particles size distribution/or 90Col0Fe/CNT catalyst (outside CNI) 

Fig. 15 and 16 shows particle size distribution for 80Co20Fe/CNT catalyst (S3). 

Fig 15 show the distribution of catalyst particles inside the tube that are 50% in range 5-
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6nm and 50% in range 7-Snm. The average size of the particles inside the CNT is 

6.25nm and standard deviation is 0.83nm. 

60 ,---P~e_rce __ n_ta~-ge(--~o/o~~·--)--v--s-p-art--ie-le-su.e_· ----------l 
50 +----------
40 -+--------------

Pertentage(%1 30 +--------------' 
20 +-------, 
10 +-------, 

L __ ,_ (1-2) (3-4) (5-6) (7-8) (9-10) (11-12) (13-15) 

Partides size (nm) 

Figure 15: Particles size distribution for 80Co20Fe/CNT catalyst (inside CN1) 

Fig 16 shows the distribution of catalyst particles outside the tube that are 3% in 

rangeof1-2nm, 28% in range 3-4nm, 45% in range 5-6nm, 14% in range 7-8nm and 7% 

in range 9-10nm and 3% in range l3-15nm. Average size of the particles deposited 

outside ofCNT is 5.67nm and standard deviation is 2.3nm. 

Percentage(%) 

50 

40 

30 

20 

10 

0 

- - -----------------------~~l 

Percentage(%) vs particle size 

(1-2) (3-4) (5-6) (7-8) (9-10) (11-12) (13-15) Jl 
Particles size (nm) 

----------------

Figure 16: Particles size distribution for 80Co20Fe/CNT catalyst (outside CN1) 

Figure 17 and 18 shows particles size distribution for 70Co30Fe/CNT catalyst 

(S4).Fig 17 show the distribution of catalyst particles inside the CNT that are 33.3% in 

range 5-6nm and 66.7% in range 7-Snm. The average size of the particles inside the 

CNT is 6.67nm and standard deviation is 0.47nm. 
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Figure 17: Particles size distribution for 70Co30Fe/CNT catalyst (inside CN1) 

Fig 18 show the distribution of catalyst particles outside the CNT that are 7% in 

range l-2nm, 21.5% in range 3-4nm, 18.2% in range 7-8nm and 21.5% in range 9-lOnm 

and 7% in range l3-l5nm. Average size of the particles deposited outside ofCNT is 

7nm and standard deviation is 3.38nm. 

Percentage(%) 

! ----

Percentage(%) vs particle size 

25 
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Particle size {nm) 

Figure 18: Particles size distribution for 70Co30Fe/CNT catalyst (outside CN1) 
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4.2 Field Emission Scanning Electron Microscope (FESEM-EDX) 

The SEM image of the entire sample shown below: 

S1 S2 

Figure 21 : SEM image of the 80Co20Fe/CNT Figure 22: SEM image of the 70Co30Fe/CN 

It was discovered 100 wt. % cobalt that has no particles distributed on the CNTs 

surface. For the 10 wt. % of iron loading, resulted in relatively small and unifonnJy 
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distributed particles on the CNTs surface. At 20 wt.% of iron loading, more of the 

CNTs surfaces were covered with particles and at 30 wt. %of iron loading, there were 

bigger particles dispersed on the CNTs surface. 

The composition was studied using energy-dispersive X-ray (EDX).As shown in 

figure 23 for sample 1, the cobalt particles are present at 0.8 keY, 6.9 keY and 7.7 keY. 

Sl S2 
Spectrum I 

0 
Fe Fe 

Co Co Co Co Fe Co Co 

1 2 3 4 s 6 1 3 9 1 2 3 4 s 6 1 8 
ul Scalo 617 cts CtiSCt: 0.000 ke uiiSCeleS17 ds Ctlsor: O.OOIJ 

Figure 23 : EDX spectra of the 1 OOCo/CNT Figure 24: EDX spectra of the 
catalyst 90Col OFe/CNT catalyst 

S3 S4 

Spedrum1 

0 0 

Co Fe Fe 
Fe 

Fe .... Fe co Co Co fe co 

1 2 3 4 s 6 7 3 9 1 2 3 4 5 6 7 8 
u1 SCale 617 cts Ctlsor: 0.0110 ke' uiSCele1683ctsCtlsor: 0.0110 

Figure 25 : EDX spectra of the Figure 26 : EDX spectra of the 
80Co20Fe/CNT catalyst 70Co30Fe/CNT catalyst 

The results for sample 2, 3 and 4 have the same pattern. The cobalt particles are 

present at 7.6 keY for sample and iron particles are present at 6.5 keY. The peak at 6.9 

keY can also be attributed to a new phase containing both cobalt and iron metals, 
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according to Kozhuharova et al. This phase may show that iron and cobalt interact 

strongly and formed Co-Fe alloy. 

Table 4 shows the percentage of element for all samples. With addition of 

1 OwtO/o of iron, the cobalt is 0.11% and iron is 1. 79%. The percentage of cobalt and iron 

particles decreased with the increasing of iron loading. At 30 wt. %, the cobalt is 0.08% 

and iron is 0.58%. 

Table 4: percentage of element for each composition 

Sl 1.06 98.94 

S2 0.11 1.79 7.16 90.94 

S3 0.05 0.25 3.40 96.30 

S4 0.08 0.58 5.47 93.87 
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4.3 Surface area analyzer (BET) 

Results of surface area measurement are shown in table 5. The surface area for 

sample 1 was found to be 99m2/g and with incorporation of 10% ofFe, surface area 

decreased by 5%. While an opposite trend was observed for other catalysts fonnations in 

case of 80:20, 70:30 surface area increased by 9% and 4% respectively. 

The pore volume decreased from 0.39 to 0.33 with increasing the percentage of 

iron metal. Incorporation of cobalt and iron to CNTs support led to an increasing in BET 

areas and decreasing pore volume, and pore blockage with increasing amount ofF e. 

Table 5: BET surface area and porosity data for catalysts. 
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4.4 Temperature programmed reduction (TPR) 

The activation of the catalyst in hydrogen atmosphere was disclosed by 

temperature programmed reduction (fPR) experiments. The TPR profile of the calcined 

catalysts and CNTs support are shown in figure 27. 

0 200 4 0 6 0 
Temperture ('b) 

Figure 27: TPRprofi/es of JOOCo/CNT, 90Co10Fe/CNT, 80Co20Fe/CNT and 

70Co30Fe!CNT 

The first peak of the TPR profile of the catalyst was assigned to the reduction of 

C0304 to CoO, and the second peak with a broad shoulder was mainly assigned to the 

second reduction step, which is the reduction of CoO to Co0 [A.Tavasoli, 2008].Tbis 

peak also included the reduction of catalyst species that interact with the support, which 

extend the TPR profile to higher temperatures [A.Tavasoli, 2008]. The graph of 

l OOCo/CNT shows a single peak at 490°C. This mean that C0304 is reduce to Co0 just in 

single reduction step. There is single reduction peak at 450°C. The second graph is 

90Co 1 OFe/CNT shows 2 peaks The first reduction peak at 420°C and the second 

reduction peak at 540°C. Similar pattern of graph observed for 80Co20Fe/CNT and 

70Co30Fe/CNT. The figure 27 also shows that the first reduction peak of 
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80Co20Fe/CNT and are at 70Co30Fe/CNT 420°C and 395°C and second reduction peak 

are at soooc and 520°C. 

The small peak at about 650°C at the TPR profile of 90Co 1 OFe/CNT catalyst, 

645°C at TPR profile of80Co20Fe/CNT and 640°C at TPR profile of70Co30Fe/CNT 

were assigned to the gasification of the support. It has been suggested that this new peak 

at the reduction profile of these catalysts with a broad tailing could be related to the 

formation of a very stable, difficult-to-reduce Fe rich phase, which may be formed in the 

synthesis of the bimetallic catalysts [D.J. Duvenhage, 1997]. 

4.5 Miero-tubular fixed-bed reactor 

The catalysts had been test using microtubular fixed-bed reactor for catalytic 

activity and product selectivity. The catalysts were evaluated in terms of their Fischer

Tropsch synthesis (FTS) activity (g HC produced/g cat/h) and selectivity (the 

percentage of the converted CO that appears as a hydrocarbon product) in a fixed 

bed micro-reactor. Prior to the activity tests, the catalyst activation was conducted 

according to the following procedure. The catalyst (0.02 g) was placed in the reactor and 

pure hydrogen was introduced at a flow rate of 10 mVmin. The reactor temperature 

was increased from room temperature to 3 70 oc at a rate of 10 °C/min, 

maintained at this activation condition for 14 h and the catalyst was reduced in-situ. 

After the activation period, the reactor temperature was decreased to 180 oc under 

flowing hydrogen. 

Synthesis gas with a flow rate of 10 mVmin (H2/CO ratio of 2) was introduced at 

the top of the fixed bed reactor and the reactor pressure was increased to 2 MPa. The 

reactor temperature was then increased to 220 oc at a rate of 10 °C/min. Products were 

continuously removed from the reactor and passed through two traps, one maintained at 

100 oc (hot trap) and the other at 0 oc (cold trap). The uncondensed vapor stream was 

reduced to atmospheric pressure through a pressure letdown valve. 
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Figure 28: Gas chromatogram showing analysis ofH1, CO and hydrocarbon products 
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Table 6 shows the percentage of CO conversion and the product selectivity of 

catalysts. With the data from the table, the graph of percentage of CO conversion vs. 

catalysts and graph of product selectivity vs. catalysts bad been constructing. The graphs 

were shows in figure 29 and 30. 

Table 6: %CO conversion and product selectivity of catalysts 

Sl ll.5 32.4 67.6 

S2 2.5 27.1 72.9 0.85 

S3 6.6 27.2 72.8 

S4 7.03 40.4 59.6 
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The% CO conversion is shown in the figure 29. The lOOCo/CNT is the highest 

CO conversion which is 11.5%. o/oCO conversion decreases to 2.5% with addition of 

iron to cobalt catalyst with Fe loading of 10 wt. %. An opposite trend was observed for 

other catalysts fonnations in case of80:20, 70:30 increased to 6.6% and 7.03% 

respectively. 

14 

12 
c 
.2 10 
I'! 
~ 8 
c 
8 6 
0 u 4 
'#. 

100Co/CNT 90Co10Fe/CNT 80Co20Fe/CNT 70Co30Fe/CNT 

catalysts name 

Figure 29: %CO conversion for catalysts 

%CO conversion 

Product selectivity of the catalysts is displayed in the figure 30. Comparing the 

hydrocarbon selectivity over the 90Col0Fe/CNT and 80Co20Fe!CNT with the 

1 OOCo/CNT catalyst, both S2 and S3 shows high selectivity to CrC4 and for 

90Col0Fe!CNT catalyst it is produce Cs+ hydrocarbon. 
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Figure 30 : Product selectivity of catalysts 
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CHAPTERS 

CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

Bimetallic nanocatalysts supports on CNTs of Co-Fe were successfully synthesized 

using the strong electrostatic adsorption (SEA) method but it was not a good catalyst for 

FTS in term of product selectivity. It was found that incorporation ofFe modified the 

physicochemical properties of Co-catalysts. The effects of Co/Fe ratio on the activity 

and selectivity of Co-Fe bimetallic catalysts were studied. A series of catalyst 

containing Fe and Co on carbon nanotubes was prepared, and FT studies revealed that 

the two metals, when intimately mixed together, had different catalytic characteristics 

than catalysts containing only one of the Co metals. The image obtained by TEM and 

SEM showed most of the metal particles were homogeneously distributed on the outer 

surface of the CNTs. The product selectivity increased remarkably with addition of 

small amount of iron to cobalt catalyst where a highest hydrocarbon was obtained for the 

90Co 1 OFe/CNT is Ct that is 0.85%. 

5.2 Recommendation 

Strong electrostatic adsorption (SEA) method has potential to optimize the 

nanocatalyst performance for FTS. Further studies should be conducted using different 

temperature and pressure for the activity and product selectivity test. During the 

catalysts preparation, shake the solution for a longer time to improve the distributions of 

particles inside the CNT and also can trY at the different pH. 
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