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Chapter 1 

 
Introduction 

 

In the future, the limit of oil supplies increased demand and the resulting in 

higher oil prices [1]. Therefore, we have search for alternative fuel. Fischer–Tropsch 

synthesis is alternative because it has been a promising process for the conversion of 

coal and natural gas to liquid fuel since it is commercialization. Therefore, Fischer–

Tropsch synthesis is one of the potential chemical routes to convert coal, natural gas 

and biomass to environmentally benign fuels and chemicals. Considerable 

development has taken place in the FT process in terms of improved design of 

reactors and synthesis of efficient cobalt (or iron)-based catalysts leading to 

optimization of a fully integrated gas-to-liquids (GTL) process for commercial scale 

application. Besides, the product is likely to be cleaner than the crude oil, low sulfur 

and low aromatic content [2]. 

The catalysts for FTS consist of ruthenium, iron, nickel, and cobalt [3]. Iron 

and cobalt-based catalysts are common based catalysts for syngas conversion. Cobalt 

catalysts are very competitive systems for FTS due to their high activity, high 

selectivity to linear C5+ hydrocarbons, low water-gas shift reaction, possess high 

resistance towards deactivation, and low cost [4-6]. FT activity mainly depends on the 

density of metal surface site of cobalt [7], which is usually correlated to its dispersion, 

degree of reducibility of the metal, shape and size of metal particles [8,9]. The design 

of highly dispersed cobalt-based catalysts on porous supports materials such as Al2O3 

[10], TiO2 [11], SiO2 [12] and ZrO2 [13, 14] has been well investigated for FT 

synthesis. The catalysts are often promoted with small amounts of noble metal to 

enhance the reducibility of the Co sites and, hence, to enhance the Co dispersion 

achieved in the active catalyst [6], metal promoters like Pt [15], Re [16] or Ru [17] 

have been employed. However, due to the high prices of noble metals such as Pt, Re 

and Ru, there is an incentive to search for other less costly metals that could be used 

as alternative. The second metal promoter were promising catalyst such as Cu, Au, Ag 

because of its low cost metals and some metal can increase metal active sites
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reducibility as well as selectivity of heavy hydrocarbons at moderate CO conversion 

[18]. The effect is the motivation for this work.  

In this work, we have studied roles of Cu addition techniques, impregnation 

and incorporation by FSP, on the catalytic performance of modified Co-ZrO2 based 

catalysts in the Fischer–Tropsch synthesis. 

Objective of the research 

To study role of Cu promoter on the FTS performance of Co/ZrO2 catalyst 

prepared by flame spray pyrolysis. 

Scope of the research 

1. Catalyst preparation 

  In first part, All the catalysts containing Co (20 wt%) were promoted with 

various percentages of Cu promoter 0.1, 1, 3 and 5 wt% Cu and were incorporated 

ZrO2 synthesized by flame spray pyrolysis (FSP). The detail is shown in Figure 1.1. 

Various percentages of Cu promoter 0.1, 1, 3 and 5 wt% were impregnated on 

zirconia support and was incorporated with 20 wt% Co were prepared by flame spray 

pyrolysis. The detail is shown in Figure 1.2. 

  In second part, the catalysts were various ratio of Co impregnated per Co 

incorporated with Co-3Cu-ZrO2 were prepared by flame spray pyrolysis.  
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Figure 1.1 The Cu promoter were incorporated with Co-ZrO2 that prepared by 

flame spray  pyrolysis 

The loading 0.1 wt% Cu incorporated with Co-ZrO2 that prepared by 

flame spray  pyrolysis. 

The loading 1 wt% Cu incorporated with Co-ZrO2 that prepared by 

flame spray  pyrolysis. 

The loading 3 wt% Cu incorporated with Co-ZrO2 that prepared by 

flame spray  pyrolysis. 

The loading 5 wt% Cu incorporated with Co-ZrO2 that prepared by 

flame spray  pyrolysis.  

 

 
                                        

Figure 1.2 The Cu promoter were impregnated on Co-ZrO2 that prepared by flame 

spray pyrolysis 
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The loading 0.1 wt% Cu impregnated on the Co-ZrO2 that prepared by 

flame spray pyrolysis. 

The loading 1 wt% Cu impregnated on the Co-ZrO2 that prepared by 

flame spray pyrolysis. 

The loading 3 wt% Cu impregnated on the Co-ZrO2 that prepared by 

flame spray pyrolysis. 

The loading 5 wt% Cu impregnated on the Co-ZrO2 that prepared by 

flame spray pyrolysis. 

2. Catalyst characterization 

2.1 The bulk crystal structure and chemical phase composition are 

determined by X-ray diffraction (XRD). 

2.2 The particle size image and morphology of cobalt-based catalyst on the 

zirconia support was determined using transmission electron spectroscopy (TEM). 

2.3  The BET surface area, average pore size diameter and pore size 

distribution are determined by N2 physisorption. 

2.4  The reduction behavior of each catalyst is determined by temperature 

programmed reduction (TPR). 

2.5  Active sites of cobalt metal were measured by H2 chemisorptions. 

3. Catalyst evaluation 

 The activity and selectivity of all catalysts are tested by the Fischer–Tropsch 

synthesis. 
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Chapter 2 

 
Fischer-Tropsch Synthesis 

 

Fischer-Tropsch synthesis (FTS) is an important gas to liquids (GTL) 

processes which clean fuels. The FT process is coverts synthesis gas (mixture of 

carbon monoxide with hydrogen) to liquids hydrocarbons and alcohol. The first 

experiments on catalytic hydrogenation of carbon monoxide were issued at the 

beginning of 20th century. In 1902, Sabatier and Senderens proposed methane 

production from mixture of CO or CO2 with hydrogen over cobalt and nickel catalysts 

at temperature of 473-453 °K and atmosphere pressure. In 1922, Han Fischer and 

Franz Tropsch proposed the synthol process under high pressure (>100 bar), which 

gave a mixture of aliphatic oxygenated compounds via reaction of CO with hydrogen 

over alkalized iron chips at 673 °K [3]. Fischer-Tropsch synthesis was made in 1923. 

Heavy hydrocarbons were product from CO hydrogenation on Fe/ZnO and Co/CrO2 

about pressure 7 bar. 

Today, the F-T plant has large scale in industry such as Sasol in South Africa 

is largest producer of F-T technology which use coal and natural gas as feedstock, 

PetroSA in South African has a capacity of 36,000 bpd plant. The technology used to 

natural gas, biomass or coal into synthetic fuels, Shell middle distillate synthesis has a 

capacity 12,000 bpd plant. In addition, the F-T process has been research 

developments. 

2.1 Process chemistry 

The Fischer–Tropsch process involves a series of chemical reactions that lead 

to a variety of hydrocarbons and is highly exothermic polymerization reaction.  

CO + 2H2 →  – (CH2) – + H2O       ΔH = 40 kcal/gmol CO  (2-1) 

The reaction include desired reactions and undesired reactions which several product 

such as, the desired products are paraffins, olefins and alcohols ,undesired products 

are aldehydes, ketones, acids, esters, carbon, etc. 
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Desired reactions 

Paraffins 

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

Olefins 

nCO + 2nH2 → CnH2n + nH2O     (2-3) 

Alcohols 

nCO + 2nH2 → CnH2n+1OH + (n-1)H2O    (2-4) 

 
Undesired reactions 

Water–gas shift reaction 

CO + H2O ↔ CO2 + H2      (2-5) 

Carbonaceous materials 

(x + (y/2))H2 + xCO → CxHy + xH2O   (2-6) 

Boudouard reaction 

CO + CO →C + CO2       (2-7) 

Bulk carbide formation 

yCO + xM → MxOy + yC      (2-8) 

yCO2 + xM → MxOy + yCO      (2-9) 

 

The reaction as above, it depending on the nature of used catalysts. Fe-based 

FTS catalyst is active for water–gas shift reaction (WGS) [20], but Co-based FTS 

catalyst hasn’t active. Moreover, Fe catalysts usually produce more olefins and 

oxygenated compound [21, 22].  FT catalyst both Fe and Co can contain several 

species during the reaction for example cobalt carbide, iron carbide, cobalt oxide, 

metal support mixed compound. These formations are related to catalysts deactivation 

and reduce FT activity [23, 24].  

2.2 Chemical mechanisms for Fischer-Tropsch synthesis 

The mechanistic details for the formation of FT products remain unclear. The 

normally reaction pathway for formation of higher hydrocarbons in Fischer-Tropsch 

synthesis via dissociation of CO on metal surface and carbon (C•) is then 

hydrogenated to CH2 and H2O and growth hydrocarbons chains shown in Figure 2.1. 
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 This pathway is called carbide mechanism [25]. Inderwildi et al. [26] 

investigated the pathways for the production of higher hydrocarbons was not the 

carbide mechanism by starting with the hydrogenation of CO to oxymethylidyne 

(CHO) species using state-of-the-art quantum-chemical density functional theory 

(DFT) calculations and microkinetic simulations. The reaction mechanism starting 

with CO and H coadsorp on the surface. The adsorption energy was 1.78 eV which 

lower than the dissociation for CO (2.82eV) indicated in Figure 2.2. The CHO 

product was adsorbed on the surface and subsequently hydrogenated to produce 

CH2O. These results showed that the main reaction pathway of CO hydrogenation. 

 

Figure 2.1 The alkyl chain growth mechanism in the Fischer–Tropsch   synthesis 

[25] 
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Figure 2.2 Energy diagram for CO dissociation and hydrogenation [26] 

 

2.3  Process conditions 

The Fischer-Tropsch process is operated in high- and low- temperature. In the 

high-temperature FT (HTFT) in the temperature range of 375-623 °K and pressure 

about 20-40 bar for a fluidized bed reactor in the presence of iron-based catalyst to 

yield hydrocarbons in the C1-C15 hydrocarbon [3]. This process can produce 

secondary products as oxygenated compounds including alcohols, aldehydes, acid and 

ketones.  Both iron and cobalt catalyst can be used in the low-temperature FT (LTFT) 

in of the rang 473-513 °K for synthesis of linear long-chain hydrocarbon waxes and 

paraffin. Generally, the cobalt-based catalysts the optimal H2/CO ratio is around 1.7-

2.15 while the iron-based catalysts the H2/CO ratio less than 2 because the iron-based 

catalysts promote the water-gas-shift reaction.  
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Figure 2.3 High- and low-temperature FT processes [3] 

 

2.4  Cobalt catalysts for Fischer–Tropsch synthesis 

It is well known that all groups VIII metal have activity for the hydrogenation 

of carbon monoxide to hydrocarbon products. Only nickel, cobalt, iron and ruthenium 

have sufficient FT activity. Ruthenium is the most active metal but it is very high 

price. Nickel is very active for hydrogenation but the selectivity to methane is high 

and heavy hydrocarbon is low. Generally, Cobalt and iron catalysts have been used in 

the industry for Fischer-Tropsch synthesis. Table 2.1 shows comparison of cobalt and 

iron catalysts. Cobalt catalysts are more expensive, but they are more resistant to 

deactivation. Comparing cobalt with iron catalyst activity at low conversion, 

productivity at high conversion is significant with cobalt catalyst. The water gas shift 

activity (WGS) is significant with iron catalysts. Iron catalyst produce olefins and 

oxygenated products under different pressures, H2/CO ratios, and temperatures up to 

613 °K. The synthesis gas should not contain more than 0.1 and 0.2 ppm of sulfur for 

cobalt and iron catalyst, respectively because cobalt and iron catalysts are very 

sensitive to sulfur which lead to poison of FT catalyst. The chain growth probabilities 

(α) are 0.94 and 0.95 for cobalt and iron catalysts, respectively. 
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2.4.1 Cobalt-based catalyst 

Cobalt catalysts are very competitive systems for FTS due to their high 

activity, high selectivity to linear C5+ hydrocarbons, low water-gas shift reaction, 

possess high resistance towards deactivation, and low cost. FT activity mainly 

depends on the features of a cobalt catalyst, which is usually correlated to its surface 

dispersion determining the amount of the active Co metal sites, degree of reducibility 

of the metal, shape and size of metal particles [8, 9].  

Chen et al. [27], who investigated the Co/SiO2 catalysts with different cobalt 

loading (20 wt% to 80 wt%). These were prepared by the co-precipitation method. 

Table 2.2 shows the catalytic performance of cobalt catalysts with different cobalt 

loading in FTS. The cobalt loading from 20 wt% to 80 wt%  the CO conversion 

increased from 7% to100% while the selectivity of C5
+  was maintained about 83-90% 

with the increased of cobalt loading because the activity of  Co catalysts was 

proportional to the concentration of surface Co sites. Agustín et al. [28], who reported 

the influence of cobalt loading on the catalytic properties of mesoporous Co/SBA-15 

catalysts. Found that, the increase of the activity when increasing the loading of 

cobalt. Thus the intrinsic activity of Co0 remained constant in the range of cobalt 

loading studied. The different cobalt loading have impact the size and dispersion of 

cobalt which the cobalt particle size is related to the selectivity. The optimum particle 

size for the selectivity at approximately 7-8 nm which minimum CH4 and C2–C4 

selectivity [29]. 
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Table 2.1 Comparison of cobalt and iron FT catalysts [3] 

 

 

 

 

 

 

 

 

parameter cobalt catalysts iron catalyst 

cost more expensive less expensive 

lifetime resistant to deactivation less resistant to deactivation  

(coking, carbon deposit, iron 

carbide) 

activity at low conversion comparable 

productivity at high 

conversion 

higher; less significant effect 

of water on the rate of carbon 

monoxide conversion 

lower; strong negative effect of 

water on the rate of carbon 

monoxide conversion 

maximal chain growth 

probability 

0.94 0.95 

water gas shift reaction not very significant; more 

noticeable at high conversions 

significant 

CO + H2O → CO2 + H2    

maximal sulfur content <0.1 ppm <0.2 ppm 

flexibility (temperature 

and pressure) 

less flexible; significant 

influence 

flexible; methane selectivity is 

 of temperature and pressure relatively low even at 613 °K 

  “on hydrocarbon selectivity”   

H2/CO ratio ~2 0.5-2.5 

attrition resistance good not very resistant 
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Table 2.2 Catalytic performance of cobalt catalysts with different cobalt loading  

in FTS 

 

 

 

 2.4.2  Promotion with metal for cobalt catalysts 

2.4.2.1  Noble metal promoters 

The noble metals such as Pt, Ru, Rh  has been used to enhance the reducibility 

of the Co sites and, hence, to enhance the Co dispersion achieved in the active 

catalyst. Chu et al. [30] showed that addition of Pt greatly increased cobalt metal sites 

during reduction of Co/Al2O3 catalysts. The contributions to the reduction of cobalt 

oxide at lower temperature by H2 spillover on the surface of the catalyst. Tsubaki et 

al. [31] studied addition of small amount of Ru, Pt and Pd to Co/SiO2 catalysts. Found 

that addition of small amount of Ru to Co/SiO2 catalysts greatly increased cobalt 

reducibility while Pt and Pd slightly increased cobalt reducibility shown in Figure 2.4 

(a) but both metal were promoted cobalt dispersion. The FTS rates followed the order 

RuCo > PdCo> PtCo> Co. 

Catalyst T(°K) 
P 

(MPa) 

     GHSV      

(ml/(gcat h)) 

Conv. 

(%) 

Selectivity (%) 
ref. 

CO2 CH4 C2-C4 C5+ 

20%Co/SiO2 483 2 500 7 6.2 9.2 1.3 89.5 [27] 

40%Co/SiO2 483 2 500 45.7 8.1 7.1 7 85.9 [27] 

60%Co/SiO2 473 2 500 83.3 2.6 9.7 3.4 86.9 [27] 

  483 2 500 99.2 5.7 10 2.8 87.2 [27] 

80%Co/SiO2 473 2 500 99.3 1.8 8.4 2.7 88.9 [27] 

  483 2 500 100 2.4 13.1 3.5 83.4 [27] 

10CoSBA-n 493 2 13500 13.2 6.3 28.4 25.3 46.3 [28] 

20CoSBA-n 493 2 13500 23.1 1.2 19.5 15.8 64.7 [28] 

30CoSBA-n 493 2 13500 33.1 1.1 21.3 15.5 63.2 [28] 

40CoSBA-n 493 2 13500 30.1 0.7 18.5 14.8 66.7 [28] 
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Figure 2.4 (a) TPR profiles of Co, PtCo, PdCo, and RuCo catalysts., (b) TPR 

profiles of Co and CoRe  in different support [31] 

 

The effect of Re promoter on cobalt reducibility in alumina-support catalysts 

is less significant than with Pt and Ru. The reductions of cobalt oxide to cobalt metal 

have two steps as Co3O4 to CoO and CoO to Co0. In Figure 2.4 (b) showed the TPR 

profiles of Co and CoRe. The peak attributed to reduction of Co3O4 to CoO was 

located in 630–650 °K while the reduction of CoO to Co0 was located in 780–990 °K. 

It was suggested that rhenium significantly facilitated the reduction of CoO to Co0 

[32]. Table 2.3 showed the effect of others noble on the performance of cobalt FT 

catalysts. 

2.4.2.2  Other promoters 

Other promoters have been evaluated in the literature can be divided as 

follows: alkali promoters, alkali-earth promoters, transition promoters and rare earth 

promoter. Researchers trying to study the addition of a promoter (non-noble metals) 

on iron and cobalt catalysts. Osaa A.R. de la et al. [35] studied the effects of the 

addition of alkali metal (K, Na) and alkali-earth metal promoters (Ca, Mg) on 

Co/Al2O3 catalysts. They found that addition of alkali metal and alkali-earth metal 
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promoters improved the cobalt oxide reducibility by reducing the formation of cobalt-

alumina interaction. The addition of alkali earth promoter was suggested the activity 

better than alkali promoters which the Ca promoter on Co/Al2O3  catalyst improved 

the diesel products.  Bao et al. [36] obtained similar results and found that addition of 

CaO facilitated reduction of cobalt oxide, especially for the reduction of CoO to Co0. 

In FT activity showed that C5
+ selectivity increased and methane selectivity decreased 

with increasing calcium oxide content (0.5-1.0 wt% CaO). Both alkali metal and 

alkali-earth group have been reported in the FTS such as Li, Rb and Mg promoters. It 

was showed in table 2.4. 

The transition promoter, ZnO and ZrO2 have been most often employed. 
Madikizela-Mnqanqeni et al. [38] studied ZnO modification on Co/TiO2 catalysts, 

who found that addition Zn slightly increased Co reducibility and enhances the Co 

activity, but changes the selectivity to lower mass hydrocarbons. Hong et a.l [4] 

showed that modification with zirconia on Co catalysts supported by mesoporous 

silica (SBA-15and MCM-4). The zirconia-modified CoSBA-15catalysts did not a 

considerable increase in the extent of reduction. In MCM-41 supported cobalt 

catalysts zirconia lead to lower content of the cobalt–silica interaction and increase in 

zirconia loading led to larger cobalt particles which displayed cobalt higher extent of 

reduction. This observation is consistent with the results of Liu et al. [39] who found 

that modification with zirconia to Co/SiO2 increased the reduction degree of 

supported Co3O4 particles to Co0. This suggests that added zirconia could inhibit 

cobalt-silicate formation.   
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Table 2.3 The effect of noble metal promoters on the performance of cobalt FT catalysts 
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Table 2.4 The effect of alkali metal and alkali-earth promoters on the performance of cobalt FT catalysts



17 
 

 
 

 
 

Feltes et al. [40] studied MnO modification on Co/TiO2 catalysts. At lower Mn 

loading (0.03 wt% Mn) increased cobalt reducibility. ICP-OES and XPS showed that 

catalysts with increasing Mn loading displayed the preferential association of the Mn 

species with Co3O4 and not the TiO2 support. It is consistent with the results of 

Khodakov et al. [3] who found that Mn cations were incorporated into Co3O4 

structure to MnxCo3-xO4 formation. The mixed phase (MnxCo3-xO4) could be rise to 

the Co metal phase and migration of MnO particles to TiO2 shown in Figure 2.5. 

 

 
 

Figure 2.5 Localization of cobalt and manganese species in TiO2 support catalyst 

 

It is known that addition of some metal oxide promoters to Co-based catalysts 

could enhance the reduction of cobalt oxide, leading to the increased the amount of 

active sites on the catalyst and catalytic activity. Jacobs et al. [18] reported that 

addition of Cu promoter could improve reduction of Co oxides. Contribution to the 

reduction of Co oxides at lower temperature by H2 dissociation and spillover. Figure 

2.6 shown the TPR profiles of  15%Co/Al2O3 were promoted with various percentages 

of Cu promoter (0.033-1.63 wt% Cu) Stuart L. Soled et al. [41] reported that addition 

Cu promoted on cobalt manganese spinel useful for FTS of olefins and higher 

paraffins. Generally, Cu used to catalysts are selective towards alcohols in CO 

hydrogenation. Volkova et al. [42] studied phase compositions of  CuCoO2 where 

copper is as Cu1+ and cobalt as Co3+ were formed in Cu-Co oxide and reduced in H2 at 

200 °C (CuCoO2→(Cu-Co)0).  The temperature of reaction lower 290 °C no change 

in the phase composition. When the temperature increases the Cu-Co alloy is partially 

destructed to produce Co2C and Cu0. And the temperature above 380 °C the Co2C and 

Cu-Co alloy separate phase to Co0 and C showed in table 2.5. 

. 
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Figure 2.6  TPR profiles of (thick solid) unpromoted and Cu promoted   

  15%Co/Al2O catalysts, including (thick dashed) 0.033 wt% Cu, (thin 

  solid) 0.49 wt% Cu, and (thin dash-dotted) 1.63 wt% Cu [18] 

Table 2.5 The results of interaction reduced sample and CO+H2 [42] 

  Temperature of reaction 200-290°C 310-370°C >380°C 

Phase composition after 

reaction 

(Cu-Co)0 (Cu-

Co)0+Cu0+Co2C 

Cu0+ Co0+C 

Main products hydrocarbons alcohols hydrocarbons 

 

The promotion effect of rare earths over Co-based catalysts has been reported 

in the literature. Xiaoping et al. [43] reported that CeO2-promoted Co/SiO2 catalysts 

improved the dispersion of cobalt, increase the amount of active sites on the catalyst, 

leading to the increased the concentration of surface-active carbon species (–CH2–), 

the chain growth probability, and the selectivity for long chain hydrocarbons. Zeng et 

al. [44] reported that the addition of Ce enhanced the dispersion degree of cobalt 

metals. Hemmati et al. [45] reported that addition of La improved the cobalt oxide 

reducibility by reducing the formation of cobalt aluminates phase possibly due to the 

formation of lanthanum/aluminium mixed oxides and enhanced the catalyst selectivity 

and lifetime. Zeng et al. [44] studied the effects of the, found that addition La 

improved the reducibility of catalysts, decreasing the production rate of methane, 

carbon dioxide, C2–C4 products and increasing C5+ selectivity. 
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2.5  Product distribution 

Product distributions depend on process conditions and catalysts used in the 

Fischer-Tropsch synthesis. The Fischer-Tropsch reaction is a surface-catalyzed 

polymerization process which CHx monomer has to be formed on the catalyst surface 

from the reactants CO and H2. The major reaction mechanisms pathways are carbene 

mechanism, hydroxy-carbene mechanism, and CO-insertion mechanism. 

The products obtained by Fischer-Tropsch synthesis are normal (n-) 

hydrocarbons (n-paraffins and 1-olefins) as the primary products and oxygenated 

compounds as secondary products. The influence of reaction parameter such as 

temperature, pressure, H2/CO ratio in feed gas, residence time on the product 

distribution is indicated in table 2.6 [46]. The high chain growth probability (α) lead 

to the selectivity in heavy products. At the low temperature, high pressure, low H2/CO 

feed ratios, and large residence times favored the formation of wax. Osaa A.R. de la 

[47] indicated the formation of light hydrocarbons occurred rapidly when feed had 

higher H2/CO ratio. 

Table 2.6  Influence of the process conditions on the Fischer-Tropsch product 

distribution. O/P=olefin to paraffin ratio; SC1 =methane selectivity; 

Xsyngas=syngas conversion; +: increases with increasing parameter 

value; -: decreases with increasing parameter value; /: situation 

dependent 

Parameter α O/P SC1 Xsyngas Linearity 

Temperature - + + + - 

Pressure + + - + + 

H2/CO - - + + / 

Residence 

time 
+ - / / - 
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Products from the FT process are shown in table 2.7. The products range of 

C5–C10 have low octane number rating not favorable for its direct use for gasoline 

engines while n-hydrocarbons in range of C11–C20 with high cetane number rating 

constitute an ideal fuel for diesel engines [48]. 

 

Table 2.7  The products from the FT process 

 

 

 

 

 

 

 

 
 

 
 

 

 

 

The product distribution of hydrocarbons formed during the Fischer-Tropsch 

process follows an Anderson-Schulz-Flory distribution (ASF), the FTS products 

occurred via dissociation of CO and H2 on metal surface, after that  recombination, a 

CH2-species and starting from C1, CH2 building blocks can be continuously inserted, 

eventually resulting in a Cn species at the surface [49]. The Anderson-Schulz-Flory 

distribution (ASF) can be expressed as: 

 

   Wn/n = (1-α)2αn-1         (2-10) 

 

Carbon number: Name: 

C1-C2 SNG 

C3-C4 LPG 

C5-C10 Petroleum 

              C5-C7                 Light 

              C8-C10                 Heavy 

C11-C20 Middledestillate 

              C11-C13                 Kerosine 

              C13-C20                 Diesel 

C21-C30 Softwax 

C30-C60 Hardwax 



21 
 

 
 

Wn is the mass fraction of hydrocarbon molecules containing n carbon                        

atom. α is the chain growth probability or the probability that a molecule will                      

continue reacting to form a longer chain.  

 From this Figure 2.7 show product selectivity by the Anderson-Schulz-Flory 

distribution. it can be seen that the maximum selectivity to methane is reached at very 

low values for α while the maximum C2-C4 fraction is found at an a-value of 

approximately 0.5. 

 

 

 
Figure 2.7 Product selectivity by the Anderson-Schulz-Flory distribution [49] 
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Chapter 3 

 
Flame Spray Pyrolysis 

 

Flame spray pyrolysis (FSP) is a technique for synthesis nanoparticles 

products in a single step. The FSP to make phase pure nanoparticles of single-metal 

oxides, mixed-metal oxides and spinal such as Al2O3, TiO2, ZrO2, SiO2 [50-53]. The 

nanoparticles products by FSP technique have shown high surface-area and highly 

efficient noble metal-laden catalyst [54]. In FSP process the precursor is mixed with 

solvent (eg. xylene, ethanol, methanol) and then injected into nozzle. The solvent then 

evaporates and combusts, exposing the precursors to the high temperature flame. 

Particles are made with spray flames which through chemical reactions and particle 

growth mechanisms take over to produce nanoparticles (Figure 3.1). The process 

features short residence times (a few milliseconds) and high maximum process 

temperatures (up to 3000 °K) [55]. Figure 3.1 show a schematic of the FSP 

experimental set up and formation of particles made by flame process. Particles 

nucleate early in the flame and grow due to particle collision and then particles form 

agglomerates with robust sinter bridges so-called hard agglomerates. As gas 

temperature decreases the hard agglomerates are clustered into dens agglomerates so-

called soft-agglomerates with much less robust bonding that can be disrupted by shear 

[56, 57]. 
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Figure 3.1  Schematic of the FSP experimental set up and formation of particles 

made by flame process [56] 

The FSP can be control characteristics for synthesis nanoparticles which 

controlled by fuel composition, oxidant dispersion gas flow rate, the type of oxidant 

dispersion gas used, production rate, precursor feed rate, precursor concentration and 

the type of precursor used [51, 58-60]. Mekasuwandumrong et al. [61] studied the 

Pd/TiO2  nanoparticles were synthesized by flame spray pyrolysis (FSP) under 

different flame condition(varying precursor concentration and the feed flow rate). The 

catalysts containing Pd 5 wt%. The resulting particle size of Pd/TiO2 increased with 

increasing precursor concentration and feed flow rate. The BET surface areas and 

percentages of anatase phase decreased with increasing particle size of Pd/TiO2.  The 

active sites of the Pd/TiO2 catalysts were increased with increasing TiO2 crystallite 

size and Pd cluster size. It is suggested that coverage of Pd surface by the formation 

of TiO2 groups occurred more easily when the Pd/PdO2 cluster was smaller resulted 

from shorter residence time in flame and lower combustion energy during FSP. 
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 Recently, the FSP made Co/ZrO2 with various Co loading (5-10 wt% Co) 

under different flame conditions. During FSP operation, the precursor liquid feed rate 

3, 5 and 8 ml/min using a syringe pump. The liquid was dispersed in to fine droplets 

with 5 l/min of oxygen at constant pressure of 1.5 bar at the nozzle tip. The spray was 

ignite by supporting CH4 (1.5 l/min) and O2 (3.2 l/min) premixed flame forming a 

self-sustained main core flame and 5 l/min of sheath oxygen was issued through an 

annular. The XRD crystallite size and particle size, together with the BET equivalent 

particle size for flame-made Co/ZrO2 catalysts, as a function of Co loadings and as a 

function of feed rate are shown in Figure 3.2.  In Figure 3.2 a, the amount of cobalt 

loadings had no effect on the crystallite size of the ZrO2. The dXRD was about 12 nm. 

The BET surface area was raged between 57 to 60 m2/g from 0 wt% to 10 wt.% of 

Co. The mean particle size (dBET) of powder was about 11 to 13 nm. In Figure 3.2 b.  

The particle size (dXRD) was increased from 10 to 22 nm for the precursor feed rates 

of 3 to 8 ml/min. The BET surface area for the flame-made powders decreased from 

92 to 38 m2/g with increasing precursor feed rate from 3 to 8 ml/min. Increasing of 

the precursor feed flow rate while keeping the oxygen flow rate constant results in 

higher enthalpy of flame and longer residence times, which increased coalescence and 

sintering of the particles. Figure 3.3 show the TEM image of Co/ZrO2 as a function of 

precursor feed rate (3, 5, 8 l/min) with Co loading 5 wt%. The flame-made powders 

show spherical shape. The particle size increased with increasing precursor feed rate. 

 
Figure 3.2 The XRD crystallite size (dXRD) (□) and particle size (dTEM) (●), 

together with the BET equivalent particle size (dBET) (○) for flame-

made Co/ZrO2 catalysts, as a function of Co loadings (a) and as a 

function of feed rate (b) [14] 
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Figure 3.3 The transmission electron microscope (TEM) images of Co/ZrO2 as a 

function of precursor feed rate [14] 

 

 The concentrations of the spray solution were investigated by Koo H.Y. and 

group [62]. They were studied the effect of mean particle size of the silver-glass 

composite powders by controlling the precursor concentrations. Figure 3.4 shows 

SEM images and size distributions of the silver-glass composite powders prepared 

from spray solutions with 0.1M and 3 M. The mean particle size increased from 45-75 

nm with an increase in the precursor concentration from 0.1-3 M. The mean particle 

size of the powders formed by nucleation and growth mechanism increased with an 

increase in the concentration of the evaporated vapors. The increase in the 

concentration of the spray solution increases the concentration of the vapors inside the 

diffusion flame. Therefore, the mean particle size of the composite powders increased 

with an increase in the concentration of the spray solution. 

The types of spray solution affect the formation of particle in the flame spray 

pyrolysis. It was investigated by varying percentages of ethyl alcohol in the solution 

was changed from 0% to 30%. The silver and glass components diluted with mixture 

of ethyl alcohol and distilled water to a 0.5 M solution. The resulting particle size of 

silver–glass composite powders decreased (42 to 22 nm) with increasing percentages 

of ethyl alcohol (0 to 30% EtOH). Increasing the percentages of ethyl alcohol increase 

energy to flame and synthesis zone. The higher temperature will cause agglomeration 

to occur more readily, small particle resulted [63]. 
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Figure 3.4 FE-SEM images and size distributions of the silver-glass composite 

powders prepared from spray solutions with 0.1M and 3 M 

concentrations [62] 

 

The effect of various precursors using a flame spray pyrolysis (FSP) was 

investigated.  Ceria particles were prepared using FSP which provided by different 

cerium precursors including cerium (IV) ammonium nitrate (CeAN), cerium (III) 

acetate hydrate (CeA) and cerium (III) nitrate hydrate (CeN) The morphology of the 

ceria nanoparticles from CeAN, CeA and CeN precursors showed in Figure 3.5. The 

ceria particles prepared from CeAN showed solid spherical due to good solubility of 

CeAN in solution which the ammonium nitrate make a surfactant to form micelles. 

Therefore, the ammonium nitrate and water surrounded outside of the cerium, known 

as the formation mechanism of volume precipitation of cerium. The particles prepared 

from CeA showed the hollow structures of open pores due to the formation of surface 

precipitation before extraction of non-metallic moieties. The CeN precursor was 

shown close pores of the ceria particles. Therefore, the formation of particle structures 



27 

 

was involved both volume precipitation and surface precipitation resulting in different 

morphological ceria particles. The detail about the formation mechanism of the 

morphology of ceria particles from three precursors was shown in Figure 3.5. 

The nanostructures with different morphologies from flame synthesis such as 

hollow spheres, core-in-shell structures and carbon tubes. Krumeich [65] have 

prepared ZnO nanorods with control of  ratio (ratio of length to width) and vary of 

metal-doped (In, Sn, Li) by flame spray pyrolysis (FSP). In and Sn dopants have 

effect ZnO crystal and incorporated into lattice. The ZnO particles show rodlike shape 

with increasing dopant concentration of In and Sn. Moreover, the specific surface area 

for In- and Sn-doped ZnO increased with dopant concentration. The nanorod 

formation with In and Sn occurs by annealing crystallization during flame cooling. 

 

Figure 3.5 The schematic diagram illustrating the formation mechanism of the 

morphologies of ceria particles from the three precursors (CeA, CeN 

and CeAN) by FSP and TEM images [64] 
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Shih et al. [66] studied the nickel-doped ceria (NDC) nanoparticles and 

yttrium-doped ceria (YDC) particles were prepared by flame spray pyrolysis. Figure 

3.6 show the TEM micrographs of the NDC particles. The shapes of the particles 

presented solid sphere and hollow sphere. Figure 3.6a show particles with diameters 

less than ~100 nm were solid and polycrystalline. The hollow sphere showed in 

Figure 3.6b and it clear in Figure 3.6c. The results from TEM showed that the particle 

diameters were about 250 nm were prepared by FSP display hollow and rough 

spherical with smooth surfaces. While the particle diameters were above 250 nm 

displays uneven and concave surfaces. 

 

 

Figure 3.6 TEM micrographs of the NDC particles with different diameters, (a) 

~30 nm, (b) ~150 nm and (c) ~250–500 nm [66] 
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Figure 3.7  (a and c) TEM and SEM images of hollow Al2O3 nanospheres with  

addition of surfactants, (b and d) TEM and SEM images of hollow 

vesicles without addition of surfactants, (e and f) HRTEM of hollow 

Al2O3 nanospheres with addition of surfactants, (g) TEM image of 

sample AN-S1, (h) TEM image of sample AN-S2 [67] 

 

The different shape of particles in the FSP process depend on the size for 

concentration of the precursor solution was presented in below of Figure 3.6. The 

formations of solid or hollow particles depend on volume or surface precipitation 

mechanisms of precursor droplets. The small droplets solute on volume precipitation 

and deformation of the particles during the cooling stage was negligible due to its 

small diameter while the large droplets solutes on the surface precipitate faster than 

those in the center then form a solid shell first. 

Yanjie Hu. et al. [68] have prepared Al2O3 hollow structure by addition of 

surfactants in flame spray pyrolysis. TEM and SEM image of Al2O3 hollow structure 

were shown in Figure 3.7. The liquid feed was mixture of hydrated aluminum nitrate 

(AN) and ethanol with addition of polyethylene glycol (PEG-2000) as the surfactant. 

Moreover, they have studies the molar ratio between PEG-2000 and AN was 0.02 and 

0.03 which using symbol as AN-S1 and AN-S2, respectively. The liquid precursor 

was fed in flame spray pyrolysis. The TEM images in Figure 3.7(a) display the 

morphology of hollow Al2O3 structure by addition of PEG-2000 and Figure 3.7(b) 

display the hollow vesicles without addition of PEG-2000. The sample shows the 
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hollow nanospheres is about 80 nm and shell thickness about 10 nm (Figure 7, f and 

e). The structures of the nanospheres with and without surfactants SEM images shown 

in Figure 3.7(c) and (d), respectively. The hollow Al2O3 nanosphere without addition 

of surfactants illustrates an inhomogeneous mixture of large hollow vesicles, small 

hollow structures and solid particles. While the sample with addition of surfactants 

display formation of uniform and well-spherical particles, which could have resulted 

from the coalescence and of droplets with stability of the droplets, change of droplets 

from initial spherical shape to regular shapes. Surfactants can be inhibit droplets from 

combination and formation of uniform particles. The TEM image of the hollow Al2O3 

of AN-S1 and AN-S2 shown in Figure 3.7(g) and (h), respectively. The particle size 

of the hollow nanospheres decreased with increasing PEG/AN ratio. 
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Chapter 4  

 
Experiments 

 

 In this chapter explain the experimental section. It is consisting three sections. 

Firstly, the preparation of catalysts by FSP and impregnation technique. Secondly, it 

show the detail of catalytic characterization consisting X-ray diffraction (XRD), N2- 

physisorption, Temperature programmed reduction (TPR), H2-chemisorptions, the 

details of  catalyst evaluation in Fischer-Tropsch synthesis (FTS). 

4.1 Preparation of catalysts 

Table 4.1 The chemicals used in the preparation of catalysts 

 
Chemical material Formula Grade Manufature 
1.Zirconium 
 n-butoxide 

ZrO4C7H18 80 wt% in 1-
butanol 

Alfa Aesar 

2. Cobalt 
napthenate Co(C11H10O2)2 

6 wt% in mineral 
spirits  

Sigma-Aldrich 
cheme 

GmbH,Germany 
3. Cupric 
acetyacetonate 

C10H14CuO4 98.0% Fluka 

4. Copper (II) 
nitrate trihydrate CuN2O6.3H2O 98.0% 

Sigma-Aldrich 
cheme 

GmbH,Germany 
5. Xylene C8H10 99.0% Panreac 

 

 
4.1.1 Preparation of catalysts by flame spray pyrolysis 

The FSP reactor was used for preparation of catalysts show in Figures 4.1. A 

80 wt% of zirconium (IV) butoxide, cobalt naphthenate, and cupric acetylacetonate 

98% were used as precursor and diluted with xylene to a 0.5 M solution. The liquid 

precursor was fed in the center of a methane/oxygen flame by syringe pump at 5 

ml/min. Dispersed by oxygen was fed at 5 ml/min. The pressure drop at the nozzles 

allowed the synthesis was held constant at 1.5 bar by adjusting the orifice gap area at
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the nozzle. The catalyst powder was collected on a glass microfiber filter (Whatman) 

with the aid of a vacuum pump. 

 
 

 
 

Figure 4.1  Schematic of Flame spray pyrolysis process 

 

4.1.2 Preparation of catalysts by wet impregnation 

The support 20 wt% Co incorporated with ZrO2 prepared by FSP. It was 

impregnated by copper (II) nitrate trihydrate 98% ( percentages of Cu 0.1, 1, 3 and 5 

wt%). The Cu precursor was dissolved in deionized water and the solutions were 

mixed the support. The mixture solutions was stirred at 70 °C for 6 h and then the 

sample was oven-dried at 110 °C for 24 h, and finally calcined at 500 °C for 4 h in 30 

ml/min of airflow. 
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Table 4.2 The symbol of catalysts 

 
Symbol Catalysts 

20Co-Z 
The loading 20 wt% Co incorporated with ZrO2 that prepared by 

FSP 

20Co-0.1Cu-Z 
The loading 0.1 wt.% Cu incorporated with 20 wt. %Co-ZrO2 that 

prepared by FSP 

20Co-1Cu-Z 
The loading 1 wt.% Cu incorporated with 20 wt. %Co-ZrO2 that 

prepared by FSP 

20Co-3Cu-Z 
The loading 3 wt.% Cu incorporated with 20 wt. %Co-ZrO2 that 

prepared by FSP 

20Co-5Cu-Z 
The loading 5wt.% Cu incorporated with 20 wt. %Co-ZrO2 that 

prepared by FSP 

0.1Cu/20Co-Z 
The loading 0.1 wt.% Cu impregnated on the 20 wt. % Co-ZrO2 

that prepared by FSP 

1Cu/20Co-Z 
The loading 1 wt.% Cu impregnated on the 20 wt. % Co-ZrO2 that 

prepared by FSP 

3Cu/20Co-Z 
The loading 3 wt.% Cu impregnated on the 20 wt. % Co-ZrO2 that 

prepared by FSP 

5Cu/20Co-Z 
The loading 5 wt.% Cu impregnated on the 20 wt. % Co-ZrO2 that 

prepared by FSP 

xCo/yCo-3Cu-Z 
The loading x wt.% Co impregnated on the y wt. % Co 

incorporated with 3 wt.%Cu and ZrO2 that prepared by FSP 

 
 
4.2 Catalyst characterization 

4.2.1 X-ray diffraction (XRD) 

The XRD measurement was performed in an X-ray diffractometer SIEMENS 

D5000 connected with a computer with Diffract ZT version 3.3 program for fully 

control of the XRD analyzer. The diffract grams were recorded from 20 to 80 °C with 
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scanning rate 2 °/min. The crystallite size was estimated from line broadening 

according to the Scherrer equation. 

Crystalline size = K.λ/B.cosθ 

Where K= 0.9 (Crystalline-shape factor),  λ = 1.5418 A° for CuKα (wavelength of X-

ray) and B is X-ray diffraction broadening) 

4.2.2 N2 physisorption 

  The BET measurements were performed by N2 using BET DORP mini II. The 

catalysts were firstly pretreated in helium gas flow of 50 ml/min at 150 °C for 3 h. 

Sample pretreatment system was used to remove water bound to the particle surface 

from air moisture. After cooled down to the ambient temperature. The sample cell 

was dipped in the dewar containing liquid nitrogen. The volume of N2 was measured 

at -196 °C using the different N2 partial pressure. 

4.2.3 Temperature programmed reduction (TPR) 

 Temperature programmed reduction showing bulk reduction behavior of each 

catalyst was studied by using a Micrometritics Pulse Chemisorb 29100 instrument. A 

0.1 g of catalyst samples in a quartz tubular reactor was initially heated under 30 

ml/min of nitrogen flow at a rate of 10 °C/min to 150 °C for 1 h. Then, heated to 350 
oC under H2 for 2 h after that cooled down to room temperature by nitrogen. Lastly, 

the reducing gas (10% H2 in N2) was switched on at 30 ml/min, and the temperature 

was raised at a rate of 10 °C/min until it reached 800 °C. 

4.2.4 H2 chemisorption 

Active sites of cobalt metal were measured by H2 chemisorption. A 0.1 g of a 

catalyst sample was packed in a quartz tubular reactor. The catalyst was heated to 350 
oC under atmosphere pressure of hydrogen with a flow rate 30 ml/min and held at 350  
oC for 2 h. After that reactor temperature was cooled down to room temperature by 

nitrogen at a flow rate of 30 ml/min. The metal active sites were measured when 

catalyst was heated to 100 oC. The purity hydrogen gas was injected into the injection 
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port to adsorb on the metal surface of the catalyst sample. Injection of hydrogen was 

continuously repeated until saturation. 

4.3 Catalyst activity testing for the Fischer-Tropsch synthesis 

The Fischer-Tropsch synthesis was performed in a fixed-bed reactor show in 

Figures 4.2. The catalyst sample was packed in a fixed-bed reactor placed in the 

furnace. Prior to the reactor test, the catalyst was reduced by hydrogen with flow rate 

of 30 ml/min at 350 °C for 2 h. After the reduction the reactor temperature was 

decreased to 230 °C, the syngas (molar ratio of H2/CO = 2.33 and GHSV = 6000 h-1) 

was introduced. The total volumetric flow rate was 30 ml/min. The composition of 

hydrocarbons in the product was analyzed by two on-line gas chromatographs (GC) 

connecting with FID (DB-1 column) and TCD ( Porapak Q column) detector. 

 

 

Figure 4.2 Experimental set-up scheme of reaction line for testing the FTS  
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Table 4.3 The operating condition of GC-FID and GC-TCD 

 

 

 

 

 

 

 

Condition GC-FID GC-FID 

Detector FID TCD 

Column DB-1 (60 m) Porapak Q (2 m) 

Carrier gas N2 He 

Carrier gas flow - 30 ml/min 

Split 40 ml/min - 

Purge flow rate 10 ml/min - 

Carrier gas pressure 40 kPa - 

Make up pressure 50 kPa - 

Injector temperature 200 °C 150 °C 

Detector temperature 200 °C 150 °C 

Column temperature 

40 °C (hold 10 min)  

and then raised 

 5 °C/min to 250 °C 

40 °C 
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Chapter 5 

 

Results and Discussion 

 

 Effect of the amount of Cu and the method of Cu loading on the catalytic 

properties was discussed in this chapter. The details were divided into two parts. First, 

the physical and chemical property of Co based catalyst was reported. These consisted 

of the crystalline phase of catalysts analyzed by X-Ray diffraction (XRD), the pore 

characteristics determined by N2 physisorption, the reduction behavior of catalysts 

determined by temperature programmed reduction (TPR) and the cobalt active sites 

measured by H2 chemisorption. Second, the catalytic performance was evaluated by 

the Fischer-Tropsch reaction. The list of catalysts with their symbols is shown in table 

5.1. 
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Table 5.1 The catalysts with their symbols 

 

5.1 The physical properties of Co based catalyst prepared by flame spray 

pyrolysis 

5.1.1 The phase analysis by X-ray diffraction (XRD) 

 The XRD patterns of the xCu/20Co-Z (x = 0.1, 1, 3 and 5 wt%) are shown in 

Figure 5.1. The XRD peaks at 30.4°, 35.4°, 50.5°, and 60.3° were assigned to the 

tetragonal phase of ZrO2 [68]. Besides, the XRD peak at about 36.8° was assigned to 

the presence of cubic cobalt oxide (Co3O4). The peak of Co3O4 phase was rather 

small. This indicated that the Co3O4 was highly dispersed. The absence of Cu peak 

was due to either low quantities or high dispersion of Cu. The impregnation of Cu on 

the 20Co-Z can stabilize the tetragonal zirconia phase. 

  Figure 5.2 exhibited the XRD patterns of the 20Co-xCu-Z (x = 0.1, 1, 3 and 5 

wt%) can also stabilize zirconia in the tetragonal phase and produce small particle 

sizes of cobalt oxides 

 The XRD patterns of aCo/bCo-3Cu-Zr (a:b = 1/3, 1 and 3; a+b = 20 wt%) are 

shown in Figure 5.3. The peaks at 30.5°, 35.5°, 50.7° and 60.4° were assigned to 

Symbol Catalysts 

20Co-Z The 20 wt% Co incorporated with ZrO2 by FSP 

20Co/Z The 20 wt% Co impregnated on ZrO2 prepared by FSP 

xCu/20Co-Z 
The x wt% Cu impregnated on the 20 wt% Co incorporated with 

ZrO2 by FSP 

20Co-xCu-Z 
The x wt% Cu  and the 20 wt% Co incorporated with ZrO2 by 

FSP 

5Co/15Co-xCu-Z 
The 5 wt% Co impregnated on the x wt% Cu and the 20 wt% 

Co incorporated with ZrO2 by FSP 
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tetragonal of zirconia while they at 28.5° and 31.6° was assigned to monoclinic of 

zirconia. The 20Co-3Cu-Z displayed only tetragonal phase of ZrO2. The increase of 

ratio of the impregnated and the incorporated Co resulted in more transformation of 

tetragonal to monoclinic phase as shown in table 5.2. This could be predicted that the 

incorporated Co inhibited phase transformation of tetragonal to monoclinic phase, 

showing the strong interaction of cobalt oxide and zirconia in FSP step [69-72]. Tyagi 

et al. [73] also reported that higher temperature of calcination above 400°C affected 

phase transformation of tetragonal to monoclinic phase. The observed XRD peak at 

36.8° was referred to the Co3O4 phase on catalysts. When the ratio of the impregnated 

and incorporated Co was increased, the sharp peak of Co3O4 was observed. This 

indicated the formation of large Co3O4 particles as shown in table 5.2. 

 

 

 
Figure 5.1  XRD pattern of the xCu/20Co-Z (x = 0.1, 1, 3 and 5 wt%) 
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Figure 5.2  XRD pattern of the 20Co-xCu-Z (x = 0.1, 1, 3 and 5 wt%) 

 

 

 
Figure 5.3  XRD pattern of the aCo/bCo-3Cu-ZrO2 (a:b = 1/3, 1 and 3; a+b = 20 

   wt%) 

 

 



41 

 

Table 5.2  The crystalline size of ZrO2 and Co3O4 from XRD results  

 T = Tetragonal phase 

 M = Monoclinic phase 

  

Catalysts ZrO2 
phase (%) 

ZrO2 crystalline 
size (nm) 

Co3O4 crystalline 
size (nm) 

20Co-Z T(100) 14.9 n.d. 

0.1Cu/20Co-Z T(100) 15.4 11.2 

1Cu/20Co-Z T(100) 15.0 10.9 

3Cu/20Co-Z T(100) 15.3 8.8 

5Cu/20Co-Z T(100) 15.2 12.4 

20Co-0.1Cu-Z T(100) 13.7 n.d. 

20Co-1Cu-Z T(100) 13.7 n.d. 

20Co-3Cu-Z T(100) 14.8 n.d. 

20Co-5Cu-Z T(100) 15.0 10.5 

5Co/15Co-3Cu-Z T(100) 17.6 n.d. 

10Co/10Co-3Cu-Z 
T(78.9) 17.3 

20.4 
M(22.1) 23.9 

15Co/5Co-3Cu-Z 
T76.8) 16.5 

18.0 
M(23.2) 27.8 

20Co/3Cu-Z 
T(52.5) 16.1 

23.0 
M(47.5) 31.8 

20Co/Z 
T(56.4) 15.2 

29.9 
M(43.6) 27.6 

20Co-20Co-Z T(100) 18.1 n.d. 
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 5.1.2 The BET surface area and the pore characteristics of catalysts by 

N2 physorption 

 The BET surface area, the pore volume and the mean particle size of various 

catalysts are shown in table 5.3. The BET surface area calculated using the Brunauer–

Emmet–Teller multipoint method was in the range of 20-55 m2/g and the total pore 

volume of the catalyst was about 0.1-0.6 cm3(STP)/g. The N2 adsorption/desorption 

isotherm of various catalysts are shown in Figures 5.4-5.18. The structure of FSP 

catalyst was nonporous, which was regularly observed form flame-made particle [74]. 

The shape of the N2 adsorption/desorption isotherms of catalyst samples indicated the 

hysteresis loop in H1-type. This was the existence of the agglomeration of spherical 

particle with fairly uniform size or cylindrical pores and large pore structure. The 

mean particle size was about 17-45 nm as shown in table 5.3. 

  The N2 adsorption/desorption isotherm of 20Co/Z, 20Co/3Cu-Z and aCo/bCo-

3Cu-Z was shown in Figures 5.14-5.18. The hysteresis loop was also H1-type. The 

BET surface area was decreased but the mean particle size was increased when the 

ratio of the impregnated and the incorporated Co was increased. The particle size of 

catalysts calculated from N2 physisorption results was in agreement with the XRD 

results.  
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Table 5.3 The BET surface area, the pore volume and the mean particle size of 

all catalysts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 *Measured by N2 physisorption at -196 °C 

 **Calculated by the following equation: 

Mean particle size = 6/(density × SBET) 

 

Catalyst BET surface 

area* (m2/g) 
Pore volume* 
(cm3(STP)/g) 

Mean Particle 
size** (nm) 

ZrO2 43.8 0.53 21.2 

20Co-Z 46.1 0.56 20.0 

0.1Cu/20Co-Z 44.3 0.35 20.9 

1Cu/20Co-Z 45.8 0.35 20.3 

3Cu/20Co-Z 43.1 0.30 21.5 

5Cu/20Co-Z 45.4 0.33 20.4 

20Co-0.1Cu-Z 54.1 0.53 17.1 

20Co-1Cu-Z 49.3 0.58 18.8 

20Co-3Cu-Z 47.7 0.57 19.4 

20Co-5Cu-Z 50.9 0.40 18.2 

5Co/15Co-3Cu-Z 36.7 0.26 25.3 

10Co/10Co-3Cu-Z 24.1 0.21 38.5 

15Co/5Co-3Cu-Z 27.8 0.18 33.4 

20Co/3Cu-Z 20.9 0.12 44.4 

20Co/Z 23.3 0.16 39.8 

20Co-20Cu-Z 41.0 0.29 22.6 
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Figure 5.4  The N2 adsorption/desorption isotherms of ZrO2 

 

 

Figure 5.5 The N2 adsorption/desorption isotherms of 20Co-Z 

 

 

 

Figure 5.6  The N2 adsorption/desorption isotherms of 0.1Cu/20Co-Z 
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Figure 5.7  The N2 adsorption/desorption isotherms of 1Cu/20Co-Z 

 

 

 

Figure 5.8  The N2 adsorption/desorption isotherms of 3Cu/20Co-Z 

 

 

 

Figure 5.9  The N2 adsorption/desorption isotherms of 5Cu/20Co-Z 
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Figure 5.10  The N2 adsorption/desorption isotherms of 20Co-0.1Cu-Z 

 

 

 

Figure 5.11  The N2 adsorption/desorption isotherms of 20Co-1Cu-Z 

 

 

 

Figure 5.12  The N2 adsorption/desorption isotherms of 20Co-3Cu-Z 
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Figure 5.13  The N2 adsorption/desorption isotherms of 20Co-5Cu-Z 

 

 

 

Figure 5.14  The N2 adsorption/desorption isotherms of 20Co/Z 

 

 

 

Figure 5.15  The N2 adsorption/desorption isotherms of 5Co/15Co-3Cu-Z 
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Figure 5.16  The N2 adsorption/desorption isotherms of 10Co/10Co-3Cu-Z 

 

 

 

Figure 5.17  The N2 adsorption/desorption isotherms of 15Co/5Co-3Cu-Z 

 

 

 

 

Figure 5.18  The N2 adsorption/desorption isotherms of 20Co/3Cu-Z 
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5.2 The chemical properties of Co based catalyst prepared by flame spray 

pyrolysis                                    

 In this part, the effect of the amount of Cu and the method of Cu loading on 

the chemical properties was studied by temperature programed reduction (TPR) and 

H2 chemisorption. It was divided into two parts. First, two methods of Cu loading, the 

impregnation and the FSP incorporation, were studied. The amount of Cu was varied 

as 0.1, 1, 3, and 5 wt%. Second, the effect of ratio of the impregnated and 

incorporated Co in 3Cu-Z was investigated. 

 5.2.1 Reduction behavior of catalyst by temperature programed  

reduction (TPR) 

 5.2.1.1 Effect of the amount of Cu and the method of Cu loading 

 The Co3O4 bulk was reduced in the temperature range of 240-530 °C as shown 

in Figure 5.19. There were a small peak at 355 °C and a main peak at 417 °C. The 

small peak was assigned to the cobalt nitrate, which was still remaining after 

incomplete decomposition during calcination step [75]. The main peak revealed two 

steps of the Co3O4 reduction. These were the reduction of Co3O4 to CoO and that of 

CoO to Co metal [76] as shown in the following equations: 

 

    Co3O4 + H2 → 3CoO + H2   (5-1)  

     CoO + H2 → Co + H2    (5-2) 

 

 The reduction of CuO bulk was in temperature range of 230-490 °C as shown 

in Figure 5.19. A main peak at 310 °C and a wide shoulder at 435 °C was apparent. 

There were two possible postulations. One was the single step reduction of CuO to Cu 

metal (equation 5-3). 

 

    CuO + H2 → Cu + H2O   (5-3) 
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Another was the two steps reduction. CuO was first reduced to Cu2O and Cu2O was 

subsequently reduced to Cu metal (equations 5-4 and 5-5) [77-79]. The following 

equations are designated. 

     

    2CuO + H2 → Cu2O + 2H2O   (5-4)  

    Cu2O + 2H2 → 2Cu + 2H2O   (5-5)  

 

 
Figure 5.19  TPR partterns of the Co oxide bulk and Cu oxide bulk 

 Figure 5.20 represents the TPR patterns of 20Co-Z impregnated by various Cu 

contents. The reduction behaviors of 20Co-Z and 0.1Cu/20Co-Z were rather similar. 

Two main peaks were apparent. The frist peak was in the temperature range of 220-

320 °C (β1 peak). It can be attributed to large cobalt size embedded in zirconia 

support. The second peak occurred between 350-580 °C (β2 peak). It can be attributed 

to small cobalt size embedded in zirconia support. This peak indicated strong 

interaction of cobalt oxide with zirconia support, which can be reduced at high 

temperature [80-84]. When 1 wt% Cu was loaded, the TPR result showed three main 

Cu) showed two reduction peak, the second reduction peak shift to lower reduction 
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peak. The first peak indicated the interaction between Co and Cu on surface in the 

range of 150-210 °C (α1 peak) and reduction of Cu form CuO to Cu2O as shown in 

Figure 5.21. Xunhua et al. [79] reported that the TPR profiles of CoCu was shown one 

major peak and one shoulder peak at temperature 100-220 °C. This was indicated that 

the reduction peak of CuO overlaps with Co3O4.  Figure 5.21 showed the TPR 

patterns for CoCu. When increasing Cu loading to high (amount 3 and 5 wt%) 

displayed four  reduction peak. The α2 peak in a range 190-220 °C should be the 

reduction peak of Cu2O species to Cu0 or the interaction of Cu oxide species on Co-

ZrO2 surface. Thus, addition of Cu into the Co-ZrO2 by impregnation method can 

enhance the reducibility of Co. 

 

 
Figure 5.20  TPR patterns of xCu/20Co-Z (x = 0.1, 1, 3 and 5 wt%), TPR profiles 

  of fresh catalyst ( thick solid), TPR profiles of catalyst   pretreated in 

  H2 at 350 °C for 2 h (Dash line). 
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Figure 5.21  The TPR patterns for CoCu catalyst [83] 

 The TPR pattern of the various Cu incorporated with  Co-ZrO2 catalyats by 

FSP presented in Figure 5.22. First reduction peak in the range of 110-220 °C (α 

peak) suggested that the two reduction step of Cu oxides species to Cu metal  or yhe 

interaction between Co and Cu.  Stoyanova et al. [85] found that Co to form is rather 

CuCo2O4 spinel (Cu-Co spinel) than Cu-Al or Co-Al spinels. The position of both 

reduction peaks shifted from 295 to 275°C (β1 peak, ΔT= 20 °C) and 490 to 415 °C 

(β2 peak, ΔT= 75 °C) after the addition of small amount of Cu (0.1 wt% Cu). It can be 

clearly observed that increasing the amount of Cu (1, 3 and 5 wt%) second peak shifts 

to lower reduction than first peak. This result can be suggested that the embedded Co 

with ZrO2 can be partially reduced in the present of Cu and Cu inhibits the 

incorporation of cobalt-zirconia strong interaction [74]. The Co3O4 clusters stabilized 

with dispersed on zirconia matrix was required to high reduction temperature for 

overpower the high surface energy [86-88]. Addition of Cu on Co-ZrO2, the relatively 

low reduction temperature of Co-ZrO2 prepared by FSP. The reduction characteristic 

of Cu loading by impregnation and Cu incorporated with Co-ZrO2 catalyst by FSP 

significantly lower temperature. This result showed in table 5.4. 
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Figure 5.22 TPR patterns of 20Co-xCu-Z (x = 0.1, 1, 3 and 5 wt%), TPR profiles 

  of fresh catalyst( thick solid), TPR  profiles of catalyst pretreated in 

  H2 at 350 °C for 2 h (dash line) 

 5.2.1.2  Effect of  Co impregnated on 3 wt.% Cu incorporated with ZrO2 by 

FSP and Co impregnated on Cu incorporated with Co-ZrO2 by FSP 

 The reduction characteristics of partially Co loading with Cu-ZrO2 during in 

FSP step showed in Figure 5.23. It was displayed high reduction temperature of last 

third peaks because the small cobalt oxides interact with support thus showing slow 

reduction was observed [80]. When the partially Co impregnated on Co incorporated 

with ZrO2 by FSP, the last peak hardly changed the peak position. The results was 

possible that the strong interaction between cobalt oxide and zirconia [81]. When 

decreasing Co incorporated on catalyst, Co embedded on zirconia matrix and covered 

by zirconia result difficult to diffusion of hydrogen for reduction of cobalt. For 

secondary reduction peak in a range 220-350 °C. With increasing percentage of Co 

impregnated on catalyst, the position peak shifted to high temperature reduction.  
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It was indicated that the larger cobalt oxide reduced to cobalt metal. For second peak 

of 15Co/5Co-3Cu-Z shifted to lower temperature due to smaller cobalt oxide on 

surface as shown in cobalt crystalline size from XRD. 

 The cobalt loading were prepared by FSP and impregnated on Co-ZrO2 

support showed different physical structure of cobalt. That is the cobalt oxides were 

presented on the surface when Co loaded by impregnation method and not stabilized 

with ZrO2 matrix. Thus, it is facilitating access by H2 [79, 89].  Li et al. [90] ascribe to 

occur the H2 spillover when H2 adsorbed on Cu is mobility to the neighbors cobalt 

oxide on surfaces.

 Figure 5.24 show the TPR pattern of 20Co-Z and 20Co-20Cu-Z catalysts, the 

high amount of Cu addition showed the position of two peaks shift to low temperature 

and improved the reducibility of catalyst. It can be suggested that the weak interaction 

between cobalt and zirconia due to the interaction of cobalt and copper replacement 

(CoCu interaction). With the CoCu interaction was reduced lower temperature than 

Co bulk [82]. 

 
Figure 5.23  The TPR pattern of the aCo/bCo-3Cu-ZrO2 (a:b = 1/3, 1 and 3; a+b = 

   20 wt%) 
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Figure 5.24  The TPR pattern of 20Co-Z and 20Co-20Cu-Z catalysts 

 

 5.2.2  The active site of cobalt oxides by hydrogen chemisorption 

(H2- chemisorption) 

 The numbers of active cobalt metal site on catalyst was calculated by the 

amounts of hydrogen adsorbed on cobalt metal. The amount of active site can be 

determined the cobalt dispersion and average surface crystallite site [91, 92]. The 

chemisorption results shown in table 5.5 calculated by assuming adsorption 

stoichiometry is H: Co = 2 and the amount of chemisorbed hydrogen 

did not react with Cu.  As shown in table 5.5, addition of Cu on Co-ZrO2 catalyst 

decreased the active site number. The Co dispersion decreased with increasing Co 

metal diameter, active site decreased with increasing Co metal diameter. Similar 

works [93] suggest that the decrease cobalt metal size would result to the high number 

of active site and high cobalt dispersion. 
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Table 5.4  The reducibility of catalyst  

 

* DOR = Degree of reduction 

α1   Retention Temp.  in a  range  0-180  °C 

α2   Retention Temp. in a  range 180-220  °C  

β1    Retention Temp. in a  range 220-320  °C 

β1    Retention Temp. in a  range 320-800  °C 

 

 % DOR * % DOR* 

Catalysts α1 α2 α β1 β2 β 
Total  

% DOR 

20Co-Z - - - 9.84 37.40 47.24 24.75 

0.1Cu/20Co-Z 0 0 0 15.68 46.76 62.43 47.49 

1Cu/20Co-Z 76.88 0 76.88 10.76 33.17 43.94 31.34 

3Cu/20Co-Z 43.16 45.20 88.36 11.75 32.00 43.75 32.52 

5Cu/20Co-Z 30.98 46.89 77.87 13.73 28.34 42.07 34.45 

20Co-0.1Cu-Z 0 0 0 11.02 40.82 51.83 29.20 

20Co-1Cu-Z 71.59 0 71.59 10.31 37.16 47.47 27.21 

20Co-3Cu-Z 74.25 0 74.25 20.91 22.73 43.64 25.10 

20Co-5Cu-Z 28.96 41.18 70.14 14.85 31.60 46.45 23.86 

5Co/15Co-3Cu-Z 45.32 21.21 66.53 32.04 39.94 71.98 71.98 

10Co/10Co-3Cu-Z 28.65 7.22 35.87 - - 80.72 80.72 

15Co/-5Co-3Cu-Z 0 22.27 22.27 - - 78.63 78.63 

20Co/3Cu-Z 0 26.72 26.72 - - 84.47 84.47 

20Co/Z - - - - - 73.52 73.52 
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Table 5.5 The number of active site, Co metal dispersion and Co metal  

  diameter 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Catalysts 

Active site 

number 

 (10
18

atom/g cat) 

DOR 

(%) 

Metal* 

dispersion 

(%) 

20Co-Z 2.6 24.75 1.4 

0.1Cu/20Co-Z 2.0 47.49 0.6 

1Cu/20Co-Z 1.2 31.34 0.5 

3Cu/20Co-Z 1.8 32.52 0.7 

5Cu/20Co-Z 0.8 34.45 0.3 

20Co-0.1Cu-Z 5.4 29.20 2.9 

20Co-1Cu-Z 3.6 27.21 2.0 

20Co-3Cu-Z 1.6 25.10 0.7 

20Co-5Cu-Z 0.8 23.86 0.5 

5Co/15Co-3Cu-Z 2.8 71.98 0.4 

10Co/10Co-3Cu-Z 3.0 80.72 0.4 

15Co/5Co-3Cu-Z 3.6 78.63 0.5 

20Co/3Cu-Z 0.8 84.47 0.2 

20Co/Z 2.8 73.52 0.4 

20Co-20Cu-Z 1.2 - - 
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* Metal dispersion (%) 

 =  100
reductionafter exist   toexpected sites activecobalt  Total

reductionafter catalyst on  adsorption H  toequivalentcobalt  ofAmount 2  

5.3  Catalytic performance of Cu on Co-ZrO2 catalysts for Fischer-Tropsch 

synthesis              

 Activity and selectivity can be measured by FTS.  The results and disscustion 

can be divided into two parts. It was observed  to effect of Cu promoter loading 0.1, 1, 

3 and  5 wt% Cu promoter via impregnation and FSP method for Co-ZrO2 catalysts 

and effect of Co impregnated on 3 wt% Cu incorporated with ZrO2 by FSP and Co 

impregnated on Cu incorporated with Co-ZrO2 by FSP.       

 55.3.1  Fischer-Tropsch synthesis activity of xCu/20Co-ZrO2 and 20Co-

xCu-ZrO2 (x = 0.1, 1, 3 and 5 wt %) catalysts 

 Figure 5.25 shows the reaction rate of Cu loading by impregnation and FSP 

method on Co-ZrO2 catalyst prepared by FSP at time 180 min. The loading of 0.1 

wt% Cu  by  impregnation and FSP method on Co-ZrO2 showed higher activity and 

promoted  methane selectivity because of smaller cobalt particles and  high active site. 

It was attributed to the smaller Co site promoted weak carbon monoxide adsorption 

increased the methane selectivity and larger Co particle promoted strong carbon 

monoxide adsorption lead to formation of heavy hydrocarbons [94-96]. The rate of 

reaction was increased slightly with increasing Cu loading to high (amount 1, 3 and 5 

wt%). Figure 5.26 and 5.27 show the reaction rate for 90 and 5 min respectively. The 

reaction rate have trend same long time. It can be observed that Cu loading by 

impregnation higher reaction rate than Cu loading by FSP. This result can be 

suggested that the CO adsorption on active site of Cu with Cu loading by FSP, Cu 

embedded with Co and ZrO2 matrix while Cu loading by impregnation, Cu were 

presented on the surface. 
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Figure 5.25 The reaction rate for Cu loading by different method on Co-ZrO2  

  catalyst prepared by FSP at 180 min 

 

 

Figure 5.26 The reaction rate for Cu loading by different method on Co-ZrO2  

  catalyst prepared by FSP at 90 min 
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Figure 5.27   The reaction rate for Cu loading by different method on Co-ZrO2  

  catalyst  prepared by FSP at 5 min 

 

 The product can be divided to four ranges as methane (C1), light gas (C2-C4), 

Gasoline (C5-C1), kerosene (C11-C14). Product distributions for Cu impregnated on 

Co-ZrO2 catalyst are shown in Figure 5.28. Increasing of Cu (0.1, 1, 3 and 5 wt%) 

have little influence on methane, gasoline, kerosene production while light gas show 

higher of production when Cu increased due to the adsorption of CO on active site of 

cobalt and copper was significant parameter in the selectivity of CO hydrogenation. 

This result was in agreement with Kiennemann et al. [97] who reported that the CO 

dissociation is favored on surface of cobalt site as lead to C-C bond formation of 

hydrocarbon and CO insertion is favored on surface copper site to alcohol synthesis. 

When appearance cobalt-copper site on surface that catalysts craves one site capable 

as CO dissociation combined with a site that adsorbs CO molecularly. This reason 

surface adsorbed CxHy and CO species which copper site produced C1-C4 alcohol. 

Thus, CoCu surface site lead to light gas production. This was consistence with the 

previous work [98-101].  It is reported that Co-Cu-Al catalyst lead to propane and 

butane products [102].  
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 Figure 5.29 shows the product distribution for Cu incorporate with Co-ZrO2 

catalyst prepared by FSP at 180 min. In the absence of Cu on catalyst displayed 

methane selectivity about 13 wt% of productivity. When increasing of Cu loading 

(0.1, 1, 3 and 5 wt%) compared with the absence of Cu on catalysts. It is obviously 

seen that methane and gasoline decreased while kerosene increased. The loading of 3 

wt% Cu showed low methane and gasoline selectivity and highest kerosene selectivity 

from 13 to 26 wt% of productivity. It has been suggested that decreasing gasoline due 

to the reaction drive to higher hydrocarbon as kerosene. Adsorption of CO was 

significant in the selectivity mentioned above. Maranda et al. [103] explained 

behavior of CO adsorb on Co/SiO2 and CoCu/SiO2 for CO hydrogenation that CO to 

adsorb on CoCu  site showed more strong of CO binds than adsorb on Co site . Thus, 

CuCo site favored to dissociate and increased time of CxHy formation on surface that 

it was lead to high heavy hydrocarbon production. 

 The product distribution of Cu loading by two methods showed differential 

characteristic. It is possible that impregnation of Cu on Co-ZrO2, the Cu are present 

on the surface while Cu incorporated with Co-ZrO2, Cu embedded with Co and ZrO2 

matrix. 

 

Figure 5.28 The product distribution of the xCu/20Co-Z (x = 0.1, 1, 3 and 5 wt%) 

  at 180 min 
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Figure 5.29  The product distribution of the 20Co-xCu-Z (x = 0.1, 1, 3 and 5 wt%) 

  at 180 min 

 5.3.2  Fischer-Tropsch synthesis activity of aCo/bCo-3Cu-ZrO2 catalyst 

 The reaction rate for Co/Co-3Cu-ZrO2 catalysts at different time was shown in 

Figure 5.30.  The 5Co/15Co-3Cu-Z gave the highest reaction rate due to highest 

amount of cobalt active site as shown in table 5.5. Addition of Co impregnated on Co 

incorporated with copper and zirconia by FSP slight increasing rate of reaction when 

compare with Co-Cu-ZrO2 catalyst.  The 20Co/3Cu-Z makes an exemption due to 

small amount of cobalt active site lead to lower reaction rate. Figure 5.31 shown 

product distribution for Co/Co-3Cu-ZrO2 catalysts at 180 min. It can be observably 

gasoline combined with kerosene hardly change as in a range 47-59 % of C5+ as 

shown in Figure 5.32 and table 5.6  
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Figure 5.30 The reaction rate of the aCo/bCo-3Cu-ZrO2 (a:b = 1/3, 1 and 3; a+b = 

   20 wt%) 

 

 

Figure 5.31 The product distribution of the aCo/bCo-3Cu-ZrO2 (a:b = 1/3, 1 and 3; 

   a+b = 20 wt%) at 180 min 
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Figure 5.32 CH4 selectivity and C5+ selectivity of  the aCo/bCo-3Cu-ZrO2 (a:b = 

   1/3, 1 and 3; a+b = 20 wt%) at 180 min 

 5.3.3  Fischer-Tropsch synthesis activity of 20 wt% of Cu incorporated 

with Co-ZrO2 by FSP 

 Figure 5.33 exhibits reaction rate for 20Co-20Cu-Z and 20Co-Z catalysts. The 

20Co-20Cu-Z high reaction rate at initial time and decreased a long time. The 20Co-Z 

gave the highest reaction rate due to highest amount of cobalt active site. The product 

of addition high amount of Cu show highest light gas about 60 wt% compare with 

unloads Cu. The high amount of Cu loading led to increase the selectivity of C2-C4 as 

shown in Figure 5.34 
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Figure 5.33  The reaction rate for 20Co-20Cu-Z and 20Co-Z catalysts 

 

 

 

 

 

 

Figure 5.34 The product distribution for 20Co-20Cu-Z and 20Co-Z catalysts at 

  180 min 
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Table 5.6   The rate of reaction, TOF and product selectivity of catalysts 

 

 

 

 

 

 

Catalysts 
Reaction rate×102 

(gCH2.g cat.-1h-1) 

 
TOF (S-1) 

 

C1selectivity 
(%) 

C5+ selectivity 
(%) 

20Co-Z 10.69 0.96 26.58 44.28 

0.1Cu/20Co-Z 24.83 2.95 33.23 29.30 

1Cu/20Co-Z 16.53 3.61 23.27 43.52 

3Cu/20Co-Z 13.55 1.79 26.79 33.36 

5Cu/20Co-Z 12.73 4.32 24.78 35.51 

20Co-0.1Cu-Z 22.07 0.97 22.44 38.16 

20Co-1Cu-Z 11.87 0.50 17.70 41.28 

20Co-3Cu-Z 13.11 2.05 14.03 52.78 

20Co-5Cu-Z 10.82 3.38 13.25 49.01 

5Co/15Co-3Cu-Z 13.71 1.50 14.03 52.78 

10Co/10Co-3Cu-Z 13.54 1.13 18.17 47.38 

15Co/5Co-3Cu-Z 14.55 1.38 17.14 48.16 

20Co/3Cu-Z 8.02 3.06 21.23 46.49 

20Co/Z 15.38 1.40 35.94 33.51 
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Chapter 6 

 

Conclusions 

 

 In this research, the role of addition technique of Cu on Co-ZrO2 catalysts as 

impregnation and FSP, addition of Co impregnated on Co incorporated with copper 

and zirconia for Fischer-Tropsch synthesis. The experimental conclusions were 

summarized as follows: 

 

1. Addition of Cu by impregnation can increase the cobalt reducibility but 

decrease the amount of cobalt active sites. 

2. Increase of incorporated Cu loading in Co-ZrO2 can decrease the amount of 

cobalt active sites. 

3. Addition of Cu on Co-ZrO2 catalyst for both methods improve selectivity to 
light gas (C2-C4).  

 
4. Addition of Cu at high loading (3 and 5 wt%) by FSP on Co-ZrO2 catalyst 

decrease methane selectivity but improve selectivity to kerosene. 

5. Addition of Co by impregnation on Co-Cu-ZrO2 can increase total reducibility 

of catalyst and the amount of cobalt active sites. 

6. Addition of Cu by FSP on Co/Co-ZrO2 can maintain the C5+ production. 
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Appendix A 

 

Calculation of crystallite size and percent composition of phase 

 

The crystallite size of the catalysts calculated by broadened profile width of 

experimental of XRD using Scherrer equation and the alpha alumina width was 

standard of reference using Scherrer equation. 

 

Crystallite size 
B.cos

 )(K.  =  

 Where , K  =  Crystallite-shape factor (0.9)  

  λ = Wavelength of X-ray, 1.5418 A° for CuKα 

  θ = Observed peak angle (degree) 

 B = X-ray diffraction broadening (radian) calculated  

by Warren equation 

 

Warren equation:                            BB  = B 2
Sm

2  

  Bm  = The measured peak width in radians at half peak height. 

Bs = The corresponding width of the standard material 

 (alpha alumina) 
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Figure A.1 The standard width of reference α-alumina sample 

 

 

Example:  Calculation of zirconia crystallite size 

 

Figure A.2 The half-height width of zirconia at 30.24° 
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The half-height width of zirconia at 30.24°  =  0.6° (from Figure A.2) 

      =  
180

06.0  

      = 0.0105 radian 

Bs from figure A.1 at 30.24° was 0.0035 radian 

Warren equation:                                   

                             BB  = B 2
Sm

2  

radian 0.0099       
   0035.00.0105  = B 22

 

Where, 

        2θ  = 30.24° 

          θ  = 15.12° 

          λ  = 1.5418 Å 

Crystallite size 
12.150.0099.cos

1.5418)  (0.9  =  

          =    144.485 Å =14.5 nm 

The percent of phase composition  

% Tetragonal  = Peak area of tetragonal/ ∑ Peak area of tetragonal and monoclinic 

% Monoclinic = Peak area of monoclinic / ∑ Peak area of tetragonal and monoclinic 
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Appendix B 

 

Calculation of H2 chemisorption and dispersion  

 

The H2 chemisorption was determined from the catalyst was adsorbed by 

hydrogen 80 μl at 100°C. Assumption of stoichiometry of H2 : Co  = 2. 

Weight of catalyst used    = 0.1 g 

Percentage of Co on catalyst   = 20 wt.% 

Integral area of H2 after adsorption  = A 

Integral area of 80 μl H2   = B 

Quantity of H2 adsorbed on catalyst  = B-A 

Volume of mole H2 at 100°C   = 30.6 ×10-6 μl 

Total H2 chemisorption   = 2× [(B-A)/B]×[100/30.6]×[1/W] 

       μmole/gcat. 

 

% Metal dispersion   = 
100

samplein  atoms Co ofNumber 
surfaceon  atoms Co ofNumber 

- 

Where,  D is Metal dispersion, DOR is degree of reduction 
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Appendix C 

 

Calculation for degree of reduction 

 

The degree of reduction was determined by give cobalt reduced to cobalt 

metal. It can be calculated via the following formula. 

 

   Reducibility (%)   100
catalyst of reduce  touptake H al theoreticofAmount 

catalyst of reduce  touptakeH ofAmount 

2

 2  

 

Molecular weight of Co   =  58.93 

Molecular weight of Co3O4   = 240.79 

Percentage of Co on catalyst   = 20 wt. % 

Integral area of pure Co3O4 (0.1g)  = 9.42 unit 

Weight of catalyst used    = 0.1 g 

Integral area of fresh catalyst   = A 

Integral area of pretreat catalyst  = B 

Equation of cobalt oxide reduce to cobalt metal 

Co3O4 + 4H2  → 3Co + H2 

Mole of H2 consumption   =  4 mole of Co3O4 consumption 

= 4 mole × (0.1g Co3O4/ 240.79) 

     = 1.66×10-3 mole 

Example for 20Co-3Cu-Z 

Integral area of fresh catalyst  = 1.433 unit 

Integral area of pretreat catalyst = 0.273  unit 

Integral area of catalyst  = 1433-0.273 = 1.16 unit 
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Reducibility (%)  100
93.5834

100
201.0

24.9
16.11066.1 3

 

            =  60.76% 
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Appendix D 

 

Calculation of CO conversion, reaction rate, turnover frequencies (TOF) 

 

 The CO Conversion, reaction rate. Turnover frequencies (TOF) were 
calculated by equation as follows: 

 

CO Conversion 

Area of CO peak obtained the program GC-solution on GC-TCD from experiment. 

100
CO of area

 CO od area  CO of area
= (%) Conversion CO 

feed

OUTFeed  

 

Reaction rate  

)mole0(ml/45,42(g)eightcatalyst w
(g/mole)CH of.wt.mol60(min/h) (ml/min) feedin  CO of flowrateConversion CO%

  )hgcat.(gCH rate Reactio

2

-1-1
2

 

where ,  flow rate of CO in feed   = 30 ml/min 

  Weight of CH2    =  14 g 

  Volume of 1 mole of gas 1 atm, 25°C = 24,450 ml 

 

Turnover frequencies (TOF) 

  Turnover frequencies (TOF) were calculated based on the number of Co 
active site from H2-Chemisorption. 

 

site.time
rateTOF
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Selectivity  

100
product of arae Total

A product  of Area    A(wt.%) ofy Selectivit  

 

 Area of product A obtained the program GC-solution on GC-FID from 

experiment. 

 

  

 

Figure D.1  The relation of area product and CO conversion 
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Appendix E 

 
Selectivity for FTS 

 

 Table E.1 The product distribution of the xCu/20Co-Z (x = 0.1, 1, 3 and 5 wt%) 

  at 5 min 

 

 

 

Figure E.1 The product distribution of the xCu/20Co-Z (x = 0.1, 1, 3 and 5 wt%) 

  at 5 min 

Selectivity (wt.%) Cu (wt.%)    
0 0.1 1 3 5

Methane(C1) 19.03 36.60 29.93 31.76 27.91 

Light Gas(C2-C4) 43.89 40.67 42.41 48.65 55.22 

Gasoline(C5-C10) 30.13 22.44 26.97 17.63 15.31 

Kerosene(C11-C14) 6.95 0.29 0.69 1.95 1.55 
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Table E.2 The product distribution of the xCu/20Co-Z (x = 0.1, 1, 3 and 5 wt%)  

  at 90 min 

 

 

 

 

 

Figure E.2 The product distribution of the xCu/20Co-Z (x = 0.1, 1, 3 and 5 wt%)  

  at 90 min 

 

Selectivity (wt.%) Cu (wt.%)    
0 0.1 1 3 5 

Methane(C1) 19.35 32.97 23.74 27.02 25.04 

Light Gas(C2-C4) 30.29 39.37 33.90 41.12 42.05 

Gasoline(C5-C10) 35.03 26.43 32.54 26.02 28.68 

Kerosene(C11-C14) 15.34 1.22 9.82 5.84 4.24 



90 

 
 

Table E.3 The product distribution of the xCu/20Co-Z (x = 0.1, 1, 3 and 5 wt%)  

  at 180 min 

 

 

 

 

 

Figure E.3 The product distribution of the xCu/20Co-Z (x = 0.1, 1, 3 and 5 wt%) 

  at 180 min 

 

Selectivity (wt.%) Cu (wt.%)    
0 0.1 1 3 5 

Methane(C1) 26.58 33.23 23.27 26.79 24.78 

Light Gas(C2-C4) 29.14 37.47 33.21 39.85 39.71 

Gasoline(C5-C10) 31.25 25.59 31.58 25.68 26.92 

Kerosene(C11-C14) 13.02 3.71 11.95 7.68 8.59
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Table E.4 The product distribution of the 20Co-xCu-Z (x = 0.1, 1, 3 and 5 wt%) 

  at 5 min. 

 

 

 

 

Figure E.4  The product distribution of the 20Co-xCu-Z (x = 0.1, 1, 3 and 5 wt%)

  at 5 min. 

 

 

Selectivity (wt.%) Cu (wt.%)  
0 0.1 1 3 5 

Methane(C1) 19.03 31.52 23.44 13.23 17.04 

Light Gas(C2-C4) 43.89 41.57 47.28 31.51 44.51 

Gasoline(C5-C10) 30.13 24.60 27.32 28.75 22.35 

Kerosene(C11-C14) 6.95 2.31 1.95 26.51 16.10 
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Table E.5 The product distribution of the 20Co-xCu-Z (x = 0.1, 1, 3 and 5 wt%)

  at 90 min 

 

 

 

 

 

Figure E.5  The product distribution of the 20Co-xCu-Z (x = 0.1, 1, 3 and 5 wt%)

  at 90 min. 

 

 

Selectivity (wt.%) Cu (wt.%)                  
0 0.1 1 3 5 

Methane(C1) 19.35 24.66 10.93 14.03 15.35 

Light Gas(C2-C4) 30.29 37.75 39.78 32.97 37.96 

Gasoline(C5-C10) 35.03 29.96 40.76 23.03 24.44 

Kerosene(C11-C14) 15.34 7.62 8.53 29.97 22.26 
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Table E.6 The product distribution of the 20Co-xCu-Z (x = 0.1, 1, 3 and 5 wt%)

  at 180 min. 

 

 

 

 

Figure E.6  The product distribution of the 20Co-xCu-Z (x = 0.1, 1, 3 and 5 wt%) 

  at 180 min 

 

 

 

Selectivity (wt.%) Cu (wt.%)    
0 0.1 1 3 5 

Methane(C1) 26.58 22.44 17.70 14.03 13.25 

Light Gas(C2-C4) 29.14 39.40 41.01 33.19 37.74 

Gasoline(C5-C10) 31.25 28.27 31.30 22.81 23.04 

Kerosene(C11-C14) 13.02 9.89 9.98 29.97 25.97 



94 

 
 

Table E.7  CH4 selectivity and C5+ selectivity of the xCu/20Co-Z (x = 0.1, 1, 3 

  and 5 wt%) at 5 min 

 

 

 

 

 

Figure E.7 CH4 selectivity and C5+ selectivity of the xCu/20Co-Z (x = 0.1, 1, 3 

  and 5 wt%) at 5 min 

 

Selectivity (wt.%) 
Cu (wt.%)    

0 0.1 1 3 5 
C1 19.03 36.60 29.93 31.76 27.91 

C5+ 37.08 22.73 27.66 19.59 16.86 
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Table E.8  CH4 selectivity and C5+ selectivity of the xCu/20Co-Z (x = 0.1, 1, 3 

  and 5 wt%) at 90 min 

 

 

 

 

 

 

 

Figure E.8 CH4 selectivity and C5+ selectivity of the xCu/20Co-Z (x = 0.1, 1, 3 

  and 5 wt%) at 90 min 

 

 

Selectivity (wt.%) Cu (wt.%)    
0 0.1 1 3 5 

C1 19.35 32.97 23.74 27.02 25.04 

C5+ 50.36 27.66 42.36 31.86 32.91 
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Table E.9  CH4 selectivity and C5+ selectivity of the xCu/20Co-Z (x = 0.1, 1, 3 

  and 5 wt%) at 180 min 

 

 

Figure E.9 CH4 selectivity and C5+ selectivity of the xCu/20Co-Z (x = 0.1, 1, 3 

  and 5 wt%) at 180 min 

 

 

 

 

 

Selectivity (wt.%) Cu (wt.%)    
0 0.1 1 3 5 

C1 26.58 33.23 23.27 26.79 24.78 

C5+ 44.28 29.30 43.52 33.36 35.51 
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Table E.10  CH4 selectivity and C5+ selectivity of the 20Co-xCu-Z (x = 0.1, 1, 3 

  and 5 wt%) at 5 min 

 

 

 

 

 

 

Figure E.10 CH4 selectivity and C5+ selectivity of the 20Co-xCu-Z (x = 0.1, 1, 3 

  and 5 wt%) at 5 min 

 

 

 

Selectivity (wt.%) Cu (wt.%)    
0 0.1 1 3 5 

C1 19.03 31.52 23.44 13.23 17.04 

C5+ 37.08 26.91 29.28 55.26 38.45 
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Table E.11 CH4 selectivity and C5+ selectivity of the 20Co-xCu-Z (x = 0.1, 1, 3 

  and 5 wt%) at 90 min 

 

 

 

 

Figure E.11 CH4 selectivity and C5+ selectivity of the 20Co-xCu-Z (x = 0.1, 1, 3 

  and 5 wt%) at 90 min 

 

 

 

Selectivity (wt.%) Cu (wt.%)    
0 0.1 1 3 5 

C1 19.35 24.66 10.93 14.03 15.35 

C5+ 50.36 37.58 49.29 53.00 46.69 
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Table E.12 CH4 selectivity and C5+ selectivity of the 20Co-xCu-Z (x = 0.1, 1, 3 

  and 5 wt%) at 180 min 

 

 

 

 

Figure E.12 CH4 selectivity and C5+ selectivity of the 20Co-xCu-Z (x = 0.1, 1, 3 

  and 5 wt%) at 180 min 

 

 

 

Selectivity (wt.%) Cu (wt.%)    
0 0.1 1 3 5 

C1 26.58 22.44 17.70 14.03 13.25 

C5+ 44.28 38.16 41.28 52.78 49.01 
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Table E.13 The product distribution The product distribution of the aCo/bCo-3Cu-

  ZrO2 (a:b = 1/3, 1 and 3; a+b = 20 wt%) at 5 min 

 

 

 

 

 

Figure E.13 The product distribution The product distribution of the aCo/bCo-3Cu-

  ZrO2 (a:b = 1/3, 1 and 3; a+b = 20 wt%) at 5 min 

 

 

Catalysts Methane 
(C1) 

Light Gas 
(C2-C4) 

Gasoline 
(C5-C10) 

Kerosene 
(C11-C14) 

20Co-3Cu-Z 13.23 31.51 28.75 26.51 
5Co/15Co-3Cu-Z 20.38 40.82 21.02 17.78 
10Col10Co-3Cu-Z 23.94 41.00 19.68 15.38 
15Col5Co-3Cu-Z 26.57 40.56 16.28 16.59 

20Co/3Cu-Z 15.90 39.39 14.45 30.27
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Table E.14 The product distribution The product distribution of the aCo/bCo-3Cu-

  ZrO2 (a:b = 1/3, 1 and 3; a+b = 20 wt%) at 90 min 

 

 

 

 

Figure E.14 The product distribution The product distribution of the aCo/bCo-3Cu-

  ZrO2 (a:b = 1/3, 1 and 3; a+b = 20 wt%) at 90 min. 

 

Catalysts Methane 
(C1) 

Light Gas 
(C2-C4) 

Gasoline 
(C5-C10) 

Kerosene 
(C11-C14) 

20Co-3Cu-Z 14.03 32.97 23.03 29.97 
5Co/15Co-3Cu-Z 14.13 41.28 25.85 18.75 
10Col10Co-3Cu-Z 18.87 40.61 26.47 14.05 
15Col5Co-3Cu-Z 21.01 37.13 23.10 18.76 

20Co/3Cu-Z 16.17 28.43 17.10 38.29 
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Table E.15 The product distribution The product distribution of the aCo/bCo-3Cu-

  ZrO2 (a:b = 1/3, 1 and 3; a+b = 20 wt%) at 180 min 

 

 

 

 

 

Figure E.15 The product distribution The product distribution of the aCo/bCo-3Cu-

  ZrO2 (a:b = 1/3, 1 and 3; a+b = 20 wt%) at 180 min 

Catalysts Methane 
(C1) 

Light Gas 
(C2-C4) 

Gasoline 
(C5-C10) 

Kerosene 
(C11-C14) 

20Co-3Cu-Z 14.03 33.19 22.81 29.97 
5Co/15Co-3Cu-Z 18.17 34.44 20.05 27.33 
10Col10Co-3Cu-Z 17.14 34.71 25.93 22.22 
15Col5Co-3Cu-Z 21.23 32.28 24.77 21.71 

20Co/3Cu-Z 19.50 34.55 15.58 30.38 
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Figure E.16 The product distribution for 20Co-20Cu-Z catalyst prepared by  

  FSP at  5 min 

 

 

 

 

Figure E.17 The product distribution for 20Co-20Cu-Z catalyst prepared by  

  FSP at  90min 
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Figure E.18 The product distribution for 20Co-20Cu-Z catalyst prepared by  

  FSP at  180 min 
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Appendix F 

 

International presentation 

 

C. Poosri , C. Chaisuk "Roles of second metal addition on the catalytic performance 

of Co-ZrO2 catalysts prepared by Flame Spray Pyrolysis for Fischer-Tropsch 

Synthesis", International Symposium On Catalysis And Fine Chemicals 2011 (C&FC 

2011), Nara, Japan, December 4 - December 8, 2011, Poster presentation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



106 

 
 

Biography 

 

Name:   Miss Charwan  Poosri 

Birth date:   November 17, 1987 

Place of birth:  Nakorn Pathom , Thailand 

Nationality:   Thai 

Religion:  Thai  

Address:  25/3 M.3, T. Wangtaku, A. Mung Nakor Pathom,  

   Nakorn Pathom , 73000, Thailand 

Contact:  p_ccharuwan@yahoo.com, Tel. 0851785284 

Education:  

2012   Master student of Chemical Engineering at Graduate  

   School, Silpakorn University. 

2009   Bachelor degree of Chemical Engineering, Silpakorn  

   University. 

2005   Rachinee Burana School, Nakorn Pathom,Thailand 

 

 

 

 

 


	Title_page
	Abstract
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Chapter6
	Bibliography
	Appendix

