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การเปลี่ยนของแก๊สคาร์บอนไดออกไซด์สูงที่สุด เน่ืองมาจากตวัเร่งปฏิกิริยาที่สภาวะดงักล่าวมีความสามารถในการรีดิวซ์สูงซ่ึง
เป็นผลมาจากการเติมเหล็กลงไปบนตวัเร่งปฏิกิริยาในปริมาณที่เหมาะสม 

 

สาขาวิชา วิศวกรรมเคมี ลายมือช่ือนิสิต 

................................................ 

ปีการศึกษา 2563 ลายมือช่ือ อ.ที่ปรึกษาหลกั 

.............................. 

  ลายมือช่ือ อ.ที่ปรึกษาร่วม 

............................... 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 iv 

ABSTRACT (ENGLISH) 
# # 6270171521 : MAJOR CHEMICAL ENGINEERING 

KEYWOR

D: 

Carbon nanotube, Eucalyptus oil, CO2 methanation, Nickel-Iron 

catalyst 

 Phanatchakorn Mala : Performance of Carbon Nanotubes as Supports of 

Nickel-Iron Catalysts for Carbon Dioxide Methanation. Advisor: Assoc. 

Prof. TAWATCHAI CHARINPANITKUL, D.Eng. Co-advisor: Sakhon 

Ratchahat, D.Eng. 

  

Nowadays, an increase in CO2 emission is one of the main reasons of global 

warming. Many studies have tried to solve the problem by developing catalysts to 

efficiently convert CO2 into CH4. Herein, bimetallic Ni-Fe catalyst was studied to 

improve the catalyst activity of Ni-based catalyst which has low activity and is easily 

deactivated. Carbon nanotubes (CNTs) have been identified as one of the most 

promising nanomaterials with unique electrical, thermal, and mechanical 

properties.  In this thesis, CNTs was synthesized from eucalyptus oil as a renewable 

carbon source and then employed as catalyst support material in methanation. 

Variations of synthesis conditions indicated the optimal pyrolysis temperature (Tpyro) 

of 900 °C and molar ratio of eucalyptus oil and ferrocene (moil/fer) of 3:1 to obtain 

highest content of CNTs and highest thermal stability. The synthesized CNTs were 

impregnated with nickel and iron with different weight ratios to be catalyst for 

CO2 methanation. The 30wt% Ni-Fe/CNT with weight ratio Ni:Fe of 70:30 could 

provide the highest CO2 conversion and methane yield at reaction temperature of 325 

°C and molar ratio CO2:H2:He of 1:4:5 due to its highest reducibility and synergistic 

effect of Ni and inherited Fe presence in synthesized CNTs. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background and motivation 

Nowadays, global warming is one of the serious problems caused by human 

activities and fossil fuel burning [1].  One of the major causes of global warming is an 

increase in one of the greenhouse gases or carbon dioxide (CO2) in the atmosphere. 

From various technical methods to reduce the concentration of CO2, the conversion of 

CO2 into methane (CH4), also known as CO2 methanation, is a promising application 

because it is not only reducing the concentration of CO2 but also producing CH4 which 

is a high energy resource [2]. 

Generally, CO2 methanation is the highly exothermic reaction conducted in a 

fixed-bed reactor [3].  This type of reactor still has some problems remaining such as 

the hotspot formation on the catalyst which can lead to catalyst deactivation resulting 

in the decline in CO2 conversion [4]. Therefore, catalyst selection, especially in the use 

of material with high thermal conductivity and high thermal stability, is also important 

to achieve high catalyst performance for exothermic reaction [5].  

Typically, a catalyst for CO2 methanation is a metal on support materials [6].  

The most popular active metal is nickel (Ni) due to its high selectivity and low cost. 

However, Ni-based catalyst does not provide high catalyst activity [7]. To increase the 

performance of catalyst, the catalyst is doped with another metal with higher catalyst 

activity such as iron (Fe) in the expectation of the synergistic effect [8, 9]. For the 

support material, carbon nanotubes (CNTs) are interesting due to their high thermal 

conductivity and high thermal stability [10] which may help decrease the hotspot 

formation. Moreover, the tubular structure of CNTs could also enhance the dispersion 

of active metals on their surface [11]. 

CNTs can be synthesized from various petroleum-based carbon sources such as 

alcohols [12] or hydrocarbons [13] which may lead to depletion of natural resources. 

Therefore, eucalyptus oil, a renewable carbon source obtaining from leaves of 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

eucalyptus trees, becomes an attractive feedstock for the synthesis of CNTs. This 

natural oil or bio-based material can probably promote the bioeconomy related to the 

use of biorenewable resources to meet the United Nations’ Sustainable Development 

Goals (SDGs).  Moreover, the high oxygen content in eucalyptus oil could help improve 

the quality of CNTs due to the oxidation of amorphous carbon [14]. However, the 

studies in the use of eucalyptus oil for the synthesis of CNTs as a support catalyst in 

CO2 methanation have not been reported. CNTs can be prepared via various techniques 

such as chemical vapor deposition (CVD), laser ablation, and arc discharge [15]. In this 

study CVD or co-pyrolysis with a metal catalyst was selected because it could provide 

well-aligned CNTs and low investment cost.   

This research aimed to use eucalyptus oil as a carbon precursor for the synthesis 

of CNTs as a catalyst support for CO2 methanation.  CNTs were synthesized by co-

pyrolysis with ferrocene. Then, Ni and Fe would be impregnated on CNTs by 

impregnation method using ethanol as solvent. Finally, bimetallic Ni-Fe/CNT catalyst 

would be examined under the controlled conditions to reach high CO2 conversion and 

high CH4 selectivity. 

CNT support and Ni-Fe/CNT catalyst would be characterized by various 

techniques, for example, Field-emission scanning electron microscopy (FESEM), 

Thermogravimetric analysis (TGA), Raman spectroscopy, N2 adsorption/desorption 

analysis, X-ray diffraction (XRD), and Temperature-programmed reduction in H2 (H2-

TPR).  The performance of Ni-Fe/CNT catalyst would be analyzed from CO2 

conversion, CH4 selectivity, and CH4 yield. 

1.2 Research objectives 

This research aimed to synthesize CNTs by co-pyrolysis of eucalyptus oil and 

ferrocene and to apply CNTs as support material for nickel-iron catalyst in CO2 

methanation.  Performances of Ni-Fe/CNT catalysts prepared under different 

conditions were investigated.    
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1.3 Scope of this research work 

The scope of this research was to synthesize CNTs from eucalyptus oil and use 

it as supports of Ni-Fe catalysts for CO2 methanation.  This thesis consisted of 3 parts, 

which were the synthesis of CNTs by co-pyrolysis with ferrocene, catalyst preparation 

by impregnation of bimetallic Ni and Fe, and performance test for CO2 methanation 

with details as followed. 

1.3.1 Synthesis of CNTs by co-pyrolysis with ferrocene 

CNTs would be synthesized from eucalyptus oil at various temperature (800, 

850 and 900 ๐C) and molar ratio of eucalyptus oil to ferrocene (1:1, 2:1, and 3:1) under 

nitrogen atmosphere.  The characterization of CNTs would use FESEM to observe the 

morphology of CNTs, TGA to observe the thermal stability, N2 adsorption/desorption 

to observe the surface area, and Raman spectroscopy to observe the crystallinity of 

CNTs. 

1.3.2 Impregnation of bimetallic Ni-Fe onto CNT support 

Ni and Fe would be impregnated on CNTs with 30wt% of total metal loading at 

various Ni to Fe weight ratio (0:1, 1:3, 1:1, 3:1, and 1:0). The characterization of Ni-

Fe/CNT would use XRD to observe the crystallinity and H2-TPR to observe the 

reducibility. 

1.3.3 Performance of bimetallic Ni-Fe/CNTs catalyst in CO2 methanation  

The methanation reaction would be conducted to test the activity of the bimetallic 

Ni-Fe/CNT catalyst. The gas-phase products would be analyzed by gas 

chromatography techniques to calculate CO2 conversion and CH4 selectivity.  
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CHAPTER 2 

LITERATURE REVIEW 

  

To reduce the concentration of CO2 in the atmosphere, methanation is one of the 

interesting routes to convert CO2 into CH4.  Therefore, some basic knowledges of CO2 

methanation and heterogeneous catalyst were described in this chapter. 

 

2.1 Carbon dioxide methanation  

CO2 methanation, CO2 hydrogenation to CH4, the reduction of CO2 to CH4, or 

Sabatier reaction are some of the names used to refer to the reaction to convert CO2 into 

CH4. The reactant is a syngas which is the combination of CO2 and H2. The products 

are synthetic natural gas or CH4 and H2O. This reaction is an exothermic reaction. The 

stoichiometry is shown in Eq. 1 [16]. Each CO2 molecule needs to require eight 

electrons to reduce itself into CH4. Generally, catalysts are necessary in this reaction 

because they provide the active sites for CO2 and H2 to absorb and react with each other. 

Therefore, a good catalyst should promote the sufficient rate and selectivity to CH4 

formation [3].   

   CO2(g) + 4H2(g) ⇋ CH4(g) + 2H2O(g)    ∆𝐻 𝑅
0= - 164 kJ (mol CH4)

-1  Equation 1 

In general, there are 2 categories of reaction pathways of CO2 methanation 

indicated by dissociative and associative schemes [17]. For a dissociative scheme, the 

CO2 dissociates to form carbonyl (CO) and oxygen atom. Then, CO is hydrogenated to 

finally form CH4. Dissociative scheme could be referred to the mechanism of CO2 with 

CO intermediate. On the other hand, in an associate scheme, CO2 adsorbs associatively 

onto catalyst surface and reacts with adsorbed hydrogen to from CH4. Associative 

scheme could be referred to the mechanism of CO2 without CO intermediate.   

Sang et al. [18] proposed the CO2 methanation pathway with the presence of 

CO as an intermediate as shown in Figure 1. Step 1 to 4 represent C formation and step 

5 to 6 represent C hydrogenation and H2O formation, respectively. The reaction 

mechanism starts with the adsorption of CO2 onto the surface of metal catalyst. Then, 
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CO2 dissociates to CO and O on active sites. Next, CO dissociates to C atom and O 

atom which the dissociation of CO is the rate-determining step due to its highest 

activation energy [17]. Finally, H is adsorbed to form CH4 gas as a product. 

 

Figure 1 Mechanism of CO2 methanation with CO intermediate [18] 

 

On the contrary, Medsforth [19] proposed the mechanism of CO2 methanation 

without CO intermediate. Thus, the intermediate in this reaction pathway is defined as 

C(OH)2 which is shown in Figure 2. CO2 reacts with H2 to form C(OH)2 on metal 

catalyst surface which is the rate-limiting step.  

 

Figure 2 Mechanism of CO2 methanation without CO intermediate [19] 

* = active site 

* = active site 
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In addition, Ren et al. [20] studied the mechanism of CO2 methanation using 

Density-functional theory (DFT) calculation. The results revealed that the formation of 

CO as an intermediate was the optimal condition due to the lowest energy barrier.  

Typically, the CO2 methanation is conducted under atmospheric pressure and 

the operating temperature above 250 °C to enhance the kinetic rate. However, an 

increase in temperature greater than 500 °C results in the limitation of exothermic 

reaction [3, 21]. Equilibrium conversion of CO2 methanation is shown in Figure 3. Due 

to the nature of highly exothermic reaction of CO2 methanation, an increase in reaction 

temperature decreases CO2 conversion [21]. 

 

 

Figure 3 Equilibrium conversion in CO2 methanation [21] 

 

2.2 Heterogeneous catalysts in carbon dioxide methanation 

Conversion of CO2 is an exothermic reaction where CO2 reacts with H2 to form 

CH4 and H2O. Heterogeneous catalysts consisted of active metal and support material 

play an important role in a gas-phase methanation reaction [3]. 

.  
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2.2.1 Active metal 

Active metal in CO2 methanation is usually the transition metal as shown in 

Figure 4.  

 

Figure 4 Active metal for CO2 methanation (grey color) [3] 

 

From Mills and Steffgen [8], the potential active metals for CO2 methanation 

consist of Ruthenium (Ru), Iron (Fe), Nickel (Ni), Cobalt (Co), and Molybdenum (Mo) 

which the order of catalyst activity is Ru > Fe > Ni > Co > Mo and the order of CH4 

selectivity is Ni > Co > Fe > Ru > Mo. Ru provides a highest catalyst activity but low 

CH4 selectivity. Fe provides high catalyst activity but low CH4 selectivity. Ni provides 

the highest selectivity, moderate activity, and low cost. Co shows insignificant 

difference in catalyst activity with Ni, but the price is more expensive than Ni [3]. 

Finally, Mo has a lowest activity and selectivity.  For this reason, Ni has been used 

widely in the lab-scale and commercial applications [4, 7, 22, 23]. Even though Ni has 

the potential to be the active metal from high selectivity and low cost, however, Ni-

based catalysts still have some problems in the sintering or the agglomeration of Ni 

particle which makes the catalyst deactivate easily. Everson et al. [24] reported that the 

sintering of Ni particle on Aluminum oxide (Al2O3) support occurred at 723-973 K in 

CO2 methanation.  To improve the catalyst activity, a Ni-Fe system has been developed 

in many studies.  Sehested et al. [25] found that the Ni-Fe alloy had provided higher 

CO2 conversion when compared with pure Ni in CO and CO2 methanation. The highest 

CO2 conversion would be obtained when weight ratio of Ni to Fe was more than one 

[25]. 
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2.2.2 Support material 

Support material is one of the important factors that affect the activity and 

selectivity of the catalyst.  The popular support material is a metal oxide, i.e., alumina 

(Al2O3) [26], silica (SiO2) [27], ceria (CeO2) [28], and titania (TiO2) [29].  Nevertheless, 

recent researches have studied the other support materials such as activated carbon 

(AC) [30] and CNTs [31].  CNTs are used in the CO2 methanation due to its moderate 

surface area, high thermal conductivity, and high metal dispersion on CNTs  [32].  

 

2.3 Carbon nanotubes 

CNTs are cylindrical molecules in a nanoscale coming from rolled-up of 

graphene sheets [33]. It can be divided into 2 types depending on their structure: single-

walled carbon nanotube (SWCNT) and multi-walled carbon nanotube (MWCNT).  

SWCNT consists of a rolled-up graphene sheet.  MWCNT consists of several rolled-up 

graphene sheets in the concentric cylindrical form [34].  Generally, SWCNT has an 

inner diameter between 0.617-3 nanometers. MWCNT has an inner diameter between 

30-50 nm with the tube length of 10-100 micrometers [35, 36].  SWCNT and MWCNT 

structures were shown in Figure 5 and CNT properties were shown in Table 1. 

 

 

Figure 5 SWCNT and MWCNT structures [37] 
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Table 1 Properties of CNTs [10] 

Properties SWCNT MWCNT 

Specific Gravity  0.8 1.8 

Elastic Modulus (TPa) 1 0.3 - 1 

Strength (GPa)  50 - 500   10 - 60 

Resistivity (µΩ cm)  5 - 50     5 - 50 

Thermal conductivity (Wm-1K-1)  3000 3000 

Thermal stability (°C in air) >700 >700 

Surface area (m2/g) 400 - 900 200 - 400 

 

2.3.1 Synthesis of carbon nanotubes via chemical vapor deposition  

Chemical vapor deposition (CVD) is a popular method for large-scale 

production and controlling growth direction of CNTs [38] when compared with the 

other methods, i.e., arc discharge [39] and laser ablation [40].  A carrier gas (nitrogen, 

argon, or helium) flows into reactor at atmospheric pressure. Then, temperature of the 

reactor is raised from room temperature to designated reaction temperature (700 – 900 

°C). A carbon source such as hydrocarbon, alcohol, or oil and a metallocene catalyst 

such as ferrocene (C10H10Fe) can be decomposed when temperature of the reactor is 

raised to the  decomposition temperature allowing the reactant to diffuse and self-

assemble into CNT structure inside the reactor [41]. Characterization of CNTs obtained 

via CVD technique reveals that the dominant product is MWCNT rather than SWCNT 

[42]. The schematic diagram of CVD reactor was shown in Figure 6. 

 

 

Figure 6 Schematic diagram of CVD reactor [42] 
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2.3.2 Mechanism of CNT growth 

Vapor-solid-solid model (VSS) as shown in Figure 7 is the widely accepted 

CNT growth model proposed by Persson et al. [43] which was adapted from the vapor-

liquid-solid model (VLS) which was proposed by Wagner and Ellis [44]. This model 

can be explained in 4 steps. First step is the decomposition of carbon sources or 

hydrocarbon gas followed by the precipitation of decomposed gas onto catalyst surface. 

Next, hydrocarbon gases decompose into carbon atom on catalyst surface and diffuse 

into the catalyst. After that, CNTs are nucleated at the edge of catalyst with 2 main 

growth models: tip growth and base growth. For tip growth model, CNTs lifts the 

catalyst from the substrate due to the weak interaction between catalyst and substrate. 

Therefore, CNTs grow below the catalyst. On the other hand, base growth model 

represents the growth of CNTs above catalyst due to the strong interaction of catalyst 

and substrate. CNTs will stop growing if the metal catalysts have a gradual structural 

change [45]. 

 

  

Figure 7 Growth mechanism of CNTs (a) tip growth (b) base growth [43]  
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2.4 Literature review 

2.4.1 Use of eucalyptus oil as carbon precursor 

CNTs could be synthesized by CVD method. Use of eucalyptus oil as a carbon 

precursor was reported by Ghosh et al. [14]. They synthesized CNTs by CVD method 

using a quart tube reactor with inner diameter of 2.5 cm and length of 50 cm. N2 was 

used as a carrier gas with the flowrate of 100 standard cubic centimeters per minute 

(cm3/min). Eucalyptus oil which consisted of eucalyptol (C10H18O) as a main 

component was used as a carbon precursor. Fe/Co impregnated on silica-zeolite support 

material was used as a catalyst. In their experiment, ceramic boat which was filled with 

0.1 g catalyst was placed in the middle of the reactor. The reactor was heated to 

synthesis temperature of 850 °C. After the synthesis temperature was achieved, 

eucalyptus oil was fed into the quartz tube reactor with a flowrate of 0.1 cm3/min. The 

synthesis time was kept at 25 min. The morphology of CNTs was observed by 

Transmission Electron Microscope (TEM) as shown in Figure 8. From observation, the 

carbon products had less amount of amorphous carbon because the presence of oxygen 

in eucalyptol molecules. Oxygen could help to oxidize amorphous carbon into CO2 or 

CO. In their study, SWCNTs were obtained with outer diameter of 0.79 to 1.71 nm.  

 

 

Figure 8 TEM images of CNTs synthesized from eucalyptus oil (a) SWCNT bundles 

(b) SWCNT [14] 
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The low amount of amorphous carbon in carbon product was confirmed by the 

result from Raman spectroscopy technique. Raman spectra from Raman spectroscope 

(JASCO, NRS-1500W) with green laser was shown in Figure 9. The peak at 1335 cm-

1 was attributed to the vibration of non-sp2 bonded carbon atom which was called D-

band. Generally, D-band was applied to identify amorphous carbon. The peak at 1587 

cm-1 was attributed to the vibration of sp2 bonded carbon atom which was called G-

band. Generally, G-band was applied to identify CNTs. Low intensity of D-peak could 

be attributed to the low amount of amorphous carbon while high intensity of G-peak 

obtained could be attributed to the presence of CNTs. The ratio of D-peak to G-peak 

(ID/IG) was 0.3 [14]. Generally, the intensity of D-band to G-band (ID/IG) was used to 

inform the crystallinity of carbon product. The higher crystallinity of carbon product 

was obtained at lower ID/IG. 

 

 

Figure 9 Raman spectra of CNTs synthesized from eucalyptus oil [14] 
 

 

2.4.2 Effect of molar ratio of precursor to catalyst on properties of CNTs 

Molar ratio of precursor to catalyst is one of the crucial parameters which affects 

the properties of CNTs. There were some studies on the effect of molar ratio of 

precursor to catalyst on properties of CNTs as followed. 

Mongkolsamai et al. [41] synthesized CNTs by CVD method using a quart tube 

reactor with inner diameter of 4.2 cm and length of 60 cm. N2 was used as a carrier gas 

with the flowrate of 2000 cm3/min. Ethanol (C2H5OH) was used as a carbon precursor. 
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Ferrocene (C10H10Fe) was used as a catalyst. In their experiment, ceramic boat which 

was filled with ferrocene was placed in the middle of reactor. The reactor was heated 

to synthesis temperature of 900 °C. After the synthesis temperature was achieved, 

ethanol was sprayed from ultrasonic nebulizer with flowrate of 2000 cm3/min into the 

quartz tube reactor. Molar ratio of ethanol to ferrocene was varied from 80:1 to 58:1 

and 48:1 (calculated from weight ratio of ethanol to ferrocene of 95:5, 93:7, and 91:9). 

The synthesis time was hold at 45 min [41].  

Thonganantakul et al. [46] synthesized CNTs by CVD method using a quart 

tube reactor. N2 was used as a carrier gas with the flowrate of 100 cm3/min. Kerosene 

which was the mixture of hydrocarbon containing 10-16 carbon atoms was used as a 

carbon precursor. Ferrocene was used as a catalyst. In their experiment, ceramic boat 

which contained ferrocene was placed in the middle of the reactor. The reactor was 

heated to synthesis temperature of 900 °C. After the synthesis temperature was 

achieved, kerosene was fed into the quartz tube reactor via nozzle with flow rate of 3 

cm3/min. The molar ratio of kerosene to ferrocene was varied from 1:1 to 2.2:1 and 

3.3:1 (calculated from weight ratio of kerosene to ferrocene of 1:1, 2:1, and 3:1). 

Molecular weight of kerosene was assumed at 170 g/mol [47]. The synthesis time was 

hold at 53 min. 

2.4.2.1 Yields of CNT products 

From Mongkolsamai et al. [41], yields by weight of CNTs were calculated from 

weight of CNTs divided by the summation of weight of ferrocene and weight of ethanol. 

When molar ratio of ethanol to ferrocene increased from 48:1 to 58:1 and 80:1, CNT 

yields decreased from 9.21% to 6.68% and 4.12%. This result revealed that an increase 

in molar ratio of ethanol to ferrocene decreased CNT yields. With high proportion of 

ethanol, a high amount of carbon atoms decomposed from ethanol covered the entire 

surface of Fe particles, while some remaining carbon atoms could not dissolve into Fe 

to form CNTs. 

From Thonganantakul et al. [46], yields by weight of CNTs were calculated 

from weight of CNTs divided by the summation of weight of kerosene and weight of 

ferrocene. When molar ratio of kerosene to ferrocene increased from 1:1 to 2.2:1 and 
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3.3:1, CNT yields decreased from 56.0% to 41.1% and 25.7%. Their results revealed 

that an increase in molar ratio of kerosene to ferrocene decreased CNT yields. At high 

molar ratio of kerosene to ferrocene, the amount of Fe particles was not sufficient for 

self-assembly of CNTs [46]. 

2.4.2.2 Morphology of CNTs 

From Thonganantakul et al. [46], FESEM was used to observe the morphology 

of CNTs as shown in Figure 10. In this figure, FK:FP represented the weight ratio of 

kerosene to ferrocene which was varied from 1:1 to 2:1 and 3:1. From calculation, 

molar ratio of kerosene to ferrocene in their experiment was varied from 1:1 to 2.2:1 

and 3.3:1, respectively. It was found that CNTs which was synthesized at molar ratio 

of kerosene to ferrocene of 1:1 presented the lowest CNT diameter with an average 

diameter of CNTs less than 100 nm. From observation, an increase in molar ratio of 

kerosene to ferrocene increased average diameters of CNTs. 

 

 

Figure 10 FESEM images of CNTs which was synthesized at 900 °C with various 

FK:FP (a) 3:1 (b) 2:1 (c) 1:1 [46] 
 

2.4.2.3 Crystallinity of CNTs 

From Mongkolsamai et al. [41], Raman spectroscopy technique was used to 

characterize crystallinity of CNTs. The ratio of D-band to G-band (ID/IG) was used to 

identify the crystallinity of carbon product. From their experiment, an increase in molar 

ratio of ethanol to ferrocene from 48:1 to 58:1 and 80:1 provided ID/IG of 0.47, 0.56, 

and 0.39, respectively, meaning an increase in molar ratio of ethanol to ferrocene from 
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48:1 to 80:1 decreased the ratio of ID/IG from 0.47 to 0.39 resulting in an increase in the 

crystallinity of CNTs. 

2.4.3 Effect of synthesis temperature on properties of CNTs 

Synthesis temperature is one of the significant parameters which also affects the 

properties of CNTs. There were many studies reported on the effect of synthesis 

temperature on properties of CNTs as followed. 

Rabbani et al. [48] synthesized CNTs by CVD method using an injection 

vertical chemical vapor deposition reactor (IVCVD) with outer diameter 25.4 cm and 

length 183 cm. P-xylene (C8H10) was used as a carbon precursor and ferrocene 

(C10H10Fe) was used as a catalyst. Argon (Ar) was used as a carrier gas with flowrate 

of 1,000 cm3/min. A 1 wt% of ferrocene in p-xylene was prepared in 50 mL syringe. 

The reactor was heated to designated temperature by electrical furnace under Ar 

atmosphere. Then, the solution was sprayed into a vertical reactor by ultrasonic 

atomizer nozzle with flowrate 1.02 cm3/min. The synthesis temperature was varied 

from 750 °C to 950 °C. Synthesis time was fixed at 30 min.  

Ming et al. [49] synthesized CNTs by CVD method using reactor equipped with 

alumina tube connecting with N2 and CH4 gases. CH4 was used as carbon precursor. N2 

was used as a carrier gas with flowrate of 400 cm3/min. Ni/MgO doped on copper 

(CuNi/MgO) was used as a catalyst which weight ratio of Ni:MgO was 80:20 and weight 

ratio of Ni/MgO in the catalyst was 8 wt%. A 0.5 g of CuNi/MgO was placed in the middle 

of the reactor. The reactor was heated to temperature which was varied from 720 °C to 

870 °C with heating rate 5 °C/min. Synthesis time was fixed at 60 min. 

Li et al. [50] synthesized CNTs by CVD method using quartz tube reactor. 

Ethylene (C2H2) was used as carbon precursor. N2 was used as a carrier gas. Fe doped 

on Silicon dioxide (SiO2) was used as catalyst. A 0.1 g of catalyst was placed in the 

middle of the reactor. The reactor was flushed with N2 with flowrate of 100 cm3/min 

for 20 min. The reactor was heated to synthesis temperature which was varied from 600 

°C to 1050 °C with heating rate 5 °C/min. At that temperature, C2H2, NH3, and N2 with 

flowrates of 10, 40, and 100 cm3/min, respectively, were fed to the reactor for 2 h.  
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Lee et al. [51] synthesized CNTs via CVD method using quartz CVD reactor. 

C2H2 was used as a carbon source. Fe deposited on SiO2 was used as a catalyst which 

the size of catalyst substrate was 20 mm×30mm. Catalyst was placed in the middle of 

the reactor. Then, catalyst was treated with NH3 with flow rate 100 cm3/min for 20 min 

to form the catalytic particles in nanometer size. Temperature for catalyst treatment was 

used in the range of 750 °C to 950 °C. After that, Ar was used as a carrier gas with 

flowrate 1000 cm3/min and C2H2 was fed into the reactor with flow rate 30 cm3/min. 

The synthesis temperature were varied from 750 °C, 850 °C, and 950 °C for 10 min for 

the CNT growth. 

2.4.3.1 Yields of CNT products 

From Rabbani et al. [48], yields by weight of CNTs as shown in Figure 11 were 

calculated from weight of CNTs divided by weight of p-xylene. Their results revealed 

that an increase in synthesis temperature from 750 °C to 850 °C increased CNT yields 

from 2.3% to 7.0%. Non-tube-shaped structure were found at 750 °C, whereas aligned 

CNTs were found at 850 °C. However, an increase in synthesis temperature from 850 

°C to 950 °C decreased CNT yields from 7.0% to 5.8% due to the agglomeration of Fe 

particles resulting in an increase in diameter of CNTs.  

 

 

Figure 11 Yields of CNTs at varied temperature synthesized from P-xylene and 

ferrocene [48] 

From Ming et al. [49], yields by weight of CNTs as shown in Figure 12 were 

calculated from weight of catalyst after reaction minus by weight of catalyst before 
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reaction and divided by weight of catalyst before reaction. Their results found that an 

increase in synthesis temperature from 720 °C to 820 °C raised CNT yield from 210% 

to 278% due to the higher decomposition of carbon precursor. However, an increase in 

synthesis temperature from 820 °C to 870 °C decreased CNT yield from 278% to 240% 

due to the sintering of metal particles resulting in the bigger diameter of CNTs. In 

addition, their research indicated that at low synthesis temperature, decomposition of 

carbon precursor was dominated. At high synthesis temperature, the coalescence of 

metal particles was dominated. 

 

 

Figure 12 Yields of CNTs at varied temperature synthesized from CH4 and CuNi/MgO 

[49] 

 

From Li et al. [50], yields by weight of CNTs as shown in Figure 13 were 

calculated from weight of catalyst after reaction minus by weight of catalyst before 

reaction and divided by weight of catalyst before reaction. Their results found that an 

increase in synthesis temperature from 600 °C to 900 °C raised CNT yield from 10% 

to 700% due to the higher decomposition rate of carbon precursor and the higher 

dissolving rate, and diffusing rate of carbon atoms. However, an increase in synthesis 

temperature from 900 °C to 1050 °C decreased CNT yield from 700% to 250% due to 

the agglomeration of metal particles. Moreover, when synthesis temperature was higher 
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than 900 °C, carbon and iron would react with each other to form iron carbide resulting 

in losing of surface area of catalyst [50]. 

 

 

Figure 13 Yields of CNTs at varied temperature synthesized from C2H2 and Fe doped 

SiO2 [50] 

 

2.4.3.2 Morphology of CNTs 

From Rabbani et al. [48], morphology of CNTs were characterized by FESEM. 

Figure 14 indicated that there were unreacted particles occurred in CNTs which was 

synthesized at 750 °C. There were no unreacted particles found at synthesis temperature 

850 °C while aligned CNTs was were observed. At synthesis temperature of 950 °C, 

CNTs were found as random tubes.  

 

 

Figure 14 Morphology of CNTs at various synthesis temperature (a) 750 °C  

(b) 850 °C (c) 950 °C [48] 
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From Ming et al. [49], morphology of CNTs were characterized by a FESEM 

(JEOL, JSM-6300, Japan). The accelerating voltage was set at 20 kV. The 

magnification was set at 200000x. Figure 15 indicated that the diameters of CNTs were 

34 nm, 39 nm, 47 nm, and 52 nm when the synthesis temperature was 720 °C, 770 °C, 

820 °C, and 870 °C, respectively. An increase in CNT diameters was obtained due to 

an agglomeration of metal particles.  

 

 

Figure 15 Morphology of CNTs at various synthesis temperature (a) 720 °C  

(b) 770 °C (c) 820 °C (d) 870 °C [49] 

 

From Li et al. [50],  the morphology of CNTs were shown in Figure 16(a)-(c). 

From the observation in transmission electron microscopy (TEM) images, CNTs had a 

bamboo-like morphology. When synthesis temperature raised from 650 °C to 1050 °C, 

an outer diameter of CNTs increased due to the increment in the number of CNT walls 

or graphene layers. In addition, an increment in synthesis temperature also raised an 

inner diameter of CNTs due to the agglomeration of Fe which was doped on SiO2 as a 

catalyst. An increase in inner and outer diameter of CNTs were shown in Figure 16(d)-

(f). When the temperature increased from 650 °C to 800 °C and 1050 °C, the diameter 
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of CNTs increased from 13 to 23 and 65 nm with the graphene layer increased from 12 

to 24 and 50 layers, respectively [50]. 

 

 

Figure 16(a)-(c) Low-magnification Transmission Electron Microscopy (TEM) 

images and (d)-(f) High-magnification TEM images of CNTs at 760 Torr with 

temperature of (a) and (d) 650 °C, (b) and (e) 800 °C, (c) and (f) 1050 °C [50] 

 

From Lee et al. [51], morphology of CNTs were characterized by a FESEM 

(Hitachi, S-800). The accelerating voltage was set at 30 kV. Figure 17(a) indicated that 

there were some unreacted particles occurred on the surface of CNTs which was 

synthesized at 750 °C. Unreacted particles did not occurred on the surface of CNTs 

which were synthesized at 850 °C and 950 °C as shown in Figure 17(b)-(c). Diameters 

of CNTs were 30±5 nm, 60±10 nm, and 130±20 nm when the synthesis temperature 

was 750 °C, 850 °C, and 950 °C, respectively. An increase in CNT diameters were due 

to an agglomeration of Fe particles on SiO2 surface. Size of Fe particles were 40±10 

nm, 90±20 nm, and 150±40 nm when the synthesis temperatures were 750 °C, 850 °C, 

and 950 °C, respectively.  
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Figure 17 FESEM images of CNTs at various synthesis temperature (a) 750 °C  

(b) 850 °C (c) 950 °C [51] 

 

2.4.3.3 Thermal stability of CNTs 

From Lee et al. [51], thermal stability of CNTs was characterized by a 

thermogravimetric analyzer. TGA was used at heating rate of 10 °C/min in air. TGA 

curves of CNTs at various synthesized temperature varied from 750 °C to 850 °C and 

950 °C were showed in Figure 18. This evidence revealed that weights of CNTs sample 

were lost over the range of 300-600 °C, 450-650 °C, and 500-670 °C when synthesis 

temperature increased from 750 °C to 850 °C and 950 °C, respectively. It could indicate 

that CNTs had more thermal stability when the synthesis temperature increased.  

 

 

Figure 18 TGA curves of CNTs at various synthesized temperature [51] 
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2.4.3.4 Crystallinity of CNTs 

From Ming et al. [49], Raman spectroscopy technique was used to characterize 

crystallinity of CNTs. Raman spectroscope (Bruker RFS-27, Germany) was used with 

laser at wavelength 1064 nm. From Figure 19, the peak in region of 1250-1450 cm-1 

was attributed to D-band which represented the presence of amorphous carbon. The 

peak in region of 1587-1598 cm-1 was attributed to G-band which represented the 

presence of CNT structure. The ratio of D-band to G-band (ID/IG) was used to identify 

the crystallinity of carbon product. From their experiment, an increase in synthesis 

temperature decreased ID/IG. Therefore, a decrease in ID/IG could be attributed to an 

increase in CNT structure in carbon product. 

 

 

Figure 19 Raman spectra of CNTs at various synthesis temperature (a) 720 °C  

(b) 770 °C (c) 820 °C (d) 870 °C [49] 

 

From Lee et al. [51], Raman spectroscopy technique was used to characterize 

crystallinity of CNTs. Raman spectroscope was used with laser at wavelength 632.8 

nm. From Figure 20, the peak at 1334 cm-1 was attributed to D-band which represented 

the presence of amorphous carbon. The peak at 1582.7 cm-1 was attributed to G-band 

which represented the presence of CNT structure. From their experiment, an increase 

in synthesis temperature from 750 to 950 °C decreased ID/IG from 1.2 to 0.8. Therefore, 
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a decrease in ID/IG could be attributed to an increase in CNT structure in carbon product. 

The Raman spectra results were consistent with FESEM images and TGA curves which 

mentioned that an increase in synthesis temperature increased the amount of CNT 

structure in carbon product, crystallinity, and thermal stability of CNTs [51]. 

 

 

Figure 20 Raman spectra of CNTs at various synthesis temperature [51] 

 

2.4.4 Use of CNTs as a catalyst support in CO2 methanation 

CNTs can be used as a support material for the catalyst in CO2 methanation. Ni 

metal was selected in this work to be the active metal due to the advantages of Ni as 

described in section 2.2.1. Use of CNTs support material for Ni-based catalyst was 

studied by Feng et al. [32]. Effect of support materials were studied in their work. 

Ni/CNTs and Ni/Al2O3 catalysts were synthesized by impregnation method. CNTs were 

mixed with a solution of Ni(NO3)2 and DI water with 12 wt% Ni loading. Then, solution 

was stirred 2 h and was evaporated at 70 °C in water bath. After that, catalyst was dried 

at 100 °C for 12 h and was calcined in N2 at 350 °C for 4 h. For Ni/Al2O3 catalyst was 

prepared by the same steps. CO2 methanation was conducted by loading 0.1 g of 

catalyst into the reactor. Their reaction was performed at 350 °C for 400 min with the 
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molar ratio of H2:CO2 was 4:1. The experimental data was collected at every 40 min. 

Yield of CH4 was analyzed by gas chromatograph (GC-1690 model) equipped with 

thermal conductivity detector (TCD) [32]. 

CH4 yields with various catalyst were shown in Figure 21. This figure indicated 

that Ni/CNTs reached higher CH4 yield when compared with Ni/Al2O3 because 

Ni/CNTs had the high surface area and good reducibility as observed from BET surface 

area and H2-TPR results which would be described later.  

 

 

Figure 21 CH4 yield with various catalysts [32] 

 

N2 adsorption/desorption (Quatachrome Nova 1000e) was measured at 77 K. 

Catalysts were degassed at 300 °C for 3 h. The results of BET surface area of catalysts 

were shown in Table 2. From Table 2, surface area of Ni/CNTs and Ni/Al2O3 were 

172.8 m2/g and 152.7 m2/g, respectively. Their results indicated that Ni/CNT catalyst 

had the higher BET surface area than Ni/Al2O3. 
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Table 2 BET surface areas of different catalysts [32] 

Sample Surface area (m2/g) 

Ni/CNTs 172.8 

Ni-Ce/CNTs 167.5 

Ni/Al2O3 152.7 

Ni-Ce/Al2O3 142.5 

 

The reducibility of catalyst was characterized by H2-TPR technique. A 0.05 g 

of catalyst was loaded in the equipment with the temperature was increased from 50 °C 

to 850 °C with heating rate of 5 °C/min under 5 wt% H2 in N2 with flowrate of 30 

mL/min. The reducibility of catalyst was interpreted by the position of peak at low 

temperature and H2 consumption which could be estimated from peak area of H2-TPR. 

Higher reducibility of catalyst was obtained when first peak could be observed at lower 

temperature and catalyst had higher peak area. Figure 22 showed the H2-TPR profiles 

of various catalysts. Ni/CNTs had the peak at 330 °C and 480 °C, respectively, while 

Ni/Al2O3 had the peak at 420 °C and 530 °C, respectively. It could be concluded that 

Ni/CNTs could be reduced easier compared with Ni/Al2O3 because first peak could be 

observed at the lower temperature and it had high intensity of peak at low temperature 

and high peak area. The results from BET surface area and H2-TPR supported the result 

from the plot of the effect of time on CH4 yield as shown in Figure 21. Ni/CNTs 

reached the high CH4 yield because it had the high surface area and good reducibility 

[32]. 

 

 

Figure 22 H2-TPR profiles of various catalysts [32] 
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Wierzbicki et al. [52] studied wt% of Fe on Ni-Fe catalysts derived from co-

precipitation method. CO2 methanation was performed as a catalytic performance test. 

Catalyst was placed in a fixed-bed reactor with the molar ratio of CO2/H2/Ar at 3/12/5 

with total flow of 100 cm3/min. The reaction temperature was varied from 250 to 450 

°C.  Their research revealed that an increase in wt% Fe decreased CO2 conversion 

because the reverse water-gas shift reaction occurred at high Fe content. Ni-Fe with 20 

wt% Ni and 1.5 wt % Fe provided the highest CO2 conversion as shown in Figure 23 

due to its highest reducibility. The reducibility of Ni-Fe catalysts were shown in Figure 

24 which were characterized by H2-TPR technique. The results revealed that 20 wt% 

Ni and 1.5 wt% Fe catalyst had the highest reducibility because it had the lowest first-

reducing temperature. 

 

 

Figure 23 CO2 conversion of Ni-Fe catalyst at various Fe contents [52] 
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Figure 24 H2-TPR of Ni-Fe catalyst at various Fe contents [52]  
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CHAPTER 3 

RESEARCH METHODOLOGY 

 

 In this research, the experiment were divided into 3 parts. The first part was the 

synthesis of CNTs at various molar ratio of carbon precursor and ferrocene and different 

pyrolysis temperatures. The second part was the preparation of bimetallic Ni-Fe/CNT 

catalyst at various weight ratio Ni to Fe catalyst using CNTs as a support material. The 

last part was catalyst performance test in methanation of CO2 comparing the 

performance of synthesized CNTs with commercial CNTs. 

 

3.1 Material and chemicals 

CNTs were synthesized via a co-pyrolysis of eucalyptus oil which the main 

component was eucalyptol (C10H18O) as carbon source and ferrocene (C10H10Fe) as 

catalyst.  Elemental composition of eucalyptus oil was listed in Table 3, while ferrocene 

was 98% analytical grade obtained from Sigma-Aldrich.  Nitrogen (99.6% ultra-high 

purity industrial grade, Linde) was used as a carrier gas. Commercial CNTs obtained 

from Bayer Material Science was used as benchmarking sample in the study.  A simple 

impregnation method was used for catalyst preparation.  Nickel nitrate hexahydrate 

(Ni(NO3)2 ∙ 6H2O) (99%, AR grade, KEMAUS) and iron nitrate nonahydrate 

(Fe(NO3)3∙9H2O) (98%, AR grade, LOBA CHEMIE) were used as metal precursors, 

while solvent was ethanol (99.9%, AR grade, QRec). 

 

Table 3 Elemental content of eucalyptus oil 

 

Element Percentage composition (wt%) 

Carbon  47.62     

Hydrogen    6.72 

Nitrogen   1.12 

Oxygen 44.54 
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3.2 Synthesis and characterization of carbon nanotubes  

CNTs were synthesized via CVD method by co-pyrolysis with ferrocene [41, 

53].  The experimental set up of CNT synthesis was shown in Figure 25.  The quartz 

tubular reactor (outer diameter 3 cm and length 100 cm) was heated by using an 

electrical furnace from room temperature to various pyrolysis temperature (Tpyro) (800, 

850 and 900 °C) in 30 minutes under nitrogen flow of 20 cm3/min at atmospheric 

pressure.  When the furnace reached the desired temperature, 1 g ferrocene in the 

ceramic boat was shifted into the middle of the quartz tube.  Then, eucalyptus oil with 

various molar ratio of oil to ferrocene (moil/fer) (1:1, 2:1, and 3:1) was sprayed into the 

reactor with a flow rate of 0.17 cm3/min. After 30 minutes of reaction time, carbon 

products were collected from the surface of the quartz tube. 

Figure 25 Experimental setup for synthesizing CNTs 

 

The morphology of CNTs were characterized by Field Emission Scanning 

Electron Microscopy (FESEM), thermal stability was measured by thermogravimetric 

analysis (TGA), surface area was determined by N2 adsorption/desorption analysis. The 

crystallinity of CNTs was characterized by Raman spectroscopy. 
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3.2.1 Field emission scanning electron microscope (FESEM) 

Structure and morphology of CNTs was characterized by field emission 

scanning electron microscopy technique using field emission scanning electron 

microscope (FESEM, JSM-6400) equipped with energy dispersive X-ray spectroscope 

(EDX) at the Scientific and Technological Research Equipment Centre, Chulalongkorn 

University. FESEM images were performed with 50,000X magnification. The quality 

of synthesized CNTs could be interpreted by the proportion of CNT structure (tube-

shaped carbon) to amorphous carbon (non-tube-shaped carbon) in each figure. Higher 

quality of synthesized CNTs were obtained when there were higher proportion of CNT 

structure to amorphous carbon. 

 

3.2.2 Thermogravimetric analyzer (TGA) 

Thermal stability of CNTs was characterized by thermogravimetric analyzer 

(TGA, Mettler-Toledo TGA/DSC1, STARe System) at Center of Excellence in Particle 

Technology and Material Processing Laboratory, Chulalongkorn University. A 0.4 g of 

CNTs was inserted into the equipment. TGA curves were taken from temperature 30 to 

900 °C under a heating rate 10 °C/min in oxygen flow of 50 ml/min. Thermal stability 

of synthesized CNT were observed from the decomposition temperature of synthesized 

CNTs. Higher thermal stability of synthesized CNT was achieved if the decomposition 

temperature was shifted to higher temperature. 

 

3.2.3 N2 adsorption/desorption  

Surface area of CNTs was characterized by N2 adsorption/desorption 

(Micromeritics, 3flex) at Department of Chemical Engineering, Chulalongkorn 

University. CNT sample was degassed under Argon flow at 300 °C for 5 h. Lower 

surface area of synthesized CNTs was obtained when there were higher proportion of 

CNT structure to amorphous carbon. 
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3.2.4 Raman spectroscopy 

Crystallinity of CNTs was measured by Raman spectroscopy (NT-MDT, model 

NTEGRASpectra) under red laser with a wavelength of 632.8 nanometers. Raman shift 

was studied in the range of 1000 cm-1 to 2000 cm-1. For CNT characterization, a peak 

at Raman shift 1344 cm-1 could be assigned to the vibration of non-sp2 bonded carbon 

atom which was called D-band. Generally, D-band was applied to identify amorphous 

carbon. A peak at 1576 cm-1 could be assigned to the vibration of sp2 bonded carbon 

atom which was called G-band. Generally, G-band was applied to identify CNTs. The 

intensity of D-band to G-band (ID/IG) was used to identify the crystallinity of carbon 

product. The higher crystallinity of carbon product was obtained at lower ID/IG. 

 

3.3 Preparation of bimetallic Ni-Fe on carbon nanotubes  

The catalysts were prepared by the simple impregnation method with 30 wt% 

metal loading [32]. To prepare the Ni-Fe/CNT with various weight ratio of Ni to Fe 

(0:1, 1:3, 1:1, 3:1, and 1:0), CNTs were added in the solution of Ni(NO3)2∙6H2O or 

Fe(NO3)3∙9H2O with 4 mL of ethanol. After that, the sample was dried in an oven at 

100 °C for 12 h. Then, an impregnated catalyst was calcined at 350 °C for 3 h in the air 

to convert dried metal nitrate into metal oxide.  

The Ni-Fe/CNT was characterized by various techniques: X-ray diffraction 

(XRD) was used to identify catalyst crystal structure and temperature-programmed 

reduction in H2 (H2-TPR) was applied to observe the reducibility of the catalyst. 

3.3.1 X-ray diffraction (XRD) 

The crystallographic properties of catalyst were characterized by X-ray 

diffraction (XRD, D 76181, Bruker AXS). XRD pattern was recorded in the 2θ range 

from 5° to 80° (Cu Kα1, 40 kV, 300 mA) with scanning speed of 10°/min. The average 

crystalline size (𝑑) of NiO was evaluated using the Scherer equation shown in Eq. 2.  

𝑑 =
Kλ

𝛽𝑐𝑜𝑠𝜃
    Equation 2 
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where K, the Scherrer constant, which was taken to be 0.94, λ was the wavelength of 

the X-ray, 𝛽 is the line width at half maximum height of the peak in radians and 𝜃 is 

the position of the peak in radians. 

3.3.2 Temperature-programmed reduction in H2 (H2-TPR) 

Reducibility of catalyst was characterized by temperature-programmed 

reduction in H2 (H2-TPR, Chemstar TPx, TCD detector). Generally, catalyst was 

preheated at 150 °C for 1 h. After that, H2-TPR was performed under a flow of 10 wt% 

H2 in Ar at flowrate of 50 mL/min. U-tube quartz reactor was filled with 500 mg of 

calcined catalysts. Then, the temperature was heated from 100 °C to 900 °C with a 

heating rate 5 °C /min. 

 

3.4 Performance test  

The experimental setup of CO2 methanation was shown in Figure 26. The 

reaction was conducted in a fixed bed reactor [54].  Prior to the reaction, 100 mg of  

Ni-Fe/CNT was packed at the middle of the horizontal quartz tube with 0.8 mm inner 

diameter and 600 mm long. The catalyst was reduced in H2 with flow rate of 28 mL/min 

at 500 °C for 1 h to change metal oxide to the active metal.  Then, the gas mixture of 

CO2: H2: He with the molar ratio of 1:4:5 was fed into the reactor.  The total flow rate 

and reaction temperature was fixed at 77 mL/min and 325 °C, respectively. The reaction 

time was fixed at 20 minutes. At the end of reaction time, the reaction was in 

equilibrium. 
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Figure 26 Experimental setup for CO2 methanation 

 

The product gas was analyzed by gas chromatography (GC-8A, Shimadzu) 

equipped with a TCD detector.  Then, CO2 conversion (𝑋𝐶𝑂2) and CH4 selectivity 

(𝑆𝐶𝐻4) were calculated based on the gas composition and outlet flow rate by following 

Eq. 3 and 4. The details of these calculation was shown in Appendix F. 

𝑋𝐶𝑂2(%) =  
[𝐶𝑂2]𝑖𝑛×𝐹𝑖𝑛−[𝐶𝑂2]𝑜𝑢𝑡×𝐹𝑜𝑢𝑡

[𝐶𝑂2]𝑖𝑛×𝐹𝑖𝑛
× 100   Equation 3 

𝑆𝐶𝐻4(%) =  
[𝐶𝐻4]𝑜𝑢𝑡

[𝐶𝑂]𝑜𝑢𝑡+[𝐶𝐻4]𝑜𝑢𝑡
× 100     Equation 4 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

 This research focused on synthesis of CNTs at a pyrolysis temperature (Tpyro) 

range of 800 °C, 850 °C, and 900 °C and a eucalyptus oil to ferrocene molar ratio 

(moil/fer) range of 1:1, 2:1, and 3:1.  CNT properties were characterized by various 

techniques including FESEM, TGA, Raman spectroscopy, and N2 

adsorption/desorption. An appropriate condition for synthesizing high-quality CNTs 

was determined. Then, CNTs synthesized at the optimal condition were used as a 

support material in Ni-Fe/CNT catalyst employed for methanation process.  Effects of 

impregnation method with different calcination temperatures (250 °C, 300 °C, 350 °C, 

and 400 °C) and weight ratio of Ni to Fe (1:0, 3:1, 1:1, 1:3, and 0:1) were investigated. 

XRD and H2-TPR analyses were conducted to identify the characteristics of Ni-Fe/CNT 

catalysts. CO2 conversion, CH4 selectivity, CH4 yield of Ni-Fe/CNT catalysts were 

finally analyzed.   

 

4.1 Synthesis of carbon nanotubes 

For the synthesis of CNTs, eucalyptus oil and ferrocene were vaporized within 

a quartz tubular reactor heated by an electrical furnace equipped with a temperature 

controller. The temperature profile along the tubular reactor was shown in Figure 27.  

A ceramic boat containing a designated amount of ferrocene was shifted into the heating 

zone of the reactor at the position of 35 cm from the reactor inlet.  Then, the designated 

amount of eucalyptus oil was sprayed.  With this setting, it could be confirmed that 

Tpyro could be controlled at the designated value (800, 850, and 900 °C). 
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Figure 27 Temperature profile at different position along the tube 

 

4.1.1 Yields of synthesized CNTs 

Synthesis of CNTs was performed by the co-pyrolysis of eucalyptus oil and 

ferrocene under the nitrogen atmosphere at various Tpyro and moil/fer.  As mentioned 

above, Tpyro was varied from 800 °C to 850 °C and 900 °C, while moil/fer was varied 

from 1:1 to 2:1 and 3:1.  Yields by weight of synthesized products could be calculated 

by Eq. 5, in which weight of eucalyptus oil at various moil/fer was calculated from Eq. 

A1 in Appendix A. Detailed calculations of product yield at various Tpyro and moil/fer 

was shown in Table A2-A5 in Appendix A. 

 

Product yield (%) =  
Wp

Woil+Wfer
   Equation 5 

 

Where  Wp represented weight of carbon product  

  Woil represented weight of eucalyptus oil 

  Wfer represented weight of ferrocene 
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Yields by weight of synthesized product at various moil/fer (1:1, 2:1, 3:1) with 

different Tpyro were shown in Figure 28. When focusing on the effect of Tpyro, at Tpyro 

of 800 °C, product yields were 41.4±6.3%, 32.7±6.3%, and 21.4±6.5% for moil/fer of 1:1, 

2:1, and 3:1, respectively. At Tpyro of 850 °C, product yields were 46.8±9.0%, 

40.9±3.1%, and 38.3±2.5% for moil/fer of 1:1, 2:1, and 3:1, respectively. At Tpyro of 900 

°C, product yields were 41.7±7.6%, 38.8±3.4%, and 36.2±4.2% for moil/fer of 1:1, 2:1, 

and 3:1, respectively. A decrease in product yield when moil/fer increased was due to the 

insufficient amount of Fe catalysts at the higher moil/fer and the decomposition of 

amorphous carbon obtained from the higher oxygen content in eucalyptus oil because 

of the higher moil/fer.  

When focusing on the effect of moil/fer, at moil/fer of 1:1, product yields were 

41.4±6.3%, 46.8±9.0%, and 41.7±7.6% for Tpyro of 800 °C, 850 °C, and 900 °C, 

respectively. At moil/fer of 2:1, product yields were 32.7±6.3%, 40.9±3.1%, and 

38.8±3.4% for Tpyro of 800 °C, 850 °C, and 900 °C, respectively. At moil/fer of 3:1, 

product yields were 21.4±6.5%, 38.3±2.5%, and 36.2±4.2% for Tpyro of 800 °C, 850 °C, 

and 900 °C, respectively. From Tpyro 800 °C to 850 °C, the increase in product yield 

was derived from the acceleration in rate of decomposition of eucalyptus oil and 

ferrocene. From Tpyro 850 °C to 900 °C, the decrease in product yield was related to 

from the agglomeration of Fe catalyst. The details for each effect were discussed in 

section 4.1.1.1 and 4.1.1.2. 

 

Figure 28 Yield of synthesized CNTs at various moil/fer and Tpyro  
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4.1.1.1. Effect of molar ratio of eucalyptus oil to ferrocene 

Figure 29(a) showed the plot between product yield by weight (%) and molar 

ratios of eucalyptus oil to ferrocene (moil/fer) which was varied from 1:1 to 2:1 and 3:1. 

At Tpyro of 800 °C product yields were 41.4±6.3%, 32.7±6.3%, and 21.4±6.5% for 

moil/fer of 1:1, 2:1, and 3:1, respectively, as shown in Figure 29(b). From Figure 29(c), 

at Tpyro of 850 °C product yields were 46.8±9.0%, 40.9±3.1%, and 38.3±2.5% for moil/fer 

of 1:1, 2:1, and 3:1, respectively. From Figure 29(c), at Tpyro of 900 °C product yields 

were 41.7±7.6%, 38.8±3.4%, and 36.2±4.2% for moil/fer of 1:1, 2:1, and 3:1, respectively. 

Figure 29(b)-(c) showed that product yields decreased when moil/fer increased. A 

decrease in product yield would be attributed to two possible reasons, which were (i) 

the less amount of Fe catalysts were generated and (ii) decomposition of amorphous 

carbon was promoted by the higher oxygen content because of the higher moil/fer. 

 

Figure 29 Product yield (%) at various moil/fer (a) with different Tpyro and Tpyro of (b) 

800 °C (c) 850 °C (d) 900 °C 
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The first possible reason used to explain a decrease in product yield when moil/fer 

increased was attributed to the less amount of Fe catalysts. For the supporting 

information, it could be observed from the plot between product yield and weight of 

product at various moil/fer with Tpyro of 900 °C as shown in    Figure 30 and the plot of 

gas flowrate going out from the reactor at various moil/fer as shown in Figure 31. From    

Figure 30, an increment in moil/fer from 1:1 to 2:1 and 3:1 could enhance product weight 

from 0.72 g to 0.97 g and 1.17 g, respectively. An increase in product weight could be 

referred to the growth of CNT rather than amorphous carbon (as confirmed by FESEM, 

Raman, and TGA). However, a slight decrease in product yield could be ascribed to the 

lower amount of Fe catalyst with the higher moil/fer. At moil/fer of 1:1, CNTs could be 

formed on the sufficient surface of the Fe catalyst [55]. However, at moil/fer of 2:1 and 

3:1, the relative amount of Fe catalyst would obviously be decreased because of the 

lower content of ferrocene when compared to eucalyptus oil. In addition, the lower 

product yield at the higher moil/fer would be attributed to the higher amount of carbon 

clusters that would cover surface of Fe catalysts resulting in the loss of active surface 

for CNT growth. Thus, the higher amount of carbon clusters would leave the reactor 

before depositing on the less available Fe catalyst. The higher amount of the unreacted 

carbon clusters in the gas flow at the higher moil/fer could be detected as shown in Figure 

31. 

 

   Figure 30 Product yield (%) and weight of product at various moil/fer with Tpyro of 

900 °C 
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Figure 31 Gas flowrate going out from the reactor at various moil/fer  

with Tpyro of 900 °C 
 

A decrease in product yield when molar ratio of carbon precursor to ferrocene 

increased was also found in many studies as described previously in section 2.4.2.1. 

From Thonganantakul et al. [46], CNT yields decreased from 56.0% to 41.1% and 

25.7% when molar ratio of kerosene to ferrocene increased from 1:1 to 2.2:1 and 3.3:1, 

respectively, at synthesis temperature of 900 °C. A decrease in product yield was 

obtained due to the less amount of Fe particles which was not sufficient for self-

assembly of CNT at high molar ratio of kerosene to ferrocene. In addition, from 

Mongkolsamai et al. [41], CNT yields decreased from 9.21% to 6.68% and 4.12% when 

molar ratio of ethanol to ferrocene increased from 48:1 to 58:1 and 80:1, respectively, 

at synthesis temperature of 900 °C. At high molar ratio of ethanol to ferrocene, a high 

amount of carbon atoms covered surface of Fe particles resulting in the decrease in 

CNT growth. 

The second possible reason used to explain a decrease in product yield when 

moil/fer increased would be attributed to the presence of oxygen which would oxidize 

amorphous carbon [14]. A schematic diagram of the oxidizing process of carbon 

clusters was shown in Figure 32. Insufficient amount of iron particles for the growth 

of CNT would be resulted from the higher moil/fer due to the excessive amount of carbon 

clusters. The amorphous carbon would react with oxygen to form CO or CO2 [14].  As 

a result, the higher amount of outlet gas generated from the combination of the 
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oxidizing gases and gases from the decomposition of excessive carbon was confirmed 

as already shown in Figure 31. Consequently, a decrease in the amorphous carbon 

content in synthesized CNTs at the higher moil/fer could be confirmed by FESEM, 

Raman, TGA, and N2 adsorption/desorption techniques as described later. The role of 

oxygen which would help to oxidize amorphous carbon was reported by Ghosh et al. 

[14] as described in section 2.4.1. Use of eucalyptus oil as carbon source could improve 

the quality of CNTs by decreasing the amount of amorphous carbon. In the work of 

Ghosh et al [14]. CNTs with low amount of amorphous carbon was obtained.  

  

Figure 32 A schematic diagram of the oxidizing process of carbon clusters 
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4.1.1.1. Effect of pyrolysis temperature 

The plot between product yields by weight (%) and pyrolysis temperatures 

(Tpyro) in the range of 800, 850, and 900 °C with different moil/fer were shown in Figure 

33(a). From Figure 33(b), at moil/fer of 1:1, an average of the product yields raised from 

41.4±6.3% to 46.8±9.0% when Tpyro was increased from 800 to 850 ° C, respectively. 

From Figure 33(c), at moil/fer of 2:1, an average of the product yields raised from 

32.7±6.3% to 40.9±3.1% when Tpyro was increased from 800 to 850 ° C, respectively. 

From Figure 33(d), at moil/fer of 3:1, an average of the product yields raised from 

21.4±6.5% to 38.3±2.5% when Tpyro was increased from 800 to 850 ° C, respectively. 

The higher product yield obtained at the higher Tpyro would be ascribed to an increment 

in a decomposition rate of eucalyptus oil and ferrocene [56] which would be described 

later in Figure 34.  

On the other hand, from Figure 33(b), at moil/fer of 1:1, an average of the product 

yields decreased from 46.8±9.0% to 41.7±7.6% when Tpyro was increased from 850 to 

900 ° C, respectively. From Figure 33(c), at moil/fer of 2:1, an average of the product 

yields decreased from 40.9±3.1% to 38.8±3.4% when Tpyro was increased from 850 to 

900 ° C, respectively. From Figure 33(d), at moil/fer of 3:1, an average of the product 

yields decreased from 38.3±2.5% to 36.2±4.2% when Tpyro was increased from 850 to 

900 ° C, respectively. A decrease in the product yield would be attributed to an 

coalescence of Fe catalysts at the higher Tpyro [50]. Thus, an increase in size of Fe 

catalysts reduced a surface area resulting in a decrease in amount of CNTs. The 

calculation for a decrease in surface area of Fe catalyst at the higher Tpyro was shown in 

Appendix B which can be concluded that surface area of small Fe clusters with 𝑛 units 

combined (𝑆𝑟𝑛) is higher than surface area of big Fe cluster (𝑆𝑅) if 𝑛 ≥ 2. In addition, 

an increase in diameter of synthesized CNT when Tpyro increased due to an increase in 

Fe particles was confirmed by FESEM images and size distribution of synthesized 

CNTs shown in Figure 35 and Figure 36. 
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Figure 33 Product yield (%) at various Tpyro (a) with different moil/fer and moil/fer of (b) 

1:1 (c) 2:1 (d) 3:1  

 

 

Figure 34 showed effect of Tpyro with moil/fer of 3:1 on product yield and gas 

flowrate going out from the reactor at feeding time endpoint. Gas flowrate going out 

from the reactor at various Tpyro was shown in Table A7 in Appendix A. Feeding time 

endpoint at Tpyro was shown in Table A1 in Appendix A. The plot indicated that the 

elevation of Tpyro from 800 °C to 850 °C could increase both product yield and gas 

flowrate going out from the reactor. An increase in gas flowrate going out from the 

reactor was evidence for the higher decomposition rate of eucalyptus oil and ferrocene. 

Therefore, the higher product yield was obtained. On the other hand, an increase in 

outlet gas at the higher decomposition rate did not elevate the product yield when Tpyro 

was increased from 850 °C to 900 °C. Thus, a decrease in the product yield could be 

attributed to a reduction in surface area from an agglomeration of Fe catalysts instead. 
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Figure 34 Effect of Tpyro on product yield and gas flowrate at feeding time endpoint at 

moil/fer of 3:1 
 

There were some studies reported about the yields of carbon products as 

described in section 2.4.3.1. From Rabbani et al. [48], yields of CNTs increased from 

2.3% to 7.0% when synthesis temperature was increased from 800 °C to 850 °C due to 

an increase in decomposition rate of carbon precursor. However, CNT yields decreased 

from 7.0% to 5.8% when synthesis temperature increased from 850 °C to 950 °C due 

to the agglomeration of Fe particles. From Ming et al. [49], yields of CNTs increased 

from 210% to 278% when synthesis temperature was increased from 720 °C to 820 °C 

due to the higher decomposition of carbon precursor. However, CNT yields decreased 

from 278% to 240% when synthesis temperature increased from 820 °C to 870 °C due 

to the sintering of metal particles. From Li et al. [50], yields of CNTs increased from 

10% to 700% when synthesis temperature from 600 °C to 900 °C due to the higher 

decomposition of carbon precursor and the higher dissolving rate of carbon atoms on 

surface of metal particles. However, CNT yields decreased from 700% to 250% when 

synthesis temperature increased from 900 °C to 1050 °C due to the sintering of metal 

particles and the presence of Fe carbide resulting in the loss of active surface of metal 

particles.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 44 

4.1.2 Morphology of synthesized CNTs 

Figure 35 showed the morphology of synthesized CNTs at various Tpyro and 

moil/fer observed from Field Emission Scanning Electron Microscope (FESEM). 

FESEM images revealed that when Tpyro and moil/fer increased, the tube structure was 

formed in the larger amount than the disorder structure. The tube structure represented 

the existence of CNTs while the disorder structure represented the presence of 

amorphous carbon. In addition, the quality of synthesized CNTs could be interpreted 

from the proportion of CNT structure to amorphous carbon in each figure. From 

observation, higher proportion of CNT structure to amorphous carbon occurred when 

Tpyro and moil/fer increased. Therefore, quality of synthesized CNTs increased when Tpyro 

and moil/fer increased. The content of amorphous carbon decreased when moil/fer increased 

due to the higher amount of oxygen content in eucalyptus oil which would help to 

oxidize amorphous carbon. An increase in Tpyro from 800 °C to 900 °C accelerated 

decomposition and formation rate of CNTs which showed the significant increase in 

CNT structure as mentioned in Ming et al. [49]. As described, the lowest Tpyro (800 °C) 

and lowest moil/fer (1:1) provided the high content of amorphous carbon and low content 

of CNT structure or low-quality of synthesized CNTs was obtained. From Figure 35, 

the highest Tpyro (900 °C) and the highest moil/fer (3:1) provided the low content of 

amorphous carbon and high content of CNT structure. Therefore, to synthesize high-

quality CNTs via the co-pyrolysis of eucalyptus oil and ferrocene, Tpyro 900 °C and 

moil/fer 3:1 would be the optimal conditions in this research. 

Average diameter of synthesized CNT was calculated by employing ImageJ as 

shown in  Table 4. The average diameter of synthesized CNT was in the range of 30-

60 nm which is defined as MWCNT [57]. Size distributions of CNTs at various Tpyro 

were shown in Figure 36(a)-(b). When Tpyro was increased from 850 °C to 900 °C, an 

average diameter increased from 51±6 nm and 56±6 nm, respectively. An increment of 

CNT diameter could confirm the agglomeration of Fe particles which were the catalysts 

obtained from the thermal decomposition of ferrocene at high temperature.  
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 Table 4 Average diameters of synthesized CNTs at various moil/fer and Tpyro 

 

 

 

 

 

 

 

 There were some studies on morphology of synthesized CNTs using FESEM as 

described in section 2.4.2.2 and 2.4.3.2. In this study, an increase in moil/fer from 1:1 to 

2:1 and 3:1 increased an average diameter of synthesized CNTs from 39 nm to 49 nm 

and 56 nm. An increase in diameter of synthesized CNTs with increasing molar ratio 

of carbon precursor to ferrocene had been reported by Thonganantakul et al. [46]. Their 

study found that CNTs which was synthesized at lowest molar ratio of kerosene to 

ferrocene of 1:1 exhibited the lowest average diameter of CNTs with less than 100 nm. 

An increase in molar ratio of kerosene to ferrocene increased an average diameter of 

CNTs as observed in FESEM images.  

Moreover, it could be seen in Table 4 found that, at moil/fer = 3:1, an increase in 

Tpyro from 800 °C to 850 °C and 900 °C increased an average diameter of CNTs from 

32 nm to 51 nm and 56 nm due to the agglomeration of Fe clusters. From Ming et al. 

[49], diameters of CNTs were 34 nm, 39 nm, 47 nm, and 52 nm when the synthesis 

temperature was 720 °C, 770 °C, 820 °C, 870 °C, respectively. From Li et al. [50], 

when the temperature increased from 650 °C to 800 °C and 1050 °C, the diameter of 

CNTs increased from 13 to 23 and 65 nm. From Lee et al. [51], the diameters of CNTs 

were 30±5 nm, 60±10 nm, and 130±20 nm when the synthesis temperature was 750 °C, 

850 °C, and 950 °C, respectively. An increase in CNT diameters was obtained from an 

agglomeration of metal particles. In addition, Lee et al. [51] also observed the size of 

Fe particles. In their study, when the synthesis temperature increased from 750 °C to 

850 °C and 950 °C, the size of Fe particles increased from 40±10 nm to 90±20 nm and 

150±40 nm, respectively.  

moil/fer Tpyro (
๐C) Average diameter (nm) 

1:1 900 39±8 

2:1 900 49±7 

3:1 900 56±6 

3:1 850 51±6 

3:1 800 32±6 
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Figure 36 Size distribution of synthesized CNTs at various Tpyro with moil/fer of 3:1 

(a) 850 °C (b) 900 °C   

a) 

b) 
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4.1.3 Thermal stability of synthesized CNTs 

The thermal stability of synthesized CNTs at various moil/fer and Tpyro could be 

observed by Thermogravimetric analyzer (TGA) under O2 atmosphere. Figure 37(a)-

(b) exhibited TGA curves of synthesized CNTs at various moil/fer and Tpyro. All curves 

were plotted between the percentage of sample weight vs. oxidation temperature . 

Significant weight loss at 400-600°C obtained from the decomposition of synthesized 

CNTs [14] and the remaining weight could be assigned to the presence of Fe oxide 

which was obtained from the decomposition of ferrocene in CNT synthesis [58]. Figure 

37(a) revealed that synthesized CNTs started to decompose at temperature 432 °C to 

455 °C and 460 °C when moil/fer increased from 1:1 to 2:1 and 3:1 with Tpyro of 900 °C. 

Therefore, the thermal stability of synthesized CNT increased when moil/fer increased 

because the decomposition temperature of synthesized CNTs was shifted to higher 

temperature. Figure 37(b) revealed that synthesized CNTs started to decompose at 

temperature 388 °C to 450 °C and 460 °C when Tpyro increased from 800 °C to 850 °C 

and 900 °C with moil/fer of 3:1. Therefore, an increase in Tpyro also increased the thermal 

stability of synthesized CNTs. Thermal stability of CNTs had been reported by Lee et 

al. [51], when synthesis temperature increased from 750 °C to 850 °C and 950 °C 

weights of CNTs sample were lost at oxidation temperature 300-600 °C, 450-650 °C, 

and 500-670 °C, respectively. It can be concluded that CNTs had more thermal stability 

when the synthesis temperature increased.  

From TGA curves, at the highest Tpyro (900 °C) and the highest moil/fer (3:1) 

exhibited the highest thermal stability of synthesized CNTs due to the highest 

decomposition temperature. The highest thermal stability of CNTs which was 

synthesized at Tpyro of 900 °C and moil/fer of 3:1 was obtained because synthesized CNTs 

at this condition had highest proportion of CNT structure and lowest amount of 

amorphous carbon which could be observed from FESEM image in Figure 35.  
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Figure 37 TGA curves of synthesized CNTs at (a) various moil/fer with Tpyro 900 °C 

and (b) Tpyro with moil/fer of 3:1  

a) 

T
pyro

 900 °C 

m
oil/fer 

3:1 

b) 
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4.1.4 Crystallinity of synthesized CNTs 

The graphitization/crystallinity of synthesized CNTs at various moil/fer and Tpyro 

could be observed from Raman spectrum as shown in Figure 38(a)-(b). A peak at 

Raman shift 1344 cm-1 could be assigned to the vibration of non-sp2 bonded carbon 

atom which was called D-band. Generally, D-band was applied to identify amorphous 

carbon. A peak at 1576 cm-1 could be assigned to the vibration of sp2 bonded carbon 

atom which was called G-band. Generally, G-band was applied to identify CNTs. [59]. 

The intensity of D-band to G-band (ID/IG) was used to identify the crystallinity of 

carbon product. The higher crystallinity of carbon product was obtained at lower ID/IG. 

From this experiment, Figure 38(a) indicated that ID/IG was decreased from 1.62 to 

1.42 and 0.72 when moil/fer was increased from 1:1 to 2:1 and 3:1, respectively. As 

revealed in Figure 38(b), ID/IG was decreased from 1.83 to 1.60 and 0.72 when Tpyro 

was increased from 800 °C to 850 °C and 900 °C, respectively. Therefore, the 

crystallinity of synthesized CNTs was increased as moil/fer and Tpyro was raised. An 

increase in crystallinity of CNTs obtained from an increase of CNT structure in 

synthesized CNTs which was also supported by the characterization results from 

FESEM and TGA. Therefore, high moil/fer and Tpyro provided synthesized CNTs with 

high crystallinity while low moil/fer and Tpyro provided synthesized CNTs with low 

crystallinity. The crystallinity of synthesized CNTs was reported by Ming et al. [49] 

and Lee et al. [51]. From Ming et al. [49], an increase in synthesis temperature 

decreased ID/IG. From Lee et al. [51], an increase in synthesis temperature from 750 to 

950 °C decreased ID/IG from 1.2 to 0.8. A decrease in ID/IG was proportional to an 

increase in CNT structure in carbon product.  
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Figure 38 Comparison of ID/IG of synthesized CNTs at (a) various moil/fer with Tpyro 

900 °C and (b) various Tpyro with moil/fer of 3:1  

a) 

b) 
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pyro
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m
oil/fer 
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4.1.5 Surface area of synthesized CNTs 

The surface area analysis of synthesized CNTs was conducted by N2 

adsorption/desorption (BET) as shown in Table 5. It could be observed that an increase 

in moil/fer and Tpyro decreased the surface area of synthesized CNTs. The surface area of 

as synthesized CNTs at Tpyro of 800 °C decreased from 44.1±0.3 to 37.2±0.1 and 

29.6±0.2 m2/g, respectively, when moil/fer increased from 1:1 to 2:1 and 3:1 due to the 

decrease in amorphous carbon which could be observed from FESEM images. 

Similarly, the surface area of synthesized CNTs at Tpyro of 850 °C decreased from 

38.9±0.3 to 29.7±0.3 and 22.5±0.2 m2/g when moil/fer increased from 1:1 to 2:1 and 3:1, 

respectively, while the surface area of synthesized CNTs at Tpyro of 900 °C decreased 

from 28.1±0.1 to 25.8±0.1 and 21.6±0.2 m2/g when moil/fer increased from 1:1 to 2:1 

and 3:1, respectively. A decrease in the surface area when moil/fer and Tpyro increased 

could be attributed to an increase in the proportion of CNTs to amorphous carbon in 

carbon products which CNTs had low porosity than amorphous carbon [60, 61]. 

Therefore, it can be concluded that low moil/fer (1:1) and low Tpyro (800 °C) provided the 

high surface area of CNTs while high moil/fer (3:1) and high Tpyro (900 °C) provided the 

low surface area of CNTs. As confirmed by FESEM, TGA, and Raman spectroscopy, 

a decrease in surface area could be assigned to the lower amount of amorphous carbon. 

Hence, TGA revealed that high moil/fer and Tpyro provided synthesized CNTs with high 

thermal stability owing to its highest content of CNT structure. In addition, Raman 

spectroscopy showed the lower ID/IG indicating that CNTs synthesized at high moil/fer 

and Tpyro had high crystallinity.  

 

Table 5 Surface area (m2/g) of synthesized CNTs at various moil/fer and Tpyro 

BET surface area (m2/g) 

Variable parameters 
Tpyro  

800 °C 850 °C 900 °C 

moil/fer 

m1:1 44.1±0.3 38.9±0.3 28.1±0.1 

m2:1 37.2±0.1 29.7±0.3 25.8±0.1 

m3:1 29.6±0.2 22.5±0.2 21.6±0.2 
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4.1.6 Summary of all characterizations of synthesized CNTs 

Eucalyptus oil is one of the promising alternative natural carbon sources to 

produce CNTs via co-pyrolysis with ferrocene.  This research focused on the study of 

the effects of moil/fer and Tpyro on CNT properties using various techniques to 

characterize the characteristic of synthesized CNTs. The results revealed that high 

moil/fer and high Tpyro provided good-quality CNTs with high thermal stability and high 

crystallinity. Therefore, in order to employ CNTs in CO2 methanation, which was an 

exothermic reaction, synthesized CNT at moil/fer of 3:1 and Tpyro of 900 °C was the 

optimal conditions for the preparation of catalyst support material.   
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4.2 Performance test in methanation  

Synthesized CNTs at moil/fer of 3:1 and Tpyro of 900 °C was used as a catalyst 

support material in CO2 methanation. Ni-Fe was impregnated onto the support at 30 

wt% metal loading with different Ni-Fe weight ratio (1:0, 3:1, 1:1, 1:3, and 0:1). The 

calculation of weight percentage of metal loading was shown in Appendix D. Then, 

Ni-Fe/CNT catalysts were calcined at different calcination temperatures (250 °C, 300 

°C, 350 °C, 400 °C) for 3 h. After that, 0.1 g of calcined Ni-Fe/CNT catalysts were 

reduced with H2 at 500 °C and were employed in the reaction at 325 °C for 20 min. The 

performance of Ni-Fe/CNT catalysts were evaluated and discussed based on CO2 

conversion, CH4 selectivity and CH4 yield. 

 

4.2.1 Effect of calcination temperature on performance of catalyst 

CO2 conversion (%XCO2), CH4 selectivity (%SCH4) and CH4 yield (%YCH4) of 

30 wt% Ni/CNT were shown in Table 6. It was worth noting that that an increase in 

calcination temperature within the range from 250 °C to 350 °C could enhance CO2 

conversion, CH4 selectivity and CH4 yield. As observed from the results, the highest 

CO2 conversion with 38% was obtained from 30 wt% Ni/CNT at calcination 

temperature of 350 °C. When calcination temperature was increased from 250 °C to 

350 °C, CO2 conversion increased from 20% to 38 %, CH4 selectivity increased from 

85% to 96%, and CH4 yield increased from 17% to 36%, respectively. An increase in 

catalyst performance was obtained from the completion of calcination to change metal 

nitrate to metal oxide at calcined temperature higher than 300 °C [62]. However, further 

increase in calcination temperature from 350°C to 400°C reduced the catalyst activity, 

resulting in the decrease of CO2 conversion from 38% to 15%, CH4 selectivity from 

96% to 85%, and CH4 yield from 36% to 13%, which could be due to the decomposition 

of carbon support and the agglomeration of metal particles at high calcination 

temperature [63].  
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Table 6 Effect of calcination temperature of 30 wt% Ni/CNT on %XCO2, %SCH4, and 

%YCH4 at reaction temperature 325 °C 

Sample 
Calcination 

temperature (°C) 
%XCO2 (%) %SCH4 (%) %YCH4 (%) 

30%Ni/CNT-T250 250 20 85 17 

30%Ni/CNT-T300 300 34 94 32 

30%Ni/CNT-T350 350 38 96 36 

30%Ni/CNT-T400 400 15 85 13 

 

The reducibility of 30 wt% Ni/CNT was characterized by H2-TPR as shown in 

Figure 39. There were 2 main peaks (α and β) exhibiting the reduction of Ni2+ to Ni0 

[64]. The first reduction peak could be assigned to the weak nickel-carbon interaction. 

The second reduction peak could be assigned to the strong nickel-carbon interaction. 

This result indicated that when calcination temperatures were varied from 250 °C to 

400 °C, the first peaks correspondingly shifted from 257.3 °C to 302.5°C and the second 

peak also shifted from 544.9 to 567.3°C. Therefore, an increase in calcination 

temperature shifted these two peaks to higher temperature, indicating that the 

interaction between metal and support became stronger. In addition, the peak area 

shown in Table 7 could be used to interpret the H2-consumption for the reduction of 

Ni2+ to Ni0. Higher H2-consumption referred to the higher reducibility of catalyst. When 

calcination temperature was raised from 250 °C to 300 °C and 350 °C, the peak area 

increased from 823.5, 825.4, and 859.8 a.u., respectively. However, when calcination 

temperature was further raised from 350 °C to 400 °C, the peak area started to decrease 

from 859.8 to 791.3 a.u. The results indicated that the catalyst calcined at 350 °C could 

be reduced easier than catalyst from other calcination temperature. Hence, based on H2-

consumption result, 350 °C would be the optimal calcination temperature. 
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Figure 39 H2-TPR results of 30 wt% Ni/CNT at various calcination temperatures 

 

Table 7 H2 consumption of 30 wt% Ni/CNT at various calcination temperatures 

Catalysts 
H2 consumption area (a.u.) 

Total 

 H2 consumption 

(a.u.) α β 

30%Ni/CNT-T250 101.2 733.3 823.5 

30%Ni/CNT-T300 213.9 611.5 825.4 

30%Ni/CNT-T350 246.8 613.1 859.8 

30%Ni/CNT-T400 229.0 562.3 791.3 

 

Figure 40 showed the diffraction peaks of calcined catalysts at various 

calcination temperatures. Crystallinity peaks at 37.1°, 43.0°, 62.7°, 75.4° were 

attributed to NiO phase corresponded to (111), (200), (220), and (311) planes [65]. The 

diffraction peaks at 33.0°, 35.6°, and 54.12° reflected from Fe2O3 phase (104), (110), 

and (116) [66]. In addition, the peaks of α-Fe and graphite were obtained from CNT 

synthesis. The diffraction peaks at 44.5° corresponded to α-Fe (110) plane [67]. The 
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diffraction peaks at 26.3° corresponded to graphite (002) plane [68]. The diffraction 

peaks at 43.5° represented to Fe3Ni2 (225) plane [69]. The enhancement of calcination 

temperature from 250 °C to 400 °C decreased the crystallinity of CNTs in catalysts due 

to the oxidation of CNTs [63]. The Scheler equation was then applied to calculate the 

crystallite size of metal. When calcination temperature raised from 250 to 400 °C, NiO 

crystallite size increased from 0.3 nm to 0.6 nm, 0.6 nm, and 3.8 nm, respectively. An 

increase in NiO particle size obtained from the sintering of metal at high temperature. 

In addition, NiO particle size was significantly increased from 0.6 nm to 3.8 nm when 

calcination temperature was raised from 350 °C to 400 °C. At 400 °C, higher oxidation 

degree of CNTs was observed from the decrease in weight of samples after calcination 

with 50 wt% loss compared with 36 wt% loss of weight of catalyst when calcined at 

350 °C.   

 

Figure 40 XRD pattern of 30 wt% Ni/CNT at various calcination temperatures 
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4.2.2 Effect of Ni to Fe weight ratio on performance of catalyst 

CO2 conversion (%XCO2), CH4 selectivity (%SCH4) and CH4 yield (%YCH4) of 

30 wt% Ni-Fe/CNT were shown in Table 8. As observed from these results, an 

increment in weight ratio of Ni to Fe enhanced CO2 conversion, CH4 selectivity and 

CH4 yield. When weight ratio of Ni to Fe was increased from 0:1 to 1:0, CO2 conversion 

increased from 4% to 38%, CH4 selectivity increased from 6% to 95%, and CH4 yield 

was increased from 0.2% to 36%, respectively. In addition, catalyst performance in CO2 

methanation could be indicated by observing the change in catalyst temperature.  

An increase in Fe content led to an increment in water-gas shift reaction (WGS) 

which converted CO as an intermediate in this reaction to CO2 [70]. Thus, CO2 

conversion reduced when weight of Fe was increased due to the higher production of 

CO2. In addition, an increase in Fe content could limit CO adsorption onto the surface 

of catalyst which was the intermediate in CO2 methanation [71]. Therefore, CO was 

desorbed from the catalyst surface before reducing to CH4 leading to a decrease on CH4 

selectivity.  

Table 8 Effect of Ni to Fe weight ratio of 30 wt% Ni-Fe/CNT on %XCO2, %SCH4, 

%YCH4 at reaction temperature 325 °C 

Catalysts 
Ni to Fe  

weight ratio 
%XCO2 (%) %SCH4 (%) %YCH4 (%) 

30%Ni/CNT 1:0 38 95 36 

30%Ni75Fe25/CNT 3:1 24 93 22 

30%Ni50Fe50/CNT 1:1 6 25 2 

30%Ni25Fe75/CNT 1:3 4 23 1 

30% Fe/CNT 0:1 4 6 0.2 

 

Figure 41 indicated H2-TPR results of 30 wt% Ni-Fe/CNT at various weight 

ratio of Ni-Fe. The sample of 30 wt% Fe without Ni addition exhibited 3 main peaks. 

The first reduction peak (α) at 321.9 °C could be assigned to the weak iron-carbon 
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interaction. The second reduction peaks (β) at 437.8 °C could be assigned to the 

medium iron-carbon interaction. The reduction peak (γ) at 637.7 °C referred to the 

strong iron-carbon interaction [72]. The 30 wt% Ni/CNT sample consisted of 2 main 

peaks (α and β) which were the reduction of Ni2+ to Ni0 at weak and strong interaction 

of Ni onto the supporting material, respectively. The sample of 30 wt% Ni-Fe/CNT 

exhibited similar H2-TPR profile to 30 wt% Ni/CNT which consisted of 2 peaks. The 

first reduction peak (α) at 284.2 to 316.4 °C could be assigned to the low metal-carbon 

interaction while the second reduction peaks (β) at 539.5 to 566.2 °C could be assigned 

to high metal-carbon interaction [64]. An increase in Fe content also shifted the 

reduction peaks to higher temperature. This result indicated that an addition of Fe could 

made the interaction of metal-carbon support become stronger [73]. Consequently, 

catalyst could be more difficult to be reduced with this stronger interaction. In addition, 

Table 9 revealed the decrease of H2 consumption when the iron content was raised. 

Therefore, the sample of 30 wt% Ni/CNT without Fe addition could be reduced easier 

than other catalysts.    

 

 

Figure 41 H2-TPR results of 30 wt% Ni-Fe/CNT at various weight ratio of Ni to Fe  
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Table 9 H2 consumption of 30 wt% Ni-Fe/CNT at various weight ratio of Ni to Fe 

Catalysts 
H2 consumption area (a.u.) Total 

 H2 consumption (a.u.) α β γ 

30%Ni/CNT 246.8 613.1 - 859.8 

30%Ni75Fe25/CNT 198.0 655.2 - 853.2 

30%Ni50Fe50/CNT 193.3 653.3 - 846.6 

30%Ni25Fe75/CNT 69.3 539.0 - 608.3 

30%Fe/CNT 20.4 64.7 208.5 293.6 

 

Figure 42 presented XRD pattern of the calcined 30 wt% Ni-Fe/CNT catalysts 

after calcination in air at 350 °C for 3 h. The catalysts showed oxide forms of NiO and 

Fe2O3 which were obtained from the calcination under air flow. The diffraction peaks 

at 37.1°, 43.0°, 62.7° were attributed to NiO phase corresponding to (111), (200), and 

(220) planes [65]. The diffraction peaks at 33.0°, 35.6°, 49.7°, 54.12°, 62.3°, and 64.1° 

corresponded to (104), (110), (024), (116), (214) and (030) planes [66]. In addition, the 

peaks of α-Fe, graphite, and Ni-Fe alloy were obtained from CNT synthesis. The 

diffraction peak at 44.5° corresponded to α-Fe (110) plane [67]. The diffraction peak at 

26.3° corresponded to graphite (002) plane [68]. The diffraction peak at 43.5° 

corresponded to Ni-Fe alloy or Fe3Ni2 (225) plane [69]. Figure 42 revealed that an 

increment in Fe content decreased the intensity of NiO peaks and exhibited Fe2O3 peaks 

instead [74]. Therefore, XRD results could confirm a decrease in NiO when the weight 

percentage of Fe was increased leading to the decrease in CO2 conversion, while an 

increase of Fe2O3 leading to the decrease in CH4 selectivity. 

Moreover, Scheler equation was applied to calculate the crystallite size of NiO 

at position with the highest intensity. The result showed that an addition of Fe content 

from 0 to 1 weight ratio of Fe to Ni decreased the crystallite size of NiO in the order 

0.7, 0.5, 0.5, and 0.2 nm. A decrease in crystallite size of Ni enhanced the metal-support 

interaction due to the increase in surface area of Ni. This result also confirmed the 

reducibility which was shown in H2-TPR results above. Thus, 30 wt% Ni-Fe/CNT 
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catalyst with high content of Fe could be more difficult to be reduced than low content 

of Fe, resulting in a decrease in catalyst performance.   

 

Figure 42 XRD pattern of 30 wt% Ni-Fe/CNT at various weight ratio of Ni to Fe 

 

Table 10 showed the comparison of CO2 conversion of 30 wt% Ni loading on 

various support. 30%Ni/CNT represented the 30 wt% Ni loading onto synthesized 

CNTs which was synthesized from co-pyrolysis of eucalyptus oil and ferrocene at 

moil/fer 3:1 and Tpyro 900 °C. Actual weight ratio of Ni to Fe impregnated on synthesized 

CNTs was also shown in Appendix E which was analyzed by EDX. From EDX results, 

an actual weight ratio of Ni to Fe was determined to be 70:30. The presence of Fe could 

be attributed to the inherited Fe from CNT synthesis. In order to get more understanding 

about the effect of Ni-Fe on CO2 methanation, 30%Ni/CNT-A could be prepared from 

impregnation of 30 wt% Ni onto CNTs after treated with acid. Acid treatment of 

synthesized CNTs was conducted following Hu et al. [75] to reduce Fe content in CNT 

structure. EDX results indicated that Fe could be removed from CNT structure after 

treatment which left only 3.8 wt% Fe remaining. A decrease of Fe in 30%Ni/CNT-A 

reduced CO2 conversion to 34% although surface area of CNT-A became a little bit 

higher than synthesized CNTs. 
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Table 10 Effect of various CNT support materials of 30 wt% Ni/CNT on CO2 

conversion at reaction temperature 325 °C 

Catalysts SBET (m2/g) %XCO2 (%) 

30%Ni/CNT 21.6 38 

30%Ni/CNT-A 25.2 34 

30%Ni/CNT-C 217.3 43 

 

Figure 43 showed XRD pattern of 30 wt% Ni impregnated on CNTs before 

(CNT) and after (CNT-A) acid treatment. It could be observed that the NiO peak at 

37.1° of 30 wt% Ni/CNT was broader than NiO peak of 30 wt% Ni/CNT-A indicating 

smaller crystalline size of NiO. The exact value of crystallite size of NiO was calculated 

by Scheler equation. It could be confirmed that NiO size of 30 wt% Ni/CNT of about 

0.64 nm was smaller than 30 wt% Ni/CNT-A which was 0.94 nm. Hence, the smaller 

crystallite size of NiO could result in higher reducibility of catalyst due to the 

enhancement in metal dispersion. The reducibility of catalysts could be analyzed by H2-

TPR results shown in Figure 44. 

 

 

Figure 43 XRD pattern of 30 wt% Ni/CNT at various CNT support materials 
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Figure 44 showed the reducibility of catalyst which was obtained from H2-TPR 

results. The reduction peak of 30 wt% Ni/CNT-A at 842.7 a.u. was shifted to higher 

temperature. In addition, H2 consumption of 30%Ni/CNT-A was lower than 859.8 a.u. 

of 30%Ni/CNT as shown in Table 11. Thus, 30%Ni/CNT-A was more difficult to 

reduce than 30%Ni/CNT. 

 

Figure 44 H2-TPR results of 30 wt% Ni/CNT at various CNT support materials 

 
 

Table 11 H2 consumption of 30 wt% Ni/CNT at various CNT support materials 

Catalysts 
H2 consumption area (a.u.) Total 

 H2 consumption (a.u.) α β γ 

30%Ni/CNT 246.8 613.1 - 859.8 

30%Ni/CNT-A 169.7 673.0 - 842.7 

 

The higher catalyst activity when Fe was applied in Ni based catalyst was 

reported by Meshkini et al. [76]. They suggested that at Ni to Fe weight ratio in the 

range of 70 to 90 wt% onto γ-Al2O3 enhanced the CO2 conversion and CH4 selectivity 

due to the increment in CH4 formation pathway in CO2 methanation. On the other hand, 

Pendey et al. [77] and Meshkini et al. [76] reported that an increase in weight ratio of 
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Fe higher than 50 wt% significantly decreased catalyst activity due to an enhancement 

in CO formation and a presence of WGS reaction [76, 77].  

In addition, Table 10 defined 30 wt% Ni/CNT-C as the 30 wt% Ni loading onto 

commercial CNTs. The 30%Ni/CNT-C provided the higher CO2 conversion of about 

43%. However, an increment in CO2 conversion could be obtained from the higher 

surface area of CNTs. Under CO2 conversion by considering surface area of CNTs, it 

could be interpreted that it is unnecessary to purify synthesized CNTs.  

Figure 45 showed FESEM image of 30 wt% Ni/CNT which was prepared by 

impregnation method. As observed in this figure, metal particles distributed and 

covered CNT surface. In addition, the dispersion of Ni could be observed from mapping 

that there is uniform dispersion of Ni particles while the existence of inherited Fe which 

was obtained from CNT synthesis could be also confirmed by EDX mapping. 

 

 
 

Figure 45 FESEM image and EDX mapping of 30 wt% Ni/CNT 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATION 

 

This chapter provided a summary of key findings in this study. This research 

work comprised two main investigations: (i) the study of synthesis of carbon nanotubes 

by co-pyrolysis of eucalyptus oil and ferrocene, and (ii) the utilization of carbon 

nanotubes as catalyst support for CO2 conversion into CH4, focusing on an investigation 

of bimetallic catalyst, consisting of nickel and iron. Lastly, some useful suggestions 

obtained during the study were provided for guiding a further investigation. 

5.1 Conclusion 

5.1.1 CNT synthesis 

Carbon nanotubes have been of great interest due to their promising properties 

for a wide range of industrial applications. For example, CNTs possess a high specific 

surface area and remain chemically inert which are favored for utilizing as a catalyst 

support, dispersing active metal but not-involving in a reaction. Additionally, the high 

thermal conductivity of CNTs due to can potentially provide an excellent heat transfer, 

especially for highly exothermic reaction such as CO2 methanation. This can help 

alleviate a suffering from a catalyst deactivation in a mode of metal sintering. 

Fortunately, a production method of CNTs is considered to be simple, and many 

synthesis methods are available, such as arc discharge, electrochemical, and pyrolysis. 

However, a proper control of synthesis parameter is required to produce a high 

homogeneity of CNTs with high quality such as uniform tube and high graphitic carbon 

with respect to amorphous carbon. In this study, a pyrolysis was selected due to a 

potential for large scale production, while renewable carbon source like eucalyptus oil 

was employed together with ferrocene as a widely-used catalyst for CNT formation. 

Then the essential synthesis parameters including (i) molar ratio of eucalyptus oil and 

ferrocene (moil/fer), and (ii) pyrolysis temperature (Tpyro) were investigated. The 

influence of Tpyro was examined at three points of temperature including 800 °C, 850 

°C, and 900 °C. The temperature range and interval were carefully selected according 

to general knowledge from the prior arts. Meanwhile, the moil/fer was simply varied at 
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three ratios which are 1:1, 2:1, and 3:1 in order to directly observe the influence of 

increased carbon source. In the synthesis, the ferrocene was vaporized and carried into 

the reaction zone by N2 carrier gas. Subsequently, the oil was fed into the reactor. CNTs 

were formed and deposited at wall of reactor. The oil is fed at a constant rate. Therefore, 

the moil/fer was a ratio of the total oil fed with respect to the initial amount of ferrocene. 

In other words, the moil/fer was varied by changing the total feed time at constant feed 

rate. The deposit carbon was carefully collected and weighted in order to determine the 

product yield of the process. In addition, the flow rate of gas outlet was recorded to 

understand the behavior during the pyrolysis. 

It was found that product yield was distinctly affected by pyrolysis parameter 

such as moil/fer and Tpyro. An increase in moil/fer decreased product yield of CNTs due to 

the less amount of Fe particles were available and the decomposition of amorphous 

carbon was raised by the higher oxygen content because of the higher moil/fer. The effect 

of Tpyro could be explained in two synthesis temperature ranges: an increase in Tpyro 

from 800 to 850 ºC raised the product yield due to an enhancement in the decomposition 

of carbon precursor which was observed from an increase in flow rate of gas outlet. On 

the other hand, an increase in Tpyro from 850 to 900 ºC decreased the product yield due 

to an agglomeration of Fe clusters which reduced surface area of Fe catalysts for CNT 

growth. 

In order to elucidate a relationship between the properties of CNTs and the 

synthesis parameters, various characterization techniques including FESEM, Raman, 

TGA, and N2 adsorption/desorption were used to examine the properties of CNTs such 

as morphology, crystallinity, thermal stability, and surface area. It was found that the 

proportion of CNTs to amorphous carbon in carbon products increased when moil/fer and 

Tpyro increased which was observed from FE-SEM, Raman spectroscopy, TGA, and N2 

adsorption/desorption. Consequently, samples with more CNT structure also showed 

the high crystallinity, high thermal stability, and low surface area which demonstrated 

their potential to be a catalyst support for CO2 methanation. In conclusion, the 

synthesized CNTs at moil/fer 3:1 and Tpyro 900 °C was selected as a support material in 

CO2 methanation owing to its high thermal stability and good quality CNTs.  
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5.1.2 CO2 methanation 

CO2 methanation was performed in order to the aim for reducing the 

concentration of CO2 in the atmosphere. Heterogeneous catalyst has been developed to 

convert CO2 into CH4 where CH4 could be used as a fuel in many industries. Ni-based 

catalyst was one of the popular catalysts used in CO2 methanation because it had high 

selectivity and low-cost. However, Ni-based catalyst had low activity and easily 

deactivated. Therefore, bimetallic Ni-Fe system has been developed to improve the 

activity and catalyst performance. In this study, the two important parameters including 

(i) calcination temperature and (ii) weight ratio of Ni-Fe on CNTs were investigated. 

Calcination temperature was examined at 4 points including 250 °C, 300 °C, 350 °C, 

and 400 °C. Meanwhile, weight ratio of Ni-Fe was varied at 5 points including 1:0, 3:1, 

1:1, 1:3, and 0:1. In the catalyst preparation, CNTs were impregnated by Ni and Fe salt 

by wet impregnation method. Then, impregnated catalysts were dried in an oven at 80 

°C for 12 h. After that, dried catalysts were calcined under air atmosphere with different 

calcination temperature for 3 h. Then, catalysts were reduced at reduction temperature 

500 °C for 1 h under hydrogen atmosphere. Reduced catalysts were used to perform the 

CO2 methanation reaction under the molar ratio of CO2:H2:He of 1:4:5 at reaction 

temperature 325 °C for 20 min. GC was applied to obtain the peak area which was used 

to calculate CO2 conversion and CH4 yield. In addition, soap film meter was equipped 

to measure flowrate of product gas during the reaction. 

At various calcination temperature, an increase in calcination temperature from 

250 to 350 °C increased CO2 conversion and CH4 selectivity due to the complete change 

of metal nitrate to metal oxide. However, continuous increase in calcination 

temperature from 350 °C to 400 °C decreased CO2 conversion and CH4 selectivity due 

to an oxidizing of support material and an agglomeration of metal compound. 

Therefore, calcination temperature 350 °C was the optimal condition in this experiment. 

In addition, in this experiment, total metal loading was kept at 30 wt% while weight 

ratio of Ni to Fe was also varied to study the catalyst performance. The results revealed 

that the existence of Fe could enhance CO2 conversion and CH4 selectivity due to the 

increase in reducibility of catalyst. However, a high amount of Fe led to a decrease in 

catalyst performance due to the desorption of CO which was the intermediate in CO2 
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methanation. The desorption of CO led to a decrease in CO2 conversion and CH4 

selectivity. 

In order to understand a relationship between the calcination temperature and 

weight ratio of Ni-Fe, various characterization techniques including XRD and H2-TPR 

were used to characterize the properties of catalysts such as crystallite size of Ni and 

reducibility of catalyst. It was found that the crystallite size of Ni increased when the 

calcination increased especially when calcination temperature increased from 350 °C 

to 400 °C due to the decomposition of carbon support at high temperature. In addition, 

it was found that catalyst at calcination temperature of 350 °C provided the highest H2 

consumption which was observed from peak area of H2-TPR result resulting in highest 

reducibility. The addition of Fe could reduce the crystallite size of Ni which would 

enhance the interaction force between metal and support resulting in a decrease in H2 

consumption causing the difficulty reduction of catalyst. Thus, the 30 wt% Ni/CNTs 

catalyst provided the highest catalyst performance when observed from the reducibility. 

In addition, EDX technique was applied to identify the actual weight ratio of Ni to Fe 

which was found that weight ratio of Ni to Fe at this condition was 70:30. 

It could be concluded that 30 wt% Ni70Fe30/CNT provided higher catalyst 

performance due to its highest reducibility under controlled condition. In this 

experiment, highest CO2 conversion of 30 wt% Ni70Fe30/CNT catalyst was obtained at 

20 min and reaction temperature 325 °C. The gas mixture of CO2: H2: He had the molar 

ratio of 1:4:5. The total flow rate and reaction temperature was fixed at 77 mL/min. 

 

5.2 Recommendation for future work 

The amount of CNTs synthesized from co-pyrolysis of eucalyptus oil and 

ferrocene in this study was limited to only 1-2 g due to the safety concern in the process. 

Therefore, if CNT production could be scaled up safely, more synthesized CNTs would 

be obtained which would reduce the time for synthesis.  
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APPENDIX A 

Yield of synthesized CNTs 

 

Yield of synthesized CNTs at various moil/fer and Tpyro was calculated by Eq.5. 

Due to the various moil/fer, the volume of eucalyptus oil used in the synthesis of CNTs 

at various moil/fer was calculated by Eq. A1 and was shown in Table A1.  

moil/fer =
moil,pure

mfer,pure
=

Woil,pure

MWoil,pure 

Wfer,pure

MWfer,pure

=

Xoil × ρoil × Voil
MWoil,pure

Xfer × Wfer
MWfer,pure 

 

In this experiment, it was assumed that purity by weight of eucalyptus oil (Xoil) 

and ferrocene (Xfer) equal to 1. Thus, the equation could be defined as followed. 

moil/fer =

ρoil × Voil
MWoil

Wfer
MWfer 

 

Then, rearrange the equation to obtain volume of eucalyptus oil 

Voil =
moil/fer×Wfer×MWoil 

ρoil×MWfer 
   Equation A1 

Where 

Voil  = Volume of eucalyptus oil used in CNT synthesis (mL) 

Xfer  = purity of ferrocene by weight = 1 

Xoil  = purity of eucalyptus oil by weight = 1 

Wfer  = weight of ferrocene (fixed at 1 g)  

Woil  = weight of eucalyptus oil  

MWfer,pure  = molecular weight of pure ferrocene (186.03 g/mol)  
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MWoil,pure  = molecular weight of pure eucalyptol (154.25 g/mol)  

moil/fer = mole of pure eucalyptus oil to pure ferrocene  

moil  = mole of pure eucalyptus oil  

mfer  = molar ratio of pure ferrocene 

ρoil  = density of eucalyptus oil (0.922 g/mL)  

 

In Table A1, weight of eucalyptus oil (Woil) came from the multiplication of 

volume and density of eucalyptus oil. In addition, to calculate the feeding time of 

eucalyptus oil, volume of eucalyptus oil used in CNT synthesis was divided by flow 

rate of eucalyptus oil which was constant at 10 mL/h. The results indicated that 

eucalyptus oil was fed into reactor for 5.29, 10.58, and 15.86 min, when the moil/fer was 

varied from 1:1 to 2:1 and 3:1, respectively. 

 

Table A1 Volume of eucalyptus oil used in the synthesis of CNTs at various moil/fer 

moil/fer Voil (mL) Woil (g) Feeding time (min) 

1:1 0.88 0.81 5.3 

2:1 1.76 1.63 10.6 

3:1 2.64 2.44 15.9 

 

The weight of eucalyptus oil, weight of ferrocene, and weight of product was 

shown in Table A2. Then, yields of synthesized CNTs were shown in Table A3-A5.  

During CNT synthesis, flowrates of outlet gas were measured by soap-film 

meter which were shown in Table A6-A7. A soap-film meter had an inner diameter of 

0.019 m and the time that soap-film moved for 0.1 m (Lapse time) was measured.  
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Thus, the volume (𝑉) which gas moved  

𝑉 = 𝜋𝑅2ℎ = 𝜋 (
0.019

2
)

2

(0.1) = 2.83 × 10−5 𝑚3  

Then, flowrate of outlet gases (𝐹) was calculated by dividing the volume with 

lapse time. For examples, at moil/fer of 1:1 and Tpyro of 900 ๐C, lapse time was equal to 

9.96 s 

𝐹 =
𝑉(𝑚3)

𝐿𝑎𝑝𝑠𝑒 𝑡𝑖𝑚𝑒(𝑠)
=

2.83 × 10−5

9.96
= 2.85 × 10−6  

𝑚3

𝑠
 

 

Converting to cm3/min unit, 

𝐹 = 2.85 × 10−6 𝑚3

𝑠
× 106 𝑐𝑚3

𝑚3  × 60 
s

𝑚𝑖𝑛
= 170.8 

𝑐𝑚3

𝑚𝑖𝑛
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Table A2 Weight of eucalyptus oil, ferrocene, and product at various moil/fer and Tpyro 

Tpyro 

(๐C) 

moil/fer Weight of 

eucalyptus oil (g) 

Weight of 

ferrocene 

(g) 

Weight of 

product 

(g) 

800 

1:1 0.81 

1.0021 0.8091 

1.0057 0.5973 

1.0043 0.7448 

2:1 1.63 

1.0154 0.9799 

1.0082 0.7956 

1.0024 0.6636 

3:1 2.44 

1.0173 1.1276 

1.0094 0.7281 

1.0046 0.8082 

850 

1:1 0.81 

1.0083 0.6907 

1.0053 0.7601 

1.0094 0.9914 

2:1 1.63 

1.0071 0.9398 

1.0060 1.0951 

1.0039 1.0146 

3:1 2.44 

1.0053 1.3092 

1.0066 1.1497 

1.0060 1.2541 

900 

1:1 0.81 

1.0029 0.7196 

1.0045 0.8549 

1.0079 0.5938 

2:1 1.63 

1.0068 1.0541 

1.0055 0.8884 

1.0093 0.9496 

3:1 2.44 

1.0085 1.3119 

1.0024 1.0379 

1.0033 1.1637 

 

MW of pure ferrocene  = 186.03 g/mol 

MW of pure eucalyptus oil = 154.25 g/mol 
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Table A3 Product yield (%) of synthesized CNTs at Tpyro 800 ๐C and various moil/fer 

Repeatability 
moil/fer at Tpyro 800 ๐C 

1:1 2:1 3:1 

Run 1 46.73 39.30 34.75 

Run 2 34.43 32.00 22.49 

Run 3 42.97 26.75 25.01 

Average yield 41.38 32.68 27.42 

Standard Deviation 6.30 6.30 6.48 

 

Table A4 Product yield (%) of synthesized CNTs at Tpyro 850 ๐C and various moil/fer 

Repeatability 
moil/fer at Tpyro 850 ๐C 

1:1 2:1 3:1 

Run 1 39.76 37.81 40.50 

Run 2 43.83 44.08 35.55 

Run 3 57.03 40.87 38.78 

Average yield 46.87 40.92 38.28 

Standard Deviation 9.03 3.13 2.51 

 

Table A5 Product yield (%) of synthesized CNTs at Tpyro 900 ๐C and various moil/fer 

Repeatability 
moil/fer at Tpyro 900 ๐C 

1:1 2:1 3:1 

Run 1 41.55 42.42 40.54 

Run 2 49.31 35.77 32.13 

Run 3 34.19 38.17 35.99 

Average yield 41.68 38.79 36.22 

Standard Deviation 7.56 3.37 4.21 
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Table A6 Flowrate of outlet gases in CNT synthesis at various moil/fer and Tpyro 900 ๐C 

Pyrolysis 

time (min) 

moil/fer 1:1 moil/fer 2:1 moil/fer 3:1  

Lapse 

times (s) 

Flowrate  

(cm3/min) 

Lapse 

times (s) 

Flowrate  

(cm3/min) 

Lapse 

times (s) 

Flowrate  

(cm3/min) 

 1  Clock time < 2 s 

2 9.96 170.8 9.21 184.7 8.89 191.4 

3 10.85 156.8 10.15 167.6 8.84 192.4 

4 10.80 157.5 10.89 156.2 8.42 202.0 

5 7.86 216.4 8.04 211.6 7.73 220.1 

6 7.32 232.4 6.48 262.5 6.27 271.3 

7 7.26 234.3 5.24 324.7 5.91 287.8 

8 7.33 232.1 4.52 376.4 5.07 335.5 

9 7.42 229.3 4.31 394.7 4.42 384.9 

10 7.51 226.5 4.12 412.9 3.81 446.5 

11 7.63 223.0 4.10 414.9 3.27 520.2 

12 7.68 221.5 4.59 370.6 3.01 565.2 

13 7.86 216.4 5.29 321.6 2.89 588.6 

14 8.45 201.3 6.05 281.2 2.82 603.3 

15 8.70 195.5 6.68 254.7 2.93 580.6 

16 9.23 184.3 7.26 234.3 3.23 526.7 

17 9.57 177.8 8.40 202.5 3.45 493.1 

18 9.86 172.5 8.62 197.4 3.60 472.5 

19 10.21 166.6 9.45 180.0 3.86 440.7 

20 10.64 159.9 9.86 172.5 4.23 402.2 

21 11.11 153.1 10.43 163.1 5.03 338.2 

22 11.26 151.1 10.69 159.1 5.85 290.8 

23 11.46 148.4 10.66 159.6 6.03 282.1 

24 11.83 143.8 10.72 158.7 7.25 234.6 

25 11.92 142.7 11.01 154.5 7.56 225.0 

26 11.90 143.0 11.10 153.3 7.82 217.5 

27 11.93 142.6 11.21 151.8 8.22 207.0 

28 11.94 142.5 11.26 151.1 9.20 184.9 

29 11.68 145.6 11.14 152.7 10.41 163.4 

30 11.96 142.2 11.45 148.6 10.32 164.8 
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Table A7 Flowrate of outlet gases in CNT synthesis at various Tpyro and moil/fer 3:1 

Pyrolysis 

time (min) 
Tpyro 800 ๐C Tpyro 850 ๐C Tpyro 900 ๐C 

Lapse 

times (s) 

Flowrate  

(cm3/min) 

Lapse 

times (s) 

Flowrate  

(cm3/min) 

Lapse 

times (s) 

Flowrate  

(cm3/min) 

 1  Clock time < 2 s 

2 2.70 161.9 3.21 192.9 3.19 191.4 

3 2.80 167.9 3.01 180.6 3.21 192.4 

4 2.94 176.3 2.91 174.8 3.37 202.0 

5 3.32 199.4 2.88 173.1 3.67 220.1 

6 3.87 232.4 3.65 219.2 4.52 271.3 

7 4.10 245.8 4.10 246.2 4.80 287.8 

8 4.67 280.3 4.70 282.1 5.59 335.5 

9 5.44 326.5 5.48 329.0 6.41 384.9 

10 5.85 350.8 6.30 378.0 7.44 446.5 

11 6.02 361.2 6.78 407.0 8.67 520.2 

12 6.19 371.4 7.29 437.3 9.42 565.2 

13 6.30 378.0 8.03 481.9 9.81 588.6 

14 5.53 331.6 7.68 461.0 10.05 603.3 

15 5.18 311.0 7.21 432.9 9.68 580.6 

16 4.72 283.1 6.88 412.9 8.78 526.7 

17 3.97 237.9 6.08 365.1 8.22 493.1 

18 3.45 207.0 5.46 327.8 7.88 472.5 

19 3.22 193.1 4.98 299.0 7.35 440.7 

20 3.09 185.3 4.71 282.6 6.70 402.2 

21 2.98 178.7 4.38 262.5 5.64 338.2 

22 2.90 174.1 3.88 232.7 4.85 290.8 

23 2.83 169.8 3.38 202.5 4.70 282.1 

24 2.75 165.0 3.06 183.3 3.91 234.6 

25 2.74 164.5 2.98 178.5 3.75 225.0 

26 2.68 161.1 2.95 176.8 3.63 217.5 

27 2.66 159.7 2.92 175.0 3.45 207.0 

28 2.63 158.0 2.87 172.0 3.08 184.9 

29 2.58 154.5 2.80 168.1 2.72 163.4 

30 2.57 154.4 2.72 162.9 2.75 164.8 
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APPENDIX B 

Surface area of Fe catalysts 

 

An increase in size of Fe particles resulting in a decrease of surface area was 

shown as followed. 

 

 

 

 

 

 

 

Declaration all parameters 

𝑉𝑅 = Volume of big Fe cluster (m3)      

𝑉𝑟 = Volume of small Fe cluster (m3) 

R = Radius of big Fe cluster (m)     

 r = Radius of small Fe cluster (m) 

𝑆𝑅 = Surface area of big Fe cluster (m2)  

𝑆𝑟 = Surface area of small Fe cluster (m2) 

𝑆𝑟𝑛 = Surface area of small Fe cluster (m2) of n units combined 

Assumption 

1. 𝑉𝑅 = 𝑛𝑉𝑟  ; 𝑛 = number of small Fe clusters 

2. 𝑟1 =  𝑟2  =  𝑟3  =  𝑟𝑛  ; small clusters have same radius 

3. Fe cluster has a spherical shape  

Fe cluster 

𝑉𝑅 

Fe cluster 

𝑉𝑟 

Fe cluster 

𝑉𝑟 

Fe cluster 

𝑉𝑟 
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Solution  

 

Big Fe cluster  

Volume of big Fe cluster 1 unit 𝑉𝑅 =  
4

3
𝜋R3   so,  R =  √

3

4

𝑉𝑅

𝜋

3
  m 

Surface area of big Fe cluster 1 unit  𝑆𝑅 = 4𝜋𝑅2 = 4𝜋(√
3

4

𝑉𝑅

𝜋

3
 )2                      m2 

 

Small Fe clusters  

Volume of small Fe cluster 1 unit 𝑉𝑟 =  
4

3
𝜋r3   so,  r =  √

3

4

𝑉𝑟

𝜋

3
  m 

Surface area of small Fe cluster 1 unit  𝑆𝑟 = 4𝜋𝑟2 = 4𝜋(√
3

4

𝑉𝑟

𝜋

3
 )2         m2 

So, 𝑆𝑟𝑛 = 𝑛𝑆𝑟  

𝑆𝑟𝑛 = 𝑛(4𝜋𝑟2) = 𝑛4𝜋(√
3

4

𝑉𝑟

𝜋

3

 )2 

Ratio of 𝑆𝑟𝑛/𝑆𝑅  

𝑆𝑟𝑛

𝑆𝑅
=

𝑛4𝜋( √
3

4

𝑉𝑟
𝜋

3
 )2

4𝜋( √3

4

𝑉𝑅
𝜋

3
 )2

=
𝑛(𝑉𝑟)

2
3⁄

(𝑉𝑅)
2

3⁄
=

𝑛(
𝑉𝑅
𝑛

)
2

3⁄

(𝑉𝑅)
2

3⁄
= 𝑛

1
3⁄ ≥ 1           ; 𝑛 ≥ 1  

Thus, it can be concluded that surface area of small Fe clusters with 𝑛 units 

combined (𝑆𝑟𝑛) is higher than surface area of big Fe cluster (𝑆𝑅) if 𝑛 ≥ 2. 
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APPENDIX C 

Curve fitting of Raman spectra  

    

Fig. C1 Raman spectram of synthesized CNTs at various moil/fer (a) 1:1 (b) 2:1 and (c) 

3:1 and various Tpyro (d) 800 °C (e) 850 °C (f) 900 °C  

T
pyro

 900 °C 

T
pyro

 900 °C 

T
pyro

 900 °C 

m
oil/fer 

3:1 

m
oil/fer 

3:1 

m
oil/fer 

3:1 

(a) 
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(c) 

(d) 

(e) 

(f) 
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APPENDIX D 

An impregnation of Ni-Fe bimetallic on CNTs 

  

Thirty weight percentage of metal loading with various weight ratio of Ni 

to Fe could be calculated based on weight of CNTs (CNTs 100 g with total metal 

30 g). Ni(NO3)2∙6H2O and Fe(NO3)3∙9H2O were used as metal precursors, while 

solvent would be ethanol. The calculation of metal nitrate requirement was shown 

in Eq.D1. 

Metal nitrate required = 
𝑔 𝐶𝑁𝑇×%𝑙𝑜𝑎𝑑𝑖𝑛𝑔× %𝑚𝑒𝑡𝑎𝑙 ×𝑀𝑊𝑚𝑒𝑡𝑎𝑙 𝑠𝑎𝑙𝑡

𝑀𝑊𝑚𝑒𝑡𝑎𝑙 𝑎𝑡𝑜𝑚
   Equation D1 

Where  

𝑔 𝐶𝑁𝑇  = weight of CNT using as support material (0.2 g) 

%𝑙𝑜𝑎𝑑𝑖𝑛𝑔 = weight percentage of total metal loading on CNT (30 wt%) 

%𝑚𝑒𝑡𝑎𝑙 = weight percentage of Ni or Fe in total metal loading (0 to 100%) 

𝑀𝑊𝑚𝑒𝑡𝑎𝑙 𝑠𝑎𝑙𝑡 = molecular weight of Ni(NO3)2∙6H2O or Fe(NO3)3∙9H2O  

   ( 290.79 g/mol and 403.10 g/mol, respectively) 

𝑀𝑊𝑚𝑒𝑡𝑎𝑙 𝑎𝑡𝑜𝑚 = molecular weight of Ni or Fe  

                            (58.7 g/mol and 55.8  g/mol, respectively)  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 81 

Example calculation of Ni(NO3)2∙6H2O required in 30 wt% Ni75Fe25/CNTs 

catalyst (CNTs 0.2 g, %𝑙𝑜𝑎𝑑𝑖𝑛𝑔 = 30%, %𝑁𝑖 = 75%, %𝐹𝑒 = 25%,   ) 

• Ni(NO3)2∙6H2O required was calculated from Eq. D1 

Ni(NO3)2∙6H2O required = 
0.2 ×0.3 ×0.75 × 290.79

58.7
 = 0.2229 g 

• Fe(NO3)3∙9H2O required was calculated from Eq. D1 

Fe(NO3)3∙9H2O required = 
0.2 ×0.3 ×0.25 × 403.10

55.8
 = 0.1084 g 

 

Table D1 Weight of Ni(NO3)2∙6H2O and Fe(NO3)3∙9H2O requirement for each 

various Ni to Fe weight ratio 

Ni:Fe wt. 
ratio 

%Ni %Fe 
Ni(NO3)2∙6H2O 

(g) 
Fe(NO3)3∙9H2O 

(g) 

1:0 100 0 0.2972  

3:1 75 25 0.2229 0.1084 

1:1 50 50 0.1486 0.2167 

1:3 25 75 0.0743 0.3251 

0:1 0 100  0.4334 
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APPENDIX E 

Actual Ni to Fe weight ratio on synthesized CNTs 

 

Table E1 Actual weight (g) of metal nitrate used in impregnation method 

Ni:Fe wt. ratio Ni(NO3)2.6H2O Ni (FeNO3)3.9H2O Fe 

1:0 0.305 0.062 0 0.000 

3:1 0.228 0.046 0.116 0.016 

1:1 0.148 0.030 0.226 0.031 

1:3 0.079 0.016 0.329 0.046 

0:1 0 0.000 0.438 0.061 

 

Table E2 Average percentage of Ni-Fe which was analyzed from EDX of Ni-

Fe/CNT catalyst compared with average calculated percentage of Ni-Fe for 

impregnation 

  

Ni:Fe wt. ratio 

Impregnation method EDX 

Ni(g) Fe(g) 

Ni:Fe 

wt. ratio Ni (wt%) Fe (wt%) 

Ni:Fe 

wt. ratio 

1:0 0.062 0.000 100:0 33 14 70:30 

3:1 0.046 0.016 74:26 23 18 55:45 

1:1 0.030 0.031 49:51 12 23 33:67 

1:3 0.016 0.046 26:74 6 24 20:80 

1:1 0.000 0.061 0:100 0 23 0:100 
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APPENDIX F 

Calculation of CO2 conversion and CH4 selectivity 

CO2 conversion 

CO2 conversion could be calculated from Eq.3 in section 3.4. 

𝑋𝐶𝑂2(%) =  
[𝐶𝑂2]𝑖𝑛×𝐹𝑖𝑛−[𝐶𝑂2]𝑜𝑢𝑡×𝐹𝑜𝑢𝑡

[𝐶𝑂2]𝑖𝑛×𝐹𝑖𝑛
× 100   Equation 3 

Where 

𝑋𝐶𝑂2   = CO2 conversion (%) 

[𝐶𝑂2]𝑖𝑛  = Concentration of CO2 in Feed (mol/mL) 

[𝐶𝑂2]𝑜𝑢𝑡  = Concentration of CO2 in Product (mol/mL) 

𝐹𝑖𝑛   = Feed flowrate (mL/min) 

𝐹𝑜𝑢𝑡   = Product flowrate (mL/min) 

 

Example 30 wt% Ni/CNT catalyst 

• Feed flowrate (𝐹𝑖𝑛) could be measured from gas flowmeter before reaction. 

(76.9 mL/min) 

• Product flowrate (𝐹𝑜𝑢𝑡) could be calculated from Eq. F1 as shown in Table F1. 

Average time was measured from soap-film meter at the end of reaction time of 

20 min in which the volume of soap-film meter was 8.32 mL. 

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 (
𝑚𝐿

min
) =  

8.32 𝑚𝐿

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑡𝑖𝑚𝑒 (𝑠)
× (

60 𝑠

1 𝑚𝑖𝑛
)  Equation F1 
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Table F1 Product flowrate (𝐹𝑜𝑢𝑡) using 30 wt% Ni/CNT catalyst 

Time (s) / 8.32 mL Average time (s)  𝐹𝑜𝑢𝑡 (mL/min) 

8.06 8.10 8.05 8.07 61.9 

 

• Concentration of CO2 in feed was calculated from peak area of GC-MS before 

reaction and slope from calibration curve. The sample volume was 0.25 mL. 

 

[𝐶𝑂2]𝑖𝑛 =  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐶𝑂2 𝑖𝑛

𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 (𝑚𝑜𝑙−1)
  Equation F2 

Slope of the calibration curves were obtained from the plot of peak area of gases 

(CO2, CH4, CO) and mol of CO2, CH4, CO as shown in Table F2. Calibration curves 

were shown in Figure G1-G3. 

Table F2 slope of calibration curves 

Gases mol-1 

CO2 6.54×1010 

CH4 4.86×1010 

CO 8.87×1010 

 

So, for 30 wt% Ni/CNT catalyst,  

 

[𝐶𝑂2]𝑖𝑛 =  

87836 + 86901
2 ×

1
0.25

6.54 × 1010
= 5.34 × 10−6 mol/mL 

 

• Concentration of CO2 in product was calculated from peak area of GC-MS 

during reaction and slope from calibration curve. The sample volume was 0.25 

mL. Average peak area was obtained at the end of reaction time of 20 min where 

the reaction was in steady state. 
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[𝐶𝑂2]𝑜𝑢𝑡 =  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐶𝑂2 𝑜𝑢𝑡

𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 (𝑚𝑜𝑙−1)
   Equation F3 

So, for 30 wt% Ni/CNT catalyst,  

 

 [𝐶𝑂2]𝑜𝑢𝑡 =  

67196 + 67136
2 ×

1
0.25

6.54 × 1010
= 4.11 × 10−6  mol/mL 

 

Thus, CO2 conversion of 30 wt% Ni/CNT catalyst 

 

𝑋𝐶𝑂2(%) =  
5.34 × 10−6 × 76.9 − 4.11 × 10−6 × 61.9

5.34 × 10−6 × 76.9
× 100 = 38% 

 

CH4 selectivity 

CH4 selectivity could be calculated from Eq.4 in section 3.4. 

𝑆𝐶𝐻4(%) =  
[𝐶𝐻4]𝑜𝑢𝑡

[𝐶𝑂]𝑜𝑢𝑡+[𝐶𝐻4]𝑜𝑢𝑡
× 100     Equation 4 

[𝐶𝐻4]𝑜𝑢𝑡  = Concentration of CH4 in Product (mol/mL) 

[𝐶𝑂]𝑜𝑢𝑡  = Concentration of CO in Product (mol/mL) 

 

Concentration of CH4 and CO in product were calculated from peak area of GC-

MS before reaction and slope of calibration curve shown in Table F2. The sample 

volume was 0.25 mL. Equations were shown in Eq. F4 and Eq. F5. 

[𝐶𝐻4]𝑜𝑢𝑡 =  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐶𝐻4 𝑜𝑢𝑡

𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 (𝑚𝑜𝑙−1)
   Equation F4 

 

[𝐶𝑂]𝑜𝑢𝑡 =  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝐶𝑂 𝑜𝑢𝑡

𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 (𝑚𝑜𝑙−1)
   Equation F5 
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So, for 30 wt% Ni/CNT catalyst, 

 

 [𝐶𝐻4]𝑜𝑢𝑡 =   

25541 + 24927
2 ×

1
0.25

4.86 × 1010
= 2.08 × 10−6  mol/mL 

 

[𝐶𝑂]𝑜𝑢𝑡 =  

4130 + 4102
2 ×

1
0.25

8.87 × 1010
= 1.86 × 10−7  mol/mL 

 

Thus, 

 

𝑆𝐶𝐻4(%) =  
2.08 × 10−6(61.9)

1.86 × 10−7(61.9)  + 2.08 × 10−6(61.9)
× 100 = 95 % 
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Table F3 𝐹𝑖𝑛 and 𝐹𝑜𝑢𝑡 of all catalysts 

Catalysts 𝐹𝑖𝑛 

(mL/min) 
Time (s) / 8.32 mL 

Average 

time (s) 

𝐹𝑜𝑢𝑡 

(mL/min) 

30%Ni/CNT 76.9 8.06 8.10 8.05 8.07 61.9 

30%Ni75Fe25/CNT 76.9 6.97 7.07 6.93 6.99 71.4 

30%Ni50Fe50/CNT 76.4 6.32 6.36 6.30 6.33 78.9 

30%Ni25Fe75/CNT 76.4 6.18 6.17 6.14 6.16 80.9 

30%Fe/CNT 77.1 6.43 6.47 6.36 6.42 77.8 

30%Ni/CNT-T250 77.5 6.89 7.06 7.08 7.01 71.2 

30%Ni/CNT-T300 77.5 7.501 7.400 7.553 7.48 66.7 

30%Ni/CNT-T350 76.9 8.06 8.10 8.05 8.05 61.9 

30%Ni/CNT-T400 77.1 7.233 7.195 7.155 7.19 69.4 
 

Table F4  Peak area of 𝐶𝑂2,𝑖𝑛 and 𝐶𝑂2,𝑜𝑢𝑡 for all catalysts 

Catalysts 𝐶𝑂2,𝑖𝑛 𝐶𝑂2,𝑜𝑢𝑡 

30%Ni/CNT 87836 86901 67196 67136 

30%Ni75Fe25/CNT 87604 87033 71192 71189 

30%Ni50Fe50/CNT 87701 87016 81372 76890 

30%Ni25Fe75/CNT 87591 87146 80534 77627 

30%Fe/CNT 86702 88078 83154 83126 

30%Ni/CNT-T250 83738 88466 73072 75270 

30%Ni/CNT-T300 83628 88127 65981 65981 

30%Ni/CNT-T350 87836 86901 67196 67136 

30%Ni/CNT-T400 85825 87684 80071 83516 
 

Table F5  Peak area of 𝐶𝐻4,𝑜𝑢𝑡 and 𝐶𝑂𝑜𝑢𝑡 for all catalysts 

Catalysts  𝐶𝐻4,𝑜𝑢𝑡 𝐶𝑂𝑜𝑢𝑡 

30%Ni/CNT 25541 24927 4130 4102 

30%Ni75Fe25/CNT 15440 15596 4503 4595 

30%Ni50Fe50/CNT 595 488 5764 7483 

30%Ni25Fe75/CNT 464 267 6602 4207 

30%Fe/CNT 0 0 6043 6021 

30%Ni/CNT-T250 10177 9832 6453 6705 

30%Ni/CNT-T300 20413 20413 4974 4974 

30%Ni/CNT-T350 25541 24927 4130 4102 

30%Ni/CNT-T400 6238 5849 3769 3927 
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APPENDIX G 

Calibration curves  

 

 

Figure F1 calibration curve of CO2  

 

 

Figure F2 calibration curve of CH4 
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Figure F3 calibration curve of CO  
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