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Abstract 

Thermo-chemical conversion of plastics provides an economic flexible and 

environmentally friendly method to recycle waste plastics, and generates valuable 

materials, such as carbon nanotubes (CNTs) and syngas. The development of catalysts 

is a key challenge for improving the quantity and quality of CNTs. In this study, 

spherical catalysts loaded with Ni were studied to control CNTs growth using waste 

plastic as the feedstock. Three parameters were studied, including catalytic temperature, 

Ni content and plastics/catalysts ratio. A fixed two-stage reactor was used for thermal 

pyrolysis of plastic waste and the materials were characterized with various methods 

including scanning electronic microscopy (SEM), temperature programme oxidation 

(TPO) and X-ray diffraction (XRD). The results showed that different contents of Ni 

loaded on sphere results in the formation of metal particles with various sizes, thus 

leading to CNTs production with different quantity and quality. In addition, an optimal 

catalytic temperature at 800 °C is suggested for CNTs formation with the Ni/sphere 

catalyst, as the catalyst might not be activated at 600 °C and 700 °C.  
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1. Introduction 

Since carbon nanotubes (CNTs) were first introduced in detail by Iijima (Iijima, 1991; 

Radushkevich and Lukyanovich, 1952), it attracts much attention and interest. Carbon 

nanotubes are classified into single-walled nanotubes (SWNTs) and multi-walled 

nanotubes (MWNTs), according to different atomic structure (Li et al., 2004). This 

material has extraordinary properties, for example, high mechanical strength (100 times 

more than copper conductivity), good electrical and high thermal stability, and the 

related promising potential applications (Zhuo and Levendis, 2014). Various methods 

have been developed and studied for CNTs synthesis, such as laser ablation, arc 

discharge and chemical vapor deposition (Mishra et al., 2012). Chemical vapor 

deposition (CVD), due to its relatively low cost and capable of producing large amount 

of CNTs in short time, is currently the most widely used. This method used hydrocarbon 

gases as carbon sources and catalysts particles to nucleate the CNTs growth 

(Trojanowicz, 2006). Hydrocarbon gases come from thermal conversion of feedstock, 

including methane, ethylene, hydrogen and carbon monoxide. For example, six 

different hydrocarbons (methane, hexane, cyclohexane, benzene, naphthalene and 

anthracene) were studied as carbon precursors to produce CNTs over Fe/MgO catalysts 

by Li et al. (Li et al., 2004). Methane was reported more chemically stable for SWNTs 

formation. Ago et al. investigated CNTs yield with CH4 as feedstock and Fe-Mo binary 

as catalysts (Ago et al., 2006). In addition, Lee et al. (Lee et al., 2003) studied the 

performance of catalysts for CNTs growth from mixed gases. Fe-based catalyst was 

found to be the most active one for CNTs growth under CO/NH3 flow with a ratio of 

18. 

Alternative carbon sources derived from plastics waste (including polypropylene PP, 

polyethylene PE and so on) can also be used to reduce the cost of CNTs production and 

to manage the increasing amount of plastic wastes. This process have been recently 

studied. For example, Panahi et al. investigated the influence of different plastics (PE, 

PP PET, and PS) on produced CNTs. The results revealed that PP was the most 

productive plastic feedstock, which was contributed to the high carbon content and the 
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ratio of hydrocarbons to other gases generated after pyrolysis at 800 ℃ (Panahi 2019). 

Hard plastics such as phenolic formaldehyde as carbon source was also be used for 

CNTs production by Gao et al. (Gou et al., 2020), as recently reported that using Al2O3 

supported Ni and Fe catalyst yielded CNTs ~ 24.07 % and 34.39 %, respectively. Yao 

et al. (Yao and Wang, 2020) revealed that the CNTs growth from Ni-based catalyst 

through diffusion of carbon nucleated on the Ni surface rather than precipitation from 

nickel carbide (Ni3C). Acomb et al. (Acomb et al., 2015) evaluated the effect of 

feedstock to catalysts ratio and temperature on the CNTs production from plastics waste 

(low density polyethylene), an increase temperature and higher usage of plastic was 

reported to form higher yield of CNTs. Later on, Ni, Fe, Co and Cu on alumina 

supported catalysts were studied to produce CNTs from LDPE feedstock. Results 

showed that Fe and Ni catalysts produced the highest yield of CNTs owing to the proper 

strength of metal-support interactions (Acomb et al., 2016). Mishra et al. (Mishra et al., 

2012) used waste polypropylene (PP) as precursor for synthesizing CNTs by CVD 

method in the presence of Ni based catalysts at three different temperatures (600, 700, 

and 800℃). The purest CNTs was formed at 800℃. Therefore, Ni-based catalyst was 

proved to be a cost-effective catalyst with high catalytic performance in CNTs 

production from thermal-chemical conversion of plastics. 

Catalyst support has been demonstrated to play a vital role in the determination of the 

catalytic performance on CNTs growth. Spherical alumina as an effective catalyst 

support have been used in various reactions, such as ethanol reforming (Fajardo and 

Probst, 2006), methanol reforming (Lindström et al., 2002), ethylene glycol reforming 

(Kiadehi and Taghizadeh, 2018). In CNTs synthesis, spherical alumina supported 

catalyst have been demonstrated to influence the orientation of CNTs growth (Dichiara 

and Bai, 2012; He et al., 2011, 2010) and the structures of grown CNTs (Han et al., 

2004). However, the current researches have not yet revealed the influences of spherical 

structure alumina catalyst on CNTs synthesis using of plastics waste as carbon source. 
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Here, in this research, Ni/sphere was used as catalysts to produce CNTs from plastics 

waste by CVD process. The mechanism of CNTs formation for this special structure 

catalysts, assisted with different parameters (temperatures and catalysts content) were 

investigated.  

2. Experimental  

2.1 Materials preparation 

High density polyethylene plastics (HDPE) pellets with 2mm diameter provided by Poli 

Plastics Pellets were consumed as feedstock in this study. Catalysts were prepared by 

impregnation method. Catalyst substrate used in this study was aluminium oxide sphere, 

which was purchased from Alladdin. The received sphere alumina catalyst was dried 

in oven at 100 oC for 24 hours. Then the required amounts (0.1 and 1.0 mol L-1) of Ni 

(NO3)2.6H2O were dissolved in water. The formed solution was dropped on the spheres 

until it saturated. The obtained wet Ni/sphere was dried in the oven at 100 oC for 24hrs, 

then calcined in air at 750 oC with 2 oC min-1 heating rate for 3 hours. It is noted that 

the Ni/sphere catalysts prepared from using 0.1 and 1.0 mol L-1 Ni (NO3)2.6H2O was 

assigned as 0.1/sphere and 1.0/sphere, respectively in this paper. 

 

2.2 CNTs synthesis from catalytic pyrolysis of plastics 

A two-stage catalytic thermal-chemical conversion reaction system (Figure 1.) 

consisting of a plastic pyrolysis stage and a catalytic gasification stage. In each 

experiment, about 1 g HDPE was pyrolysed at around 500 °C at the first stage. Different 

reaction temperatures were used in the second stage (600 °C, 700 °C, and 800 °C). N2 

was used as carrier gas with 100 ml min-1 flow rate. The total reaction time was 60 mins. 

The system was then slowly cooled down to the room temperature with continuous 100 

ml min-1 N2 gas. The spent Ni/sphere catalyst including the grown CNTs were collected 

for further characterizations. The optimum reaction parameters were studied in relative 

to their influences on the growth of CNTs. 
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Figure 1. A schematic diagram of the reactor for the synthesis CNTs from waste 

plastics by Ni/sphere catalysts 

2.3 Sample characterization  

A scanning electron microscope (SEM) Stereoscan 360 and a transmission electron 

microscope (TEM) JEOL 2010 were used to analyse the surface and the internal 

morphology of original aluminum oxide sphere. Energy dispersive spectroscope in 

TEM was to further identify the elements of sphere. Sample crystallinity was evaluated 

by powder X-ray diffraction (XRD), analyzed by Stoe IPDS2 software. CNTs 

formation on the Ni/sphere after catalytic pyrolysis reaction was also investigated by 

SEM and TEM. Distribution of CNTs diameters according to SEM results was carried 

out using Image-J software. Temperature programmed oxidation (TPO) of the spent 

Ni/sphere catalysts was analysed to obtain the information of carbon formation. The 

mechanism for CNTs formation on sphere catalysts at different reaction temperatures 

were carried out combining with SEM analysis.  

3. Results and discussion 

3.1 Optimum reaction parameters investigation 

The reaction parameters CNTs formation from catalytic pyrolysis of plastics play 

important roles. Different parameters could influence the morphology, length and 

diameter of CNTs, the growth rate of CNTs and also reaction mechanism in the process 
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(Dasgupta et al., 2011). Therefore, optimum parameters for particular catalyst need to 

be studied for particular catalysts to produce the optimum quality and quantity of CNTs.  

In this research, two reaction parameters using sphere catalysts were investigated in 

relation to the effect on the CNTs formation from plastics waste, temperature and metal 

loading content. When the effect of Ni content (0.1 and 1.0 molL-1) was studied, 

thermochemical conversion of waste HDPE was investigated at 800 °C. When the 

effect of reaction temperature (600, 700, and 800 °C) was studied, the 1.0/sphere 

catalyst was used. CNTs formation from thermochemical conversion of plastics waste 

was investigated according to both quantitative analysis and qualitative analysis. The 

quantitative analysis of CNTs was further discussed based on amount of amorphous 

and filamentous carbons obtained from TGA-TPO analysis of the spent catalysts. And 

the quality of CNTs production is analysed and discussed mainly based on SEM and 

TEM results.  

3.1.1 Influence of reaction temperature 

Original sphere substrate without Ni loading was studied by XRD, SEM and TEM 

analysis. Sphere substrate was identified as Al2O3 by XRD analysis (Figure 2), and 

consist of 44.1 wt.% Al element and 55.9 wt.% O element, respectively (EDX analysis). 

Figure 3(A) shows a simulated sphere substrate with regular sphere shape and about 

0.75 mm radius. SEM results (Figure 3(B)) further demonstrate the shape and diameters 

of sphere substrate. It is solid inside of the sphere (cross-section image shown in Figure 

3(C)) and Al2O3 with short fibre structure (Figure 3(D)) was clearly showed in TEM 

result. 
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Figure 2. XRD and EDX-TEM analysis for original fresh Ni/sphere catalysts without 

Ni loading 

 

Figure 3. Original sphere structure: (A) simulated spherical structure of substrate; (B) 

SEM image of spherical alumina; (C) SEM image of the cross-section of sphere 

alumina; (D) TEM image of sphere alumina. 

 

At present, the widely accepted CNTs growth mechanism can be described in Figure 4 

(Yellampalli, 2011). There are two general mechanisms according to the interaction 

between catalysts and substrate, tip-growth model (Figure 4(B)) and base-growth 

model (Figure 4(C)). When the catalyst-substrate interaction is weak, hydrocarbon 

decomposes on the top surface of the catalyst metal, carbon diffuses through catalytic 
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particles. And CNTs are formed across the bottom of metal particles, pushing the 

catalyst particle off the substrate. The CNTs growth process continues until the catalytic 

activity ceases. For the base-growth model, when the catalyst-substrate interaction is 

strong, initial hydrocarbon decomposition and carbon diffusion take place similar to 

that in the tip-growth model, but the catalyst particles remain at the bottom of the 

substrate. 

 

Figure 4. Schematic representation of CNTs growth mechanism. 

Based on this CNTs growth mechanism, CNTs growth and synthesis on Al2O3 sphere 

substrate from waste plastics was investigated with the help of TEM and SEM analysis. 

Figure 5 presents the TEM images of the fresh 0.1/sphere and 1.0/sphere catalysts.  

Metal particles on the surface of the alumina sphere can be clearly observed. CNTs 

were synthesised under three different temperatures including 600 °C, 700 °C and 

800°C. The produced CNTs on the surface of the catalyst were studied using SEM on 

both cross-section and the surface of the spent sphere catalysts (Figure 6). It is noted 

that the produced filamentous carbons are assumed to be CNTs which were confirmed 

by TEM analysis. At 600 °C, small amount of CNTs could be observed on the surface 

or inside (cross-section) of the spent catalysts. With the increase of temperature to 

700 °C, some short and disordered amorphous CNTs are observed on the surface of 

sphere. However, inside the catalysts (cross section SEM analysis), CNTs are not 

observed. With the further increase of catalytic reaction temperature to 800 °C, many 

filamentous CNTs are observed on the surface of the spent catalysts. However CNTs 

could still not be found from the cross-section of the spent catalysts.  
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According to the SEM analysis of the spent catalysts used at three different 

temperatures, the growth of CNTs could not happen inside the spent alumina sphere-

based catalysts. Therefore, the CNTs growth mechanism is proposed in Figure 6 (A) 

and (B). Metal particles were loaded on the surface of sphere, the Ni-liquid couldn’t 

permeate inside the sphere by this co-precipitation method, therefore, there was no 

CNTs gown inside of spent catalysts. This is consistent with early research reported by 

Nahil et al.(Nahil et al., 2015). The Ni-based catalysts with poorest porosity structures 

resulted in the highest CNTs yield, which indicating that the CNTs formation mainly 

occurs on the surface of catalysts. 

 

 

Figure 5. TEM results for (A) 0.1 and (B) 1.0 fresh Ni/sphere catalysts 
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Figure 6. SEM results of the cross-section and surfaces of the reacted Ni/sphere 

catalysts at three different temperatures (600 °C, 700 °C, 800 °C). 

The effect of reaction temperature on the growth of CNTs through thermal conversion 

from HDPE is studied using Ni/sphere catalysts. Three different reaction temperatures 

(600 °C, 700 °C and 800 °C) were investigated using the 1.0/ sphere catalyst. Scanning 

electron microscope (SEM), and temperature program oxidation (TGA-TPO and DTG-

TPO) analysis were carried out to the spent catalysts. SEM results (Figure 6) reveals 

that CNTs cannot grow at 600 °C. CNTs are observed between 700 °C and 800 °C with 

different structure and yield. At 600 °C, no CNTs can be observed from SEM image; 

most of the deposited materials were carbonaceous or amorphous carbon, which 

extensionally proved by TPO analysis. At 700 °C, small amount of CNTs mixed with 
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amorphous carbons are observed. Increasing the temperature to 800 °C results in the 

formation of many carbon nanotubes with aligned and uniform diameter. This 

observation is further supported by TPO analysis (Figure 7). At reaction temperature of 

600 °C, the oxidation of carbons only happens below 550 °C indicating the absence of 

CNTs which are normally oxidised above 550 °C. For amorphous carbons (oxidation 

temperature below 550 °C), the yield was decreased from 1.2 to 1.0 wt. %, when the 

temperature is increased from 700 °C to 800 °C. This result is consistent with the SEM 

analysis (Figure 6), where amorphous carbons could be clearly observed on the spent 

catalyst tested at 700 °C. Furthermore, the formation of CNTs is increased from 1.0 

wt. % and 7.5 wt. % when the reaction temperature was increased 700 °C and 800 °C. 

DTG-TPO results show that the oxidation peak moved to higher temperature with the 

increase of experimental temperature from 600 °C and 800 °C, indicating that the CNTs 

might be more crystalized at 800 °C reaction temperature.  

The results suggest that the quantity and quality of CNTs are improved with increasing 

temperature using the Ni/sphere catalysts. This is also consistent with other research on 

the effected of temperature on CNTs formation. For example, Acomb et al. (Acomb et 

al., 2015) reported the effect of growth temperature (700 °C, 800 °C, and 900 °C) on 

the CNTs production using low density polyethylene (LDPE) with Fe/Al2O3 as catalyst. 

They reported that a higher temperature generated a higher fraction of CNTs formation. 

Also, Hornyak et al. (Hornyak et al., 1999), who investigated the CNTs formation with 

Co-based catalysts from propylene gas, found that amorphous carbons were formed at 

around 550 °C, while CNTs were formed at temperature higher than 800 °C.  

CNTs are formed by hydrocarbon atom dissolving, diffusion and precipitating through 

the catalyst in CVD process, and the rates of these three steps are affected by both 

temperature and the concentration of carbon atoms (MUATAZ et al., 2006). Higher 

temperature seems to produce well crystallized, uniform, less defective nanotube with 

high yield and purity. The effect of reaction temperature on CNTs synthesis by CVD is 

mainly related to carbon source and catalytic activity. In this study, higher reaction 

temperature promotes the decomposition of HDPE to increase the concentration of 
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carbon atoms, which could increase the growth rate of CNTs formation. And the 

dissolving and diffusing rates of carbon atoms could also be increased with the increase 

of reaction temperature. The research from Wu and Williams (Wu and Williams, 2010) 

supports this, they reported that more reactive carbon sources were produced from 

pyrolysis of waste plastics at higher temperature. Lee et al. (Lee et al., 2001) also 

reported higher temperature promoted the diffusion and reaction rates of carbons, 

resulting in the enhanced formation of CNTs. Therefore, in this study, less amorphous 

carbons and more CNTs were formed at 800 °C compared to 600 °C. In addition, the 

reaction temperature could also affect the catalytic conversion of hydrocarbons derived 

from pyrolysis of plastics. For example, Mishra et al. (Mishra et al., 2012) synthesized 

MWCNTs at three different temperatures (600 °C, 700 °C, and 800 °C) from pyrolytic 

degradation of PP with Ni catalysts; they found the increase of temperature resulted in 

the decrease of amorphous carbons and the increase of CNTs purity. Therefore, 800 °C 

was assumed as the optimum temperature for this study. 

 

  Figure 7. TPO results and corresponding DTG results of the spent 1.0/sphere 

catalysts at 600 °C, 700 °C, and 800 °C. 

3.1.2 Influence of nickel loading  

Thermochemical conversion of waste HDPE was investigated in the presence of 

Ni/sphere catalysts with different Ni contents at 800 °C. Figure 8(A) and (B) show the 

SEM results and corresponding TEM results for the produced filamentous carbons. 
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Large amount of filaments carbons are observed on the surface of the spent 0.1 and 

1.0/sphere catalysts. TEM results further prove that the filaments carbons are mostly 

CNTs. Using SEM images, it is difficult to distinguish the quantity and quality between 

the 0.1 and 1.0/sphere catalysts. For qualitative comparison, the average diameters of 

CNTs with standard deviation (Figure 8(a) and (b)) were analysed and discussed 

according to the SEM results using Image J, representative. The standard deviation (SD) 

number can be used as a main factor to identify the quality of CNTs formation; a better 

quality of CNTs is identified with a smaller SD number (Liu et al., 2018). It could be 

noticed that the diameter of CNTs is slightly increased with an increase of Ni content. 

The 0.1/sphere catalyst produce CNTs with a diameter of 40.2 ± 8.6 nm, and the 

1.0/sphere catalyst result in CNTs with a larger diameter of 55.2 ± 7.9 nm. It is reported 

that an increase of metal content led to an increase metal particle sizes (Jiang et al., 

2016)(Chen et al., 2005). For example, Daudouin et al. increased the Ni loading from 

1.0 to 18.5 wt.% to increase the catalytic particle sizes from 1.6 to 7.3 nm (Baudouin et 

al., 2013). In addition, the diameter of CNTs produced from hydrocarbon deposition 

have almost the same diameter with catalytic metal particles, due to CNTs are diffused 

by catalytic metal particles during growth process (Figure 4). Therefore, the size of 

metal particles determine the diameter of filamentous carbons (Sinnott et al., 1999). In 

this work, the average diameter of CNTs is increased from 40.2 to 55.2nm, as an 

increase of Ni loading from 0.1 to 1.0mlL-1. Similar results were also found by other 

researchers (Baker and Waite, 1975; Cheung et al., 2002; Da Silva et al., 2014; Danafar 

et al., 2009; Gorbunov et al., 2002; Lastoskie et al., 1993; Li et al., 2001; Sinnott et al., 

1999). Sinnott et al. (Sinnott et al., 1999) studied the effect of Fe content on the diameter 

of CNTs produced from ferrocene-xylene mixture through CVD. They reported that the 

average Fe particle size was decreased from 35.3 to 28.2 nm with a decrease of Fe 

content from 0.75 to 0.075 at%. Cheung et al. (Cheung et al., 2002) used Fe-based 

catalysts with average diameters of 3, 9, and 13 nm to synthesize CNTs from ethylene 

with average diameters of 3, 7, and 12 nm, respectively. The standard deviation 

decreased from 8.6 nm to 7.9 nm with the increase of Ni loading indicated the improved 
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quality of CNTs. This might related to the enhanced thermal stability and graphitization 

degree by Ni species as reported by Yao et al.(Yao et al., 2017).  

The quantitative analysis on the amount of amorphous carbon productions was obtained 

by TGA-TPO analysis (Figure 9). It is assumed that the oxidation temperature below 

550 °C is assigned to amorphous carbons and the oxidation above 550 °C in TPO is 

assigned to filamentous carbons (confirmed CNTs in TEM) (Wu et al., 2017). Two 

different types of carbons separated and analysed by vertical black imaginary line 

(Figure 9). The total carbon yield could be represented by Y axis ‘the weight loss’ of 

catalyst in relation to the initial catalyst weight. According to TPO analysis of the spent 

catalysts with different Ni loadings, the formation of amorphous carbons (about 1.0 %) 

is the same for the 0.1 and 1.0/sphere catalysts, and the production of CNTs production 

is increased from 6.2 to 7.5 wt.%, when the catalyst is changed from the 0.1/sphere to 

the 1.0/sphere catalyst. Therefore, the 1.0/sphere catalyst is a better candidate for CNTs 

production in this work. 
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Figure 8. SEM, TEM results and diameter distribution CNTs for (A) 0.1 spent 

Ni/sphere catalyst and (B) 1.0 spent Ni/sphere catalyst. 

 

Figure 9. DTG-TPO and DSC results of the spent 0.1 and 1.0/ceramic at 800 °C 

 

4. Conclusion 

Carbon nanotubes produced from waste plastics using nickel based sphere catalysts 

have been studied. The formation of CNTs only occurs on the surface of catalyst. In 

addition, the carbon nanotubes formation conditions including metal loading and 

reaction temperature have been optimized from catalytic thermo-chemical conversion 

of waste plastics using nickel sphere catalysts. An optimum temperature 800 oC is 

suggested for the production of CNTs. An increase of Ni content on alumina sphere 

results in an increase of the diameter of CNTs. In addition, a higher Ni loading produces 

a higher yield of CNTs. 
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