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ABSTRACT

Recent innovative research efforts on the usage of plastic wastes as a cheap carbon source for 
carbon nanotubes (CNTs) production have emerged as a low-cost and sustainable means of 
producing CNTs. However, plastic waste-derived CNTs are rarely used in some purity-sensitive 
and high-alignment needed applications due to the poor quality of CNTs resulting from the 
abundance of impurities such as non-crystalline amorphous carbon, metallic nanoparticles, 
and other impurities. Therefore, purification is a crucial issue to be addressed to fully harness all 
potential applications of CNTs derived from waste plastic materials. Here, the effect of employ-
ing different purification methods on the morphology and purity of waste plastic-derived CNTs 
was investigated. CNTs were synthesized using waste polypropylene plastic as carbon feedstock 
via a single-stage catalytic chemical vapour deposition (CVD) technique. As-produced CNTs 
were purified using liquid-phase oxidation (chemical oxidation in nitric acid), gas-phase oxi-
dation in air, and a combination of both liquid- and gas-phase oxidation methods. The synthe-
sized and purified CNTs were characterized for morphology, purity, surface functional groups, 
thermal stability, and crystallinity using Transmission electron microscopy (TEM), Raman 
spectroscopy, Fourier Transform Infrared spectroscopy (FTIR), Thermogravimetric analysis 
(TGA), and X-ray diffraction (XRD), respectively. Results obtained showed that a combination 
of both liquid and gas phase oxidation purification techniques resulted in purer, better quality, 
and less defective CNTs with an IG’/IG value of 0.89 and ID/IG value of 0.86, while chemically 
treated CNTs (CNT-PC) presented more structurally defective CNTs and shortened nanotubes 
compared to other investigated treatment methods with an ID/IG value of 0.96. CNTs purified 
by a multi-step protocol (CNT-PAC) showed the highest weight loss of 72.3% indicating the 
highest quality and the presence of filamentous carbon. This study confirms that the choice of 
purification techniques influences the morphology and quality of plastic-derived CNTs.

Cite this article as: Modekwe H, Ramatsa I. Effect of purification methods on the quality and 
morphology of plastic waste-derived carbon nanotubes. Environ Res Tec 2024;7(1)108–117.

INTRODUCTION

Carbon nanotubes (CNTs) are a one-dimensional (1D) al-
lotropic form of carbon whose diameter exists in the nano-
meter and its length in micrometer scale [1, 2]. CNTs con-
sist of mainly three types namely: single-walled (SWCNTs), 

double-walled (DWCNTs), and multi-walled (MWCNTs). 
These materials possess extraordinary physicochemical 
properties, including high mechanical strength, excellent 
optical, thermal stability, and electrical conductivity prop-
erties, as well as large surface area, high aspect ratio, etc. 
The versatile potential applications of CNTs as functional 
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materials in various fields of science, engineering, med-
icine, manufacturing, electronics, construction, etc. [3] 
have accelerated the global CNTs production capacity from 
400–460 tons in 2013 [4] and are forecasted to reach 7000 
tons by 2025 [5]. In 2019, the global CNTs market value was 
about $670.5 million, with a compound annual growth rate 
(CAGR) of about 34% [6, 7]. Some of the existing applica-
tions of CNTs are in hydrogen storage, reinforcement mate-
rials in high-strength composites and polymers, drug deliv-
ery and tissue engineering, water purification, CO2 capture 
and storage, energy storage and conversion, catalysis, sen-
sors, etc. [1, 2]. In 2019, CNTs accounted for the highest 
market share of 26.9% in energy-related nanomaterials [8]. 
The different methods used in the synthesis of CNTs are 
laser ablation, chemical vapour deposition, and electric-arc 
discharge [1]. Depending on the method of CNTs’ produc-
tion, CNTs are usually prepared using carbonaceous mate-
rials as the sources of carbon and in the presence of heat. In 
addition, metallic catalysts are usually incorporated during 
the synthesis process to improve the product yield and also 
catalyze the breakdown of hydrocarbon molecules, thereby 
reducing the temperature gradient and the reaction rate, 
which impact the energy requirement and cost (by indi-
rectly reducing the cost of production) [9]. Depending on 
the synthesis technique employed, the nanotube powder 
produced contains a considerable number of other impuri-
ties, ranging from residual unreacted metal catalysts, amor-
phous carbon, nanocrystalline graphite, fullerenes, and 
other unwanted materials. The presence of these impurities 
reduces CNTs’ performance and potential applications in 
various fields [10, 11].
Also, heterogenous catalysts used in CNTs growth are 
embedded in various metal oxides as catalyst supports to 
achieve desired active metal stability, improve active metal 
dispersion, minimize agglomeration, and assist in obtain-
ing good and small active metal particle sizes [12]. These 
supports are very hard to remove, and using certain harsh 
purification treatment methods destroys the structural in-
tegrity of the nanotubes and restricts their performance in 
certain real-life applications [13].
The production and consumption of plastic materials have 
continued to increase over the years due to the increasing 
population as well as high demand from household and in-
dustrial applications [14]. In 2018, global plastic production 
reached 360 million tonnes [15]. According to the report by 
Geyer et al. [16], as little as 9% of the global plastic waste 
is recycled, 19% is incinerated, and 22% of this generated 
waste is mismanaged and unaccounted for, while a larger 
percentage (50%) of generated plastic wastes is discarded 
in landfills [16]. Plastics account for over 75% of the total 
marine litter [17], and it was estimated in 2010 that about 
4.8–12.7 million metric tonnes of plastic entering the ocean 
each year are mostly from land-based sources [17].
Waste plastics are composed of very high carbon content; 
the use of plastic wastes as cheap feedstock in the synthesis 
of CNTs has the potential to replace the commonly used 
high-purity light-weight hydrocarbon materials such as 

methane, acetylene, benzene, etc., which have other im-
portant industrial uses. However, due to the complex na-
ture of plastics, utilizing them as feedstock in CNTs pro-
duction results in the formation of more complicated and 
complex structures and unreacted carbon together with 
other nanomaterials (such as fullerenes, nanofibers, na-
no-onions, graphite, nanosheets, and so on). Therefore, 
apart from the usual unreacted metal catalysts, enormous 
quantities of amorphous carbons are expected as impurities 
and need to be removed from plastic waste-derived CNTs. 
Hence, choosing a particular treatment method that will re-
move all or considerable quantities of impurities present in 
plastic-derived CNTs without damaging the original length 
and structural integrity of CNTs is more of a difficult task.

The major purification methods are grouped into chemical 
and physical methods [18]. In using the chemical oxidation 
purification techniques, CNTs purification is based on the 
principle that metallic nanoparticles dissolve easily in acids 
or bases, while gas-phase oxidation treatment is also based 
on the fact that carbonaceous impurities oxidize at a fast-
er rate than CNTs [19]. Purification by chemical treatment 
presents defects on the nanotubes’ wall surface and results 
in a pentagonal structure on the nanotubes' ends, resulting 
in the loss of a considerable amount of CNTs with a de-
formed structure and morphology of the nanotubes [19].

Common oxidative treatment methods are gas-phase ox-
idation (using oxidants such as air, steam, etc. at an oxi-
dation temperature range of 225 to 760 ℃; this method is 
usually employed to remove molecules adsorbed inside the 
matrices of CNTs and oxidize thermally unstable non-crys-
talline carbon). A study by Boncel and Kozoil [20] utilized 
thermal treatment in argon for the removal of encapsulat-
ed iron metal in MWCNTs. Clancy et al. [21] conducted a 
comparison study on several purification routes (acid treat-
ment (HNO3, HCl, H2O2/HCl), gas-phase (air oxidation, 
water vapour), electrochemical reduction and reduction 
with NaNP/DMAc (using sodium naphthalide in dimethy-
lacetamide) for purifying commercial SWCNTs type (Tub-
allTM). According to their study, SWCNTs purification by air 
oxidation does not result in functionalization of the tubes, 
and amorphous carbon was significantly reduced, However, 
the technique was not efficient in metal catalyst removal.

Other oxidative treatment methods such as liquid-phase 
oxidation (which involves treatment with oxidizing agents 
and mineral acids such as KMnO4, H2O2, HNO3, H2SO4, 
or their mixtures) and electrochemical oxidation are also 
employed in the purification of CNTs [19]. Hammadi et al. 
[22] reported the purification of CNTs synthesized from 
liquified petroleum gas by flame fragment deposition us-
ing a 2-step process that involved sonicating the produced 
sample in a hydrogen peroxide solution and then ultra-
sonicating it in an acetone bath. Their TEM result indi-
cated that some residual nanocapsules (carbon quantum 
dots) were unable to be removed using this H2O/acetone 
method. Pelech et al. [23] have used two methods in the 
removal of metals from CNTs. The first step involves the 
use of acid reflux in nitric acid, and the second method in-
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volves microwave-assisted digestion. Their result suggest-
ed that microwave heating at elevated pressure improved 
the purification efficiency, and a similar removal degree 
was obtained using both acid reflux and microwave-assist-
ed acid digestion techniques.

The physical method is usually used to remove impurities 
such as nanocapsules and amorphous carbon, or even in the 
separation of different length and diameter ratios of CNTs. 
Physical treatment based on ultrasonication, size-exclusion 
chromatography, filtration, and centrifugation involves 
the separation of unwanted materials based on variations 
in gravity, physical sizes, magnetic properties, aspect ratio, 
and so on [13, 18]. Although some of these physical treat-
ment-based techniques are invariably applied in almost all 
CNTs’ purification studies. A recent study examined the ef-
fect of purification on the electrical properties of SWCNTs 
produced by electric arc discharge using thermal air oxi-
dation and acid oxidation. The reported result showed that 
purification not only impacted the electrical properties of 
SWCNTs but also affected the conductivity of SWCNTs, 
their length, and bundle diameter. Thermal air-oxidized 
SWCNTs had lower purity but higher conductivity com-
pared to acid-treated SWCNTs [24].

Little or no study in the open literature has essentially eval-
uated the influence of the various purification protocols on 
the quality and structure of plastic waste-derived CNTs, 
despite the growing research interest in the use of plastic 
wastes as a source of carbon for CNTs synthesis. Plastic 
waste-derived CNTs have proven to be a sustainable means 
of eradicating waste and also a viable, cheap, and available 
hydrocarbon raw material for producing CNTs and other 
nanomaterials [25]. There is currently no ideal purification 
method for plastic waste-derived CNTs, as the various pu-
rification routes available in the open literature are applied 
to CNTs produced from different sources. Plastic-derived 
CNTs have a higher impurity density due to their inherent 

complex hydrocarbon nature. Therefore, this study aimed 
to investigate the effect of three different purification meth-
ods on the structural morphology and purity of polypropyl-
ene (PP) waste-derived CNTs. This approach is necessary to 
open up more research efforts towards expanding the pos-
sible applications of plastic (wastes)-derived CNTs in other 
fields of science.

MATERIALS AND METHODS

Materials
Already prepared catalyst: Ni-Mo/CaO-TiO2 catalyst used 
in this work was obtained from a previous study [26]. De-
ionized water (DI water) and nitric acid (Sigma-Aldrich, 
South Africa, AR, 65% purity) were utilized in the purifi-
cation process.

Synthesis of CNTs from PP Waste
The University of Johannesburg, Doornfontein campus's 
garbage deposit/pick-up point provided the waste PP ma-
terial used (waste PP consisting of household food pack-
aging was collected at the mentioned garbage point above). 
The obtained waste materials were then washed, dried, 
and broken into small bits using a jaw crusher (Retsch SM 
200). The experiment's setup is comparable to that which 
has been previously described elsewhere [27], as shown in 
Figure 1. The system consists of a quartz tube reactor fitted 
into a tubular furnace, a gas supply system coupled to a gas 
flow control meter, and a discharge gas bubbler connected 
at the reactor end. A boat (quartz) containing 1 g of the 
already-calcined catalyst sample was placed at the center of 
the reactor. The catalyst was reduced in situ under a 120 
mL/min H2/Ar gas atmosphere at 700 °C ramped at 20 °C/
min for 30 minutes. Once the in-situ reduction was com-
pleted, the H2/Ar gas mixture was disconnected, the gas 
flow was switched to Ar, and the flow rate was decreased 

Figure 1. The schematic diagram for the production of CNTs from waste PP using the single-stage CVD technique.
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to 100 mL/min. Then, 2 g of PP waste in a quartz boat was 
gently introduced into the reactor for deposition and sub-
sequent nanomaterial formation for 30 minutes. The reac-
tor and its components were then left to cool overnight in 
an environment of Ar. To guarantee that the experiment 
could be replicated and that the findings were reliable, the 
experiment was repeated three times, and the average val-
ue of the yield was noted. The yield of carbon deposition 
was calculated based on the mass difference between the 
fresh and spent catalysts with respect to the mass of waste 
PP feedstock used, as described by [28]. The experimental 
setup for the synthesis of CNTs from waste PP feedstock is 
shown in Figure 1.

The obtained black product was utilized of as-synthesised 
(pristine) nanomaterial which were individually purified 
using (1) air oxidation (2) chemical (acid treatment) oxida-
tion, and (3) both chemical & air oxidation techniques, as 
outlined in the next section.

Purification of CNTs
Synthesized pristine CNTs were firstly pulverized using ag-
ate mortar and pestle into powder and were purified using 
three different purification protocols:

Air oxidation: In this method, 20 mg of the powdery pris-
tine CNTs sample was subjected to thermal oxidation in air 
from room temperature to 450 ℃ at a ramp rate of 10 ℃ /
min. and held for 4 hours using a tube furnace. The purified 
sample is labelled CNT-PA.

Acid oxidation treatment: 20 mg of pristine sample were 
refluxed in nitric acid for 24 hours at 80 ℃ and then filtered 
(over a 0.45 μm membrane). The filtered sample was hydro-
lyzed by ultrasonicating in DI water for 6 hours. Afterward, 
it was washed several times with DI water until the pH = 7. 
The sample was then dried at 80 ℃ in a vacuum oven for 24 
hours. The purified sample was labelled CNT-PC.

Multi-step treatment (involving both acid oxidation and air 
(gas) oxidation: The pristine material was firstly oxidized in 
air and further treated in acid. About 20 mg of pristine sam-
ple was heated in air from room temperature to 450 ℃ and 
held for 4 hours. Thereafter, the air-oxidized sample was 
further refluxed in nitric acid for 24 hours at 80 ℃, filtered, 
hydrolyzed, and ultrasonicated in DI water for 6 hours. The 
sample was further centrifuged and washed with DI water 
until the pH was neutral (pH= 7). The purified sample was 
dried at 80 ℃ in a vacuum oven for 24 hours and the sam-
ple was labelled as CNT-PAC.

The pristine CNTs, that is, the unpurified CNTs sample was 
labelled as CNT-P0. The pristine sample was hydrolyzed 
and sonicated in DI water for 6 hours and subsequently 
dried in a vacuum oven for 24 hours at 80 ℃.

Characterization of Purified Nanostructure
The microstructure of purified nanomaterials was deter-
mined using a JEM-2100 transmission electron microscope 
(TEM) instrument (operated at an accelerated voltage of 
200 k, with maximum resolution and magnification of 0.23 

nm and 1500000x, respectively). A minute amount of the 
sample was sprinkled in ethanol and sonicated for 7 min; 
then few droplets of the mixture were carefully distributed 
onto a copper grid (carbon-coated), dried, and ready for 
image capture.

The degree of purity and defectiveness of purified and pris-
tine nanomaterials were established using Raman Spectros-
copy analysis using WITec focus innovations Raman spec-
trometer which was excited with the 632 nm laser line in 
the range of 500 to 3000 cm-1.

The Thermogravimetric analysis (TGA) was conducted to 
evaluate the purity and the thermal stability of all purified 
and as-synthesized carbon products using the STA-7200RV 
HITACHI (Tokyo, Japan) thermal analyzer system from 
100 to 900 ℃ in air.

The functional groups on the side walls and surfaces of pu-
rified and pristine nanomaterials were identified by Fourier 
Transform Infrared (FTIR) analysis using the KBr pellet 
technique on spectrum 100 FTIR spectrometer (Perkin-
Elmer, Waltham, USA) scanned from 1000 to 4000 cm-1.

X-ray diffraction patterns of all purified and as-prepared 
CNTs were obtained using a Rigaku Ultima 1V X-ray dif-
fractometer (Czech Republic). Samples were X-rayed and 
recorded in the 2-theta range of 20–80 degrees with Cu Kα 
radiation, operating at 30 mA and 40 kV. The analysis of the 
data was carried out using PDXL (2.7.2.0) software.

RESULTS AND DISCUSSION

Effect of Purification Techniques on the Morphology of 
Plastic-Derived CNTs
Figure 2 depicts the TEM micrographs of pristine CNTs 
and all purified CNTs using different purification tech-
niques. CNT-P0 consists of amass of amorphous carbon, 
and residual metal catalysts appearing as black particles 
inside and outside the walls and on the tips of as-pro-
duced CNTs. Also, the presence of other graphitic ma-
terials, such as nanofiber, could be observed. Chemical 
treatment with nitric acid resulted in the rupturing of the 
wall structure and shortening of the tubes, as shown in 
Figure 2C, and indicated with arrows at several points in 
the micrograph. However, it was effective in removing 
most of the metal nanoparticles. The air oxidation tech-
nique was able to remove most of the amorphous carbon 
impurities and more importantly, this protocol did not 
create sidewall defects or damage the CNTs’ wall as in-
dicated in Figure 2B. However, a large portion of metal 
nanoparticles were not adequately removed using the air 
oxidation technique. A similar observation was reported 
by Clancy et al. [21] during their investigation on air pu-
rification of SWCNTs.

Multi-step treatment involving both gas phase oxidation 
and chemical oxidation treatment, as shown in Figure 2D, 
also presented some degree of defects on the CNTs wall 
structure, but a majority of both amorphous carbon and 
metal nanoparticles were significantly removed using this 
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technique. Therefore, gas phase oxidation treatment (CNT-
PA) resulted in less defective wall structure compared to the 
other two investigated techniques (both multi-step treat-
ment and chemical oxidation treatment).

Effect of the Various Purification Methods on the Quality 
of Plastic Waste-Derived CNTs
Figure 3 shows the Raman spectra of all purified and pris-
tine plastic waste-derived CNTs. A Raman spectroscopy 
study can be used to determine the crystallinity and degree 
of graphitization of CNTs [29, 30]. Therefore, the Raman 
spectra in Figure 3 depict three characteristic bands at 1345 
cm-1, 1574 cm-1, and 2677 cm-1 identified as D, G, and G' 
(or 2D) bands, respectively. The D-band defines the disor-
der and defects in CNTs. The G-band is linked to the pri-
mary in-plane vibrations of 2p2 carbon atoms in graphene 
[31], while the G' (or 2D) band is related to the inter-valley 
two-phonon second-order Raman scattering process [32].

The peak intensity ratio of D to G (ID/IG) is considered to be 
proportional to the extent of disorder (graphitization) and 
purity of CNTs [33]. Therefore, a high ID/IG ratio signifies the 
presence of defects or disorders in the carbon lattice struc-
ture which means reduced crystallinity. The peak intensity 

ratio of G' to G (IG'/IG) is also indicative of the graphene 
content (graphitization) and stacking of the graphene layer. 
Amongst the investigated purification methods, CNT-PC 
showed the highest ID/IG ratio of 0.96 followed by CNT-

Figure 2. TEM micrographs of all purified and as-synthesized plastic waste-derived CNTs: (A) CNT-P0, (B) CNT-PA, (C) CNT-
PC, and (D) CNT-PAC.

Figure 3. Raman spectra of pristine and all purified plastic 
waste-derived CNTs: (a) CNT-P0, (b) CNT-PA, (c) CNT-PC, 
and (d) CNT-PAC.
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PAC and CNT-PA at 0.86 and 0.80, respectively. As shown 
in Figure 3, CNT-PA showed the least defect on the CNTs’ 
walls compared to CNT-PC, which had the highest defect 
density. Therefore, the best quality CNTs were obtained in 
CNT-PA with the lowest ID/IG value. On the other hand, 
among the investigated purification protocols, the highest 
ID/IG value was obtained in CNT-PC indicating the lowest 
quality. The IG'/IG ratio of CNT-PAC was 0.89 indicating the 
high graphitic structure which means that air and chem-
ical oxidation were able to remove a considerable portion 
of impurities from the graphene layers. Therefore, CNT-PC 
presented the highest defective and disordered CNTs com-
pared to the other treatment approaches investigated; this 
observation is in good agreement with the result obtained 
from the TEM analysis.

For the non-purified CNTs (CNT-P0), the D- band showed 
a larger and broader peak. Also, the weak G'-band peak is 
indicative of the presence of higher irregularities (reduced 
purity and quality) in the stacking of the graphene layers 
[34] which may be due to the presence of other impurities 
such as complex graphitic structures, amorphous carbon, 
and metal nanoparticles.

Figure 4 depicts the thermogravimetric curves of weight 
and derivative weight with respect to the oxidation tem-
perature. Temperature-programmed oxidation (TPO) 
analysis provides salient information about the weight loss-
es and thermal stability of purified and unpurified CNTs. 
The oxidation of carbon products in air into carbon diox-
ide results in the weight loss and is suggestive of the type 
and amount of carbon product present [35]. The catalyst 
mass losses were 70.1, 30.8, 48.2, and 72.3% for CNT-PC, 
CNT-P0, CNT-PA and CNT-PAC, respectively. The highest 
weight loss is associated with the highest carbon deposits 
[28]. Therefore, for all the purification protocols employed, 
CNT-PAC with the highest catalyst mass loss showed that 
almost all the catalyst nanoparticles were oxidized, indicat-
ing the highest quality. This finding is consistent with the 
Raman analysis result.

A higher oxidation temperature is linked to the higher 
graphitization degree of carbon products [36]. The oxida-
tion peak of non-crystalline carbon, such as amorphous 
carbon, is reported to be at a lower temperature, usually be-
tween 350 and 400 ℃, while crystalline filamentous carbon 
materials show a high-temperature peak above 500 ℃ [37]. 
For all purified nanomaterials, the oxidation peak was at 640 
℃ compared to the as-produced nanomaterial, which had 
an oxidation peak at 622 ℃. Hence, all purified nanomateri-
als were more thermally stable than as-synthesized nanoma-
terials, suggesting a higher content of filamentous carbon.

The IR analysis is used to investigate the occurrence of 
functional groups (-OH, -C=O, -COOH, etc.) on the sur-
faces and sidewalls of the nanomaterials. The purification 
process usually results in the opening of end caps and cut-
ting of nanotubes, with the corresponding attachment of 
functional groups [38, 39].

Figure 5 depicts the FTIR spectra showing the various sur-
face functional groups present in all purified and as-synthe-
sized plastic waste-derived CNTs. The peaks at 3707, 3742, 
3779, and 3836 cm-1 are assigned to the stretching vibra-
tions of the hydroxyl (-OH) group. Similarly, the well-de-
fined peaks at 3450 cm-1 in Figure 5b and c are apportioned 
to the O-H band in C-OH [40] indicative of the stretching 
vibrations of hydroxyl (-OH) group arising from the ox-
idation on the sidewalls of CNTs. The bands at 2917 and 
2920 cm-1 in Figure 5a and d are assigned to asymmetric 
stretching of C-H and C-O stretching vibrations, respec-
tively. The peaks at 1580, 1590, 1634, and 1638 cm-1 are as-
cribed to the C=C stretching vibration which is indicative 
of the skeletal graphite structure of CNTs. Also, the peaks 
at 1383, 1387, 1389, and 1392 cm-1 are distinctive of the 
asymmetric/symmetric methyl stretching bands due to the 
deformation vibration of the C-H bond [41]. The peaks at 
1210 and 1124 cm-1 in Figure 5c and d can be attributed to 
the C-H and C-O stretching mode which is associated with 
ether and epoxy groups arising from the oxidation of the 
nanotubes, which resulted in defective sidewalls, and band 

Figure 4. (A) TGA and (B) DTG thermographs of all purified and as-synthesized plastic waste-derived CNTs.
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overlapping, showing the extent of attack on the hexago-
nal carbon or the carbon-double bond at the sidewalls [42, 
43]. This showed that hydroxyl (-OH) and carbonyl (-C=O) 
groups are introduced on the nanotube sidewall surfaces; a 
similar observation was reported by [40]. Therefore, both 
CNT-PAC and CNT-PC showed the attachment of more 
functional groups on the defective ends of the nanotubes. 
The purification protocol by acid oxidation and multi-step 
treatment resulted in nanotube functionalization.

The XRD patterns of pristine and all purified nanomaterials 
are shown in Figure 6. Diffraction peaks relating to graph-
ite and residual metal catalysts were all labeled as shown. 
Characteristic graphite (CNTs) diffraction peaks related to 
(002), (004), and (110) planes which are linked to the atom-
ic pair distribution function PDF 00-058-1638, were identi-
fied for all investigated purified and pristine nanomaterials.

The (002) diffraction plane also called Bragg peaks, is pri-
marily used to describe the degree of alignment and dis-
tance between two graphene layers in the lattice [44, 45], 
and this diffraction peak appeared at 26.2º on the two-theta 
scale. For all purified CNTs, a d-spacing of 0.342 nm was 
obtained. The d-spacing of the crystalline carbon is evalu-
ated using Bragg’s equation d = λ/2sinθ [46].

It could be observed that the (002) peak for CNT-P0 showed 
a slight broadening as compared to all purified CNTs, while 
the purification treatment under both thermal (air) and/
or chemical oxidation techniques causes a reduction in 
the (002) peak intensity and interlayer spacing between 
the graphene sheets, confirming the removal of impurities 
since a decrease in the intensity of this peak depicts higher 
nanotube alignment [10]. This observation is similar to the 
result reported by Abdulrazzak and co-workers [47], where 
the presence of amorphous form of carbon resulted in an 
increased intensity and width of the (002) peak.

(002) and (004) peaks are employed to relate the interlayer 
distance within the graphene layers in the nanotube [47]. 
Another characteristic diffraction peak related to graphite 

(CNTs), which corresponds to the (100) plane, was detect-
ed in CNT-P0 at the two-theta position of 43.7º. This plane 
(100) describes the in-plane irregularity; according to Das 
et al. [48], the intensity of the (100) peak systematically 
decreases or disappears when all planes of the graphene 
sheets in the nanotubes are parallel to the (002) diffraction 
plane. Hence, it could be observed that the intensity of the 
(100) peak disappeared in all purified samples, suggesting 
that the intensity of this peak is sensitive to all the puri-
fication treatments and that all the planes in the purified 
CNTs are parallel to the Bragg peak. This elucidates that 
the treatment procedures undertaken treatment proce-
dures impacted the nanotube’s structures and graphitiza-
tion. This observation correlates with the results obtained 
in TEM and Raman spectroscopy analyses.

The presence of other graphite (PDF 00-041-1487) and 
(PDF 00-056-0159) diffraction peaks were also detected 
in the XRD pattern of CNT-P0. The presence of arrays of 
diffraction peaks emanating chiefly from Ni metal catalyst 
impurities (PDF 00-004-0850) was identified in abundance 
in CNT-P0, followed by CNT-PA compared to other pu-
rified samples, this observation is in good agreement with 
the results obtained in the TEM, Raman, and TG analyses. 
Suggesting that acid oxidation and multi-step treatment ap-
proaches significantly removed practically all metal catalyst 
impurities from the synthesized samples.

CONCLUSION

The purification of plastic waste-derived CNTs was success-
fully carried out using three approaches: air-phase (gas) ox-
idation, liquid-phase (acid) oxidation, and multi-step oxida-
tion. High-quality and pure CNTs can be obtained using the 
multi-step treatment method while taking advantage of com-
bining the two protocols (both air and acid oxidation) which 
is also dependent on the intended application. From the re-
sults obtained from the XRD, Raman spectroscopy, and TEM 
analysis, it is shown that CNT-PC (acid/chemical treatment 

Figure 5. FTIR spectra of purified and pristine plastic 
waste-derived CNTs: (a) CNT-P0, (b) CNT-PA, (c) CNT-PC, 
and (d) CNT-PAC.

Figure 6. XRD patterns of as-synthesized and all purified plas-
tic waste-derived CNTs: (a) CNT-P0, (b) CNT-PA, (c) CNT-
PC, and (d) CNT-PAC.
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with nitric acid) presented the highest defects with significant 
structural and wall transformations, which may be due to the 
longer refluxing time. CNT-PAC presented the best graphitic 
structure and fewer defective CNTs compared to others, with 
an IG’/IG value of 0.89 and ID/IG value of 0.86, while CNT-PA 
offered better structural and morphological CNTs and result-
ed in no loss in CNTs. Again, the chemically treated CNTs 
(CNT-PC) presented more structurally defective CNTs and 
shortened nanotubes with an ID/IG value of 0.96. CNT-PAC 
showed the highest weight loss of 72.3% indicating the high-
est quality and quantity of filamentous carbon present. There-
fore, the structure and morphology of CNTs produced from 
plastic waste could be controlled by selecting suitable treat-
ment conditions. However, it is recommended that shorter 
reflux time should be undertaken to minimize and control 
the possible damage to the CNTs wall structure when using 
the liquid-phase (acid treatment) approach.
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