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cling, tire-derived char.

INTRODUCTION 

The rapid increase in global waste tire pro-
duction, driven by rising automobile usage, 
presents a growing environmental challenge 
an estimated 17 million tons of waste tires are 
discarded annually, with projections suggest-
ing this could reach 1.2 billion tons per year by 
the 2030s (Jahirul et al., 2021). The non-bio-
degradable nature of rubber, coupled with its 

resistance to physical, chemical, and biological 
degradation, allows waste tires to persist in the 
environment for decades, making their disposal 
a significant concern (Alkhatib, 2015; Jahirul 
et al., 2021). However, waste tires are highly 
rich in carbon content (approximately 88%) 
and are composed of a mixture of elastomers, 
including natural rubber, styrene, butadiene, 
and styrene-butadiene rubbers. They also con-
tain metal reinforcements, such as zinc and sul-
fur, along with carbon fillers/strengtheners and 
other compatible additives (Jones et al., 2021). 
Tire pyrolysis can recover up to 90% of carbon 
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residue, which can be used for advanced mate-
rial synthesis (Mwafy, 2020). 

On the other hand, Carbon Nanomaterials 
(CNMs), such as carbon nanotubes (CNTs) and 
carbon nanofibers (CNFs), are widely utilized in 
various industrial applications, such as biosen-
sors, gas sensors, batteries, and capacitors (Anis 
et al., 2018; Dixit et al., 2017; Tahir et al., 2018). 
Their unique combination of properties (i.e., ex-
ceptional tensile strength, outstanding thermal 
and electrical conductivity, and a high length-to-
diameter ratio) makes them highly versatile ma-
terials (Choo et al., 2012; Parmar et al., 2023). 

Sufficient research exists on utilizing waste 
tires as a carbon source through catalytic py-
rolysis and chemical vapor deposition (CVD) 
methods for synthesizing CNMs (Li et al., 
2019; Mwafy, 2020). One of the significant 
limitations of traditional pyrolysis is heating, 
which is neither cost-effective nor economi-
cally viable Sustainable production of CNMs 
(Parmar et al., 2023). On the other hand, micro-
wave (MW) heating is fast and cost-effective 
due to its unique heating mechanism. It pen-
etrates directly into materials, heating them 
efficiently without significantly affecting the 
surroundings, leading to substantial energy 
savings (Mishra and Sharma, 2016). As a re-
sult, MW-assisted pyrolysis is an innovative, 
fast, and energy-efficient approach. While sig-
nificant research has focused on synthesizing 
CNMs using microwave pyrolysis from plastic 
and biomass waste (Parmar et al., 2023; Ba-
ghel and Kaushal, 2022; Yuwen et al., 2023a) 
(Hildago-Oporto et al., 2019; Yuwen et al., 
2023b), limited studies have explored its appli-
cation to waste tires as a carbon source. 

In this study, we investigated the synthesis 
of CNMs from waste tire-derived char using 
microwave-assisted pyrolysis. Waste tire rubber 
crumbs were processed to produce high-carbon 
char, which served as the precursor for CNMs 
synthesis. By optimizing key parameters, such 
as microwave power, radiation time, and cata-
lyst ratio, this study successfully demonstrated 
the potential of microwave-assisted pyrolysis 
for producing CNMs from waste tire-derived 
char. Comprehensive characterization tech-
niques, including XRD, Raman spectroscopy, 
TEM, and FESEM, were employed to evaluate 
the structural and morphological properties of 
the synthesized CNMs produced under opti-
mized conditions.

MATERIALS AND METHODS

Materials

Waste tires Rubber crumbs (WTRCs) were 
thoroughly washed with clean water to eliminate 
dust and impurities, followed by drying in an elec-
tric oven at 80°C for 24 hours. The dried mate-
rial was then sieved to obtain particles within the 
size range of 0.4–0.6 mm. Ferrocene (𝐹𝑒(𝐶5𝐻5)2) 
was employed as a catalyst precursor. Acetone 
(CH3COCH3), a volatile and efficient organic 
solvent, was used to remove residual organic im-
purities from the char. Hydrochloric acid (HCl, 
37% w/v) was employed to eliminate inorganic 
ash residues through acid washing. All chemicals 
were of analytical grade and sourced from Sigma-
Aldrich, Malaysia.

Experimental procedure

Char production

The Char was produced using a modified mul-
timode microwave system (1.5 kW, 2.45 GHz) 
equipped with a quartz glass reactor featuring ni-
trogen gas inlet and outlet ports. WTRCs served as 
the precursor material, with 20 g of WTRCs load-
ed into the quartz reactor. The reactor was purged 
with nitrogen gas at a flow rate of 100 mL/min for 
10 minutes to establish an inert atmosphere.

Pyrolysis was performed at an optimized mi-
crowave power of 600 W and a residence time 
of 20 minutes, based on prior research demon-
strating these conditions yield a high fixed car-
bon content (Bing et al., 2021). The resulting char 
was washed sequentially with acetone to dissolve 
organic impurities, leveraging its high efficiency 
and ease of evaporation, followed by dilute hy-
drochloric acid to eliminate inorganic ash resi-
dues. The purified char was then dried in an oven 
at 105 °C and stored for subsequent carbon nano-
material (CNM) synthesis. The yield of char was 
calculated using Equation 1:

 	

 
Solid char yield (%) = 

=  Mass of solid char
Mass of raw crumb sample  × 100%  

(1) 
 

	 (1)

CNMs synthesis

Carbon nanomaterials (CNMs) were synthe-
sized using the same microwave system employed 
for char production. Waste tire-derived char served 
as the carbon precursor, while ferrocene acted as 
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the catalyst. These components were blended in 
varying weight ratios (25 wt% to 100 wt%) and 
loaded into a quartz glass reactor placed within the 
microwave system (Karaeva et al., 2020).

Microwave synthesis experiments were per-
formed at power levels ranging from 600 W to 
1000 W and radiation times spanning 10 to 40 
minutes to investigate the influence of process 
parameters on CNMs formation. To establish an 
inert atmosphere, the reactor was purged with ni-
trogen gas at a flow rate of 100 mL/min for 10 
minutes prior to microwave irradiation. Nitrogen 
flow was maintained throughout the reaction to 
prevent oxidation and ensure consistent synthesis 
conditions (Mubarak et al., 2014).

Characterization techniques

WTRCs and resulting Char 

A comprehensive proximate analysis of WTRCs 
was conducted to determine moisture content, vola-
tile matter, fixed carbon, and ash content, following 
standard ASTM procedures. Moisture content was 
measured by drying the samples at 105 °C to a con-
stant weight, while volatile matter was determined 
by heating the samples in a closed crucible at 950 
°C. Fixed carbon was calculated as the remaining 
fraction after accounting for moisture, volatile mat-
ter, and ash, with ash content quantified by com-
busting the samples at 750 °C for 3 hours (Wang 
et al., 2019). Elemental analysis of WTRCs was 
performed using an elemental analyzer (Elementar 
VarioMicro) to determine the content of carbon (C), 
hydrogen (H), nitrogen (N), and sulfur (S). Oxygen 
(O) was calculated by difference. All measurements 
were conducted in duplicate to ensure accuracy and 
reproducibility (Urrego-Yepes et al., 2021). 

The surface morphology of the char and the 
chemical element composition was examined us-
ing scanning electron microscopy (SEM) (Zeiss 
EVO LS15) equipped with energy-dispersive X-ray 
spectroscopy (EDS). SEM micrographs provided 
detailed insights into the structural and textural pro-
perties of the char (Mistar et al., 2020). Functional 
groups and chemical bonds in the char were iden-
tified using Fourier-transform infrared spectros-
copy (FTIR) (PerkinElmer Spectrum One, USA). 
Samples were prepared as KBr pellets and analysed 
over the wavenumber range of 4000–400 cm−1. The 
FTIR spectra provided insight into the chemical 
composition, highlighting functional groups essen-
tial for understanding the reactivity and potential 
applications of the char (Xu et al., 2018).

Synthesized CNMs

The synthesized CNMs were thoroughly 
characterized to evaluate their morphology, struc-
ture, and crystallinity. Field-emission scanning 
electron microscopy (FESEM) (Zeiss Supra V55) 
was employed to examine the surface morpho-
logy and confirm nanomaterials formation (Raza 
et al., 2020). Before imaging, the samples were 
coated with a thin gold layer via sputtering to en-
hance conductivity and improve resolution. XRD 
(Panalytical X’Pert3 Powder) was used to analyse 
the crystalline structure of the carbon nanofibers 
(CNFs), providing insights into their phase com-
position and degree of crystallinity. Raman spec-
troscopy (Horiba Jobin Yvon HR) was performed 
to assess the graphitization degree and defect den-
sity within the CNFs, a critical parameter in the 
evaluation (Kure et al., 2022). Detailed structural 
features, including wall arrangement and tube 
alignment, were visualised using transmission 
electron microscopy (TEM) (Hitachi HT7830), 
which provided high-resolution imaging of CNT 
morphology (Tan et al., 2016). 

RESULTS AND DISCUSSION 

Proximate and ultimate analysis of WTRCs

The proximate analysis (Table 1) reveals a 
low moisture content (0.14%), indicating mini-
mal water presence, while the material consists 
predominantly of volatile matter (59.82%) and 
fixed carbon (27.77%), with a notable ash con-
tent of 12.28%. These values reflect the thermal 
stability and combustion properties of the rubber 
crumbs (Reyes Rodriguez et al., 2019).

The ultimate analysis shows a high carbon 
content (79.16%), suggesting significant energy 
potential, complemented by a substantial hydrogen 
content (7.427%). Nitrogen (2.26%) and sulphur 
(0.062%) are present in minor amounts, while oxy-
gen and other elements (calculated by difference) 
constitute 11.091%. These elemental compositions 
are crucial for evaluating the suitability of rubber 
crumbs in applications such as pyrolysis, energy 
recovery, or material recycling (Chen et al., 2019). 

Characterizations of solid char 

The chemical composition of the char was 
analysed using FTIR, as shown in Figure 1. 
The FTIR spectra reveal significant changes in 
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functional groups during pyrolysis and purifi-
cation. The broad -OH peak (~3400 cm⁻¹) de-
creased significantly after purification with ac-
etone and HCl, confirming the effective removal 
of oxygen-containing functional groups and im-
purities, resulting in a carbon-rich char (Nunes 
and Pardini, 2019). The raw rubber crumb ex-
hibited strong aliphatic -CH peaks (~2900 cm⁻¹), 
which diminished after pyrolysis, indicating the 
removal of organic components (Moreno-Cas-
tilla et al., 2000). Additionally, the band in the 
region from 1650 cm⁻¹ to 1860 cm⁻¹, associated 
with C=O stretching vibrations corresponding 
to carbonyl and carboxyl groups, became more 

pronounced after purification, indicating surface 
activation of the char (Gómez-Hernández et al., 
2019; Moreno-Castilla et al., 2000). Peaks in the 
region from 800 cm⁻¹ to 1200 cm⁻¹ correspond to 
C–C stretching vibrations (Wibawa et al., 2020). 
Bands below 950 cm⁻¹ are attributed to out-of-
plane deformation vibrations of C–H groups in 
aromatic structures, supporting the presence of 
aromatic frameworks in the purified char (More-
no-Castilla et al., 2000).

The surface morphology of the char was exam-
ined using SEM, as shown in Figure 2. At 400 W, 
the char exhibited a smooth surface with minimal 
porosity, indicating incomplete carbonization (Yu et 

Table 1. Proximate and elemental composition analysis of rubber crumbs
Proximate analysis (%) Ultimate analysis (%)

Moisture 0.14 Carbon 79.16

Ash 12.28 Hydrogen 7.427

Volatile matter 59.82 Nitrogen 2.26

Fixed carbon 27.77
Sulphur 0.062

Oxygen + others (By difference) 11.091

Figure 1. FTIR spectra of raw rubber crumb, char before purification, and char after purification (600 W, 20 min)

Figure 2. SEM images of char produced at 400 W (a) and 600 W (b) at 200 × magnification
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al., 2010). In contrast, the 600 W char displayed a 
rougher, more porous structure, reflecting enhanced 
carbonization (Maiti et al., 2006; Wahi et al., 2016). 
Similar studies that used char as a precursor for 
CNMs synthesis found that increased porosity is 
essential for effective metal catalyst dispersion and 
carbon diffusion, leading to improved CNMs for-
mation (Baghel and Kaushal, 2022; Hidalgo et al., 
2023; Hildago-Oporto et al., 2019). Although higher 
microwave powers (e.g., 800W and 1000 W) were 
tested, they resulted in significantly reduced char 
yields. This reduction can be attributed to second-
ary reactions, where the increased thermal energy 
promotes further decomposition of primary vola-
tile products into gaseous compounds (Khan et al., 
2022). As a result, 600 W was identified as the opti-
mal condition, balancing yield and structural quality 
to produce a suitable precursor for CNMs synthesis.

As shown in Figure 3, EDX analysis revealed 
an increase in carbon content from 79.27 wt% 
at 400 W to 83.37 wt% at 600 W, indicating im-
proved carbonization (Jiang et al., 2023). The 
reduction in oxygen content reflects the removal 
of volatile components, while small amounts of 
sulfur, zinc, and silicon likely originate from the 
rubber crumb feedstock (Selvarajoo and Oochit, 
2020; Song et al., 2017). These results confirm 
that higher microwave power enhances elemental 
purity and yields carbon-rich char.

Effect of synthesis conditions

The effect of synthesis parameters, includ-
ing microwave power, radiation time, and cata-
lyst loading, on the yield and chemical structure 

of the products was evaluated. Microwave power 
significantly influences CNMs synthesis. At 600 
W and 800 W, the reactor temperatures (250 °C 
and 520 °C) were insufficient for CNFs growth, 
resulting primarily in the formation of amorphous 
carbon. Low microwave power was reported to 
result in small catalyst sizes and reduced carbon 
atom diffusion rates, hindering nanostructure for-
mation. Conversely, higher microwave power in-
creased the size of the Fe catalyst and enhanced 
carbon diffusion, supporting the formation of fila-
mentous carbon (Irfan et al., 2023). Additionally, 
low power may partially deactivate the catalyst, 
further preventing filamentous carbon synthesis 
(Yao et al., 2019). However, an increase in micro-
wave power also led to a decrease in CNMs yield, 
which may be attributed to excessive fragmenta-
tion or volatilization of carbon precursors at high 
temperatures (Abdelsayed et al., 2019)

Radiation time significantly influences CNMs 
synthesis, with CNFs formation observed only at 
the maximum radiation time of 40 min in this 
study. Shorter radiation times (10–30 minutes) 
primarily yielded amorphous carbon, likely due 
to insufficient time for complete carbon atom 
diffusion and catalyst activation (Schwenke et 
al., 2015). It has been demonstrated that extend-
ing the microwave radiation time enhances the 
growth of filamentous carbon, as prolonged expo-
sure provides the conditions necessary for the ef-
fective development of carbon nanofibers (CNFs) 
(Omoriyekomwan et al., 2022). Furthermore, the 
quality of the char, serving as the hydrocarbon 
source, is a critical factor in determining the ef-
ficiency of filamentous carbon formation. This 

Figure 3. Elemental composition (wt%) of char produced at 400 W and 600 W
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highlights the importance of optimizing both ra-
diation time and the precursor material for suc-
cessful filamentous carbon synthesis (Baghel and 
Kaushal, 2022; Hildago-Oporto et al., 2019; Wu-
lan and Setiawati, 2018). 

Catalyst loading played a significant role in 
CNMs synthesis by influencing the availability of 
active sites for carbon deposition. A 1:1 feedstock-
to-catalyst ratio facilitated the synthesis of CNFs; 
however, the CNFs produced under this condition 
exhibited impurities, likely due to residual cata-
lyst particles. This aligns with previous findings, 
where iron-based catalysts, demonstrated effec-
tive carbon formation for CNT synthesis at the 
same loading ratio (Yuwen et al., 2023a; Zhao et 
al., 2024). In addition to catalyst loading, catalyst 
type also significantly influenced CNFs morphol-
ogy, as shown in Table 2. Fe-based catalysts fa-
vored bamboo-like CNFs, while biomass-derived 
catalysts resulted in tubular or hollow CNFs.

Characterization of CNMs

FTIR analysis of CNMs 

The FTIR spectra of the samples at different mi-
crowave power levels (Figure 4) reveal significant 
changes in functional groups. The samples are re-
ferred to as amorphous carbon at 600 W (CNMs-
600), amorphous carbon at 800 W (CNMs-800), 
and carbon nanofibers at 1000 W (CNFs-1000), 
respectively. The broad peak at 3400 cm⁻¹, associ-
ated with O–H stretching vibrations, decreases sig-
nificantly at 1000 W. This reduction indicates the 
removal of oxygen-containing functional groups 
(Voiry et al., 2016). Peaks in the 3000–2800 cm⁻¹ 

range, corresponding to C–H stretching vibra-
tions of aliphatic hydrocarbons, decrease in inten-
sity with increasing microwave power, indicating 
the scission of hydrocarbon chains (Miller et al., 
2021). Additionally, bands at 1561 cm⁻¹ and 1150 
cm⁻¹, attributed to the graphitic structure of carbon 
nanofibers (CNFs), are observed in all spectra but 
become significantly more pronounced in the 1000 
W sample (Liu et al., 2005).This increased intensi-
ty at 1000 W correlates with the successful forma-
tion of CNFs, as confirmed by FESEM analysis. 
Peaks below 1000 cm⁻¹, linked to C–H deforma-
tion and aromatic vibrations, confirm the presence 
of aromatic frameworks in the carbon structures 
(Moreno-Castilla et al., 2000).

Morphological analysis (FESEM)

The surface morphology of the carbon struc-
tures synthesized under varying conditions was 
examined using FESEM, as shown in Figures 5 
and 6. At 800 W for 25 minutes with 62.5 wt% 
catalyst loading (Figure 5), the resulting struc-
tures predominantly consisted of amorphous 
carbon with spherical or granular morphology. 
The formation of amorphous carbon under these 
conditions can be attributed to insufficient mi-
crowave power and suboptimal reaction tem-
peratures, which limit the activation of the cata-
lyst and the diffusion of carbon atoms onto its 
surface (Hildago-Oporto et al., 2019). As noted 
by Wang et al.(2020) higher temperatures and 
controlled pressure conditions are essential for 
facilitating CNT growth, while deviations from 
these parameters often lead to the formation of 
more amorphous carbon.

Figure 4. FTIR spectra of amorphous carbon at 600 W and 800 W, and CNFs at 1000 W
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In contrast, carbon nanofibers (CNFs) were suc-
cessfully synthesized at 1000 W for 40 minutes with 
100 wt% catalyst loading (Figure 6). The FESEM 
images reveal threadlike, curved, and entangled 
tubular structures with diameters in the range of 
approximately 425–881 nm, indicating uniformity 
in CNFs formation. These findings align with pre-
vious studies on microwave pyrolysis of various 
carbon-rich plastic feedstocks, such as polypropy-
lene (PP), high-density polyethylene (HDPE), and 
low-density polyethylene (LDPE), which also em-
ployed high microwave power to synthesize CNFs 
and CNTs (Irfan et al., 2023; Shen et al., 2022; Yu-
wen et al., 2023b). The higher microwave power 
and extended radiation time provided sufficient 
energy to activate the catalyst and sustain carbon 
diffusion, enabling the growth of well-structured 
CNFs (Omoriyekomwan et al., 2019). Additio-
nally, Small amounts of catalyst impurities, likely 
iron-based, were observed on the surface, as cor-
roborated by XRD analysis and further supported 
by TEM imaging and Raman spectroscopy.

Structural characterization (XRD)

The X-ray diffraction (XRD) pattern of CNFs 
synthesized at 1000 W for 40 minutes is shown in 

Figure 7. The XRD analysis reveals two promi-
nent diffraction peaks at approximately 26° and 
43°, which correspond to the (002) and (100) 
planes of graphitic carbon, indicating the exis-
tence of a crystalline graphite structure within 
these CNFs (Baghel and Kaushal, 2022). The 
strong and broad peaks of CNFs, as reported by 
Kamil et al. (2014), were observed at the (002) 
plane, showing a slight downward shift to an an-
gle of 26.5°, which corresponds to the C=C inter-
layer spacing characteristic of sp² hybridization. 
Meanwhile, the peak around 43° corresponds to 
the (100) plane, further corroborating the pres-
ence of crystalline carbon materials. 

A notable peak near 44° is attributed to iron 
carbide (Fe-C), confirming the presence of resid-
ual catalyst particles in the sample (Hidalgo et al., 
2023). The presence of Fe-C phases has also been 
reported in other microwave pyrolysis studies    
using Fe-based catalysts, where metal residues 
play a role in CNFs or CNTs and structural de-
fects (Shen et al., 2022; Yuwen et al., 2023b). Ad-
ditionally, low-intensity peaks in the XRD pattern 
suggest the presence of amorphous carbon, which 
is often associated with incomplete graphitization 
during the synthesis process (Theodorakopoulos 

Figure 5. FESEM images of carbon structures synthesized at 800 W for 25 minutes with 62.5 wt% catalyst: 
(a) 30k magnification, (b) 50k magnification

Figure 6. FESEM images of CNFs synthesized at 1000 W for 40 minutes with 100 wt% catalyst: 
(a) 10.0 k magnification, (b) 5.0 k magnification



196

Journal of Ecological Engineering 2025, 26(6), 189–201

et al., 2024). These results align with the forma-
tion of filamentous carbon structures (CNFs) 
rather than cylindrical carbon nanotubes, as also 
supported by the FESEM analysis. 

Raman spectroscopy

Raman spectroscopy is commonly used to 
identify the quality or graphitic nature of carbons 
based on the intensity of D and G bands (Jorio 
and Souza Filho, 2016; Theofanidis et al., 2016; 
Zhang and Williams, 2016). The D-band in the 
Raman shift indicates amorphous or disordered 
carbon, arising from structural defects and as-
sociated with sp3-hybridized carbon (Yang et al., 
2019). In contrast, the G-band represents graphit-
ic or filamentous carbon, indicative of ordered 

structures and associated with sp2-hybridized car-
bon (He et al., 2021). From Figure 8, the Raman 
spectrum shows the D-band at 1350 cm−1 and the 
G-band at 1587 cm−1. 

The ratio between the size of the D and G peaks 
ratio provides a quantitative measure of the degree 
of graphitisation in carbon materials (Yao et al., 
2022). The low 𝐼𝐷/𝐼𝐺 ratio (≤ 1.0) indicates better 
graphitisation, signifying higher purity of carbon 
nanomaterials (CNMs) with fewer defects (Zhang 
et al., 2023). Conversely, a high 𝐼𝐷/𝐼𝐺 ratio suggests 
a greater defect density and lower graphitization 
(Chaudhary et al., 2018). From Figure 8, the Ra-
man spectrum shows an 𝐼𝐷/𝐼𝐺 ratio of 1.61, which 
is relatively high, indicating a moderate degree 
of graphitisation. This result can be attributed to 

Figure 7. X-ray diffraction pattern of CNFs synthesized at 1000 W for 40 minutes

Figure 8. Raman spectrum of CNFs synthesized at 1000 W for 40 minutes
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the high catalyst-to-precursor ratio used during 
the synthesis, which likely increased the frac-
tion of Fe in the iron-based catalysts. A higher 
Fe content is known to limit the precipitation ef-
ficiency of carbon during microwave pyrolysis, 
leading to the formation of CNFs with poor crys-
tallinity (Yuwen et al., 2023b). The presence of 
iron-based catalyst impurities, as revealed in the 
FESEM analysis, aligns with the Raman results, 
further supporting the observed moderate crys-
tallinity in the CNFs 

TEM analysis

The TEM images (Figure 9) provide a de-
tailed view of the internal structure of the CNFs 
synthesized at 1000 W for 40 minutes with a 1:1 
catalyst-to-precursor ratio, as captured at varying 
magnification levels. The micrographs confirm 
that the synthesized carbon structures are bam-
boo-shaped CNFs, characterized by their tubu-
lar morphology, which is consistent with similar 
findings reported in earlier literature (Monthioux 
et al., 2007; Parmar et al., 2023). 

In Figure 9(B), the dark spots correspond 
to residual catalyst particles embedded within 

the carbon nanostructures. These nanoparticles 
are distributed along the CNFs, particularly at 
the tips and in the middle of the nanofibers, 
which suggests a tip-growth mechanism dur-
ing the synthesis process (Parmar et al., 2023; 
Yao et al., 2022). Similar studies that used iron-
based catalysts for CNTs or CNFs synthesis 
also observed a tip-growth mechanism, where 
catalyst nanoparticles facilitate carbon diffu-
sion at the fiber tips, promoting longitudinal 
growth(Yuwen et al., 2023a; Zhang et al., 2022; 
Zhao et al., 2024). This growth process may be 
attributed to the effects of microwave irradia-
tion during synthesis. Microwave irradiation 
electrically charges the iron nanoparticles, 
generating localized electric currents and high 
voltages at the tips, which facilitates carbon 
atom alignment and diffusion to the catalyst 
surface (Zhan et al., 2017). 

The dark spots, indicative of metal impurities, 
also suggest the significant presence of iron-based 
catalyst residues within the CNFs. This observa-
tion is corroborated by the FESEM, XRD, and 
Raman analyses, which confirm the presence of 
iron-based impurities on the surface of the CNFs. 

Figure 9. TEM images of CNFs synthesized at 1000 W for 40 minutes: (a) 30k, (b) 80k, 
and (c) 200k magnification

Table 2. Comparison of CNMs synthesized via microwave pyrolysis from different carbon precursors

Carbon source Microwave 
conditions Catalyst CNFs morphology Iᴅ/Iɢ 

Ratio Reference

Waste Tires 1000 W, 40 min Ferrocene Bamboo-like, entangled CNFs 1.61 This study

Polyethylene 900 W, 30 min 10% Ni/Al2O3 bamboo-shaped CNFs 1.08 Parmar et al., 2023

Palm kernel shell 600 °C, and 20 min Mineral in the 
biomass

Tubular and bamboo-shaped 
CNFs 0.95 Omoriyekomwan et al., 

2017

Pine nutshell 400–700 °C, 20 
min

Mineral in the 
biomass Hollow carbon nanofibers 0.8 J. Zhang et al., 2018

Polyolefin plastic 600–1200 W, 5 min MAX (Ti3AlC2) filamentous carbon nanofibers 0.88 Cao et al., 2022
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CONCLUSIONS

Waste tire-derived char was successfully 
utilized as a precursor material for the syn-
thesis of carbon nanomaterials through mi-
crowave-assisted pyrolysis. Char produced at 
600 W for 20 minutes underwent purification 
to remove impurities and oxygen-containing 
functional groups, resulting in a carbon-rich 
precursor with enhanced structural integrity 
and reactivity. Using this precursor and fer-
rocene as a catalyst, CNMs were synthesized 
under varying conditions of microwave power 
(600–1000 W), reaction times (10–40 min-
utes), and catalyst-to-precursor ratios (25–
100 wt%).

The optimized synthesis conditions of 
1000 W microwave power, 40 minutes irradia-
tion, and 100 wt% catalyst loading produced 
uniform bamboo-shaped CNFs with diameters 
ranging from 425 to 881 nm. Characteriza-
tion techniques, including FTIR, XRD, Ra-
man spectroscopy, TEM, and FESEM, con-
firmed the formation of graphitic CNFs with 
crystalline structures and a moderate degree 
of graphitisation (I𝐷/I𝐺 = 1.61). TEM images 
revealed residual iron-based catalyst particles 
embedded within the nanofibers, suggesting a 
tip-growth mechanism during synthesis. Lower 
microwave power levels (600 W and 800 W) 
resulted in amorphous carbon due to insuffi-
cient energy for catalyst activation and carbon 
diffusion. 

Despite the moderate crystallinity, the syn-
thesized CNFs exhibit a high surface area and 
porous structure, making them suitable for 
adsorption-based applications, such as waste-
water treatment, pollutant removal, and gas 
adsorption. This study demonstrates the poten-
tial of microwave-assisted pyrolysis as a sus-
tainable and efficient approach for converting 
waste tire-derived char into advanced carbon 
nanomaterials.
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