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ARTICLE INFO ABSTRACT

Keywords: The conventional synthesis of carbon nanotubes (CNTs) often involves high temperatures, inert atmospheres,
Carbon nanotubes non-renewable precursors, and elevated costs. This study explores rice husk, a ligno-cellulose-rich agricultural
B?"Char waste, as a sustainable precursor for CNT synthesis via a two-stage process. First, rice husk was slow pyrolyzed at
i;(c):l;issk 300°C, 400°C, and 500°C to produce biochar. The biochar was then reacted with a ferrocene catalyst in varying
Nanotube synthesis ratios (1:1, 1:2, and 1:3 ferrocene to biochar, g/g) under microwave irradiation. FESEM analysis revealed highly
Pyrolysis elongated CNTs with 55 and 78 nm average diameters for biochars pyrolyzed at 400°C and 500°C, respectively.

Smaller diameters were observed at higher pyrolysis temperatures and lower ferrocene-to-biochar ratios. Raman
spectroscopy confirmed high-quality CNTs (Ip/Ig < 1), with the highest degree of wall graphitization (Ip/Ig =
0.75) for Rice Husk CNT 500 1:3. Optical studies showed maximum absorbance in the 208-226 nm range,
consistent with previous findings. XRD analysis highlighted the influence of amorphous silica in limiting CNT
crystallinity at lower pyrolysis temperatures. TEM analysis revealed multiple graphene sheets stacked one above
the other, similar to that of Multi-walled carbon nanotubes. This study demonstrates the viability of rice husk as a
low-cost, renewable precursor for the synthesis of carbon nanotubes. The findings provide insights into opti-
mizing process parameters for better structural and graphitic properties. By converting agricultural waste into
value-added nanomaterials, this work offers a sustainable synthesis of carbon nanotubes using rice husk biochar.

benign and renewable precursors are to be identified and utilized for
carbon nanotube synthesis.

According to recent statistics, 998 million tonnes of agricultural
waste are produced globally (Thakur et al., 2020), and agricultural and
allied activities account for 24 % of global greenhouse gas emissions
(Ranguwal et al., 2023). The burning of agricultural crop waste results in
undesirable emissions of greenhouse gases and depletes soil fertility.

1. Introduction

Carbon Nanotubes are one of the most widely researched non-
materials as they exhibit properties like high aspect ratio, lightweight,
small size, exceptional electro-mechanical properties, and chemical

inertness (Norizan et al., 2020; Rathinavel et al., 2021; Shoukat and Additionally, frequent burning of agricultural waste releases smog,

Ehan, 2dOf2 1b)', CarEor];.nano(tjl.lbis. ﬁ;d appgcatu()ini 1 energy stf(l.)lrage., fi- which degrades the quality of atmospheric air and adversely affects
res ar} ? rics, the ?ome 1ca.1 1141 ustry, drug glvery, water. tration, human health (Divyabharathi et al., 2024; Shukla et al., 2022). An
and thin film electronics (Murjani et al., 2022; Vivanco-Benavides et al.,

2022). The commercial methods of carbon nanotube synthesis are
Electric arc discharge, Laser ablation, and Chemical Vapor Deposition
(CVD) (Rao et al., 2021; Anzar et al., 2020). High thermal energy re-
quirements, exorbitant costs, inert conditions, high impurities, low
yield, and dependence on unsustainable precursors are the limitations of
the conventional methods of carbon nanotube synthesis (Yahyazadeh
et al.,, 2024; Rao et al., 2021). To solve this issue, environmentally

effective solution to this problem is the conversion of agricultural waste
into value-added products by-effective conversion processes. Agricul-
tural waste is often used as a feedstock for the production of bioethanol,
biochar, and other sustainable, environmentally friendly products.
Agricultural waste has the potential to be a renewable, abundant,
cost-effective, and environmentally friendly precursor for carbon
nanotube synthesis.
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Nomenclature

eV Electron Volt

Nm Nano metres

pm Micrometres

Mm Milli meters

Ip Intensity of D-band

Ig Intensity of G-band

Ghz Giga-hertz

Cp Centi-poise

g/cc Gram per cubic centimetre

kw Kilo-Watt

Rpm Revolutions per minute

g Gram

g/8 Gram per Gram

u Micron

%wt. Percentage weight

A X-ray wavelength

(€] Braggs angle

N Order of Reflection

D Inter-planar spacing

Ein Energy Input

Quuv Energy contained in solid biomass

Qs Energy required to heat and convert biomass to pyrolysis
product

Mfeed Mass of feedstock

Cp Specific heat capacity of biomass

Tp Pyrolysis temperature

~ Approximately

Abbreviations

ASTM  American Society for Testing and Materials

CHNS Carbon Hydrogen Nitrogen Sulphur

CNT Carbon Nanotubes

RHCNT Rice husk derived Carbon nanotubes

RHCNT 300 Rice husk synthesized from biochar pyrolyzed at 300°C

RHCNT 400 Rice husk synthesized from biochar pyrolyzed at 400°C

RHCNT 500 Rice husk synthesized from biochar pyrolyzed at 500°C

CNT 500 1:1 Carbon nanotubes synthesized with rice husk
pyrolyzed at 500°C with 1:1 wt ratio of ferrocene and rice
husk biochar respectively.

CNT 500 1:2 Carbon nanotubes synthesized with rice husk

pyrolyzed at 500°C with 1:2 wt ratio of ferrocene and rice
husk biochar respectively.

CNT 500 1:3 Carbon nanotubes synthesized with rice husk
pyrolyzed at 500°C with 1:3 wt ratio of ferrocene and rice
husk biochar respectively.

CNT 400 1:1 Carbon nanotubes synthesized with rice husk
pyrolyzed at 400°C with 1:1 wt ratio of ferrocene and rice
husk biochar respectively.

CNT 400 1:2 Carbon nanotubes synthesized with rice husk
pyrolyzed at 400°C with 1:2 wt ratio of ferrocene and rice
husk biochar respectively.

CNT 400 1:3 Carbon nanotubes synthesized with rice husk
pyrolyzed at 400°C with 1:3 wt ratio of ferrocene and rice
husk biochar respectively.

CNT 300 1:1 Carbon nanotubes synthesized with rice husk
pyrolyzed at 300°C with 1:1 wt ratio of ferrocene and rice
husk biochar respectively.

CNT 300 1:2 Carbon nanotubes synthesized with rice husk
pyrolyzed at 300°C with 1:2 wt ratio of ferrocene and rice
husk biochar respectively.

CNT 300 1:3 Carbon nanotubes synthesized with rice husk
pyrolyzed at 300°C with 1:3 wt ratio of ferrocene and rice
husk biochar respectively.

CVD Chemical Vapor Deposition

DCM Dichloro Methane

DTGS Deuterated triglycine sulphate

FESEM  Field Emission Scanning Electron Microscopy
FTIR Fourier Transform Infrared spectroscopy
XRD X-ray Diffraction

TEM Transmission Electron Microscopy

VM Volatile Matter

HHV Higher Heating Value

FC Fixed Carbon

AC Ash Content

Fe Iron

NP Nanoparticles

LCA Life Cycle Assessment

o-Fe,O3 Hematite,

FesC Cementite

Fe304 Magnetite

JCPDS  Joint Committee on Powder Diffraction Standards

Pyrolysis is defined as the thermal decomposition of biomass in inert
or vacuum conditions to obtain products like pyrolysis gas, bio-oil, and
biochar (Zha et al., 2023). The three types of pyrolysis are slow, fast, and
flash pyrolysis. Slow pyrolysis is characterized by high residence times
(5-30 min) and lower temperature rates (300-700°C) (Pielsticker et al.,
2021). Fast pyrolysisis the rapid thermal decomposition of biomass at
very high temperatures (400-800°C) and shorter residence time (<2 s)
compared to slow pyrolysis. In flash pyrolysis, the temperature may
spikeup to 2500°C for a very short interval of time (<0.5 s) (Sekar et al.,
2021; Ighalo et al., 2022). (Baghel and Kaushal, 2022) reported the
carbon nanotube synthesis from Prosopis juliflora biochar under micro-
wave irradiation conditions. The carbon nanotubes of size ranging from
10 to 60 nm were synthesized from Prosopis juliflora biochar precursor.
Hidalgo et al. (2019) synthesized carbon nanotubes having a diameter of
17-100 nm from four different biochar precursors. Super long
(0.7-2 mm) carbon nanotubes were synthesized from cellulose extracted
from Palm kernel shells by microwave pyrolysis synthesis by EsoheO-
moriyekomwan et al. (2022). The highest quality of carbon nanotubes
was obtained after microwave treatment at 1400°C (Ip/Ig=0.84). Bio-
char obtained by pyrolysis of three different species of algae, namely,

Scenedesmusalmeriensis, Macrocystispyrifera, and Sarcothalia crispate was
used for carbon nanotube synthesis by Hidalgo et al. (2023). Higher
carbon content was observed for carbon nanotubes synthesized from
Scenedesmus almeriensis microalgae biochar. Le et al. (2021) synthesized
carbon nanotubes by co-pyrolysis of eucalyptus oil and ferrocene cata-
lyst at a temperature range of 800-900°C. The highest carbon nanotube
yield of 45 % was obtained at 850°C with a 1:1 molar ratio of eucalyptus
oil to ferrocene.

Microwave is a form of electromagnetic energy that has a frequency
and wavelength of 0.3-300Ghz and 1mm-1m respectively (Rifna et al.,
2019). Microwave-assisted heating is an effective method compared to
conventional heating methods due to its faster heating rates and lower
energy requirements. Microwave energy works with the principle of
localized heating, where the microwave energy interacts with the
reactant particles at the molecular level, which makes the heating pro-
cess expeditious (Palma et al., 2020; Kumar et al., 2020). Also, micro-
wave heating is characterized by volumetric heating, where the heat and
mass transfer occur in the same direction (Bajpai and Wagner, 2015;
Mao et al., 2021). The microwave-assisted method is an energy-efficient,
time-saving, and effective method that can be used for the synthesis of
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carbon nanotubes.

Rice husk is an abundant, cheap agricultural waste, environmentally
benign source of biomass. The excessive charring of waste rice husk in
farmlands releases toxic smoke into the atmosphere, leading to envi-
ronmental damage and health issues (Quispe et al., 2017; Pode, 2016).
The presence of organic carbon and silica in rice husk makes it a suitable
raw material for numerous applications like construction, fertilizers, and
fuel (Shamsollahi and Partovinia, 2019; Kordi et al., 2024). In this study,
we propose another application of waste rice husk as a feedstock in the
synthesis of carbon nanotubes by a two-step conversion process. The
slow pyrolysis of waste rice husk sample was done to obtain carbona-
ceous, amorphous biochar at three different pyrolysis temperatures 300,
400, and 500°C. The second step involves the conversion of biochar to
carbon nanotubes under microwave irradiation conditions in the pres-
ence of the organometallic compound, ferrocene as the catalyst. Also the
effect of the ratio of rice husk biochar to the organometallic catalyst,
ferrocene, on the characteristics, yield and the quality of carbon nano-
tubes is hardly investigated till now. The rice husk biochar precursors
(pyrolyzed at three different temperatures, 300, 400, and 500°C) are
individually treated with three different ratios (g/g) of ferrocene to rice
husk biochar(1:1, 1:2, 1:3) in the presence of microwave energy to
synthesize the desired carbon nanotubes. Further, the synthesized rice
husk carbon nanotubes are characterized by various analysis techniques,
namely, X-ray diffraction, Fourier transform Infrared spectroscopy,
Raman spectroscopy, Particle size analysis by dynamic light scattering,
Ultra-violet spectroscopy, TEM analysis and Finite-element scanning
electron microscopy.

2. Materials and experimental method

A 27-liter, 900-watt power, Panasonic NN-CT644M model

Gas Flow meter
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microwave oven was used as the microwave irradiation source for this
study. The organometallic compound, Ferrocene was purchased from
Doon Chemicals, Dehradun, India. The agricultural waste rice husk was
sourced from a local agricultural field in Dehradun, India.The rice husk
sample was initially open-air dried for two days, then pulverized toa fine
powder using an electric mixer andfurther sieved with a 75 pm mesh to
get the required powder sample for pyrolysis. A detailed diagram of the
two-step process of conversion of waste rice husk to carbon nanotubes is
shown in Fig. 1.

2.1. Slow pyrolysis of agricultural waste to produce biochar

A 100 g sample of powdered rice husk was placed in the fixed-bed
pyrolysis reactor, and a slow pyrolysis process was performed at 300,
400, and 500°C for a residence time of 3 h. The desired pyrolysis tem-
perature was attained by slowly ramping the reactor temperature at
10°C/minute. After completing the process, the sample was allowed to
cool down and thenremoved from the chamber. The biochar yield after
the slow-pyrolysis process is given by the following equation:

(Weight of biochar in grams)
(Weight of rice husk in grams)

Biochar yield(%) = x 100 (€D)

2.2. Rice husk Carbon nanotube synthesis

A total of nine ferrocene to rice husk biochar mixture samples were
prepared for the carbon nanotube synthesis by separately mixing the
rice husk biochar that had been pyrolyzed at 300, 400, and 500°C with
ferrocene at three distinct ferrocenes to biochar ratios (gram/gram): 1:1,
1:2, and 1:3, respectively. Each sample of the ferrocene-to-biochar
combination was separately transferred to a 30-milliliter glass vial

Non-condensable
gases

N € Water Inlet

> @

L > Water Outlet
Condenser

Fixed bed

—

Heating
element

Rice husk
sample

e

T

Nitrogen cylinder

Rice husk Biochar

Thermocouple

Pyrolysis oil

Step 1: Slow Pyrolysis of
rice husk sample

Carbon nanotubes

]
L B

Ferrocene and rice husk
biochar in microwave
conditions

Step 2: Carbon nanotubes
synthesis in microwave conditions

Fig. 1. Two-step process of conversion of waste rice husk to carbon nanotubes.
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before being put in the microwave oven to synthesize carbon nanotubes.
The microwave temperature was maintained at 120°C for 15 min. The
reaction commenced within a few seconds as ferrocene decomposed into
cyclopentadienyl (CsHs) and free iron atoms. Upon condensation and
aggregation, free iron particles are converted to iron nanoparticles, and
they are scattered on the surface of rice husk biochar. Iron nanoparticles
act as catalysts in this carbon nanotube synthesis under microwave
irradiation. Once the reaction is completed, the set-up is allowed to cool,
and the glass vial is removed from the oven. It was observed that
extremely fine carbon nanotube particles adhered along the walls of the
glass vial. The carbon nanotubes were carefully removed and sent for
further characterization. The two-step process of conversion of rice husk
to carbon nanotubes is depicted in Fig. 1.

2.3. Characterization of rice husk biochar and carbon nanotubes

Rice husk biochar was characterized by proximate analysis and ul-
timate analysis methods. The proximate analysis for moisture, ash, and
volatile content was performed using the ASTM D3173, D3175, and
E1755 methods, respectively. The fixed carbon (%) was calculated as per
the following equation:

Fixed carbon(%)= [100-(Ash content (%)+Volatile content(%)-+Mois-
ture content(%))] 2

Also, the ultimate (CHNS) analysis of rice husk biochar was done
using a EuroEA CHNS analyzer, the H/C molar ratio and O/C molar ratio
were evaluated based on the results obtained from the ultimate analysis
of rice husk biochar.The X-ray diffraction analysis of rice husk carbon
nanotubes was performed using the Bruker D8 Advance Eco model,
having a 1 kW X-ray source with a vertical, 6/260 geometry. The Fourier
transform infrared (FTIR) spectroscopy helps to identify the functional
groups, and chemical bonds in both organic and inorganic compounds
by evaluating the absorption of infrared radiation in a wide range of
wavelengths. For this study, the Perkin Elmer Frontier FT-IR/FIR model
was used with a Deuterated Triglycine Sulphate (DTGS) detector. The
particle size distribution of rice husk-synthesized carbon nanotubes was
evaluated by dynamic light scattering technique. Malvern ZEN 1690 (S-
type) model was used for dynamic light scattering studies with a mea-
surement range of 0.3 nm to 5 microns. The rice husk carbon nanotube
particles were suspended in the Dichloromethane (DCM) solution hav-
ing the viscosity, refractive index, dielectric constant, and density of
0.413 cp, 1.4125, 8.93, and 1.318 g/cc, respectively. The DCM solution
along with suspended carbon nanotube particles was initially sonicated
for 45 min, followed by centrifuging it for 30 min at 3300 rpm. The
heavier carbon nanotube particles agglomerate and settle at the bottom
of the centrifuge tube. The supernatant liquid was carefully transferred
to the glass cuvette for dynamic light scattering analysis.

Ultraviolet spectrometry is an effective, non-destructive analytical
method used for organic and some inorganic compounds to measure the
absorbance or emittance of ultra-violet or visible light rays through a
sample in comparison to a reference sample. The rice husk carbon
nanotube solutions wereinitially dispersed in the Dichloromethane so-
lution and then sonicated in a Branson 3800 model ultrasonic bath at
35 Hz for 45 min. The agglomeration of the carbon nanotube particles
due to van der Waals forces of attraction can be effectively separated by
the sonication process. The sonicated sample was allowed to rest for 2 h,
and some agglomerated carbon nanotube particles settled at the bottom.
The supernatant sample was carefully transferred to a 10 mm,3.5 ml
quartz cuvette, and placed inside a Shimadzu UV-19001 model ultravi-
olet spectrometer for analysis. The wavelength for the ultraviolet spec-
trometry analysis was set in the range of 200-1000 nm.The Raman
spectroscopy analysis was performed with the RIMS-U-DC model having
a laser power and wavelength of 300 milli Volts and 532 nm respec-
tively. FEI Apreo LoVac (1.5-2 nm resolution and magnifications of 10x-
300000x) was used to evaluate the surface morphology of the
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3. Result and discussion

This section presents the results from the characterization of rice
husk biochar and the subsequent synthesis of carbon nanotubes (CNTs).
The effects of varying pyrolysis temperatures (300°C, 400°C, and 500°C)
and the ferrocene-to-biochar ratios (1:1, 1:2, and 1:3) on the properties
of biochar and CNTs are discussed. Characterization techniques such as
proximate and ultimate analysis, X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), and dynamic light scattering
(DLS) were employed to assess the quality, structural changes, and
particle size distribution of the products.

3.1. Characterization of rice husk biochar precursor

The slow pyrolysis of rice husk, an agricultural waste, was performed
at temperatures of 300°C, 400°C, and 500°C. The results showed a
noticeable reduction in biochar yield with increasing pyrolysis tem-
perature due to a higher degree of thermal decomposition. Specifically,
at 300°C, the biochar yield was 44.53 + 3.32 %, but this decreased to
40.6 + 1.927 % at 400°C and further to 35.02 + 1.81 % at 500°C. This
reduction in yield can be attributed to the higher rate of thermal
decomposition of lignocellulose biomass as the temperature increases.
The proximate analysis revealed a decrease in moisture and volatile
content as the pyrolysis temperature increased from 300°C to 500°C. In
contrast, both ash and fixed carbon content increased with higher py-
rolysis temperatures. The ultimate analysis confirmed that carbon is the
major constituent of the rice husk, and the carbon content increased
with the rising pyrolysis temperature. The H/C and O/C molar ratios
decreased with increasing temperature, indicating improved aroma-
ticity and reduced hydrophilicity of the rice husk biochar. The detailed
results of biochar yield, proximate, and ultimate analyses are shown
below:

At 300°C, the biochar yield was 44.53 %, with 4.92 % moisture,
39.13 % volatile matter, 4.30 % ash, and 51.65 % fixed carbon. The
carbon content (C) was 40.76 %, hydrogen (H) was 2.62 %, and oxygen
(0) was 56.42 %. At 400°C, the biochar yield decreased to 40.67 %, with
3.31 % moisture, 36.28 % volatile matter, 4.98 % ash, and 55.43 %
fixed carbon. The carbon content increased to 44.73 %, with hydrogen
(H) at 2.06 % and oxygen (O) at 53.05 %. At 500°C, the biochar yields
further decreased to 35.02 %, with moisture at 2.36 %, volatile matter at
31.67 %, ash at 5.47 %, and fixed carbon at 60.50 %. The carbon con-
tent increased to 50.48 %, hydrogen (H) to 1.12 %, and oxygen (O) to
48.29 %. The H/C and O/C molar ratios also decreased progressively
with increasing temperature, indicating improvements in biochar's
structural properties and aromaticity. The H/C and O/C molar ratios
decrease with increasing pyrolysis temperature, as shown in Table 1.
Lower H/C and O/C molar ratios indicate better aromaticity and lower
hydrophilicity, respectively, in rice husk biochar.

3.2. X-ray diffraction (XRD) analysis of Rice husk biochar and Carbon
nanotubes

The results of X-ray diffraction (XRD) analysis performed for rice
husk biochar and rice-husk-derived carbon nanotubes are depicted in
Fig. 2 (a) and (b), respectively. The peaks for rice husk biochar at 300,
400, and 500°C were observed at 21.88, 22.07, and 21.64°, respectively,
all of which lie on the (002) plane. The prominent peak of rice husk
biochar indicates the presence of amorphous silica, which is a principal
constituent of rice husk (Islam et al., 2021). As the temperature increases
from 300 to 500°C, the crystalline nature of the rice husk biochar im-
proves as the major peak at 21.64-22.07° becomes narrower. This in-
dicates that the major constituent of the rice husk sample, amorphous
silica, gradually crystallizes with increasing pyrolysis temperature. The
XRD of rice husk biochar is shown in Fig. 2(a) and the results agree with
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Table 1
The results of the proximate and ultimate analysis of rice husk biochar.

Industrial Crops & Products 241 (2026) 122768

Pyrolysis Proximate analysis Ultimate analysis
Ti t °
emperature (*C) Moisture Volatile matter Ash content Fixed carbon C(%) H N S 0(%) H/C molar 0/C molar

(%) (%) (%) (%) (%) (%) (%) ratio ratio

Room temp. 8.90 58.48 0.28 32.26 31.51 3.94 0.00 0.00 6455 1.50 0.77

300 4.92 39.13 4.30 51.65 40.76  2.62 0.22 0.00 56.42  0.83 0.52

400 3.31 36.28 4.98 55.43 44.73 2.06 0.16 0.00 53.05 0.59 0.44

500 2.36 31.67 5.47 60.50 50.48 1.12 0.11 0.00 4829 0.24 0.36

the works of literature we studied (Islam et al., 2021; Armynah et al.,
2018).

In the case of rice husk carbon nanotubes pyrolyzed at 300,400 and
500°C, the common and the most prominent peak lies in the highly
ordered graphite (002) plane. The graphite (002) plane has an inter-
planar spacing of 0.31 nm, which corresponds to the interplanar spacing
value of multi-walled carbon nanotubes . The sharpness of the peak in
the graphite (002) plane of rice husk-derived carbon nanotubes in-
dicates the presence of multi-walled carbon nanotubes. Another com-
mon peak for all synthesized carbon nanotubes was around 43.1° and it
corresponds to the graphite (100) plane, which is also mostly observed
in carbon nanotubes (Kim et al., 2012). While comparing the XRD
analysis of rice husk biochar and rice husk carbon nanotubes, it is
evident that the synthesized carbon nanotubes have become more
crystalline indicated by a sharp and prominent peak seen in the graphite
(002) plane. Moreover, when the ferrocene to biocharratio is varied
from 1:1-1:3, there is a reduction in the sharpness of the graphite crystal
(002) plane, possibly due to the presence of amorphous silica in rice
husk biochar. The XRD curve of Rice husk CNT 300 1:3 and Rice husk
CNT 300 1:2 exhibited a broad peak at 22.2°, which is associated with
amorphous silica present in rice husk biochar pyrolyzed at 300°C as
shown in Fig. 2(b). In other words, the crystallinity of the graphite (002)
plane is reduced due to the presence of amorphous silica in rice husk
biochar. This is confirmed by the high silicon content detected by the
EDX spectrum of RH CNT 300 1:3. In addition to the above-mentioned
prominent peaks, minor diffraction peaks associated with Fe-based
phases were observed. The peak at ~36° (20) corresponds to the (311)
plane of Fe304 (JCPDS PDF 19-0629) (Namikuchi et al., 2021), indi-
cating partial oxidation of the Fe catalyst. The peaks at ~39.5° and ~47°
are indexed to the (121) and (211) planes of Fe3C (JCPDS PDF 35-0772)
(Chen et al., 2019), confirming iron carbide formation during CNT
growth. A weak peak at approximately 48.6° is primarily attributed to
a-FepO3 (024) (JCPDS PDF 33-0664) (Liu et al., 2020; Baghel et al.,
2022). As per EDX spectrum of RHCNT 300 1:3 shown in Fig. 2(c), the
silicon content of 14.19 + 0.15 %wt. was estimated. Some of the pre-
vious research also confirmed the presence of a broad peak at approxi-
mately 22° for rice husk biochar due to its inherent silica content
(Burachevskaya et al., 2023; Yang et al., 2023). The peak adjacent to the
Si Ko signal corresponds to the Si Kf transition (~1.84 keV), while
minor peaks at ~0.7, 6.4, and 7.1 keV are attributed to Fe La, Fe Ka, and
Fe KB emissions, respectively.

The inter-planar spacing (p-spacing) of CNTs can be determined by
Bragg’s Law as follows:

n*A= 2*d*sin0 3

where, n is the order of reflection, A is the wavelength of X-rays
(0.154 nm), d is the inter-planar spacing, and 6 is the Braggs angle (Wei
and Li, 2016). The inter-planar spacing of the (002) peak was calculated
as 0.314nm, which corresponds to inter-planar spacing range
(0.31-0.35 nm) of MWCNTs (Kharissova and Kharisov, 2014; Hassan,
2015).

3.3. Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectrometry results of RHCNTSs pyrolyzed at 300,400 and

500°C are shown in Fig. 3(a), (b), and (c), respectively. A common,
broad peak was observed for rice husk carbon nanotubes in the wave
number ranges of 1091-1109 cm ™! and it can be attributed to C—O
symmetric stretching seen in alcohols. Also, all the rice husk carbon
nanotubes exhibit two minor peaks at 1416-1434 cm™land1598-1628
em . The presence of aromatics, such as esters and phenols, contributes
to the peak at 1416-1434 cm-1, which corresponds to C—C stretching.
The 1598-1628 cm-1 peak is due to C=C asymmetric stretching by ar-
omatic groups that are present in lignin, and it represents sp> hybridized
(G-band) carbon atoms. Another common broad peak was observed at
approximately 3400 cm ™}, which is due to the presence of O—H
stretching. A weak peak was observed at 2918-2926 cm ™! for rice husk
carbon nanotubes pyrolyzed at 500°C, as depicted in Fig. 3(c). The weak
peak at 2918-2926 cm™! can be associated with symmetric and asym-
metric C—H stretching.

3.4. Dynamic Light Scattering (DLS) analysis for particle size distribution

The hydrodynamic diameter of the synthesized rice husk carbon
nanotubes was found to be influenced by both the ferrocene-to-biochar
ratio and the pyrolysis temperature. The most minor hydrodynamic
diameter of 140 nm was recorded for RHCNT 500 1:1. As the ferrocene
to biochar ratio increased from 1:1-1:3, the hydrodynamic diameter of
the carbon nanotubes also increased. This trend indicates that a higher
ferrocene ratio leads to larger particle sizes in the synthesized
nanotubes.

As the pyrolysis temperature decreased from 500°C to 300°C, the
hydrodynamic diameter of the carbon nanotubes also increased, irre-
spective of the ferrocene to biochar ratio. This observation aligns with
findings by (Hidalgo et al., 2019), who reported that carbon nanotubes
made from biochar pyrolyzed at 600°C had a smaller hydrodynamic
diameter than those made from biochar pyrolyzed at 400°C (Hidalgo
et al., 2019).

The particle size of the biochar precursor, which is a crucial factor in
the synthesis of carbon nanotubes, was measured for rice husk biochar
pyrolyzed at 500°C, 400°C, and 300°C. The average particle sizes were
determined to be 18.5 + 0.4 um at 500°C, 26.4 + 0.5 um at 400°C, and
32.9 + 0.4 um at 300°C. The larger particle size of rice husk biochar
pyrolyzed at 300°C may have contributed to the higher hydrodynamic
diameter observed for RHCNT 300 across various ferrocene-to-biochar
ratios. These findings align with those of (Hidalgo et al., 2019), who
reported that an increase in the particle size of the biochar precursor can
increase the size of the synthesized carbon nanotubes. The hydrody-
namic diameters of the synthesized rice husk carbon nanotubes for each
ferrocene to biochar ratio were as follows: For RHCNT 500 1:1, the
hydrodynamic diameter was 140 nm; for RHCNT 500 1:2, the hydro-
dynamic diameter increased to 180 nm; and for RHCNT 500 1:3, the
hydrodynamic diameter was 187 nm. For RHCNT 400 1:1, the hydro-
dynamic diameter was 196 nm, and for RHCNT 400 1:2, it increased to
227 nm. When the ratio was 1:3, the hydrodynamic diameter was
236 nm. For RHCNT 300 1:1, the diameter was 254 nm; it increased to
280 nm for a 1:2 ratio and to 322 nm for a 1:3 ratio.
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Fig. 2. (a) XRD results of RHBC 300, RHBC 400, and RHBC 500, (b) XRD results of RHCNTs, (c) EDX spectrum of RHCNT 300 1:3.
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Fig. 3. (a) FTIR results of RHCNT 300 1:1, RHCNT 300 1:2, and RHCNT 300
1:3, (b) FTIR results of RHCNT 400 1:1, RHCNT 400 1:2, and RHCNT 400 1:3,
and (c) FTIR results of RHCNT 500 1:1, RHCNT 500 1:2, and RHCNT 500 1:3.

3.5. Ultraviolet Spectrometry

The ultraviolet spectrometry analysis of rice husk carbon nanotubes
synthesized at different pyrolysis temperatures and ferrocene to biochar
ratios revealed maximum ultraviolet absorption in the range of
208-226 nm. The maximum absorbance of rice husk carbon nanotubes
was observed in this ultraviolet spectrum, and it gradually decreased in
the infrared region. The energy band gap corresponding to the
maximum ultraviolet absorption of the synthesized rice husk carbon
nanotubes ranged from 5.48 to 5.96 eV. The highest energy band gap of
5.96 eV was observed for RHCNT 500 1:1, while the lowest value of
5.48 eV was observed for RHCNT 300 1:1. These findings are consistent

Industrial Crops & Products 241 (2026) 122768

with previous studies, such as (Algadri et al., 2017), who reported an
energy band gap of 5.69-5.84 eV for carbon nanotubes (Algadri et al.,
2017). According to Singh et al. (2018), the energy band gap is inversely
proportional to the particle size of the material, and this was observed in
the current study, where the smallest particle size corresponded to the
highest energy band gap, and the largest particle size corresponded to
the lowest energy band gap (Singh et al., 2018). Collins et al. (2001) also
reported that smaller carbon nanotube shells tend to exhibit higher
energy band gaps, which is reflected in the results for RHCNT 500 1:1
and RHCNT 300 1:1, which exhibited the smallest and largest particle
sizes, respectively (Collins et al., 2001).

The wavelength of maximum absorbance and the energy band gaps
for each rice husk carbon nanotube sample are as follows: For RHCNT
500 1:1, the wavelength of maximum absorbance was 208 nm, and the
energy band gap was 5.96 eV; for RHCNT 500 1:2, the wavelength was
224 nm, and the energy band gap was 5.53 eV; for RHCNT 500 1:3, the
wavelength was 214 nm, and the energy band gap was 5.79 eV. For
RHCNT 400 1:1, the wavelength was 210 nm, and the energy band gap
was 5.90 eV; for RHCNT 400 1:2, the wavelength was 220 nm, and the
energy band gap was 5.64 eV; for RHCNT 400 1:3, the wavelength was
225 nm, and the energy band gap was 5.51 eV. For RHCNT 300 1:1, the
wavelength was 226 nm, and the energy band gap was 5.48 eV; for
RHCNT 300 1:2, the wavelength was 223 nm, and the energy band gap
was 5.56 eV; for RHCNT 300 1:3, the wavelength was 217 nm, and the
energy band gap was 5.71 eV (Fig. 4).

3.6. Raman Spectroscopy

The Raman spectroscopy analysis of rice husk carbon nanotubes
revealed distinct band peaks at 1350 cm™ and 1593 cm™ , correspond-
ing to the D-band (D-mode) and G-band (G-mode), respectively. The G-
band, attributed to C—C stretching in graphitic materials, signifies the
presence of sp? hybridized carbon atoms, while the D-band corresponds
to sp® hybridization and indicates structural defects in the carbon
nanotubes. Raman spectra of RHCNT 500, RHCNT 300 and RHCNT 400
are shown in Fig. 5(a), Fig. 5(b) and Fig. 5(c), respectively.

A broad peak at 2750 cm™ , referred to as the 2D-band, was also
observed, which is typically associated with the overtone of the G-band.
The lower intensity of the 2D band suggests the presence of multi-walled
carbon nanotubes, a characteristic feature linked to a higher number of
layers in the carbon material, as reported by Hossain et al. (2016), The
2D-band was more prominent in RHCNT 500 1:3, followed by RHCNT
500 1:2.

In Raman spectroscopy, the intensity ratio of the D-band (Ip) to the
G-band (Ig) provides insight into the quality of the carbon nanotubes
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Fig. 4. Ultraviolet absorption spectra of rice husk carbon nanotubes.
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and the degree of wall graphitization. A lower ID/IG ratio indicates
better quality and a higher degree of wall graphitization. The Ip/Ig ratios
for the rice husk-derived carbon nanotubes, presented below, were
relatively low, all falling below 1, indicating a high degree of graphiti-
zation in the materials. (Baghel 7 Kaushal, 2022) also used biochar that
was pyrolyzed at 300, 400, 500, and 600°C to report an Ip/Ig value < 1
for Prosopis Juli Flora carbon nanotubes. The lowest Ip/Ig ratio of 0.75
was observed for RHCNT 500 1:3, suggesting a high degree of wall
graphitization and superior quality of the carbon nanotubes. For both
RHCNT 500 and RHCNT 400, the Ip/Ig ratio decreased as the ferrocene
to biochar ratio increased from 1:1-1:3. For RHCNT 300, the Ip/Ig ratio
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slightly decreased from 0.88 to 0.86 as the ferrocene to biochar ratio
changed from 1:1-1:2. When the ratio was further increased from
1:2-1:3, the Ip/Ig ratio rose to 0.92. This increase in the Ip/Ig ratio for
RHCNT 300 1:3 is possibly attributed to the presence of amorphous
silica in rice husk biochar pyrolyzed at 300°C, which aligns with the
findings of the XRD analysis discussed in 3.2. The results suggest that
higher pyrolysis temperatures, along with a higher ferrocene to biochar
ratio (e.g., 500°C and 1:3), improve the quality of the carbon nanotubes,
yielding a higher degree of wall graphitization. The Ip/Ig ratios for each
rice husk carbon nanotube sample are as follows: For RHCNT 500 1:1,
the Ip/Ig ratio was 0.84; for RHCNT 500 1:2, it was 0.81; for RHCNT 500
1:3, it was 0.75. For RHCNT 400 1:1, the Ip/Ig ratio was 0.87; for RHCNT
400 1:2, it was 0.85; for RHCNT 400 1:3, it was 0.83. For RHCNT 300
1:1, the Ip/Ig ratio was 0.88; for RHCNT 300 1:2, it was 0.86; and for
RHCNT 300 1:3, it was 0.92.

3.7. Field Emission Scanning Electron Microscopy (FESEM)

FESEM analysis is an effective method to visualize the surface
topography of materials. Fig. 6(a)-(f) shows the surface morphology of
RHCNT 500 and RHCNT 400, which showed elongated, tubular, and
entangled structures. The surface morphologies of RHCNT 500 and
RHCNT 400 showed close similarity to those ofommercially synthesized
multi-walled carbon nanotubes (Kumar et al., 2015). The average
diameter of RHCNT 500 1:1, RHCNT 500 1:2, RHCNT 500 1:3, RHCNT
400 1:1, RHCNT 400 1:2, and RHCNT 400 1:3 was 55 nm, 64 nm,
61 nm, 71 nm, 76 nm, and 78 nm, respectively. As the proportion of the
carbon source (here, rice husk biochar) increases, the diameter of the
synthesized carbon nanotubes decreases. RHCNT 500 1:1 was found to
have the lowest diameter, followed by RHCNT 500 1:2 and RHCNT 500
1:3. Also, similar results were observed for RHCNT pyrolyzed at 400°C,
as RHCNT 400 1:1 had the lowest diameter compared to RHCNT 1:2 and
RHCNT 1:3. The increase in diameter of carbon nanotubes at a 1:3
ferrocene to biochar ratio can be attributed to an insufficient amount of
iron (Fe) nanoparticle catalysts (As they are liberated when ferrocene is
decomposed at higher temperatures) for accommodating and synthe-
sizing rice husk carbon nanotubes. Adequate amounts of iron nano-
particles are required for the self-assembly of carbon nanotubes. In
agreement with this result, (Thonganantakul et al., 2018) pointed out
that the equal weight proportion of ferrocene and carbon source
(kerosene) yielded a carbon nanotube with lowest diameter. On the
other hand, the surface morphology of RHCNT 300 1:1, RHCNT 300 1:2,
and RHCNT 300 1:3 showed spherical, agglomerated structures (Fig. 6
(g)-(i)). Short tubular CNT structures were observed in all three rice
husk carbon nanotubes pyrolyzed at 300°C. For Rice husk CNTs pyro-
lyzed at 300°C, the nucleation process of carbon nanotube growth was
initiated, but further carbon nanotube synthesis was impeded by the
presence of amorphous carbon and silica in Rice husk biochar pyrolyzed
at 300°C. Also, at higher pyrolysis temperatures of 400 and 500°C, it can
be concluded that amorphous carbon and silica became more crystal-
line, while carbon nanotube growth was not affected. As explained
earlier in this work in 3.2, the degree of crystallinity of rice husk biochar
increases with higher pyrolysis temperature. The average diameter of
RHCNT 300 1:1, RHCNT 300 1:2, and RHCNT 300 1:3 was 98 nm,
102 nm, and 108 nm, respectively.

3.8. TEM analysis

TEM analysis provides information of internal structure of materials
and it is crucial in characterizing CNTs. Fig. 7(a) depicts TEM image of
RHCNT 500 1:1. They exhibited elongated, tubular structure similar to
that of MWCNTs. Using ImageJ software, the length of synthesized
RHCNT 500 1:1 was found to be in range of 1.09-1.43 . As observed in
Fig. 7(b), the Iron NPs decomposed from ferrocene catalyst has encap-
sulated inside the tubular structure of CNT, possibly due to capillarity
effect (Hidalgo et al., 2019). Under microwave irradiation conditions,
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Fig. 6. FESEM images depicting surface morphology of (a) RHCNT 500 1:1, (b) RHCNT 500 1:2, (c) RHCNT 500 1:3, (d) RHCNT 400 1:1, (e) RHCNT 400 1:2, ()
RHCNT 400 1:3, (g) RHCNT 300 1:1, (h) RHCNT 300 1:2, and (i) RHCNT 300 1:3.
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Fig. 7. a) TEM image of RHCNT 500 1:1, b) Encapsulated Iron NPs, c¢) Wall
thickness of RHCNTs.

ferrocene decomposes into Fe atoms and cyclopentadienyl (Baghel and
Kaushal, 2022). Upon further condensation and aggregation, iron atoms
are converted into iron NPs. Further, iron NPs scattered on the surface of
biochar reacts under microwave irradiation conditions to produce CNTs.
Also, Fig. 7(c) shows the multiple layers of graphene sheets stacked one
above the other in case of RHCNT 500 1:1, similar to that of MWCNTSs.
The average wall thickness of RHCNT 500 1:1 was calculated as 8.77

=+ 0.46 nm using ImageJ software. Finally, RHCNT 500 1:1 exhibited
24-28 concentric walls, similar to those of Multi-walled carbon nano-
tubes (Roslan et al., 2019).

3.9. Yield of synthesized RHCNTs

The yield of synthesized RHCNTs is shown in Fig. 8. The highest and
lowest yield of 0.34 + 0.02 (gCNT/gRHBC) and 0.18 & 0.01 (gCNT/
gRHBC) was observed for RHCNT 500 1:1 and RHCNT 300 1:3,
respectively. The CNT yield of synthesized RHCNT 500 1:2, RHCNT 500
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Fig. 8. Yield of synthesized RHCNTs.

1:3, RHCNT 400 1:1, RHCNT 400 1:2, RHCNT 400 1:3, RHCNT 300 1:1
and RHCNT 300 1:2 was 0.30 £ 0.01 (gCNT/gRHBC), 0.31 + 0.01
(gCNT/gRHBC), 0.28 +0.02 (gCNT/gRHBC), 0.26 + 0.02 (gCNT/
gRHBC), 0.24 + 0.02 (gCNT/gRHBC), 0.22 + 0.01 (§CNT/gRHBC) and
0.19 + 0.01 (§CNT/gRHBC), respectively.

The CNTs synthesized from biochar precursors pyrolyzed at higher
temperatures gave higher yields. The RHBC produced at higher pyrolysis
temperatures often has higher fixed carbon, as depicted in Table 1 of the
Ultimate analysis, which ultimately increases the CNT yield. A similar
observation was made by (Moothi et al., 2012), who reported higher
CNT yield with increasing carbon content of precursor for CNT synthe-
sis. Also, as the ferrocene to biochar ratio was increased, there was a
decrease in CNT yield. As biochar content increases, there will be
insufficient ferrocene catalyst to convert carbon precursors to CNTs,
ultimately reducing yield. Egbosiuba et al. (2023) reported about 30 %
of CNT yield by electric arc discharge method. CVD method exhibited a
wide range of CNT yield from approximately 27-90 % with yield
directly by synthesis temperature, carbon source, gas flow rates and
catalysts type (Shukrullah et al., 2019). In summary, yield of RHCNT
synthesis from two-step process is influenced by slow-pyrolysis tem-
perature of rice husk and ferrocene to biochar ratio.

3.10. Energy analysis of the RHCNT synthesis process

The energy consumption of the RHCNT process is divided into four
sections, namely, pre-treatment of biochar precursor, slow-pyrolysis of
rice husk, microwave assisted synthesis of RHBC and finally post-
treatment of the synthesized RHCNTs. As the rice husk samples were
locally sourced, the energy consumed during transportation is not
considered. In the pre-treatment phase, the open-air-dried samples are
pulverized using a 750 W electric mixer for 20 min. The following
equation gives the energy produced during pyrolysis of rice husk:

G

Where, Qs is the energy required to heat and transform feedstock into
pyrolysis products and it is calculated by Eq. 5. The specific heat ca-
pacity of rice husk is taken as 1.67KJ/kgK (Hasan et al., 2024).

Energy Input (KJ), Ein= Qs+Quuv

)

Also, mgeeq is the mass of the feedstock (kg), c; is the specific heat
capacity (KJ/KgK), Tp is the pyrolysis temperature, and Tymp is the
ambient atmospheric conditions. Additionally, Quuy is the energy con-
tained in the solid biomass, and it is given by the following relationship
(Hasan et al., 2024):

Quuv= Mfeed*"HHV (6)

HHYV is the Higher Heating Value of the feedstock in KJ/Kg, and it is

Qs =mfeed*cp*(TP'Tamb)



S. Parameshwar et al.

given by the following equation (Parikh et al., 2005):

HHV(MJ/kg)= 0.3536*FC+ 0.1559*VM-0.0078*AC @)

Where FC is Fixed Carbon(%wt.), VM is Volatile matter(%wt.), and AC is
ash content(%wt.), and it is obtained from the Ultimate analysis values
as depicted in Table 1. During the CNT synthesis phase, a 900 W mi-
crowave oven is used for 15 min. Post-treatment involves initial soni-
cation for 30 min in a 500-W sonicator, followed by drying the RHCNTs
in a 1000-W electric oven for 30 min. The energy consumed by electrical
equipment is calculated as the product of its power rating and its time of
operation. The energy consumption per gram of RHCNT 500, RHCNT
400, and RHCNT 300 was separately calculated. The biochar and CNT
yields were taken from the data in 2.1 and Fig. 8, respectively. A
breakdown of the energy consumption of RHCNT 500, RHCNT 400, and
RHCNT 300 is shown in Fig. 9. Total energy consumption ranged from
1.437 to 1.456 KWh, per gram of synthesized RGHCNTSs. (Teah et al.,
2020) conducted a LCA study on CNT synthesis using a fixed-bed and
fluidized-bed CVD reactor. The cumulative energy demand per 1 g of
CNT synthesis was estimated to be 408.71 MJ and 6.55 MJ for fixed-bed
CVD and fluidized-bed CVD, respectively. The LCA study conducted by
Khanna et al. (2008) revealed a cumilative energy demand (per 1 g of
CNT produced) of 10.925MJ and 7.968MJ using methane and acetylene
precursors, respectively. Additionally, Heidari and Younesi (2020)
calculated the energy demand of 3.7-6.5MJ for CNT syntheses by waste
tyre precursors using CVD method. In summary, the energy consump-
tion for RHCNT synthesis at lab scale was found to be comparable to, and
in some cases lower than, that of conventional CNT synthesis methods.

4. Conclusions
The present study focused on the synthesis of carbon nanotubes

(CNTs) using rice husk biochar as a precursor. Based on the experimental
results and analyses, the following key conclusions can be drawn:

Rice husk CNT 500 and Rice husk CNT 400 exhibited elongated,
tubular structures with average diameters between 55 and 71 nm,
consistent with diameters of Multi-walled carbon nanotubes
(MWCNTs), while Rice husk CNT 300 showed spherical, short-
tubular structures due to incomplete growth caused by amorphous
carbon and silica.

Higher pyrolysis temperatures (400°C and 500°C) enhanced CNT
growth by crystallizing amorphous carbon and silica, whereas py-
rolysis at 300°C resulted in limited growth and retained amorphous
phases, negatively affecting the structural integrity.

Increasing the ferrocene-to-biochar ratio from 1:1-1:3 resulted in
larger CNT diameters across all pyrolysis temperatures, with the
highest wall graphitization and CNT quality observed for RHCNT
500 1:3.

e Raman spectroscopy revealed an Ip/Ig ratio below unity for all
synthesized CNTs, indicating a high degree of graphitization, with
the lowest ID/IG ratio observed for RHCNT 500 1:3, indicating the
best graphitic quality.

The maximum absorbance of rice husk CNT samples was observed
between 208 and 226 nm, aligning with values reported in previous
studies, confirming the optical properties of the synthesized CNTs.
e XRD analysis showed the presence of amorphous silica in Rice husk
CNT 300 samples, leading to a broad peak at 22° that reduced the
sharpness of the graphitic (002) peak, while higher temperatures
improved crystallinity and graphitization.

The study highlights rice husk biochar pyrolyzed at 400°C and
500°C, particularly at a 1:3 ferrocene-to-biochar ratio, as a sustain-
able and effective precursor for synthesizing CNTs with a favourable
ID/IG ratio and an average diameter of < 100 nm, indicating good
quality.
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Fig. 9. Energy consumption of synthesized RHCNTSs.

This study highlights the need for further research to establish clear
screening criteria for selecting lignocellulose biomass precursors for
microwave-assisted carbon nanotube synthesis and to understand better
their influence on surface morphology, particle size, wall graphitization,
wall thickness, inter-planar spacing, crystallinity, and yield. Investi-
gating environmentally friendly liquid precursors, such as edible/non-
edible oils, animal fats, and microalgae oils, for CNT synthesis offers a
promising avenue. The potential of CNTs synthesized from biomass
could address solid waste disposal issues and create value-added prod-
ucts. Also, post-synthesis treatments are crucial to address impurities
and structural defects, enhancing CNT quality and expanding industrial
applications are the expected future potentials of the study.
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