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Abstract

The efficient synthesis of carbon nanotubes (CNTs) remains a challenge, and optimizing processing conditions
for high-quality CNT production is a subject of ongoing research. In this study, the influence of processing
parameters on the structure-property relationships of synthesized Fe-Ni bimetallic catalysts and the yield of
carbon nanotubes (CNTs) was investigated. The study also aimed to optimize the synthesis conditions for the Fe-
Ni bimetallic catalyst supported on CaCO; and examine the effect of CNT purification on the final product. The
CNTs were synthesized using a chemical vapor deposition process with an Fe-Ni bimetallic catalyst supported
on CaCOs, and the effects of processing parameters such as pre-calcination temperature, stirring speed, support
mass, and pre-calcination time on the yield and properties of the CNTs were analyzed. The synthesized CNTs
were then characterized using SEM, FT-IR, BET, XRD, and Raman spectrometers to assess their structure and
properties. The study revealed that optimizing the synthesis conditions led to increased graphitization and
crystallinity of the CNTs. A maximum CNT yield of 376% was obtained under the optimal conditions of a
reaction temperature of 700°C, a time of reaction of 90 min, and nitrogen and C,H, flow rates of 294 mL/min and
193 mL/min, respectively. CNT purification was found to be effective in reducing impurities and functionalizing
the CNTs for easy dispersion. The findings provide valuable insights for the development of efficient methods
for the large-scale production of high-quality CNTs.
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1. Introduction

Carbon nanotubes (CNT) are a type of carbon with a long tube structure. A thin cylinder, Multi-Walled Carbon
Nanotubes (MWCNT) were composed of up to several tens of graphitic shells with adjacent shell separations of
0.34 nm, a diameter of approximately 1 nm, and a high length/diameter ratio. The CNT allotrope of carbon is the
one that has been investigated the most because of its distinct hollow structure, from which they derive their
unusual mechanical, thermal, and electrical properties, such as low density and high tensile strength/stiffness
superior to any metal [1]. CNTs’ thermal conductivity is well enhanced and exceeds what is achievable in a
diamond. It is chemically and thermally stable, with extraordinary electrical conductivity and ductility. The
atomic bonding and chemical composition are in their simplest form, making the material suitable for various
applications [1-3].

The synthesis of CNT is an exciting field of study since no other material has such vast properties and
applications cutting across diverse fields like engineering, the humanities, and the natural sciences. Because of
CNT’s outstanding properties, researchers have been paying close attention to synthesising huge quantities of
well-defined arrays and high-crystalline CNT at a reasonable cost. However, more work is needed to improve the
yield of CNT synthesized using various processing routes [4]. CNTs have been produced using a range of



techniques, including laser ablation [1], arc discharge [5], plasma-enhanced chemical vapour deposition [6],
electrolysis [7], and catalytic chemical vapour deposition [8].

Chemical vapour deposition (CVD) is the most extensively used technique for generating CNTs due to its
simplicity, low cost, low temperature, and ambient pressure [8]. This made the process widely used in the industry.
The CVD approach allows CNT development in several forms, including powder, thin and thick films, aligned,
entangled, straight, coil, and even user-designed structures with distinct sites on patterned substrates [4]. Another
benefit of CVD over other approaches is that it allows for temperature control of CNT development [9,10].

The choice of carbon precursor, synthesis parameters, and operation circumstances influence carbon
nanotubes' quality, yield, and growth rate [11]. Selecting suitable catalyst support is one such technique that is
crucial for effectively creating high-grade and large-quantity CNTs through the CVD procedure. The catalyst
serves as the growth platform for CNT [10,12]. Catalyst preparation, particularly with support for the synthesis
of carbon nanotubes, has piqued researchers' interest owing to the influence of the support materials on the
characteristics and activities of the catalyst mixture [4]. Catalysts composed of transition metals such as Fe, Co,
Ni, and Mo, either alone or in combination with support materials like SiO», Al,O3, MgO, zeolite, CaCO3, TiO»,
and kaolin, have been utilized to generate carbon nanotubes (CNTs) with diverse morphologies and diameters
[4]. Fe and Ni are the most frequently used transition metals because they are very soluble and have high carbon
diffusion on metallic components at higher temperatures, which increases CNT production. Furthermore, when
compared to other transition metals, Fe, Co, and Ni particles formed the most active and effective phase needed
for CNT formation [11].

Calcium carbonate is a promising catalyst support for CNT synthesis due to its low cost, high catalytic activity,
controllable synthesis, environmental friendliness, non-porosity, ease of handling, and favorable dominance of
amorphous carbon in CNT development. Calcium carbonate has been shown to exhibit high catalytic activity for
the synthesis of CNTs, resulting in high yields and high-quality CNTs [11,13,14].

In recent years, there has been significant research on optimizing catalysts for CNT synthesis via CVD to
improve the yield and quality of CNTs. The optimization of catalysts involves selecting the appropriate
composition, morphology, and size of the catalyst to maximize CNT growth and minimize unwanted side
reactions [4,11,15].

There have been numerous studies on catalysts for carbon nanotube (CNT) synthesis via chemical vapor
deposition (CVD). Some previous studies have investigated the effects of catalyst composition on CNT growth.
For example, the effects of different metal catalysts, such as iron, cobalt, and nickel, on the growth of CNTs were
analyzed, and it was concluded that the catalyst composition had a noteworthy effect on size, yield, and quality
of the CNTs produced [5,16]. Other studies have focused on optimizing the morphology and size of the catalyst
particles used in CNT synthesis. It has been shown that catalyst particle size has a significant effect on the
properties of the produced CNT. The catalytic activity, lifespan, and yield of carbon nanotubes (CNTs) are
significantly enhanced by combining metallic particles such as Fe, Co, Ni, and Mo due to the lower melting point
of the combination. Compared to using individual metals, the incorporation of these mixed catalysts has been
shown to increase CNT growth and improve their quality. Moreover, the presence of multiple metal species helps
prevent the aggregation of catalyst particles. Extensive research has revealed that synthesized bimetallic catalysts
exhibit superior activity and stability when compared to monometallic catalysts [14,17-19]

Despite progress in catalyst optimization for carbon nanotube (CNT) synthesis via chemical vapor deposition
(CVD), research gaps still exist. These include a lack of understanding of catalyst deactivation mechanisms,
limited knowledge of the relationship between catalyst properties and CNT growth, a limited understanding of
the impact of impurities on catalyst performance, a lack of scalable catalyst optimization strategies, and a need
for new catalyst materials. Addressing these gaps through further research will be crucial for advancing the field
of CNT synthesis via CVD.

A well-designed and produced catalyst is required to successfully synthesize carbon nanotubes. The catalyst
and support determine the yield of the CNT during the catalytic conversion in the Chemical Vapour Deposition
(CVD) equipment. The carbon source requires a suitable surface to enable the growth of CNT, and the catalyst
provides this condition. Diverse transition metals have different catalytic activities and qualities of CNT.

The catalyst known to have produced the best CNT yields includes Fe, Co, and Ni, with a bimetallic catalyst
consisting of Co-Mo and Fe-Co [13]. The Fe-Co bimetallic with CaCOs3 support is reported to have produced
clean and quality CNTs [20]. On the other hand, there is scant or no information available regarding the
characteristics of CNTs made from Fe-Ni bimetallic on CaCOs3 support. Additionally, a synthesis period of 60
minutes and a pre-calcination temperature of up to 120°C are frequently employed in the synthesis of CNT.
However, it is possible to optimize the synthesis conditions to get a high CNT yield with high crystallinity.

Optimizing catalysts for carbon nanotube (CNT) synthesis via chemical vapor deposition (CVD) is crucial but
faces challenges such as catalyst deactivation, aggregation, selectivity, scale-up issues, and cost considerations.
These factors can affect CNT yield and quality and make it difficult to achieve optimal catalyst performance,
especially when transitioning from laboratory-scale to commercial-scale production. Addressing these challenges



will require continued research and development, along with a focus on identifying new catalyst materials and
refining existing catalyst optimization strategies.

This paper aims to explore the optimization of catalysts for CNT synthesis via CVD, with a focus on
maximizing the yield and quality of the resulting CNTs. Through a series of experiments, we investigated the
effects of different catalyst properties on CNT growth and compared the resulting CNTs in terms of quality and
yield. The results of our study demonstrate the importance of catalyst optimization for efficient and cost-effective
CNT synthesis via CVD.

Overall, this paper contributes to the understanding of the role of catalysts in CNT synthesis and provides
valuable insights into the optimization of catalyst properties for improved CNT growth. This research can help
pave the way for the large-scale production of high-quality CNTs, enabling their use in various functions.

2. Materials and methods
2.1 Materials

Chemicals employed in this work were nickel nitrate hexahydrate (Ni (NO3)2-6H>0), iron (III) nitrate
nonahydrate (Fe(NOs);-9H,0), calcium carbonate (CaCOs3), concentrated nitric acid (HNOs), and concentrated
hydrochloric acid (H2SOs), all sourced from Sigma Aldrich and are of analytical grade with 99.99% purity.
Acetylene (C;H») was used as a carbon source, while nitrogen was used as a carrier gas. Both gases had 99.99%
purity and an analytical grade.

2.2 Optimization of Fe/Ni bimetallic catalyst supported on CaCO3

To produce a suitable catalyst for the production of CNT, a 2* (2 levels, 4 factors) design experiment was
conducted on Minitab to determine the optimal set-up for the best yield of catalyst. The parameters considered in
the design are pre-calcination temperature, pre-calcination time, stirring speed, and support mass. These
parameters are considered essential for successful catalyst production [11], and the effect of the individual
parameters and a combination of the parameters on the catalyst yield were studied. The Pareto chart analysis
(Figure 1 A) show that the temperature affects the yield of the catalyst more than any of the other parameters
considered.
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Figure 1 (A) Pareto Effect analysis of the optimized catalyst, and (B) Catalyst optimization graph showing the
yield in percentages.

Figure 1 B shows a graph of the optimized runs for the catalyst preparation from the results generated on
Minitab. The support mass ranges from 8-10 grams with a temperature of 120-150°C and speed of stirring of
1800-2200 rpm, and yield is expressed in percentage. The highest yield was obtained at the highest pre-calcination
temperature of 150°C corroborating the Pareto analysis. The optimization effectively reduced the number of trial
runs to 16, thereby saving both time and money.

2.3 Preparation of a Fe/Ni bimetallic catalyst supported on CaCOj3

The bi-metallic catalyst of Fe/Ni supported on CaCOs was prepared according to the optimum formulation
generated on Minitab, which produced the best yield of the catalyst.

A 10 wt.% of the metallic salt (nickel nitrate hexahydrate (Ni (NO3), 6H>0) and iron (III) nitrate nonahydrate
(Fe (NO3)3. 9H>0) in a ratio of 1:1 was added to 10 g of the CaCOj3 in a beaker holding 50 mL of distilled water.
The beaker content was stirred at 1800 rev/min for 60 min using a magnetic stirrer. The equivalent weight of the



bimetallic salt was calculated by multiplying the molecular weight of each of the metallic salts by 0.05. The stirred
mixture dried for 60 min at room temperature before drying at 150°C for 8 h in the oven, based on the optimization
analysis. Before CNT synthesis, the Fe-Ni/CaCOs3 catalyst was calcined at 500°C for 16 h.

2.4 Synthesis of CNT by CVD

The CVD was conducted in a tubular furnace (Vacutec XD-1200NT). A quartz boat containing 2.8 g of the
catalyst was placed in the furnace after pre-heating the furnace to 700°C. Nitrogen gas was allowed to flow
through the furnace at 190 mL/min and acetylene at 294 mL/min for 90 min to produce the CNTs. The furnace
was cooled to room temperature in a nitrogen atmosphere after reaching a reaction time of 90 min. The weight of
the CNT produced was measured at 13.34 g, and the CNT yield was calculated using Equation (1): [21].

Wproduct—Wcatalyst

CNTs Yield(%) = X 100% (1)

Wecatalyst

where Wroauet 18 the total mass of the final catalyst and carbon products after CVD reaction process and W catatyst
is the initial mass of Fe-Ni/CaCOj catalyst.

The as-synthesised CNTs were purified using a combination of both physical and chemical processes.
Purification was carried out to remove residual Fe, Ni, and CO3 used as catalysts. The as-synthesized CNT was
treated with concentrated H,SO4 and HNOj at a ratio of 3:1, which is a liquid-phase oxidation process [22]. 100
mL of the acid mixture was used to purify 5 g of the as-synthesized CNT in an ultrasonicator at 60°C for 1 h.
Distilled water was added to the contents of the beaker and allowed to settle. The content was decanted every 4
hours and topped up with fresh distilled water till a pH of 7 was obtained. The slurry was then collected in a
beaker and oven dried at 150°C for 10 h to obtain purified carbon nanotubes, which were then pulverized and
sieved through a 150-micron sieve and stored. The various samples, their preparation conditions, and average
pore surface area are provided in Table 1.

As can be seen from Table 1, there is an increase in the surface area of the material from the dried catalyst
phase up to the purified state of the CNT. This is characteristic of the change from micro to nanoscale in the
material.

Table 1 Catalyst and CNT samples prepared at varying conditions with average surface area.

Sample ID Conditions Avg. surface area (m%/g) Avg. pore diameter (nm)
C Fe-Ni/CaCOj; catalyst dried and 2 2
pulverised
C500-16 Fe-Ni/CaCOj catalyst calcined 2 1
at 500°C for 16 h
CNT500-16 As-synthesized CNT using 15 1
sample C500-16
PCNT500-16  Purified CNT500-16 46 1

2.5 Characterization methods

The catalyst, the as-synthesized CNTs, and the purified CNTs were characterized to determine their structure
and purity. Fourier transform infrared (FT-IR) was carried out using Perkin Elmer's FT-IR Spectrometer Spectrum
on transmittance mode settings. Microstructures and grain morphologies were obtained through scanning electron
microscopy using VEGA3 TESCAN. Brunauer-Emmett-Teller (BET) analysis was performed using
Quantachrome® ASiQwin™- Instruments version 5.21. The XRD patterns were obtained through X-ray
diffraction analysis using an XRD Bruker D2 phaser with a copper anode (Kal=A=1.54 A) as the source. The 2-
theta range was from 5° to 80° at 0.026° step size and a scan rate of 8.5° per min. The radiation source had a
current of 10 mA and a voltage of 30 kV. The purity was obtained by Raman spectroscopy.

3. Results and discussion
Several researchers who are working on the process of viable CNT production have reported various synthesis

parameters, catalyst combinations, and yields. A list of some of the mentioned works is presented in Table 2. The
yield obtained in the current work has been added for comparison.



Table 2 Comparison of CNT yields obtained in the current work and other researchers.

S/N  Catalyst

Synthesis parameters

Yield (%)

References

1

Co-Ni/SiO;

Reaction temperature: 700°C

9

[15]

Time of reaction: 60 min

Hydrogen rate of flow: 110 mL/min

C>H,/N; rate of flow: 220 mL/min

Reaction temperature: 700°C 47 [15]
Time of reaction: 60 min

Hydrogen rate of flow: 110 mL/min

C,H2/N; rate of flow: 220 mL/min

Reaction temperature: 700°C 61 [15]
Time of reaction: 60 min

Hydrogen rate of flow: 110 mL/min

C,H2/N; rate of flow: 220 mL/min

2 Fe-Ni/SiO,

3 Fe-Co/SiO;

4 Co-Ni/y- Reaction temperature: 700°C 76 [15]
ALO; Time of reaction: 60 min
Hydrogen rate of flow: 110 mL/min
C,H2/N; rate of flow: 220 mL/min
5 Fe-Ni/y- Reaction temperature: 700°C 239 [15]
ALO; Time of reaction: 60 min
Hydrogen rate of flow: 110 mL/min
C,H2/N; rate of flow: 220 mL/min
6 Fe-Col/y- Reaction temperature: 700°C 263 [15]
ALO; Time of reaction: 60 min

Hydrogen rate of flow: 110 mL/min
C,H»/N; rate of flow: 220 mL/min
7 Fe-Ni/Kaolin  Reaction temperature: 750°C 306 [4]
Time of reaction: 60 min
Argon rate of flow: 230 mL/min
C,H; rate of flow: 200 mL/min

8 Fe- Reaction temperature: 700°C 92 [11]
Co/CaCO3 Time of reaction: 60 min
Argon rate of flow: 190 mL/min
C,H; rate of flow: 230 mL/min
9 Fe- Reaction temperature: 700°C 376 This study
Ni/CaCO; Time of reaction: 90 min

Nitrogen rate of flow: 294 mL/min
C,H; rate of flow: 193 mL/min

From Table 2, Fe-Ni catalyst has better performance than Fe-Co catalyst. Even for the same catalyst,
differences in the type and mass of support affect the yield of the CNT produced. For instance, the yield obtained
in the current work is four (4) times higher than that obtained by [11] and 1.2 times higher than that reported by
[4]. Both reports used similar catalysts and supports, but with different masses. From Table 2, calcining the
catalyst for 16 h resulted in a higher yield of 376%. It is worth noting that previous studies used a reaction time
of 60 minutes, whereas the present study extended the reaction time to 90 min. This possibly contributed to the
higher yield recorded in the current work. This prolonged reaction time facilitated the complete reaction between
the catalyst and the carbon source, resulting in an improved yield and better crystalline carbon nanotubes, as
evidenced by the characterization of the synthesized material.

The Fe-Ni/CaCOjs catalyst (sample C) had a surface area of 2 m%g. This falls within the range of 3m?%/g
reported by [12] but differs from the 13.2 m?/g reported by [13]. Both studies employed CaCOs as a support, and
the variation in surface area could be attributed to differences in the particle size of the CaCOj3 used. Before CNT
synthesis, the Fe-Ni/CaCOj catalyst support was calcined at 500°C for 16 h, resulting in an increased surface area
of 2 m?%g for sample C500-16.

The increase in surface area after calcination suggests successful conversion of metal salts to oxides, leading
to adequate openings on the support material, that allowed the metallic particles to penetrate the catalyst support
pores [14]. The calcination time appears to affect the bi-metal-support reaction, which in turn influences the yield.
McCarthy [23] studied the supported metal and supported metal oxide catalysts stability and reported that high-
temperature interactions between metals and their support materials could increase catalyst yield. The surface
area of the CNT powder produced, specifically the as-synthesized CNT sample CNT500-16, was found to be 15
m?/g. This indicates that the duration of calcination has an impact on catalyst yield due to increased metal-support



interactions during longer holding times, allowing for the burn-off of impurities in the sample [24]. Therefore,
the reaction time plays a crucial role in the conversion of Fe-Ni/CaCOj catalyst support to CNT using the CVD
process.

The synthesized CNT was purified by removing the catalyst residue that could block the pores of the as-
synthesized CNT. After purification and acid functionalization, the average surface area of CNT500-16 increased
from 15 m?/g to 46 m*/g (PCNT500-16).

Scanning electron microscopy with EDS was used to analyze the microstructures and grain morphologies of
the as-synthesized Fe-Ni/CaCOj catalyst prepared under optimal conditions. The SEM images of the samples are
shown in Figure 2. The SEM image of the as-synthesized metal-carbonate support (sample C) revealed the
presence of spherical and agglomerated grains with a mean particle diameter of 28 pum.

After calcination (sample C500-16), the mean particle diameter decreased to 1 um. The reduction in grain size
indicates that the catalyst was well-impregnated in the pores of the support material and not just on the surface,
which also leads to less agglomeration [12]. The grains exhibited an irregular shape with flaky boundaries,
indicating good dispersion of the metal catalyst in the support. The porous nature of the material was confirmed
by SEM images at high magnifications, as well as previous research [3,5]

Upon calcination, the average pore diameter of the Fe-Ni/CaCOs catalyst decreased from 2 nm to 1 nm (Table
1). This reduction in pore diameter indicated the introduction of micropores in the catalyst. The average pore
diameter of the catalyst affected the pore diameter of the CNTs produced, as evidenced in Table 1.

EDS analysis, (Figure 3 A), confirmed the dispersion of Fe-Ni on the CaCOj3 support material, with Ca, Ni,
Fe, and O being the dominant elements present in sample C500-16. The presence of oxygen was attributed to the
oxidation of the metals after calcination and the CaO formed from the calcination of CaCos.

The purified sample (PCNT500-16) exhibited an irregular spherical shape with a distinct sphere, indicating
improved crystallinity. EDS analysis, (Figure 3 B), of the sample indicated a reduction in the concentration of
Ca, Fe, and Ni, which were the principal elements in the catalyst material. This result suggests the effectiveness
of the acids used in the purification process in dissolving residues, leaving majorly pure CNT.

Figure 2 SEM images of (A) as-synthesize catalyst support, (B) calcined catalyst support (C500-16), (C) as-
synthesized CNT (CNT500-16) and (D) purified CNTs (PCNT500-16).
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Figure 3 EDS Spectra for (A) C500 -16 and (B) PCNT500-16.

In this study, Fe-Ni/CaCOj; catalysts were analyzed using X-ray diffraction (XRD) to determine the phases
present in both the as-synthesized and calcined samples. Figure 4 (A) illustrates the crystalline phases identified
at room temperature for the different catalyst samples prepared under varying conditions. The as-synthesized



catalyst displayed mainly amorphous characteristics, with weak peaks attributed to Ni/Fe compounds, iron
carbide, and calcium carbonate. Samples C500-16 exhibited similar diffraction peaks, and after calcination, the
crystallinity increased. The decomposition of the salts resulted in the formation of Ni-Fe oxides, CaCOs, and
Ca,Fe;0s during calcination, indicating good impregnation on the support material. These identified phases in
the catalysts suggest that a well-impregnated bimetallic was formed in the support to create a porous material.
However, not all CaCOj3; decomposed due to the low calcination temperature of 500°C.

Additionally, Figure 4 (B) displays the XRD patterns of both purified and unpurified, carbon nanotubes
(CNTs). The purified and unpurified CNTs showed similar diffraction peaks, with the two most dominant
graphitized CNT peaks occurring at 20 values of 26.5° and 44.3°, as widely reported by other authors [1,4,24].
However, the intensities of the graphite peaks were low in the unpurified sample (CNT500-16). Other low-
intensity phases such as CaCOs3, Fe304, FesC, and NiO were observed in the unpurified samples. The graphitized
peaks became more pronounced after purification, indicating some degree of success in the purification process,
although some impurities like NiO, Fe;C, and Fe;O4 are still present after purification. This observation is
consistent with other works involving similar catalysts or support [4,11].

Overall, the results suggest that the purification process had a positive effect on the CNT, increasing the
intensities of the graphitized peaks and reducing the amount of impurities present.
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Figure 4 XRD patterns of (A) calcined catalyst and (B) synthesized CNT samples at different conditions.

Figure 5 shows FTIR results for the synthesized catalyst and CNT. After calcination at 500°C for 16 h, Sample
C500-16 displays functional groups belonging to alcohol and aromatic compounds. Sample CNT500-16 exhibited
O-H stretching group. Sample PCNT500-16 showed a different functional group, indicating successful
functionalization.
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Figure 5 Fourier Transform Infrared (FTIR) of synthesized (A) bimetallic catalyst and (B) CNTs

Figure 6 shows the Raman shift for the unpurified and purified CNT samples. The two main graphite bands
are present in both the purified and unpurified CNT bundles. The D-band, present at 1345 cm™, is activated by
the presence of disorderliness in the carbon system. The G-band, present at 1613 cm’!, is assigned to the in-plane
vibration of the C-C bond, which is typical of defective graphite-like materials [9]. The Raman spectrum also
exhibits a band around 2704 cm™! called the G’ or 2D band, which is attributed to the overtone of the D band. The



G’ band was more pronounced in the unpurified samples but significantly reduced after the purification process.
The calculated ratio, IG/ID, of the intensity of the D-band (ID) and G-band (IG) is 1.04. The closer the IG/ID
ratio is to unity, the more crystalline the material [8]. The XRD patterns shown in Figure 4 (B) confirm the
crystallinity of sample PCNT500-16. It is also worth noting that the IG/ID ratio of the purified CNT (PCNT) is
slightly higher than what was obtained before purification. This suggest that the impurities blocked the surface of
CNT and did not allow the instrument probes to get direct contact with the materials under test. Once the
impurities are removed, the probe is able to get direct access to the material under test.
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Figure 6 Raman peaks before and after purification process.

4. Conclusion

In conclusion, the efficient synthesis of high-quality carbon nanotubes (CNTs) remains a challenge, and
identifying optimal processing conditions is crucial for large-scale production. This study investigated the effects
of various processing parameters on the yield and properties of carbon nanotubes (CNTs) synthesized using a
chemical vapor deposition process with an Fe-Ni bimetallic catalyst supported on CaCOs. The study found that
optimizing the synthesis conditions increased the graphitization and crystallinity of the CNTs produced, resulting
in a maximum CNT yield of 376% under the optimal conditions of a reaction temperature of 700°C, a time of
reaction of 90 minutes, and nitrogen and C,H, flow rates of 294 mL/min and 193 mL/min, respectively. CNT
purification was effective in reducing impurities and functionalizing the CNTs for easy dispersion. These findings
demonstrate that processing parameters play a significant role in the yield and quality of synthesized CNTs, and
optimizing the synthesis conditions and purifying the CNTs can enhance the quality of the final product. These
results could inform the development of efficient and cost-effective methods for large-scale production of high-
quality CNTs for numerous applications.
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