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Carbon nanotubes possess remarkable properties, rendering
them applicable across various fields, including medicine,
particularly in hyperthermia treatments when filled with
ferromagnetic material. This study focuses on refining the
synthesis process of iron-filled multi-walled carbon nanotubes
(Fe-MWCNTSs) to produce high-purity nanocontainers with
clevated iron content. Fe-MWOCNTs were synthesized via
catalytic chemical vapor deposition (CCVD), with temperature
identified as a crucial determinant of synthesis efficiency. The
paper also outlines the characterization of the resultant material.
To gain insights into the underlying phenomena, computer
simulations were conducted using COMSOL software.
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I Introduction

Since their discovery by lijima in 1991 [1], carbon nanotubes have captured the
attention of researchers globally due to their remarkable properties, including
electrical conductivity [2], mechanical strength [3], high temperature stability, and
chemical resistance [4]. These properties enable diverse industrial applications, such
as electronics, textiles, supercapacitors, field emitters [1, 5], and fillers in conductive
polymer composites [6]. Moreover, carbon nanotubes hold potential in biomedicine,
serving as drug carriers or for hyperthermia-induced cancer cell destruction.
However, realizing these applications requires efficient synthesis processes to tailor

nanotube properties.

Presently, popular synthesis methods include Arc Discharge (AD) synthesis [8],
Laser Ablation (LA) [9], and Chemical Vapor Deposition (CVD) [10, 11]. In the
described experiments, catalytic chemical vapor deposition (CCVD) with

continuous catalyst delivery via solution was employed.

The experiments aimed to optimize the evaporation temperature and dosing rate of
ferrocene solution, as well as carrier gas flow rate, and determine the deposition zone
temperature conducive to maximal carbon nanotube growth (referred to as the
highest "forest" of nanotubes) with encapsulated iron. Encapsulation is crucial for
using synthesized Fe-MWCNTSs in hyperthermia, ensuring precise localization and
heating within tumor tissue [12, 13]. Functionalizing Fe-MWCNT surfaces is also
essential, involving iron nanoparticle removal to enhance heating efficiency [14, 15].

Maintaining low amorphous carbon impurities is imperative.

Initially, ferromagnetic-filled CNT synthesis was conducted electrothermally to
establish synthesis parameters. General principles of the CCVD process were
simulated, creating a heat distribution model using COMSOL Multiphysics software.
This computational tool, employing the finite element method, offers high precision

in analyzing various phenomena, ranging from optics to heat transfer [16].
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II Materials and methods
A. Synthesis of Fe-MWCNT's

Carbon nanotubes were produced using catalytic chemical vapor deposition
(CCVD) methodology [17, 18]. The synthesis setup utilized a horizontal furnace
with three distinct temperature zones for precise thermal management. Zone I
served as the catalyst solution evaporation area at 573K, Zone Il maintained a
temperature of 573K, while Zone III, the deposition zone, operated within the
temperature range of 1020K to 1120K. Argon was employed as the carrier gas
throughout the process. Ferrocene (Fe(C5H5)2), dissolved in xylene, functioned as
the catalyst, also contributing as an additional carbon source for nanotube growth.
This method was chosen due to its flexibility in adjusting parameters such as catalyst
dosage, temperature in both evaporation and deposition zones, carrier gas flow rate,
and synthesis duration. External injection of the mixture occurred at varying inlet
velocities ranging from 10 ml/h to 18 ml/h to analyze material characteristics

concerning infusion speed.
B. Modelling using Comsol Multiphysics

The next stage of the work was to simulate the general principles of the CCVD
process and create a heat distribution model, which was prepared using COMSOL
software. The simulation provided valuable information regarding the choice of
parameters for the synthesis of Fe-MWCNTs.

The Navier-Stockes equation was used to describe the gas flow in the reactor
chamber (1), (2) and (3). The flow of carrier gas (Ar2) in the quartz reactor was
assumed to be laminar, so the Navier-Stockes equation for an incompressible and

viscous fluid was used [19].
III Results

Fig. 1 shows the simulation of heat distribution during the CCVD carbon nanotubes
synthesis process. One important part of the process optimization was the proper
placement of the silicon wafer, which is the substrate for nanotube growth. The

wafer should be placed so as to achieve the highest temperature stability. As
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mentioned eatlier, the synthesis of carbon nanotubes takes place in a furnace divided
into three temperature zones. In the first and second the temperature is 570 K, in
the third 1070 K. The third zone in the graph below (Figure 1) starts at 60cm of the
furnace. The obtained plot shows the results of simulating the temperature
distribution in the furnace with the placement of silicon wafers in different places of

the third temperature zone.

The results of this simulation show that the temperature on the wafer is most stable
when the wafer is placed evenly in the middle of the third temperature zone or in
the second half of this zone. Furthermore, when examining the process carried out
in the laboratory, it was observed that less material was formed at the end of the
third temperature zone than at the beginning. Hence the conclusion that the silicon
substrate should be placed evenly in the middle of the third zone to ensure both

better temperature stability and process efficiency.

Another aspect investigated during the computer simulations in the COMSOL
environment was the determination of the heating time of the quartz reactor before

the start of the synthesis process.

Time=20 min Surface: Temperature (K) Arrow Surface: Velocity field o
Max/Min Surface: Temperature (K)

A 1073
x10°

Figure 1: Heat distribution model during the synthesis process [own elaboration].

The next step of the study was to optimise the synthesis of Fe-CNT's by CCVD with
respect to iron content. Since one of the objectives of the work was to obtain the

highest possible iron content in the nanotubes, the results of different syntheses, in
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which the concentration of ferrocene-xylene mixture was changed, were compared.

The iron content was examined by thermogravimetric analysis (TGA).

In the trials carried out for the synthesis of carbon nanotubes, a number of
dependances have been demonstrated that define the temperature limits at which
successful nanoscale processes occur. In order to present these dependency, only
SEM images allowing observation of the process products have been selected and

presented.
v Conclusions

In the optimization of carbon nanotube synthesis via catalytic chemical vapor
deposition (CCVD), wvarious studies were conducted involving COMSOL
simulations and experimental trials to identify optimal parameters. It was found that
placing the silicon substrate in the middle of the third temperature zone yields the
best results. Pre-synthesis preparation time of at least 10 minutes is necessary for the
wafer temperature to reach the deposition zone temperature, aligning with existing
literature. The ideal substrate thickness ranges from 0.5mm to 2.5mm, ensuring
proper temperature distribution. The carrier gas flow rate should be kept below 1250
SCCM for efficient substrate transfer. Optimizing the CCVD process led to the
discovery that a substrate solution concentration of 200mg/ml yields the highest
quality nanotubes. Further analysis using electron microscopy and thermogravimetry
revealed temperature-dependent growth rates and filling degree conditions for Fe-
MWCNTs. Ongoing research involves XRD analysis to identify iron allotropic
varieties and determine deposition zone temperatures for strictly ferromagnetic
materials. Additionally, efforts are directed towards maximizing alpha-Fe nanotube
filling in MWCNTs.
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