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Abstract: This study investigates the synthesis of multi-walled carbon nano-
tubes (MWCNTS) via chemical vapor deposition (CVD) using propane gas and
evaluates their catalytic efficiency in oxidation reactions. The MWCNTSs were
synthesized in a laboratory-scale CVD reactor under optimized conditions, with
ferrocene used as a precursor to incorporate 9.8 wt. % iron into the nanotube
structure. The catalytic activity of the synthesized MWCNTs was evaluated in
the cumene oxidation reaction, demonstrating remarkable performance even at
relatively low temperatures. This enhanced catalytic efficiency is attributed to
the presence of iron compounds within the MWCNT channels, which are pre-
sumed to act as active sites for the reaction. Among the catalysts studied, the
G-CVD-1 sample containing 9.8 wt. % iron showed the highest performance,
accelerating the oxidation reaction by a factor of 23 compared to the uncatal-
yzed process. In comparison, the L-CVD-184 sample, with a lower iron content
of 3.7 wt. %, achieved a 16-fold increase in reaction rate relative to the same
uncatalyzed baseline. These values indicate that the iron concentration within
MWCNTs plays a crucial role in determining their catalytic efficiency, with
higher iron loading providing significantly better activity. This study demon-
strates that iron-modified MWCNTSs possess significant potential as durable
and efficient catalysts for oxidation reactions.

Keywords: metal-containing carbon nanotubes; CVD reactor; catalyst; cumene;
kinetic parameters; oxygen rate.

INTRODUCTION

Carbon nanotubes (CNTs) have emerged as distinctive allotropes of carbon,
exhibiting substantial applications across various domains, including technology
and catalysis. Their applications predominantly encompass nanotechnology,
nanomedicine,! transistors, actuators, sensors,? membranes and capacitors.3
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In recent years, carbon nanotubes have garnered significant attention in the
realm of nanocatalysis, drawing extensive investigation from researchers
worldwide. Notable characteristics of CNTs include their lightweight nature,
diminutive size, coupled with high surface area, impressive tensile strength, non-
-toxicity, and excellent electrical conductivity. These properties render CNTs
highly advantageous as fillers in diverse materials such as polymers, metal sur-
faces and ceramics.%> Furthermore, numerous studies have demonstrated that the
incorporation of various functional groups®-!! and metal atoms!2-16 into CNTs
yields catalysts with markedly enhanced catalytic activity compared to other car-
bon allotropes.

For instance, nitrogen-doped carbon nanotubes have been effectively utilized
as catalysts in the aerobic oxidation of cyclohexane to adipic acid, along with its
precursors, cyclohexanol and cyclohexanone.!” Multi-walled carbon nanotubes
have been directly employed by Wang and colleagues as more durable and envi-
ronmentally friendly catalyst for the conversion of ethanol to acetaldehyde in the
presence of molecular oxygen. The C=0 groups generated on the nanocarbon
surface have been identified as active sites for the selective oxidation of ethanol
to acetaldehyde, achieving approximately 60 % ethanol conversion with 93 %
selectivity for acetaldehyde at an optimized temperature of 270 °C. Notably, the
catalytic activity exhibited remarkable stability over a duration of 500 h, com-
parable to that of supported gold catalysts. This robust catalytic performance
underscores the potential industrial applications of CNTs in catalysis. Further
investigations have revealed that nanocarbon materials function as effective cat-
alysts for activating C—H bonds in carbon nanotubes, short-chain alkanes in
either the gas or liquid phase or ethylbenzene. A prominent example is the oxi-
dative dehydrogenation of ethylbenzene to styrene facilitated by oxygen atoms.
The absence of strong Lewis acid metal cations minimizes coke formation, thus
preserving catalyst activity.!8

In another study, carbon nanotubes functionalized with oxygen-containing
groups were developed as novel catalyst types (e.g., V205/TiO—CNTs—OH,
V/Ti-CNTs-OH, V,05/TiO—~CNTs—COOH, V/Ti-CNTs—COOH and V,05/TiO—
—CNTs, V/Ti—CNTs). These catalysts were employed to catalytically degrade
1,2-dichlorobenzene at low temperatures (150 °C). The findings revealed that the
modification with oxygen-containing functional groups significantly enhanced
the catalytic activity of V/Ti—-CNTs, particularly highlighting the exceptional per-
formance of the V/Ti-CNTs—COOH catalyst at low temperatures. !9

In a separate investigation, researchers focused on iron and nitrogen atoms,
developing two distinct CNT catalysts: single-walled CNTs (Fe-N-SWCNT) and
double-walled CNTs (Fe-N-DWCNT). They conducted both experimental and
theoretical studies on CO, conversion, emphasizing the effects of electrical
energy on CO; conversion with increasing CNT diameter. The study established
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that Fe-N-DWCNT exhibited superior catalytic activity for CO, adsorption
compared to Fe-N-SWCNT while maintaining catalyst stability. Notably, Fe—N—
—DWCNT demonstrated potential for selective HCOOH production from CO;
conversion.20

Moreover, the catalytic activity of the FepO3/CNT catalyst in the selective
oxidation of ammonia was examined in a constant flow reactor. Results indicated
that the incorporation of iron(Ill) oxide onto carbon nanotubes effectively
enhanced the electronic properties of the CNTs. Under the influence of this cat-
alyst, NO conversion exceeded 90 % within a temperature range of 200-325 °C.
Furthermore, studies indicated that the Fe,O3/CNTs catalyst displayed resistance
to SO,/H,0, demonstrating considerable reaction stability.2!

As highlighted, research into nanocarbon-based catalysts suggests their sig-
nificant potential for industrial applications, presenting a viable alternative to
metal-based catalysts with relatively high economic value. The field of nanocat-
alysis stands on the cusp of significant growth as a new area of inquiry. However,
several limitations, particularly concerning production costs, impede the large-
-scale application of carbon nanotubes.3

Various methods have been employed for synthesizing carbon nanotubes,
with parameters such as sample purity, structural integrity, surface area, surface
load, particle size distribution, surface chemistry and agglomeration conditions
significantly influencing the reactivity of CNTs.22 The most widely accepted
synthesis methods for carbon nanotubes include: 1) chemical vapor depo-
sition,23-24 2) laser ablation25-26 and 3) carbon arc discharge.27-29 Each method
presents distinct advantages and drawbacks; however, CVD is regarded as the
most economically feasible approach for large-scale, high-purity CNT product-
ion, primarily due to its ability to yield high-purity samples and facilitate
straightforward control of the reaction medium.22.30

The predominant hydrocarbon sources utilized in CNT production via the
CVD method include petrochemical products such as methane, ethane and acet-
ylene, as well as petroleum derivatives like natural gas and kerosene.3! The sel-
ection of hydrocarbon precursors plays a critical role in determining the growth,
physicochemical and thermodynamic properties of CNTs. The gas-phase syn-
thesis method is particularly advantageous, yielding less contaminated CNTs
while also permitting large-scale production.32.33

Given these considerations, the catalytic oxidation of hydrocarbons utilizing
CNTs represents a novel priority, with ongoing developments in its fundamental
and applied aspects. Nonetheless, the inefficiencies associated with large-scale
CNT production remain a principal challenge. This article elucidates the pro-
duction of carbon nanotubes from inexpensive raw materials and explores their
catalytic activity in the oxidation reaction of isopropylbenzene.
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EXPERIMENTAL

This study commenced with the synthesis of multi-walled carbon nanotubes from a gas
feedstock (propane) through chemical vapor deposition in the gas phase. The selection of the
propane gas mixture as a precursor for carbon nanotube synthesis is justified by its potential
for multi-tonnage production within our country, as well as its ability to yield cleaner, flatter,
and relatively larger carbon nanotubes.

To facilitate this process, an expanded laboratory setup was established, leading to the
synthesis of various samples of MWCNT (G-CVD-1). The apparatus (Fig. 1) comprises five
primary components.

(propane, butane, their mixture) is diluted with argon to the required concentration and fed to
the reactor zone at a certain speed. 2 — Reactor block: it consists of 2 parts, each of which is
heated independently by a tubular furnace with a quartz reactor inside. The furnace heats the
reactor to a temperature of 1000 °C. 3 — Furnace temperature control unit block: this consists
of a temperature regulator that automatically controls and maintains the set temperature in the
reactor and two regulators to supply current to the furnace coil. 4 — air supply block.
5 — Vacuum block: to create a vacuum in the reactor, the block is designed for the synthesis of
CNT at reduced pressures (80—20 kPa). The unit consists of a vacuum pump, a valve and a
manometer.

Preparation of G-CVD-1 catalyst using chemical vapor deposition in the gas phase

During the process, propane gas is mixed with argon in the primary gas mixture pre-
paration block. The flow rate of propane is gpropane = 6 L h'l, while that of argon is Gargon = 60
L h-l, resulting in an argon-to-propane volume ratio of 10:1. The prepared gas mixture is dir-
ected into a quartz reactor housed within a furnace. In the first section of the reactor, the tem-
perature is maintained at 200 °C. Here, 1 g of ferrocene is placed in a specialized ceramic con-
tainer, where it serves as the precursor for the catalyst. At this stage, the argon-propane mix-
ture is combined with ferrocene vapor and introduced into the second section of the reactor,
where the temperature is increased to 900 °C. At 900 °C, ferrocene vapor undergoes decom-
position, leading to the release of iron atoms, which form nanoscale clusters within the reactor.
These clusters play a crucial role in the synthesis of carbon nanotubes. It is noteworthy that
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the synthesis of carbon nanotubes primarily occurs via the growth mechanism facilitated by
iron atoms derived from ferrocene. However, ferrocene itself does not directly participate in
the reaction mechanism. These clusters act as catalysts during the synthesis process. Simul-
taneously, propane undergoes cracking in the second section of the reactor. The resulting
carbon deposits grow on the Fe clusters, leading to the formation of multi-walled carbon
nanotubes. Upon completion of the synthesis process, which lasts for 40-60 min, the flow of
propane is stopped. The system is allowed to cool, after which the quartz tube is removed
from the reactor (furnace). The MWCNTSs deposited on the inner walls of the tube are col-
lected using a metal rod. A fraction of the Fe catalyst used during the synthesis remains
embedded within the MWCNTSs. The mass fraction of the catalyst in the nanotubes was deter-
mined through combustion analysis.3* The catalytic activity of the newly synthesized sample
containing 9.8 wt. % Fe atoms (MWCNT (G-CVD-1)) was evaluated using the model reaction
of cumene oxidation. Oxidation experiments were conducted in a gasometric device,!213
where molecular oxygen (atmospheric oxygen) was employed to investigate the kinetic char-
acteristics of cumene oxidation. The measurements were carried out by the volumetric
method, based on the rise of the liquid level in the burette due to the adsorption of oxygen.
The total volume of the reaction mixture was 10 mL, and the reaction was conducted at a
constant temperature of 60 °C. The oxygen pressure in the system was maintained at 20 kPa
(under air atmosphere). As the reaction was performed in a gasometric setup without the use
of any solvents (under pure conditions), the starting concentration of cumene reflects that of
its undiluted liquid form at the specified conditions (= 6.9 mol L-1).

These pressure values were selected to ensure that oxygen actively participates as a
reactive component. Initially, the reaction was carried out under control conditions without the
addition of carbon nanotubes to the reaction mixture. In this case, the catalyst sample was not
involved in the reaction, and the reaction rate depended solely on the intrinsic properties of the
reactants.

In the second stage, the reaction was performed by introducing the MWCNT (G-CVD-1)
catalyst sample into the mixture at a concentration of 0.005 g L-!. In the third stage, the
MWCNT (G-CVD-1) catalyst was added at two different concentrations (0.01 and 0.02 g L)
to the reaction mixture. The volume of oxygen adsorbed during the reaction was the primary
parameter used to evaluate the reaction rate and the efficiency of the catalyst. Using the same
methodology,!3 investigations were conducted with the L-CVD-184 catalyst sample syn-
thesized via the CVD method from a liquid carbon source, containing 3.7 wt. % Fe. Unlike the
previous catalyst sample, the initiation of the reaction with L-CVD-184 involved the use of
azobisisobutyronitrile (AIBN) as a radical initiator. AIBN decomposes at elevated tempera-
tures, triggering the initiation stage of the reaction mechanism.

RESULTS AND DiSCUSSION

The scanning electron microscope (SEM, Fig. 2A), transmission electron
microscope (TEM, Fig. 2B) and energy-dispersive X-ray (EDX) imaging (Fig.
2C) of the synthesized MWCNT (G-CVD-1) are presented below.

The SEM image of the MWCNT (G-CVD-1) catalyst sample illustrates the
surface and morphology of the synthesized multi-walled carbon nanotubes. The
fibers or tubular structures visible in the image correspond to multi-walled car-
bon nanotubes, which are tubular carbon materials with diameters measured in
nanometers and lengths in the micrometer range. The magnification factor used in
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Fig. 2. Synthesized MWCNT (G-CVD-1) images: SEM (A), TEM (B) and EDX (C).

(Scanning electron microscope JEOL, JSM6610LV. Oxford Instrument; Transmission
Electron Microscope JEM-1400 (JEOL, Japan)).

the analysis was 8,000%, allowing for detailed observation of the sample’s
nanostructures. The diameters of the tubular structures range approximately from
a few to 100 nm. The surface of the tubes appears smooth, indicating the high
quality of the synthesis method. Furthermore, the tubes are observed to be ent-
angled with one another, demonstrating their high surface area and nanoscale pro-
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perties. As shown in the provided images, the synthesized MWCNT (G-CVD-1)
exhibits a smooth surface, is free from visible defects, and features a linear mor-
phology characterized by minimal bending and cracking. These observations sug-
gest that the synthesized MWCNT (G-CVD-1) is of high quality and possesses
minimal structural imperfections (Fig. 2A).

The TEM images depict the structural characteristics of the synthesized
multi-walled carbon nanotubes (MWCNT (G-CVD-1)). The tubular structures, a
defining feature of MWCNTs, are clearly visible. These structures consist of
concentric graphene layers wrapped around each other. The images reveal that
the MWCNTs are long, thin, and tubular in shape, with diameters measured on
the nanometer scale (indicated by a 200 nm scale bar). In the first image, some of
the tubes appear slightly bent or deformed. This deformation could be attributed
to the conditions of the synthesis process or subsequent sample processing. In the
second image, a straighter and more uniform tube is observed, indicative of a
higher-quality structure with fewer defects. In both images, dark dot-like struc-
tures can be seen at the ends or along certain sections of the tubes. These are
metal catalyst particles (Fe) used during the synthesis process. These particles act
as nucleation points for the growth of MWCNTSs, enabling carbon deposition
through catalytic decomposition (Fig. 2B). The EDX analysis indicates that the
primary component of the sample is carbon, comprising 81.90 mass % and 92.15
at. %. This confirms that the material is carbon-based. The iron content is mea-
sured at 11.97 mass % and 2.90 at. %, demonstrating the presence of iron in the
sample, likely in the form of oxides (Fig. 2C).

Recent studies highlight that the unique physical properties of carbon nano-
tubes provide a solid foundation for the development of novel and efficient
heterogeneous catalytic systems. Laboratory experiments have led to the creation
of a new multi-walled carbon nanotube formulation containing iron, which
exhibits high selectivity and efficiency. This catalyst serves as a versatile system,
demonstrating significant effectiveness in the oxidation of various homologous
hydrocarbons. The structural integrity of the MWCNT (G-CVD-1) catalyst, syn-
thesized via the chemical vapor deposition method using propane, was confirmed
through SEM analysis (Fig. 2A). Energy-dispersive X-ray spectroscopy analysis
further revealed a substantial iron content (11.97 wt. %), emphasizing its critical
role in the material. The incorporation of iron atoms during synthesis through the
use of ferrocene as a catalyst precursor is particularly noteworthy.

In this study, the catalytic activity of iron-containing multi-walled carbon
nanotubes in the aerobic oxidation reaction of cumene was analyzed. Experi-
ments were conducted at a temperature of 60 °C, and the oxygen adsorption kin-
etics of the MWCNT (G-CVD-1) catalyst, synthesized from propane gas, were
comparatively investigated to evaluate their effect on the oxidation reaction of
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cumene. The catalyst contains 9.8 wt. % Fe, which significantly influences the
reaction rate and kinetics.

Reaction rate without catalyst

The reaction rate without the catalyst was measured as y = 0.0072x. This
value indicates that the reaction proceeds very slowly without a catalyst and can
only occur at high temperatures and over a long period. The reaction under
uncatalyzed conditions exhibits very low kinetics, which demonstrates the nec-
essity of a catalyst to accelerate the process. From the given data, it is clear that
the iron-containing MWCNT (G-CVD-1) catalyst lowers the activation energy of
the reaction, significantly increases the reaction rate, and this effect is further
enhanced as the iron content increases (Fig. 3).
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Fig. 3. Kinetic dependences of oxygen adsorption in aerobic oxidation reaction in the liquid
phase of cumene in the presence of MWCNT (G-CVD-1) (9.8 wt. % Fe) catalysts synthesized
from propane gas.
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Effect of MWCNT catalyst quantity on reaction rate

In an experiment where 5, 10 and 20 mg quantities of MWCNT (G-CVD-1)
catalyst were used, it was observed that as the quantity increased, the reaction
rate also increased . With 5 mg of MWCNT (G-CVD-1) catalyst, the reaction
rate was measured as y = 0.0265x (Fig. 3A), while with 10 mg, it increased to y =
= 0.1071x (Fig. 3B). This caused the reaction to accelerate by approximately 3
and 15 times, respectively. With 20 mg of MWCNT (G-CVD-1), the oxygen
adsorption rate further increased, and a 23-fold acceleration was observed, with
y =0.1655x (Fig. 3C). This is due to the increase in the number of active sites on
the catalyst surface as the amount of catalyst increases, leading to more collisions
of reactive molecules with the surface, thus speeding up the reaction. However,
when a certain threshold is reached, increasing the catalyst amount may not
significantly affect the reaction rate. This is due to limitations related to the
concentration of reactive species (substrate saturation).

Effect of Fe content on reaction rate

Experiments show that the high Fe content (9.8 wt. %) in the MWCNT (G-
-CVD-1) catalyst further accelerates the reaction compared to the MWCNT (L-
-CVD-184) catalyst sample with 3.7 wt. % Fe. The rate constant is 1.2 times
higher (0.1304/0.1086 =~ 1.2, Fig. 4). This difference can be explained by the
following mechanism: Fe nanoclusters on the surface of the carbon nanotube
exhibit high catalytic activity. It is clear that the catalyst sample with a higher
amount of Fe nanoclusters (e.g., 9.8 wt. % Fe) provides more active sites,

Comparison of Experiments with Iron-Based Catalysts
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Fig. 4. Kinetic dependences of oxygen adsorption in the liquid phase aerobic oxidation
reaction in the presence of catalysts MWCNT (G-CVD-1) and MWCNT (L-CVD-184) in
the liquid phase of cumene. MWCNT (G-CVD-1) — carbon nanotubes synthesized from
propane gas in the gas phase (9.8 wt. % Fe); MWCNT (L-CVD-184) — carbon nanotubes
synthesized from cyclohexane in the liquid phase (3.7 wt. % Fe). Experimental conditions:
cumene — 10 ml; AIBN — 10 mg; catalyst (G-CVD-1 or L-CVD-184) — 20 mg.
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accelerating the reaction rate. More Fe clusters increase effective collisions with
reactive molecules, thus reducing the activation energy and speeding up the
reaction. This leads to the conclusion that Fe facilitates electron transfer in oxid-
ation processes and promotes the formation of reactive oxygen species.

Reaction mechanisms and effective oxidation rate

The general pathway for the aerobic catalytic oxidation of cumene in the
presence of MWCNT (G-CVD-1) is illustrated as follows, where Wo, represents
the effective oxidation rate. The overall reaction steps (Egs. (1)—(11)) follow the
conventional numbering and notation system commonly used for hydrocarbon
oxidation chain reactions in the scientific literature:35-36

Chain nucleation (formation of alkyl R® radicals, rate W,):

[R-H + M@MWCNT] - R* + M@MWCNT (H) (N
[H-R-R-H + M@MWCNT] — 2R®* + M@MWCNT (2H) 2)
RH + Oy - R* + HO,*® 3)

2RH + Oy —» 2R* + HyO» 4)

where M is a metal (Fe).
Continuation and development of the chain (rate Wy):
R*+ 0y > RO,* ®)]
RO,* + RH — ROOH + R* (rate constant k3) (6)
The presence of a carbon nanocatalyst results in the decomposition of the
intermediate catalytic complex (hydroperoxide-Fe@MWCNT), leading to the

formation of additional active radicals and the propagation of the reaction chain
according to the following mechanism:

ROOH + Fe@MWCNT — [ROOH*Fe@MWCNT*ROOH] —

— RO® + 2HO® + Fe2* (7)
FeZ* + ROOH — RO® + HO~ + Fe3* (8)
ROOH + Fe3* — 2Fe?* + RO,* + HT )

Open circuit (rate Wy):
RO*® + RO*/R0O,* + RO* — Radical recomb. prod. (rate constant kg) (10)
The kinetic equation that describes the proposed scheme can be represented
as follows:
Woy = (Wo + Wq)!"2k3ke!2[RH] (11)
The high surface area of such nanotube structures provides more active sites,
ensuring more reactions occur. The catalytic role of Fe makes the reaction faster

and more efficient, which increases the potential for using MWCNTs in indus-
trial oxidation processes.
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CONCLUSION

In conclusion, this study investigated the catalytic properties of iron-con-
taining multi-walled carbon nanotubes (MWCNT (G-CVD-1)) and determined
that they significantly accelerate the aerobic oxidation reaction of cumene. The
presence of 9.8 wt. % Fe in the MWCNT (G-CVD-1) catalyst increases the num-
ber of active sites, thereby exerting a strong effect on the reaction kinetics. The
increase in catalyst quantity and Fe content enhanced the reaction rate by approx-
imately 23 times and 1.2 times, respectively. The results of this study suggest the
promising application of MWCNT catalysts as highly efficient materials for ind-
ustrial oxidation processes.
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