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Sustainable processing of waste polypropylene to
produce high yield valuable Fe/carbon nanotube
nanocompositest

Junhao Zhang,® Longmei Zhang,? Huan Yang,® Qinghong Kong,*® Yuanjun Liu?
and Aihua Yuan*®

With the increasingly serious environmental contamination and energy crisis, it is highly necessary that
polyolefin-based waste plastics are converted into valuable materials by innovative upcycling processes.
This study presents an environmentally benign and solvent-free autogenic process to produce sponge-like
Fe/carbon nanotube nanocomposites by catalytic pyrolysis of waste polypropylene (PP) at 600 °C. The
composition and morphology of the products were characterized by powder X-ray diffraction (XRD),
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), field-emission scanning electron micros-
copy (FESEM), and transmission electron microscopy (TEM). The results show that the products
are Fe/carbon nanotube nanocomposites with sponge-like structures, and the diameter of the carbon
nanotubes is about 30 nm while the diameter of the Fe nanoparticles in the carbon nanotubes is also about
30 nm, which illustrates that the size of the Fe nanoparticles determines the diameter of the carbon
nanotubes. Nitrogen adsorption-desorption measurements indicate that the Brunauer-Emmett-Teller (BET)
surface area is calculated to be 197.6 m? g%, and the Barrett-Joyner-Halenda (BJH) adsorption cumulative
volume of pores is up to 0.2860 cm® g 1. Magnetic measurements at room temperature indicate that the
values of saturation magnetization (62.7 emu g™) and coercivity (187.3 Oe) of the sponge-like Fe/carbon
nanotube nanocomposites are different from those of bulk Fe due to the broad distribution of carbon
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1. Introduction

In recent years, increasing attention has been focused on
carbon-encapsulated magnetic nanostructures, which contain
two components: the magnetic core/filler and the non-
magnetic carbon matrix/shell."”” Due to its good chemical and
thermal stability, a carbon layer can act as a protective barrier
to prevent oxidation and degradation of the magnetic perfor-
mance of metallic particles in harsh environments such as
acidic or basic media, and can also reduce the magnetic
coupling between individual particles to inhibit agglomera-
tion. Additionally, carbon has good hydrophilic and biocom-
patible properties, which makes it possible to load other
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nanotubes and the small size of the Fe nanoparticles.

functional molecules. Therefore, carbon-encapsulated mag-
netic nanoparticles are promising candidates for applica-
tions in magnetic resonance imaging (MRI),® ultrahigh-
density magnetic recording media,* integrated diagnosis and
therapeutics,” drug delivery,® catalysis,” environmental
protection,® and electromagnetic (EM) wave absorption.’

To date, numerous techniques have been developed to
synthesize carbon-encapsulated magnetic nanoparticles.'®"*
Cai prepared carbon-encapsulated Fe;O, nanoparticles by
first introducing an amorphous carbon coating on the Fe;0,
surface using the hydrothermal method and then heating
the as-prepared nanoparticles in an N, atmosphere."® Tsutomu
synthesized onion-like carbon-encapsulated Co, Ni, and Fe
magnetic nanoparticles by using a pulsed plasma in a
liquid."” Zhao reported that ordered mesoporous Fe,O;@C
encapsulates with novel nanoarchitectures have been designed
and fabricated by an ammonia-atmosphere pre-hydrolysis
post-synthetic route.'® Bystrzejewski reported that carbon-
encapsulated iron nanoparticles were produced by carbon arc
discharge.'® Oh prepared magnetic particle-embedded porous
carbon composites by one-step pyrolysis of a metal-organic
framework.>® However, it is still a great challenge to develop
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simple, green and economical synthetic strategies for carbon-
encapsulated magnetic nanoparticles with designed chemical
components and controlled morphologies.

Recently, the disposal of waste plastics has been an
important concern for society because of the widespread use
of different plastic polymers.>’>* To reduce the impact of
plastics on the environment, it is highly necessary to design
and facilitate the means to recycle more, and typically, waste
reduction, recycling (mechanical, chemical, and thermal) as
well as landfilling are considered as common solutions.
Since plastics are not biodegradable, it is not an effective
solution to deal with them in landfills. The most common
alternative for the treatment of waste plastics in many coun-
tries is incineration accompanied by energy recovery.> This
option is often rejected by society because of the risk of
emission of toxic compounds, such as dioxins and furans.
Nowadays, extensive collection, transportation, separation,
and recycling facilities are available for processing waste
thermoplastic products. Unfortunately, by mixing different
waste plastics, homogeneous materials suitable for making
quality products may not be obtained. The problem of mixed
plastics has been partially solved by separation technologies
such as flotation®® and plasma gasification.”” However, these
multistep recycling processes are not cost-effective.

Among the different alternatives for plastic waste treat-
ment, the most promising seems to be chemical recycling as
it has the lowest environmental impact and the highest possi-
ble profitability. There has been recent interest in applying
the technology to the gasification of waste plastics to yield
smaller molecules, usually liquids or gases, that are suitable
as feedstocks to produce new petrochemicals and plastics.
However, this requires the construction of large plants to be
profitable, the processes require a high reaction temperature
(more than 600 °C and even up to 900 °C),>*** and there is a
broad range of products. Due to the fact that carbon is the
major constituent of plastics, waste plastics can provide a
carbon source for producing value-added carbon-based prod-
ucts. For example, Kartel et al.*" prepared activated carbon
with a BET surface area of 1030 m> g and an effective pore
size of 1.8 nm using polyethylene terephthalate as the
carbon source at 800 °C. However, the yield of solid carbon
was only 22%. Williams et al.>* reported that hydrogen and
high-value carbon nanotubes were derived from waste plas-
tic using a pyrolysis-reforming technology. The results show
that around 94.4 mmol H, g™ plastic was obtained from the
pyrolysis-reforming of HDPE waste in the presence of a
Ni-Mn-Al catalyst and steam at 800 °C, and about 33.8 wt.%
filamentous carbon was prepared from the pyrolysis of motor
oil containers in the presence of the Ni-Mn-Al catalyst with-
out steam at 800 °C. Recently, a simple one-step process
without solvents was used to convert PE and other waste
plastics (such as polyethylene terephthalate, polypropylene
and polystyrene) into carbon materials.**®” This approach is
efficient and scalable, but the reaction temperatures are high
and the yields are low. In order to develop an economically
applicable process for industrial use, it is necessary to
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improve the production yield of solid carbon under mild
conditions. To the best of our knowledge, few reports exist
for the synthesis of Fe/carbon nanocomposites using waste
plastics as feedstocks. As a result, converting waste plastics
to Fe/carbon nanocomposites on a large scale at relatively
low temperature still remains a great challenge.

Herein, we introduce a creative method to convert waste
PP to sponge-like Fe/carbon nanotube nanocomposites by
manipulating the formation of carbon on the catalyst. The
process involves thermal decomposition of waste polypropyl-
ene in the presence of catalysts at 600 °C in a closed reac-
tor, which is simple, reproducible and affordable. The
composition, morphology, and structure of the as-obtained
Fe/carbon nanotube nanocomposites were characterized
using advanced structural, spectroscopic, and imaging tech-
niques. This invention presents an opportunity to use waste
plastics as raw materials for the production of Fe/carbon
nanotube nanocomposites. With their unique properties,
Fe/carbon nanotube nanocomposites will undoubtedly have
many applications in the areas of electronics, biosensing
and energy storage, and have potential as reinforced com-
posites for aeroplanes.

2. Experimental section

In a typical procedure, waste PP (1.0 g), ferrocene (1.0 g) and
NaN; (1.0 g) were loaded into a 20 mL stainless steel auto-
clave. The autoclave was tightly sealed and heated in an
electronic furnace. The temperature of the furnace was
increased to 600 °C over 60 min and maintained at 600 °C
for 12 h. Then, the autoclave was allowed to cool to room
temperature naturally. It was found that the final products in
the autoclave were black precipitates and residual gases. The
black precipitates were collected and washed with distilled
water and ethanol several times. After that, the products were
dried in a vacuum box at 50 °C for 4 h, and collected for
characterization.

The as-prepared products were characterized by powder
X-ray diffraction (XRD) employing a Rigaku (Japan) D/max-yA
X-ray diffractometer equipped with graphite-monochromatized
Cu Ka radiation (2 = 1.54178 A). The Raman spectra were
recorded at ambient temperature on a SPEX 1403 spectrome-
ter with an argon-ion laser at an excitation wavelength of
514.5 nm. X-ray photoelectron spectroscopy (XPS) of the prod-
ucts was performed using a VGESCALABMK X-ray photoelec-
tron spectrometer and non-monochromated Mg Ka radiation
as the excitation source. The field-emission scanning electron
microscopy (FESEM) images of the products were taken using
a field-emission scanning electron microscope (JEOL-6300F).
The transmission electron microscopy (TEM) images were
taken on a JEOL 2010 high-resolution transmission electron
microscope at an acceleration voltage of 200 kV. Energy
dispersive spectrometric (EDS) analysis was carried out on
an X-ray energy spectrum instrument equipped with an
INCA300 (Oxford). The nitrogen adsorption-desorption iso-
therms and textural properties were determined using a
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Beckman Coulter SA3100. The magnetic properties (M-H
curve) were measured at room temperature on an MPMS XL
magnetometer made by Quantum Design Corporation.

3. Results and discussion

To ascertain the components and structures of the products,
XRD was used to investigate the crystal phases. Fig. 1 shows
the powder XRD pattern of the Fe/carbon nanotube nano-
composites produced by catalytic pyrolysis of waste PP at
600 °C. The sharp diffraction peaks with relatively high peak
intensity can be indexed as o-Fe, in agreement with the litera-
ture values (Joint Committee on Powder Diffraction Stan-
dards (JCPDS), card no. 85-1410). Meanwhile, the broad
peak located at about 26.2° can be assigned to amorphous
graphite. No other impurity peaks were detected, revealing
the high purity of the synthesized products.

Raman spectroscopy can be used to characterize the
carbon structures of carbonaceous materials such as graph-
ite and diamond-like carbon, and provides information on
the molecular structure and chemical bonding of carbon
atoms in carbonized materials. Fig. 2 shows the Raman spec-
trum of the Fe/carbon nanotube nanocomposites, displaying
two similar Raman bands at 1346 cm™ (D band) and
1596 em ™" (G band). More specifically, the two peaks can be
attributed to an E,; mode of graphite related to the vibration
of sp>-bonded carbon atoms in a 2D hexagonal lattice (such
as in a graphene layer) and an A,;, mode of graphite related
to the disorder due to the finite particle size effect or lattice
distortion of the graphite crystals. The relative intensity
ratio of the D-G band, Iy/Ig, can give reliable information on
the degree of graphitization. It is found that the Fe/carbon
nanotube nanocomposites have a higher Ip/Ig, implying a
highly disordered graphitic structure in the carbon nano-
tubes, and these results are consistent with the XRD pattern.

X-ray photoelectron spectroscopy (XPS) has often been
used for the surface characterization of various materials,
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Fig. 1 A typical XRD pattern of Fe/carbon nanotube nanocomposites
formed at 600 °C.
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Fig. 2 Raman spectrum of Fe/carbon nanotube nanocomposites
formed at 600 °C.

and unambiguous results are readily obtained when the
various surface components each contain unique elemental
markers. Here, in order to analyze the surface components of
the Fe/carbon nanotube nanocomposites, XPS measurements
were carried out on the products. The XPS spectra of the
Fe/carbon nanotube nanocomposites are shown in Fig. 3.
The peaks in the main pattern (Fig. 3a) can mainly be attrib-
uted to C1s (285.7 eV), Fe2p (711.0 and 724.8 eV) and their
corresponding Auger peaks. However, almost no peaks are
detected for the Ol1s binding energy, suggesting that the
products consist of elements C and Fe. Fig. 3b shows that
the peaks of Fe2p are weak, which indicates that the Fe
nanoparticles may be encapsulated in carbon.

Magnetic materials encapsulated in carbon-based systems
have attracted increasing attention due to their electrical and
magnetic properties and their variety of potential technologi-
cal applications. In recent years, there have been a number of
studies on iron and carbon composites. In Fig. 4a, another
type of Fe/carbon nanocomposite is presented in high mor-
phological yield, and the nanocomposites consist of sponge-
like structures. The high-magnification FESEM image in
Fig. 4b shows that the nanocomposites are assembled from
one-dimensional structures with diameters of about 30 nm
and lengths of several micrometers. Careful observation
reveals that there are many catalyst nanoparticles at the tops
of the one-dimensional structures. The structures were
further characterized by TEM. Fig. 5a shows a TEM image of
the products, which agrees with the FESEM images. A nota-
ble result is that the diameter of the carbon nanotubes is
about 30 nm and the diameter of the catalyst nanoparticles
is also about 30 nm, which indicates that the size of the
Fe nanoparticles determines the diameter of the carbon
nanotubes. Fig. 5b shows that the products include some
amorphous mesoporous carbon besides the carbon nano-
tubes. From the TEM images, the carbon nanotubes are
bamboo-like structures. The inset image in Fig. 5b is the
SAED pattern of the Fe nanoparticles, which suggests that
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Fig. 3 X-ray photoelectron spectra of Fe/carbon nanotube nanocomposites produced by catalytic pyrolysis of waste PP at 600 °C: (a) wide scan

spectrum; (b) high-resolution XPS spectrum of the Fe2p region.
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Fig. 4
nanotube nanocomposites.

these Fe nanoparticles have body-centered cubic (bec) crystal
structures. Fig. 5¢ is a HRTEM image of the wall structures of
the carbon nanotubes, which displays clear lattice fringes.
The interlayer spacings in the walls are about 0.34 nm, corre-
sponding to the (002) distance of the graphitic carbon lattice.
However, the lattice fringes have short-range order, and the
carbon nanotubes have some stacking faults, which indicates
that the carbon nanotubes have low crystallinity. The results
of the EDS analysis (Fig. 5d) confirm that elements Fe and C
are present in the nanocomposites. The signals for Cu come
from the supporting TEM grid used during measurements.
Nitrogen adsorption-desorption isotherms of the Fe/carbon
nanotube nanocomposites formed at 600 °C show a type IV
curve, as seen in Fig. 6a. The pore size distribution derived
from the adsorption branch using the BJH method shows
that the pore size is centered at about 2.3, 3.4 and 30.1 nm
(Fig. 6b). The BET surface area is calculated to be 197.6 m* g™,

This journal is © The Royal Society of Chemistry 2014
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(a) Low-magnification FESEM image of Fe/carbon nanotube nanocomposites; (b) high-magnification FESEM image of Fe/carbon

and the BJH adsorption cumulative volume of pores is up
to 0.2860 cm® g™ between 1.7 and 300 nm. This value is
high compared with that of the carbon nanotubes in our
previous report.*® According to the morphology and struc-
tural characteristics, the higher BET surface area can be
attributed to the smaller diameters, rough surface and more
defects in the carbon nanotubes, and the existence of some
amorphous mesoporous carbon.

To understand the possible formation process of the
Fe/carbon nanotube nanocomposites, a series of relevant
experiments was carried out by altering the experimental
parameters. It is obvious that the reaction temperature plays
a critical role in the formation of Fe/carbon nanotube nano-
composites. At a reaction temperature of 600 °C, the products
are sponge-like Fe/carbon nanotube nanocomposites with
high morphological yield. Fig. 7 shows FESEM images of the
products obtained at 500 °C and 700 °C. Fig. 7a shows that

CrysttngComm, 2014, 16, 8832-8840 | 8835
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Fig. 5 (a) and (b) TEM images of Fe/carbon nanotube nanocomposites and SAED pattern of Fe nanoparticles (inset in (b)); (c) HRTEM image of the
wall structures of the carbon nanotubes in Fe/carbon nanotube nanocomposites; (d) EDS spectrum of Fe/carbon nanotube nanocomposites.
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Fig. 6 (a) Typical N, adsorption-desorption isotherm of Fe/carbon nanotube nanocomposites formed at 600 °C; (b) pore size distribution of
Fe/carbon nanotube nanocomposites formed at 600 °C.
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(a) Low-magnification FESEM image of the products obtained at 500 °C; (b) high-magnification FESEM image of the products obtained

at 500 °C; (c) low-magnification FESEM image of the products obtained at 700 °C; (d) high-magnification FESEM image of the products obtained

at 700 °C.

the morphology and size of the main products are uniform
for a reaction temperature of 500 °C, which is similar to the
sponge-like structures in Fig. 4a, and the morphological yield
is about 80%. Fig. 7b indicates that the products also consist
of some particles and scattered carbon nanotubes. On
increasing the reaction temperature to 700 °C, the products
are mainly uniform particles with sizes in the range of
200-700 nm, as shown in Fig. 7c. Careful observation reveals
that a small number of carbon nanotubes are present in the
products, as the high-magnification FESEM image in Fig. 7d
shows. Apart from the reaction temperature, the products
can also be tuned by varying the reaction atmosphere. From
Fig. 8 and 9, it can be seen that the reaction atmosphere
influences the compositions and morphologies of the
products. When H,O was used in place of NaNj;, the products
were one-dimensional worm-like structures with a diameter
of about 580 nm, and some carbon spheres with diameter
1.7 um were also found in the products, as shown in Fig. 8a.
Fig. 9a indicates that the products are composites of C and
Fe;0,. In this system, PP decomposed to produce small
molecular carbonyl compounds as the carbon source in the

This journal is © The Royal Society of Chemistry 2014

absence of oxygen, and Fe atoms released by the decomposi-
tion of ferrocene acted as the dehydrogenation catalyst. The
as-formed Fe atoms reacted with H,O to form Fe;O, nano-
particles due to the presence of water vapor, and the
obtained Fe;0, particles were self-assembled into chain-like
structures under the influence of the magnetic dipole interac-
tion. The small molecular carbonyl compounds were carbon-
ized to produce carbon atoms, which precipitated on the
surface of the Fe;O, chains to form worm-like structures.
When NaNH, was used in place of NaNj;, the products were
nanoflakes and nanoparticles and mainly composed of C and
Fe, as shown in Fig. 8b and 9b. The formation mechanism is
similar to that using NaN;. When NaNH, was used in place
of NaNj;, NaNH, decomposed to release Na, N,, H, and NH;.
Fe atoms were not oxidized in the presence of Na and H,,
which acted as the dehydrogenation catalyst to decompose
small molecular carbonyl compounds to form carbon atoms.
Carbon atoms were precipitated on the surface of the Fe
nanoparticles and formed a thin carbon lamella which
reduced the surface energy and prevented the continued
growth of the Fe nanoparticles. As there is a large number of

CrystEngComm, 2014, 16, 8832-8840 | 8837
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Fig. 8

-

(a) FESEM image of the products using H,O in place of NaNs; (b) FESEM image of the products using NaNH; in place of NaNs; (c) FESEM

image of the products using CO(NH>), in place of NaNs; (d) FESEM image of the products using S powder in place of NaNs.

carbon atoms in the system, the redundant carbon atoms
lead to the formation of carbon nanoflakes. When NaN; was
replaced by CO(NH,),, the products were large amounts of
flower-like structures assembled from nanoflakes and nano-
particles and mainly composed of C and Fe;0,4, as shown in
Fig. 8c and 9c. In this process, the obtained Fe atoms were
oxidized to form Fe;O, particles in the atmosphere of
NH; and HCNO formed by decomposition of CO(NH,),. The
formation process of the products is similar to that using
NaNH,. When NaN; was replaced by S powder, Fig. 8d shows
that the products included flower-like spheres, large flakes
and polyhedron structures. Fig. 9d reveals that the products
were composites of C and FeS. In this process, Fe atoms
reacted with S to form FeS particles. Carbon atoms from cata-
lytic carbonization of PP were precipitated to form carbon
flakes and flower-like spheres. Consequently, it can be seen
that an appropriate atmosphere could facilitate the assembly
of sponge-like Fe/carbon nanotube nanocomposites.

The magnetic properties were investigated at room temper-
ature with an applied field from -10000 Oe to 10 000 Oe. In
Fig. 10b, the magnetic hysteresis loop of Fe/carbon nanotube

8838 | CrysttngComm, 2014, 16, 8832-8840

nanocomposites formed at 600 °C shows ferromagnetic
behavior with saturation magnetization (M), remanent mag-
netization (M,), and coercivity (H,) values of ca. 62.7 emu g ",
6.7 emu g ' and 187.3 Oe, respectively. Compared to results
reported elsewhere,* the M, value is smaller than the value
of bulk Fe (212 emu g '). The decrease in the value of M,
found in this work is most likely attributed to the broad dis-
tribution of carbon nanotubes, and these carbon nanotubes
restrict the possible movement and interactions of the a-Fe
nanoparticles. This effect is similar to that of the surfactant
existing on the Fe nanoparticles, which leads to a decrease in
the M, value.”® This may also be attributed to the small size
of the Fe nanoparticles (~30 nm). The results of combustion
experiments indicate that the calculated Fe to Fe/carbon
nanotube nanocomposites mass ratio of the products is
about 0.3065. Additionally, Fig. 10a and c show that the satu-
ration magnetization (M) values of Fe/carbon nanotube
nanocomposites obtained at 500 °C and 700 °C are
ca. 60.9 emu g and 64.9 emu g, respectively, which are simi-
lar to the value for Fe/carbon nanotube nanocomposites
formed at 600 °C. However, the H. values of Fe/carbon

This journal is © The Royal Society of Chemistry 2014
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nanotube nanocomposites obtained at 500 °C and 700 °C are
ca. 114.2 Oe and 87.0 Oe, which are smaller than the value
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Fig. 10 Magnetic hysteresis loops at room temperature for Fe/carbon
nanotube nanocomposites obtained at (a) 500 °C, (b) 600 °C and (c)
700 °C.
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(187.3 Oe) for Fe/carbon nanotube nanocomposites formed at
600 °C. The reason for the high H, value for Fe/carbon nano-
tube nanocomposites formed at 600 °C might be the high
content of magnetic nanoparticles in quasi-one-dimensional
arrangement due to the restriction of the carbon nano-
tubes.*' Moreover, it was observed that the obtained sample
showed no change in magnetic properties after being kept
in air for over two months, suggesting that the o-Fe nano-
particles were well-protected by the graphite layers.

4. Conclusions

In summary, Fe/carbon nanotube nanocomposites with
sponge-like structures were synthesized through catalytic
decomposition of waste PP at 600 °C. The Fe/C nanocom-
posites were mainly self-assembled from carbon nanotubes
and Fe nanoparticles as a result of magnetic interactions. The
diameter of the carbon nanotubes is about 30 nm and the
diameter of the Fe nanoparticles in the carbon nanotubes is
also about 30 nm. The BET surface area is calculated to be

CrysttngComm, 2014, 16, 8832-8840 | 8839
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197.6 m* g™, and the BJH adsorption cumulative volume
of pores is up to 0.2860 cm® g~'. Magnetic hysteresis loop
measurement shows that the sponge-like Fe/carbon nanotube
nanocomposites display ferromagnetic properties at room
temperature, and the saturation magnetization value
(62.7 emu g ") is lower than that of bulk Fe, which can be
attributed to the broad distribution of carbon nanotubes and
the reduced size of the Fe nanoparticles. The high coercivity
(H,) value (187.3 Oe) might result from the high content of
magnetic nanoparticles in quasi-one-dimensional arrange-
ment due to the restriction of the carbon nanotubes.
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