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Abstract

interesting properties of magnetic nanocomposites have attracted attention of

both academic and industrial researchers. In this work, thermal, mechanical,

morphological, and magnetic properties of polyethylene (PE) nanocomposites

were inspected using carbon-based magnetic fillers (C Ni, C Co, and C Fe).

The melt mixing method was employed to prepare the nanocomposites using

small amounts of filler ranging up to 2 wt%. Wood sawdust pyrolysis produces

carbonized material activated by Ni, Co, or Fe salts and used as filler. The struc-

tural analysis was carried out using Fourier transform infrared spectroscopy indi-

cating that the polymer chemical structure remains unaltered with the filler

addition. Thermal stability of nanocomposites as well as the determination of

metal amount in the carbon-based fillers was investigated by thermogravimetric

analysis. Filler introduction enhanced the onset and the maximum degradation

temperatures up to 11�C and 8�C, respectively. The crystallization and melting

temperatures examined by differential scanning calorimetry remained unchanged

as compared to neat PE whereas the percent crystallinity was improved up to 8%.

The incorporation of the filler leads to the improvement in the elastic modulus of

the polymer matrix. The addition of 2.0 wt% of the metal-carbonized filler in the

diamagnetic polymer resulted in a thermoplastic nanocomposite with ferromag-

netic behavior.
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1 | INTRODUCTION

Polymer nanocomposites (PNCs) are combinations of
polymer matrices with nanoscale materials, having excep-
tional physical, biological, and chemical properties. The
PNCs have been extensively studied in the last two
decades due to their wide applications in diverse areas.[1,2]

The introduction of nanofiller particles, such as clay
nanosheets, graphite, and carbon nanotubes, enhances
both the mechanical and thermal properties of the PNC as

compared to the neat polymer matrix.[3–5] Depending
upon the nanofillers used, it can be transformed by creat-
ing thermal and/or electrical conductive network in the
polymer matrix,[6,7] hence giving rise to antimicrobial
properties or improving fire-retardant characteristics.[8] In
fact, the design of nanocomposites can aid in excessive
applications ranging from high-strength structural mate-
rials to gas separation membranes. In recent years, synthe-
sis of magnetic materials has attracted considerable
attention due to their unique properties and applications
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in different fields such as magnetic recording, data storage,
electronics, ferrofluids, bioprocessing,[9–11] pharmaceuti-
cal areas, biomedical (ie, drug delivery) sensors, micro-
wave absorption, and even environmental remediation.[12]

Consequently, magnetic PNCs have appealed inclusive
attention for their varied potential applications such as
energy storage devices, electrochromic devices, electron-
ics, microwave absorbers, and sensors.[13–15] The introduc-
tion of conventional magnetic nanoparticles such as
nickel, iron, and cobalt leads to the magnetic PNCs.
Besides the agglomeration problem associated with mag-
netic nanoparticles when used as filler in the polymer
medium, easy oxidation is also an important issue to
address.[16] To overcome the challenges in dispersing the
magnetic NPs, limited by the magnetically induced
agglomeration and prevent them from oxidation, the
chemical stabilization by encapsulating the magnetic core
with carbon, polymer, silica, and surfactant has been
reported.[17–21]

The excellent intrinsic properties of polyethylene
(PE) such as high stiffness, improved tensile strength,
low density, and its inertness toward several solvents
and low cost made it one of the most important com-
mercial plastics. Although to widen its industrial appli-
cation, the physicochemical properties have to be
further enhanced.[22] Various techniques have been
used to prepare polyolefin nanocomposites such as melt
blending, solution mixing, and in situ polymeriza-
tion.[4,5,23] However, each of these methods presents
some technical limitations, being solvent mixing
method the less desirable from an economical and envi-
ronmental point of view. In fact, based on PE and poly-
propylene (PP) nanocomposites the solvent mixing
method is not practical meanwhile these polyolefins are
generally used to solubilized in the solvents like tri-
chlorobenzene and xylene at elevated temperature
(eg, 120�C), causing serious health problems.[24] The in
situ polymerization is considered to have uniform dis-
persion of the polymer matrix during the syntheses of
the polymer from the monomer. However, the method
has limited applicability and scalability.[25,26] Melt
blending is considered one of the supreme desired
techniques owing to its industrial applicability, easy
operation procedure, high yield, fast production rate,
and solvent less process to avoid any health risk.[27]

More recently, we investigated the effect of different
synthetic talc on the properties of the polyurethane
nanocomposites.[28–30]

The focus of the present work is to compare the use of
different metal-activated carbons obtained from biomass[31]

(low cost source) as fillers to synthesize PE nanocomposites
with good thermal, mechanical, andmagnetic properties by
themeltmixing technique.

2 | EXPERIMENTAL

2.1 | Materials

Commercial high-density PE (HDPE) (SGM9450F
Braskem, Brazil) with 9.3 g/10 minutes (21.6 kg/190�C)
melt flow rate, (Norm ASTM D-1238) having melting
point of 125�C was introduced as polymer matrix. Small
amount of antioxidant agent Irganox 1010 was also used
during the composite synthesis.

The metal-carbonized materials containing different
metals (Fe, Co, Ni) were prepared by the reported
method.[31] Nanocomposites were prepared using
Thermo Haake Rheomix-600 (Thermo Elec-tron Corp,
Karlsruhe, Germany), working at 60 rpm and 160�C. The
total amount of the filler, polymer, and small amount of
Irganox1010 (~0.005 g) reach to 60 g per mixing. The dif-
ferent concentrations of the filler from 0 to 2 wt% were
used. Initially, half of the HDPE (~30 g) and the antioxi-
dant were melt blend. Subsequently, predefine percent-
age of filler was slowly introduced to the molten polymer
after 2 minutes and the speed of the rotor was kept con-
stant for more 3 minutes. Finally, the remaining approxi-
mately 30 g of the polymer pellets were introduced and
mixed for more 5 minutes at a constant speed of 60 rpm.
The total time of mixing was approximately 10 minutes.
The heat pressed sheets were prepared at 160�C under
the pressure of 200 bar.

2.2 | Synthesis of activated carbons
containing iron, cobalt, and nickel

Ayous powder residue and metals (Fe2+, Co2+, and Ni2+)
chloride were used in the preparation of carbons compos-
ite materials. Ayous sawdust is a residue from sawmill
industries. This biomass was kindly provided by sawmill
industries from Ngaoundere Region, in Cameroon. It
contains approximately 98% cellulose, hemicellulose, and
lignin, with the remaining 2% made up of extractables
(tannins, pectins, polymers with low degree of polymeri-
zation) and minerals.[32]

For the preparation of metal-activated carbons, a
known amount of iron(II), cobalt(II), or nickel(II) chlo-
ride was dissolved in 80.0 mL of distilled water and 60.0 g
of previously dried lignocellulosic biomass (with diame-
ter <250 μm) was added to the solution to form a paste.
The proportion of the metal salt and the biomass was 1:1
(wt/wt). Afterward, the paste containing metals was dried
overnight at 90�C to remove the water and then pyro-
lyzed in a quartz reactor as described in our previous
study[31] under a nitrogen gas atmosphere, with a flow
rate of 200 mL min–1. The reactor was introduced in a
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conventional furnace and heated up for 60 minutes at
600�C. Finally, the system was cooled down and the
obtained carbon material was washed thoroughly, dried
overnight at 105�C, and stored for the synthesis of PNCs.
For comparison with the nanocomposites, activated car-
bon (C-neat) was prepared under the same conditions
but with no addition of metals.

3 | CHARACTERIZATION

The elemental analysis of Ayous powder and activated
carbons filler was performed using an elemental analyzer
(PerkinElmer M CHNS/O model 2400). A small amount
(0.05 g), ovendried was used to determine total carbon
containing (C), nitrogen containing (N), and hydrogen
containing (H). The oxygen-containing (O) mass fraction
was found by subtracting the ash, C, N, and H mass frac-
tions from the total mass of the sample.

Fourier transform infrared (FTIR) spectra were
recorded on a PerkinElmer Spectrum 100 spectrometer
using attenuated total reflection mode in the range of 4000
to 400 cm−1. Transmission electron microscopy (TEM,
Tecnia G2T20 FEI) was used to perform morphological
analysis in order to investigate the degree of dispersion on
the nanocomposites. Polymeric nanocomposites samples
were prepared using an ultramicrotome RMC CXL with a
thickness of approximately 50 nm at −70�C. The samples
morphology was determined with a field emission scan-
ning electron microscope (SEM) using Inspect F50 equip-
ment (FEI Instruments) in secondary electrons mode. To
avoid the charge accumulation, the deposited polymer on
an aluminum stub was coated.

The magnetic characterization of the composite mate-
rials was accomplished by means of a vibrating sample
magnetometer, model EZ9 MicroSense, with magnetic
field H ranging from −20 to +20 kOe, at room
temperature.

The melting and crystallization temperature as well
as percent crystallinity were investigated by differential
scanning calorimetry (DSC) (model DSC Q20) functional

from 25�C to 180�C and heat rate of 10�C min−1. The
melting temperature (Tm) was determined in the second
scan, and the relative percent crystallinity was intended
as ratio of the melting enthalpy of the experimental sam-
ple to the completely crystalized PE melting enthalpy
(293 J g−1). Thermal degradation and percent residue of
the nanocomposites were analyzed by thermogravimetric
analysis (TGA) using a SDT Q600 thermal analyzer Q20
(TA Instruments), samples were analyzed from 25�C to
800�C at a constant scanning rate of 20�C min−1 using a
constant flow of nitrogen (100 mL min−1) for polymeric
nanocomposites and air for the carbon materials.

The stress-strain curve was measured according to
ASTMD 638-10 at approximately 25�C using an HP
model D-500 dynamometer. The results give the average
value of five measurements tested for each wt% of the
nanocomposite (typical deviation ~5%) at a cross-head
speed of 50 mm min−1.

A goniometer (Phoenix 300, SEO) was used to mea-
sure the static water contact angle (WCA) by the sessile
drop method. The pictures were taken using “drop shape
analysis system.” Five drops of deionized water were
applied to each sample and the mean of the angles was
calculated, considering an experimental error of 2�

among the measurements.

4 | RESULTS AND DISCUSSION

4.1 | Elemental analysis of the biomass
and metal activated carbon

Table 1 demonstrates the results of the elemental compo-
sition of activated carbons containing metal (nickel,
cobalt, and iron). Compared to the precursor material, all
the carbon-metal (C-M) samples exhibited high carbon
and low oxygen contents. First, the biomass contained
6.26% hydrogen, 46.05% carbon, and 45.78% oxygen; how-
ever, once the pyrolysis and the washing process was car-
ried out, the carbon contents in the C Fe, C Co, and
C Ni samples increased to 48.84%, 53.57%, and 58.05%,

TABLE 1 Elemental composition

of biomass (C-neat) and activated

carbons containing Ni, Co, and Fe

Samples %C %H %N %Oa %Ashb M-content (%)

Biomass 46.05 6.26 0.33 45.78 1.56 0.00

Ni C 58.05 2.31 0.15 11.29 28.20 26.64

Co C 53.57 2.49 0.38 19.97 23.60 22.04

Fe C 48.84 1.54 0.10 1.72 47.80 46.24

Abbreviation: TGA, thermogravimetric analysis.
aObtained by difference (%O = 100% – %C – %H – %N – %Ash).
bObtained by TGA.
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respectively. This increase value of carbon content after
carbonization in the presence of metal chlorides indicates
that the aromatic structure dominates.[32]

It was also promising, using the TGA residue (or ash),
to quantify the amount of iron, cobalt, or nickel present in
the metal-carbon (M-C) samples after preparation. For
instant, using the synthetic air atmosphere the ash content
left represents the inorganic compound after the degrada-
tion of the sample. Determining the ash concentration of
the biomass and M-C samples, it is conceivable to find the
metal concentration in the carbon composite (C-M) by
subtracting. As seen in Table 1, the C Fe composite is the
sample that showed more metal embedded in the struc-
ture of the carbon material (almost the same amount of
metal as carbon), followed by C Ni and C Co.

4.2 | Structural analysis

Figure 1 presents the FTIR spectra of neat-HDPE and its
PNCs. Pure HDPE shows two strong stretching and bend-
ing vibration at approximately 2912 and 2846 cm−1, repre-
sentative of the C H symmetric and asymmetric stretching
modes, respectively; furthermore, two C H bending vibra-
tion absorption bands at around 1462 and 718 cm−1.[33,34]

With filler incorporation, the chemical structure of polymer
was well sustained as evidenced from the unaffected typical
HDPE bands (Figure 1). This behavior indicates that the
fillers were physical incorporated in the polymer constitu-
ents instead of developing chemical bonding throughout
nanocomposites synthesis.

4.3 | Thermal properties

Table 2 and Figures 2 and 3 resume the thermal proper-
ties of neat PE and its nanocomposites. DSC measure-
ments were performed in order to calculate any changes
in the melting endotherm and crystallization temperature
in the nanocomposites. It was observed that both Tm and
Tc are slightly higher (~1�C) when compared to the neat
PE falling in the error limit of the instrument.[35] Unlike
Tm and Tc, an increase of 8% in the crystalline content
was observed showing that the incorporation of magnetic
filler favors the alignment and folding of polymer chains
resulting in more orderly regions. The enhanced interfa-
cial interaction among filler and matrix is considered the
main reason to increase crystallinity. Many researchers
have reported works on polymer filler interfaces, but the
morphology and properties of the polymer at the inter-
face are unclear understood.[36] It can be concluded that
the addition of filler does not show a significant effect on
the melting and crystallizations temperature of the
nanocomposites, although the formation of a higher
degree of perfect crystal is the reason for the improve-
ment in the percent crystallinity.[37]
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FIGURE 1 FTIR spectra of neat-HDPE and its

nanocomposites contain different fillers. FTIR, Fourier transform

infrared; HDPE, high-density polyethylene [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 2 Thermal properties of the neat PE and PE-C-M nanocomposites

Samples C-Ma (%) Mb (%) C-Mc (%) Tc (�C) Tm (�C) Xc (%) Tonset (�C) Tmax (�C)

PE-neat 0 0 0 116 130 57 456 508

PE-C-neat 2 — 1.2 117 130 62 465 513

PE-C-Ni 2 0.5 2.1 116 131 65 465 514

PE-C-Fe 2 0.9 1.6 117 130 62 465 513

PE-C-Co 2 0.4 1.8 117 131 62 467 516

Abbreviation: TGA, thermogravimetric analysis.
aAmount of filler (C-M) in the nanocomposite calculated from the yield.
bM = Amount of metal in the nanocomposite calculated from the TGA residue.
cAmount of filler (C-M) in the nanocomposite calculated from the TGA residue.
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The study of thermal stability of polymeric materials is
very important, being a limiting factor in both processing
and applications. Thermal stability of neat HDPE and
nanocomposites was measured by TGA under nitrogen
atmosphere. The TGA evaluation demonstrated that with
the addition of metal activated carbon the thermal stability
of HDPE increases for all samples. The Tonset degradation
temperature of pristine PE (456�C) improved from 9�C to
11�C (465�C-467�C) with the incorporation of 2 wt% of

metal activated carbon and themaximum degradation tem-
perature of the nanocomposites increased from 508�C to
513�C-516�C, showing an improvement for all nano-
composites samples (Figure 3).

The shifting of the degradation temperature to the
higher value as seen in Table 2 and Figure 3 is in agree-
ment with the rule of mixture as one of the constituents
(C-M) is more thermally stable. Improvement in the
degree of crystallinity and limitation of the molecular
mobility around the metallic filler also play a role in this
phenomenon, in accordance with percent crystallinity
results.[38]

4.4 | Morphological analysis

Figure 4 presents SEM analysis of nanocomposites frac-
tured surfaces. The unfilled PE and the nanocomposites
show similar morphologies. On the other hand,
nanocomposites showed more layered structure as com-
pared to pristine PE with the polymer wrapped up
around the fillers indicating strong interaction on the
filler polymer interface. At this lower concentration of
the filler, the fractured surface reveals the presence of pri-
mary filler particles in the form of platelets (Figure 4D),
due to the inexpressive affinity to form agglomerates at
this low filler loading.[39]

Figure 5 exhibits TEM images of the nanocomposites
with 2 wt% of filler: (A) PE-C-neat-2%, (B) PE-C-Fe-2%,
(B) PE-C-Ni-2%, and (D) PE-C-Co-2%, respectively. The
micrographs show the presence of isolated particles and
also some agglomerates, most prominent, in the case of
sample PE-C-neat-2 wt% and PE-C-Co-2 wt%. The pres-
ence of the black spots is attributed to the presence of
metal particles in the polymer matrix; similar morphol-
ogy and the presence of black spots are reported as metal
particles by other researchers.[16,33] In general, it was
observed that the filler (Fe C and Ni C) is rather uni-
formly dispersed in the PE matrix as compared to the
neat-C and Co C.

4.5 | Mechanical properties

Generally, the mechanical properties of composite mate-
rials depend on various factors, for instant the polymer-
filler adhesion at interface, filler dispersion, aspect ratio
of the filler, and the crystal structure of the polymer
matrix.[40] Figure 6 shows the tensile testing of the
dumbbell-shaped sample at an elongation rate of
50 mm min–1. The initial region of tensile deformation is
used to measure the tensile modulus and is an indication
of the composite value of the constituent stiffness. The
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filler reinforced nanocomposites show the higher value of
the tensile modulus compared to the unreinforced HDPE.
The value of the modulus increases from 783 MPa for
HDPE to 956 and 1202 MPa (22% and 53% enhancement)
for PE-C-neat and PE-C-Ni samples, respectively. PE-C-
Co and PE-C-Fe samples show a slight decrease in the
modulus. These impressive enhancements in the HDPE
stiffness is endorsed to the identical distribution of the
filler and to an improvement in the nanocomposite per-
cent crystallinity as indicated from the DSC results. The
highest improvement around 53% in the modulus showed
by the sample PE-C-Ni, exhibiting the highest increase of
around 8% in the nanocomposite percent crystallinity as
well. However, the decrease in the modulus in the case of
sample PE-C-Fe is unclearly understood, but it can be

due to the poor filler-matrix interface, acting as a barrier
for effective load transfer from the matrix to the filler.[41]

As a general rule, with filler addition the elongation
at break of PE matrix decreases. This is attributed to the
filler strongly limiting the effort of the polymer chains,
stopping them from elongating when they are beneath
tension.[42]

4.6 | Contact angle study

For industrial applications of the polymer composite, the
attraction toward water is a chief factor to be measured.
The materials are superhydrophobic when the surface
demonstrates high WCAs (>150�).[43] The results of the

FIGURE 4 SEM micrographs

of: A, Neat-PE; B, PE-C-neat 2 wt%; C,

PE-C-Fe 2 wt%; D, PE-C-Ni 2 wt%;

and E, PE-C-Co 2 wt% nanocomposites

at a magnification of 5 μm. PE,

polyethylene; SEM, scanning electron

microscope
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water contact angle are listed in Table 3, showing that
with filler addition, C Co and C Fe, the contact angle is
slightly increased demonstrating an improvement in the
hydrophobic nature of the material. The rest of the two
fillers (C-neat, C Ni) demonstrates a similar contact
angle as compared to the pristine PE.

4.7 | Magnetic properties

Figure 7 shows the magnetization (M) vs H loops, normal-
ized to the respective saturation magnetizations (Ms), of the
PE-C-Ni, PE-C-Fe, and PE-C-Co nanocomposites. The
H magnitude used here was sufficiently high to avoid

FIGURE 5 TEM images of: A, PE-

C-neat 2 wt%; B, PE-C-Fe 2 wt%; C, PE-

C-Ni 2 wt%; and D, PE-C-Co 2 wt%

nanocomposites at a magnification of

100 nm. PE, polyethylene; TEM,

transmission electron microscopy

FIGURE 6 A, Tensile stress-strain curve. B, Elongation at break point [Color figure can be viewed at wileyonlinelibrary.com]
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minor-loop effects.[44,45] The values of the remnant magne-
tization (Mr), normalized to Ms, and of the coercive field
(Hc) of these samples are given in Table 3. Although the PE-
C-Ni nanocomposites saturate inmagnetic fields lower than
those with Fe (see the insets in Figure 7) and also have
lowerHc values, theirMr/Ms value is twice greater. The PE-
C-Co samples have small coercivity as well but their
M keeps increasing even in the highest-field region (ie,
superparamagnetic-type behavior, indicating well-
dispersed Co entities with very small sizes), so it is impossi-
ble to estimateMr/Ms for these nanocomposites.

Wilson et al[46] synthesized poly(methyl methacrylate)
(PMMA) iron nanoparticles embedded nanocomposites
presenting a coercivity of 260 Oe and Mr/Ms = 0.15 with
the addition of 10 wt% of iron nanoparticles in the PMMA
matrix. Yurkov et al[47] introduced cobalt nanoparticles
into polytetrafluoroethylene matrix, the sample with the
highest concentration 3.9 wt% of Co showing a coercivity
of 0.3 kOe and magnetization of 0.4 emu g–1 at H = 6 kOe
at room temperature. In contrast, our samples show coer-
civity of 175 Oe and Mr/Ms = 0.14 with a very small
amount of metal nanoparticles 0.9 wt% at a low applied
field value of 2 kOe. This outstanding magnetic response

at such low concentration of the magnetic filler corre-
sponds to the immobilization of the magnetic entities in
the nonmagnetic carbon part preventing the magnetic
induced agglomeration and facilitating the uniform filler
dispersion in the PEmatrix.

In order to estimate the effects of magnetic interac-
tions in each of the nanocomposites, we employed the
recently introduced δMR plot technique.[48] Nonzero
deviations of δMR(H) in systems with uniaxial anisotropy
are ascribed to magnetic coupling. The negative interac-
tions (dipolar-like, stabilizing the demagnetized state)
that our magnetic samples present are rather weak, indi-
cating a very good dispersion of the magnetic entities in
the polymer matrix, preventing particle aggregation.

The nanocomposite with the greatest coercivity, the
PE-C-Fe one, shows the most pronounced, visibly nega-
tive δMR curve. This behavior could be attributed to the
highest Ms value of Fe as compared to those of Ni and
Co, and, most importantly, to the fact that the metal
(Fe) amount in these nanocomposites is higher by almost
a factor of two when compared to Ni or Co samples as
seeing in Table 3. This higher concentration of magnetic
grains could also be the cause for the low Mr/Ms value of
the nanocomposites that contain Fe, having in mind that
dipolar coupling results in closed magnetic flux configu-
rations leading to a decrease of Mr/Ms.

5 | CONCLUSIONS

The metal activated carbon nanocomposites from the bio-
mass (a cost-effective source) were synthesized and used
as fillers in PE nanocomposites by melt mixing tech-
nique. The activation of the carbon by metals, such as
Co, Ni, and Fe, was carried out to encapsulate them by
amorphous carbon, thus controlling the oxidation and
increasing the interaction with the apolar PE matrix. The
nanocomposites FTIR spectra show PE characteristic

TABLE 3 Contact angle and magnetic properties of the

nanocomposites

Samples C-Ma (%) Hc (Oe) Mr/Ms WCA (�)

PE-neat 0 — — 73.9 ± 0.5

PE-C-neat — — — 72.0 ± 0.9

PE-C-Ni 0.5 100 ± 5 0.14 ± 0.01 70.2 ± 0.2

PE-C-Fe 0.9 175 ± 5 0.07 ± 0.01 77.3 ± 0.6

PE-C-Co 0.4 120 ± 5 — 76.0 ± 1.7

Abbreviations: PE, polyethylene; TGA, thermogravimetric analysis; WCA,

water contact angle.
aM = Amount of metal in the nanocomposite calculated from the TGA
residue.
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peaks presenting no evidence of peak shifting with filler
addition. This behavior is in agreement with the physical
interaction of the polymer filler interface without any
chemical bonding. The nanocomposite thermal stability
was improved with the filler addition, presenting
enhancements of 11�C and 8�C, in the onset degradation
and maximum degradation temperatures, respectively.
The percent crystallinity was improved by 8% indicating
the formation of more perfect crystals. An improvement
of up to approximately 53% was observed in the elasticity
module. The improvement in the mechanical and ther-
mal properties, along with the attainment of the mag-
netic properties at room temperature in the polymer,
spreads its applications for engineering of diverse proce-
dures. These consequences are important because most
works reported in literature in this area display magnetic
finding only at below ambient temperatures. A higher
coercivity was observed for PE-C-Fe nanocomposite, and
is noted that the amount of the magnetic entities of Fe is
higher in the activated carbon as compared to the Co and
Ni activated carbon. The weaker demagnetizing interac-
tions of the magnetic particles indicate a uniform disper-
sion of the filler. These results are supported by the TEM
and SEM images where uniform dispersion of the weakly
interacting magnetic filler is also observed. Moreover,
magnetism is also demonstrated by the statistics that
nanocomposite materials are intensely attracted by a
magnet. These results are remarkable since the applica-
tion of external magnetic field allows the separation of
the material from the medium.
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