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For the first time, a high performance carbon nanotube (CNT) reinforcement-stone waste polymer
nanocomposite was fabricated using an epoxy matrix via the compressive molding route. The
morphological, mineralogical, and functional group presented by the pristine stone waste and CNT-
reinforced stone polymer nanocomposites were investigated by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and Fourier transformed infrared spectroscopy. Strong interfacial bonding between
stone waste, carbon nanotubes, and epoxy polymer was achieved through the polar dimethylformamide
(DMF) solvent and through the high energy ball milling process. The dielectric constant drastically
increased with an increase in CNTs in the stone waste-epoxy matrix. Very high dielectric constant up to
1800 was achieved for the 0.2 (wt%) CNT-filled stone waste sample, whereas the pristine stone
composite exhibits a low dielectric constant of 26. It was found that the stone waste nanocomposites
with a higher CNT content produced a lower dielectric constant. CNT-filled nanocomposites showed
high flexural strength and tensile strength of 77 MPa and 20.78 MPa, respectively, for the 0.2% filled CNT
nanocomposites. However, at high filler concentrations, both flexural and tensile strength decreased. The
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results were analyzed in terms of interfacial bonding, polar solvent, and sudden increase in the
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1. Introduction

The improper disposal of industrial inorganic wastes such as stone
waste is a worldwide problem. Due to the continuous demand of
stones, the quantity of stone wastes generated during various
industrial/mining, cutting, querying, sawing, and polishing pro-
cesses from limestone industries increased to about 16 MT per
year."” For the utilization of the stone waste produced under
various processes, a large amount of dust is produced and dumped
in open land, which causes different environmental problems
including greenhouse effect and health-hazardous issues such
as cancer, lung problems, and heart diseases.® The non-
biodegradability of stone waste further increased the severity of the
problem.” Usually, the stone contains different minerals such as
calcite (CaCO;), dolomite (CaMg(CO3),), and silicon oxide (SiO,).
Moreover, it also contains several heavy metals, which further
contaminate the ground water quality, leading to health issues.
Therefore, searching viable alternatives to utilize stone waste is
urgently needed. Recently, stone waste is used as a filler in cement
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polarization, improved bonding, and agglomeration tendency of the CNTs.

and bricks, and to prepare aluminum alloy composites.® Stone
waste has been also used to fabricate the hybrid composite sheet
in the polymer for building and infrastructure applications.”®
However, the strength of the stone-based nanocomposite was
not high, which restricts their practical applications in various
sectors including aerospace, automobile, and building materials.’
Moreover, to use them as electrical insulating materials in various
sectors, high dielectric constant is required.'”'* To tune these
properties in polymer nanocomposites, various nanomaterials
such as graphene, carbon nanotubes, silver nanoparticles, and
metal oxide nanostructures have been recently used.'>"* In addi-
tion, Huang et al. used artificial marble as a filler to enhance the
mechanical strength of the poly(vinyl alcohol) (PVA) via supramo-
lecular interfacial interaction and plasticization strategy.'* Zhang
et al. also improved the mechanical properties of high-density
polyethylene/artificial marble wastes composites using the titanate
coupling agent prepared by modulating the interfacial strength.'®
Moreover, the hybrid nanocomposites have been widely
utilized for fabricating numerous advanced applications such
as shape memory/self-healing devices, electrical insulators,
piezoelectric/triboelectric nanogenerators, flexible and wearable
electronics, structural health monitoring, self-powered nano-
sensors, soft robotics, aerospace, intelligent systems, and for the
fabrication of advanced construction materials."®™"°
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Among various nanofillers, CNTs have been used as a novel filler
to improve the mechanical, physical, chemical, and electric proper-
ties of the nanocomposite.”** CNTs are composed of sp® carbon
networks, and their unique tubular structure make them wonderful
materials with excellent chemical, physical, and mechanical
properties.”’>*" Recently, CNTs have been utilized in numerous
applications such as potential probes for bioimaging, neurosensory,
super capacitors, solar cells, and nanogenerator sectors.'®**>* How-
ever, CNTs have not been used as the filler to fabricate the stone-
CNT nanocomposites. The effect of the CNT on their mechanical
and dielectric properties is also not reported yet. However, the
dispersion of the CNTs in the stone waste polymer matrix is very
critical due to the high surface energy and controlling their agglom-
eration in polymer composites is still a great technical challenge.
Recently, C;H,NO =N,N'-dimethylformamide, a colorless polar sol-
vent that is a natural, has been widely used to increase the dispersion
and interfacial strength of the CNT with the polymer matrix.

In the present work, we have successfully fabricated CNT-
reinforced stone waste nanocomposites samples through com-
pressive moulding routes, and the dispersion of the CNTs in
the epoxy-stone matrix polymer is achieved through the polar
solvent and high energy ball milling process. Various polymer
nanocomposites with various CNT filler concentrations (0.1,
0.2, 0.3, and 0.4 wt%) were developed. The dielectric constant
and mechanical properties of the CNT-reinforced stone waste
nanocomposites were analyzed. The results were analyzed in
terms of interfacial bonding, polar solvent, and sudden
increase in polarization and improved bonding.

2. Experimental details
Fabrication details of CNT-stone particulates nanocomposites

Multiwalled carbon nanotubes were purchased from Nano
Research Element, India (radius of 5-15 nm). Inorganic stone
waste particulates were collected from Khajuraho, located at
Chhatarpur, MP state, India. Initially, stone waste was ground
and washed several times with DI water and dried at 70 °C in
air. The CNTs with amount 0.1%, 0.2%, 0.3%, and 0.4% (Wt%)
were taken and mixed with the stone waste particulates. The
resultant powder was ball milled using high energy planetary
ball milling condition for 7 h at 240 rpm condition. The polar
solvent DMF was used as the dispersion medium. To prepare
the nanocomposite, epoxy and hardener purchased from Atul
Ltd, India were used as the polymer, and the ball milled CNT-
stone waste was mixed and stirred at RT for 5 h. The mixed
solution was poured in the compressive mold cavity and a
pressure of 110 MPa was applied at room temperature for 24 h.
The CNT-reinforced stone-nanocomposite sheet was received
after demolding. The whole fabrication process is displayed in
Fig. 1a and the actual photograph of the fabricated CNT-stone
waste nanocomposite is displayed in Fig. 1b.

Characterization and measurements

The X-ray diffraction of the stone particulate sample was
investigated to identify its mineral and crystalline nature by a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic fabrication process of carbon nanotube-reinforced
stone waste epoxy polymer composite. (b) Carbon nanotube-reinforced
composite sheet.

Rigaku-Mini Flex II in the 2 theta range of 10-75 degrees. The
elemental analysis of stone waste was carried out using wave-
length dispersive X-ray fluorescence spectrometry (Bruker, S8,
Tiger, Germany). The surface morphologies of carbon
nanotube-reinforced stone waste polymer nanocomposite were
recorded using a scanning electron microscope (SEM). A Ther-
moScientific Nicolet iS50 FT-IR spectrometer was used to
determine the functional groups of the sample. The transmis-
sion electron microscopy (TEM) image of the sample was
recorded using a JEOL JEM-F200 (Tokyo, Japan). The dielectric
properties of the CNT-stone nanocomposites were investigated
by a Keysight LCR meter (E4980A) at room temperature. The
flexural strength and tensile strength of the samples were
measured using a universal testing machine (Lloyd LRX Plus,
UK) at room temperature.

3. Results and discussion

X-ray diffraction and X-ray wavelength dispersive X-ray
fluorescence analysis

The XRD results of the as-received stone waste powder was recorded
in the two-theta range from 10 to 75 degrees. XRD was used to
qualitatively determine the elements and compounds present in
the stone waste, and the mineral phase was confirmed using the
JCPDS number and their peak position (Fig. 2a). The XRD result of
the stone waste reveals that stone waste has five major different
mineral phases, including muscovite (KAl,(SizAl)O;0(OH,F),
[JCPDS card: 07-0042], actinolite (Ca,(Mg,Fe)2Sig0,,(OH),) [JCPDS
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card: 80-052], calcite (CaCOs) [JCPDS card: 5-586], dolomite
(CaMg(CO3), [JCPDS card: 36-0426], and quartz (SiO,) [JCPDS card:
46-1045] phases. It is seen that the main and highly intense peak
observed at about 26.6° corresponds to the quartz phase. The XRD
result also reveals the high amount of Ca-rich mineral phase
actinolite in the stone waste.”>”° The sharp XRD peaks show the
polycrystalline nature of the stone waste, which help to increase
the mechanical properties of the nanocomposites. The elemental
analysis of the inorganic stone waste was carried out using the
WD-XRF technique. Stone waste contains 77.10% SiO,, 14.30%
ALO;, 5.59% K,0, 4.11% Na,0, 2.33% Fe,0;, and 1.06% MgO.
Ca0, TiO,, ZrO,, and BaO were also presented in the stone waste
with an amount of 0.59%, 0.25%, 0.16%, and 0.12%, respectively
(Fig. 2b). In addition, few elements such as SO; MnO, SrO, Y,0;,
ZnO, CuO, and NiO were observed in very minute concentrations
in the ppm range (Fig. 2¢). In addition, various parameters such as
PH value, bulk density, specific gravity, conductivity, and porosity
of stone waste powder were measured and calculated as per
standard procedures, and the results are presented in Table 1.

Functional group studies

The functional groups present in the CNT-stone nanocomposite
sample were investigated by recording the FTIR spectrum in the
range of 500-4000 cm~ " wavenumber (Fig. 2d). The absorption
peaks at 2932 cm™ ' and 2861 cm ' are due to the asymmetrical
C-H stretching of the -CH; group and -CH, group,
respectively.””?® The peaks at 1552 cm™ ' and 1411 cm ' are
due to aromatic C-C stretching vibration. The absorption band at
1339 em ™! is attributed to asymmetrical ~-CH, deformation. The

absorption peaks at 1240 and 1048 cm ' are related to the
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Table 1 Physicochemical properties of stone waste powder
S no. Parameter Value
1 pH 6.51 + 0.07
2 Bulk density (g cm?) 1.03 + 0.02
3 Specific gravity 2.57 + 0.06
4 Electrical conductivity (uS cm ™) 73.14 + 0.24
5 Porosity (%) 59.80 + 1.22

asymmetrical aliphatic C-O stretching and asymmetrical aro-
matic C-O stretching, respectively. The FTIR absorption band
at 818 cm ' is due to the -CH out-of-plane aromatic
deformation.”**” The characteristic peak of the CNT is also
observed in the sample.

Morphological studies

To fabricate the nanocomposites, CNT was mixed at various
concentrations with the ball milled stone waste particulates
and nanocomposite samples, as discussed in the Experimental
section (Fig. 1a). Stone waste is randomly distributed in the epoxy
matrix. The morphological investigation of the stone waste and
prepared CNT-stone nanocomposites was carried out using SEM.
Fig. 3a and b represent the low and high magnification surface
morphologies images of the inorganic stone waste powder, respec-
tively, as determined by the SEM technique. Fig. 3a and b depict an
irregular morphology of the inorganic stone waste powder with the
size ranging from 500 nm to 5.0 pm. Fig. 3c shows the transmission
electron microscopy (TEM) image of CNTs, which was used as a
reinforcement element with the stone-epoxy matrix. A well-defined
tube-like morphology with a diameter of about 10 nm was observed
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(a) XRD of CNT-reinforced stone waste polymer nanocomposite. (b and c) XRF results of the stone waste. (d) FTIR of CNT-reinforced stone waste
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for CNT. The SEM technique has been also widely used to analyze
the relation of the stiff nature of the materials by the examining the
interfacial strength/bonding of the polymer with the waste/CNT
sample at the nanoscale level. The close view of the surface
morphology confirmed the interfacial bonding of the as-prepared
CNT-stone nanocomposite sheet (Fig. 3d). The results indicated the
uniform/proper distribution of the CNT in the epoxy matrix and a
strong bonding of the CNTs with stone particulates. Moreover, no
porous structure or voids are visible in the sample.

Mechanical strength studies

The flexural strength of CNT-stone nanocomposites was measured
using UTM as per the ASTM D790-17 standard. To measure the
flexural strength, five specimens of each sample, i.e., pristine stone
waste composite and CNT-stone nanocomposite, were tested under
the same conditions. The obtained flexural strength of pristine and
CNT-reinforced stone waste sample with different filler concentra-
tions are presented in Fig. 4. The flexural strength of the pristine
stone waste polymer composite prepared using epoxy resin was
found to be 39.92 £ 3.02 MPa. The stone waste polymer nanocom-
posite reinforced with 0.1, 0.2, 0.3, and 0.4 (wt%) of CNT show a
flexural strength of 57.98 + 1.15, 71.77 + 1.68, 68.57 + 1.03, and
32.91 + 1.28 MPa, respectively. It is interesting to observe that,
initially, the flexural strength of the CNT-filled nanocomposite
increased with the increasing content of the CNTs in stone waste
powder up to 0.2%; however, the flexural strength was reduced
above 0.2 wt% of the CNT. The stress-strain curves measured for
pure stone and CNT-stone waste composites and their replica-
tion are shown in Fig. 4b, c, d, e, and f, respectively. Fig. 4g
shows the actual graph of flexural strength. Fig. 4¢g clearly shows
that the enhancement in the flexural strength of the CNT-stone
nanocomposite may be due to the outstanding mechanical
properties of the CNT and excellent interfacial bonding between
the CNTs and stone waste-epoxy resin. It is worth pointing out
that due to the use of the DMF polar solvent in the CNT-stone
waste and the introduction of DMF solvent during the ball

X §tong "a‘s,g:.i‘j ! r-fl «))

Fig. 3 (a and b) SEM image of the stone waste powder sample. (c) TEM
image of the CNT and (d) stone waste polymer nanocomposite sample.
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milling process, the effective and strong adhesion of CNT to the
stone waste and epoxy chains was promoted, which contributed to
the high dispersion of CNT. This effectively reduced the van der
Waals forces among CNTs with epoxy matrix, which result in a
decrease in the agglomeration tendency of the CNT, while the
functional groups enhanced the interactions with the DFM mole-
cule. Strong interfacial interaction among CNT, stone waste, and
epoxy polymer during ultrasonic treatment in polar DMF is
expected due to the presence of a larger rough larger specific
surface area of stone waste caused by their reduced particle size
under the energy ball milling process. Moreover, polar DMF
solvent is also adsorbed on the surface of carbon nanotubes
through hydrophobic/n-n interaction and ultrasonication process,
which helped DMF to debundle the CNTs by coulombic or
hydrophilic interaction, leading to the overcoming of the van der
Waals forces among the individual nanotubes and increase in the
interfacial strength. In addition, the alkyl chains between stone
waste and epoxy may also serve as the connection force to increase
the dispersion rate, thus improving the interfacial interaction.'*'>

Therefore, these cause the CNTs to impart stiffness to the
nanocomposite, which enhanced the flexural strength. How-
ever, for the CNT-stone nanocomposite with a CNT amount
higher than 0.2%, the flexural strength decreased, which may be
due to the agglomeration of CNT in the nanocomposite matrix.

The tensile strength defines the ability of a material to withstand
a pulling (tensile) force, which is related to the amount of load or
stress that can be handled by the sample before it stretches and
breaks. The influence of the CNT reinforced in the stone waste
polymer nanocomposite on the tensile strength is also investigated.
The tensile strength is measured using the UTM machine as per the
ASTM standard. Fig. 5a shows the tensile testing sample. Pristine
stone waste composite shows a tensile strength of 7.98 + 2.02
(Fig. 5b), whereas the CNT-reinforced nanocomposite (0.1, 0.2, 0.3,
and 0.4 (wt%) shows 12.59 + 1.25, 20.78 £ 1.68, 17.38 &+ 1.03, and
15.58 =+ 1.38 MPa, respectively (Fig. 5b). The tensile strength of CNT-
reinforced stone waste nanocomposite was improved significantly
with the addition of the CNT for 0.1 and 0.2 wt% CNT; however, the
tensile strength reduced for 0.3 and 0.4% CNT. However, the tensile
strength of the CNT filler with a concentration of 0.4% was still
higher than pristine stone waste nanocomposites. The results also
showed a similar trend with the flexural strength results. The
enhancement in the tensile strength (p,.) may be related to
increased interfacial bonding between the CNTs and the stone-
polymer matrix.

LT

Prc Ry

where L, T;, and Ry are the critical length, interfacial shear strength,
and radius of the CNT, respectively. Therefore, increased interfacial
shear strength led to the higher tensile strength of the nanocompo-
sites by CNT filling.

Dielectric constant and dielectric loss of CNT-stone
nanocomposites

The dielectric properties of the stone waste composite and
CNT-stone nanocomposite were measured by a Keysight LCR
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(a) Image of flexural strength sample. (b—f) Flexural strength of pristine inorganic stones waste polymer composite and various reinforced concentration

(representation of replication measurements R1, R2, R3, R4, and R5). (g) Flexural strength of CNT-reinforced stone waste nanocomposite samples.

meter (E4980A). To measure the dielectric constant, a specimen
with size of 12 mm x 12 mm with a thickness of 1.2 mm was
prepared and silver was used as the electrode. The dielectric
constant of the pristine and CNT-stone nanocomposite samples
was measured in the frequency range of 20 Hz-2 MHz (Fig. 6a).
The dielectric constant of pure and CNT filled nanocomposite
sheets gradually reduced with the increase in the applied ac
frequency, which is in accordance with the polarization relaxa-
tion of the electric dipoles.”” With the increase in the

168 | Mater. Adv, 2023, 4,164-170

frequency, the polarization of the inner electric dipoles was
unable to keep pace with the rapid change in the high
frequency; thus, polarization weakens and the resulting dielec-
tric constant decreases at the high frequency side. The dielec-
tric constant of the stone waste polymer nanocomposite sheet
was about 26 at 100 Hz; however, it was interesting to note that
the dielectric constant increased several times for the CNT-
reinforced stone waste nanocomposite sheets. The dielectric
constant of the CNT-reinforced stone waste was found to be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Original image of tensile strength test samples. (b) Tensile
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samples.

3045, 4237, 765, and 26 at 100 Hz for CNT filler with 0.1, 0.2,
0.3, and 0.4 wt% concentration, respectively. A drastic enhance-
ment in the dielectric constant value for 0.1 and 0.2 wt% CNT
reinforcement in the stone waste nanocomposite was observed.
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An enlarged view of the dielectric constant and dielectric loss of
the pristine and 0.4 wt% CNT-reinforced nanocomposites
samples are given in Fig. 6¢c and d, respectively. The dielectric
constant of the 0.2 CNT-filled sample was about 160 times
higher than that of the pristine composite sample. With a
further increase in the CNT, ie., for 0.3 and 0.4 wt%, the
dielectric constant starts to decrease and reaches a low value
of 26. The increase in the dielectric constant was attributed to a
sudden increase in the number of electric dipoles per unit
volume owing to the nanoscale size of the CNT in the matrix.
The increased interfacial polarization between the CNT, stone
waste particulates, and epoxy polymer led to an increase in the
dielectric constant. However, after 0.2 wt% of the CNT filler,
the decrease in the dielectric constant was on account of the
formation of the CNTs conductive network in the polymer
matrix. It is worth pointing out that near the percolation
threshold of 0.2 wt%, the dielectric constant value of the stone
waste nanocomposites can be increased by several orders of
magnitude, according to the Maxwell-Wagner (MW) polariza-
tion theory and building up of an interconnected carbon
nanotube network in the matrix.>> However, it was proposed
that poor CNT dispersion at high CNT content in the stone
waste nanocomposite leads to the formation of clusters and
agglomeration, which reduce the dielectric constant. We have
also measured the dielectric tangent loss of the pristine and
CNT-stone nanocomposite sheets under the same frequency
range. Fig. 6b shows that dielectric loss also decreased with the
increase in the frequency. The value of the dissipation factor is
low for the pristine stone waste composite; however, dielectric
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(a) Dielectric constant. (b) Dielectric loss of pristine and CNT reinforced stone waste nanocomposite samples. (c) Enlarged view of the dielectric

constant and (d) enlarged view of the dielectric loss of pristine and CNT reinforced stone waste nanocomposite samples.
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loss increased to 27.92, 30.53, 43.5, and 8.00 for 0.1, 0.2, 0.3,
and 0.4 CNT wt% reinforcement, respectively. The increase in
the dissipation factor with CNT reinforcement is due to the
high thermal conductivity of the CNT as compared to the stone
waste and polymer matrix. In addition, the formation of the
chain-like interconnected structure of CNT in the stone waste
polymer matrix may increase the conductivity; thus, heat dis-
sipation occurred.

4. Conclusion

In conclusion, we have prepared a CNT-reinforced stone waste
nanocomposite for the first time through an ecofriendly and
cost-effective method. The structural, elemental, functional,
and morphological investigation of the CNT-reinforced stone
waste nanocomposites waste are investigated. The effect of
various CNT amounts on the mechanical strength such as
flexural strength and tensile strength of the stone waste nano-
composite were analyzed in terms of the dispersion of CNT in
the matrix. The flexural and tensile strength of the stone
nanocomposites were increased up to 0.2 wt% CNT and then
the strength decreased. However, the mechanical strength was
higher for the case of the CNT-reinforced composite as com-
pared to the pristine stone nanocomposite. A very high dielec-
tric constant ~4500 was observed from the CNT-filled stone
nanocomposite as compared to the low dielectric constant of
the pristine stone composites. A dramatic increase in the
dielectric constant and flexural strength was discussed in light
of the CNT properties, interfacial polarization, and formation
of nanodipoles in well-dispersed CNT in DMF solvent. High
dielectric constant, flexural strength, and tensile strength made
these materials as attractive alternative nanocomposite systems
for manufacturing aircraft body parts, automobiles industries,
flame retardant materials, self-hilling, and ecofriendly materi-
als for numerous advanced applications.
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