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ABSTRACT: Coal washery rejects (CWRs) are a major byproduct
produced in coal washery industries. We have chemically derived
biocompatible nanodiamonds (NDs) from CWRs toward a wide range
of biological applications. The average particle sizes of the derived blue-
emitting NDs are found to be in the range of 2−3.5 nm. High-resolution
transmission electron microscopy of the derived NDs depicts the
crystalline structure with a d-spacing of 0.218 nm, which is attributed
to the 100 lattice plane of a cubic diamond. The Fourier infrared
spectroscopy, zeta potential, and X-ray photoelectron spectroscopy (XPS)
data revealed that the NDs are substantially functionalized with oxygen-
containing functional groups. Interestingly, the CWR-derived NDs exhibit
strong antiviral properties (high inhibition of 99.3% with an IC50 value of
7.664 μg/mL) and moderate antioxidant activity that widen the
possibility of biomedical applications. In addition, toxicological effects of NDs on the wheatgrass seed germination and seedling
growth showed minimal inhibition (<9%) at the highest tested concentration of 300.0 μg/mL. The study also provides intriguing
prospects of CWRs for the creation of novel antiviral therapies.

1. INTRODUCTION
Coal washery rejects (CWRs) are the solid wastes such as coal
fines, rock, and soil produced worldwide as leftover materials
from washing the run-off-mine (ROM) coal in coal washery
industries. These coal rejects are not properly utilized and
usually dumped near the sites of coal washery industries which
may pollute the nearby areas.1 The novelty of the present
research work is the conversion of coal washery rejects
(CWRs) into high-valued nanodiamonds (NDs) using an
environmentally friendly and economically viable ultrasonic-
assisted wet chemical oxidation method, holding great promise
for the profitable utilization of these coal industry-generated
waste materials along with possible control of the associated
pollution.

NDs represent an emerging class of carbon-based nanoma-
terials featured with nanosized particle dimension, a crystalline
diamond core within amorphous carbon layers and oxygenic
functional groups on the surfaces. It has a wide range of
applications including in biological fields. The unique
structural characteristics account for the inherent biocompat-
ibility,2 superior colloidal dispersibility,3 and stable fluores-
cence of NDs,4 in addition to their primitive diamond-like
properties, such as extreme hardness, abrasive nature, superior
thermal conductivity, and high electrical and chemical
resistance. After the discovery of the first synthetic artificial

method,5 NDs have become a topic of intense research owing
to their special applications compared to other contemporary
nanomaterials.6−8 NDs are used as coating agents for metal
surfaces,9 additives for lubricant oils,10 nanofillers for wear-
resistant polymers,11 grain refining agents in alloy formation,12

and so forth. More recently, NDs have been established as
attractive candidates for biological and medical applications,
notably for therapy, drug delivery, biomedical imaging,13 and
bio-sensing.14 Accordingly, NDs are considered the next game-
changing materials for nanotechnology developments.

Many bottom-up and top-down methods have been
developed for the synthesis of NDs that include the detonation
of carbon-containing explosives (TNT, RDX, etc.) at high
temperatures and pressure under anaerobic conditions,15

chemical vapor deposition (CVD),16 microplasma-assisted
dissociation of ethanol vapor at atmospheric pressure,17

chlorination of carbides,18 ion irradiation of graphite,19 pulsed
laser ablation method (PLA),20 ultrasound cavitation,21 high-
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energy ball milling of diamond microcrystals grown at high
pressure and temperature (HPHT),22 and so forth. Among
different methods, only energy-intensive detonation methods
are available for the industrial-scale production of NDs. On the
other hand, these detonation methods require highly
sophisticated equipment, severe synthesis conditions, and
time-consuming purification steps to produce pure NDs,
making it extremely necessary to search for other sustainable
routes to meet the worldwide demand for these high-impact
nanodiamond (ND) materials. Therefore, there is need for a
simple process for synthesis of NDs from the precursors.

Coal is the least expensive and abundantly available
feedstock for fabricating carbonaceous nanomaterials. Several
research groups, including ours, have reported the synthesis of
numerous carbon nanomaterials, such as carbon nanotubes,
onion-like fullerenes, carbon quantum dots, turbostratic
graphene, graphene oxide, as well as NDs from coal
feedstock.23−25 The formation of nanocrystalline diamond
(NCD) from amorphous carbon materials as a consequence of
hydrogen evolution during the high-energy reactive ball milling
of anthracite coal with cyclohexene was first reported by
Lueking et al.26 In a subsequent paper, it is also reported the
formation of a more thermodynamically stable NCD after
reactive ball milling of anthracite coal with cyclohexene and
then thermal activation by high-temperature (1400 °C)
annealing and finally chemical activation by treatment with
an acid and a base (4 M HCl and 10 M NaOH).27 Sun et al.28

reported electron-beam-induced recrystallization of the carbon
network of anthracite coal functionalized with dodecyl groups
into NDs. Xiao et al.29 reported the synthesis of NDs from
three different coal samples by a process involving laser
ablation in liquid under ambient conditions. In addition, our
group also reported a simpler and more straightforward
method of ND formation from low-grade Indian coals by low-
power ultrasonic-assisted exfoliation of coals using hydrogen
peroxide (H2O2) as a green oxidizing and exfoliating agent
followed by purification with the dialysis process. The said low-
power ultrasonic-assisted wet chemical oxidation method has
been successfully used to produce ND-like materials, even
from carbonaceous aerosols. Here, we wish to present our
preliminary results on the first-time fabrication of NDs from
CWRs and the evaluation of multiple biological properties of
these derived nanomaterials for futuristic applications.
Advanced-level characterization methods have been carried
out to confirm and establish the fabrication of NDs from
CWRs. Most importantly, a phytotoxicity bioassay has been
performed to determine the toxicity of NDs, and antiviral and
antioxidant properties have been evaluated for potential
biological applications of the produced NDs. Future research
on carbon-based nanomaterials is anticipated to benefit from
our research work due to the demand for new antiviral
materials, and wider application areas are expected to emerge.

2. EXPERIMENTAL SECTION
2.1. Fabrication of NDs from CWRs. The CWRs were

obtained from CSIR-CIMFR, Dhanbad (Jharkhand, India).
The methodology adopted to fabricate NDs was almost similar
to that described in our previous papers23,24 with few
modifications. Briefly, 50 g of coal reject was mixed with 800
mL of hydrogen peroxide (30%) in a Teflon beaker, and the
slurry was subjected to ultrasonic treatment at 20 kHz using a
microprocessor-based ultrasonic processor (Model-Power
Sonic520) at atmospheric pressure and temperature for 4 h.

The resulting slurry solution was then filtered through a 0.22
μm polytetrafluoroethylene membrane after being neutralized
by ammonia (8 ml) and further passed through a 1 kDa
Millipore kit to obtain the requisite ND suspension filtrate.
The dry weight of the NDs sample was found to be
approximately 8.62 mg/mL. This solution was concentrated
using a rotary evaporator and used for further characterizations
and for investigating the phytotoxicity and antioxidant and
antiviral properties.
2.2. Characterization of NDs. The structural analysis and

elemental mapping of NDs derived from coal rejects were
performed on a high-resolution transmission electron micro-
scope (JEM-100 CX II) with a resolution of 1.9−1.4 Å and
operated at an accelerating voltage of 60−200 kV. The Image-J
software (version: 1.53t) was used to analyze the fast Fourier
transform (FFT) and transmission electron microscopy
(TEM) images. The functional groups of NDs were analyzed
by the Fourier transform infrared (FTIR) spectroscopy in the
transmission mode using a PerkinElmer Spectrum Two
spectrometer. At first, the sample was prepared by oven-drying
in a low temperature range (25−30 °C) and mixed with a KBr
pellet thoroughly in an agate mortar, and then, the FTIR
spectrum was recorded in the range of 400−4000 cm−1. X-ray
photoelectron spectroscopy (XPS) was employed to perform
surface chemical analysis of produced NDs. XPS spectra were
recorded on a Thermo Scientific ESCALAB Xi+ spectrometer
using an Al Kα monochromatic X-ray source at 1486.6 eV and
a spherical energy analyzer operating at constant analyzer
energy (CAE) mode with the aid of the electromagnetic lens.
The optical properties of NDs were investigated by the
ultraviolet−visible (UV−vis) and fluorescence (FL) spectros-
copy. UV−vis and FL spectra were recorded on UV 1000
LabIndia and HORIBA Fluorolog-3 spectrophotometers. A
Laser micro-Raman system (make: HORIBA Jobin Yvon,
Model: LabRam HR) was also used to do the Raman analysis.
2.3. Phytotoxicity Studies with NDs. The effect of the

ND sample on seed germination and seedling growth was
studied on wheatgrass seeds as the model system in water
medium. The experiment was carried out following the
previously reported protocols with few modifications.30 The
effect was tested for the ND sample over a range of
concentrations (10.0, 50.0, 100.0, 200.0, and 300.0 μg/mL).
The solution without the test sample (ND) was treated as the
control. Fifteen surface sterilized seeds were evenly placed on
each Petri dish, added with the aqueous solution of ND and
incubated in a controlled environment at 22 ± 1 °C with a
photoperiod of 12/12 h light/dark. Each experiment was
performed in duplicate. The incubation was continued for 3
days when more than 80% seeds were found to be germinated
in the control. Then, the number of germinated seeds and the
length of shoot and root were recorded individually. The
germination was assessed by a noticeable protrusion (>1 mm)
of the radicle through the seed-coat. The radicle and coleoptile
were detached carefully from the germinated seeds before
measuring their length. The percent inhibition of seed
germination and percent growth inhibition were determined
as follows

inhibition (%) AGC AGT/AGC 100%= × (1)

percent growth inhibition (%)

ACC ACT/ACC 100%= × (2)
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where AGC denotes the average no. of germinated seeds in
control and AGT denotes the average no. of germinated seeds
in the test sample and ACC denotes the average length of the
coleoptile or radicle in control and ACT denotes the average
length of the coleoptile in the treated sample.
2.4. Antiviral Studies with NDs. To evaluate the antiviral

activity of the NDs against SARS-CoV2, at first, the
cytotoxicity test was carried out using Vero cells via the
MTT assay using standard methodology. Here, Vero E6 cells
were seeded in the 96-well plates at 80% confluency and
treated with various concentrations of the ND sample. A
minimum of three experiments with each concentration of ND
sample in triplicates were used for the cytotoxicity determi-
nation. After 24 h post treatment, MTT was added to each well
to a final concentration of 0.5 μg/μL in each well and further
incubated for 1 h. Formazan crystals were dissolved in 100 μL/
well of DMSO by keeping at 37 °C for 30 min and absorbance
was recorded at 540 nM with plate reader. The percent cell
viability was calculated from the absorbance of test compound
versus negative control. The highest percentage non-cytotoxic
concentration was taken forward for assessing their in vitro
anti-SARS-CoV2-19 efficacy. Remdisivir, an established Food
and Drug Administration (FDA) approved inhibitor of SAR-
CoV2, was used as the positive control in the assay. Vero E6
cells seeded in 96 well plates at 80% confluency were infected
with SARS-CoV2 that was isolated at an MOI of 0.1 for 2 h.
Then, the inoculum was aspirated and fresh media containing
different concentration of the ND sample was added to the
cells. The NDs exhibiting more than 50% anti-SARS-CoV2
activity was further tested with wider range of concentrations
of NDs for IC50 determination. After 24 h post-infection, the
cells and supernatant were separately subjected to viral RNA

isolation followed by qRT-PCR for determining the SARS-
CoV2 viral load in the cells (cell associated) and culture
supernatants (released virus particles).
2.5. Antioxidant Activity of NDs. Several carbon

nanoparticles (NPs) have been reported to exhibit antioxidant
properties; therefore, an in vitro antioxidant study was carried
out to evaluate the free radicals scavenging activity of the
MCQDs using DPPH assay.31 The principle of the method is
based on the fact that in presence of an antioxidant molecule,
the marker DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate)
compound turns from its original purple into pale yellow
color which than can be measured as consequent alteration in
absorbance using a spectrophotometer compared to untreated
negative control. In brief, a series of different concentrations
(20−1000 μg/mL) of the ND sample were mixed with 100 μL
of methanolic DPPH (125 μM) solution in 96-well plates. The
reaction mixtures were incubated in the dark condition for 3 h
at 37 °C until measurement of absorbance. The absorbance
values were measured at 517 nm in a micro plate reader
(EPOCH-2, BioTek, India). All test’s data were obtained from
triplicate wells of each group carried out in three independent
experiments. Ultrapure water (18.2 MΩ cm) and ascorbic acid
were used as blank and positive control, respectively.

The percentage of DPPH radical scavenging activity (%
RSA) was calculated according to the following formula

%RSA absorbance(blank) absorbance(test)/absorba

nce(blank) 100%

=
× (3)

Figure 1. (a) TEM images of the nanocrystals obtained from waste coal (inset: SAED pattern of the nanocrystal which depicts the polycrystalline
nature of the obtained ND sample), (b) size distribution image of the carbon nanocrystals, and (c) HR-TEM image of a large size carbon
nanocrystal of sizes between 4 and 10 nm. Below are the energy-dispersive spectroscopy images of carbon nanocrystals which mainly consist of
carbon, oxygen, and nitrogen.
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3. RESULTS AND DISCUSSION
3.1. Observations from Electron Microscopy Analysis.

The formation of small-sized carbon NPs from coal rejects was
confirmed by the TEM image (Figure 1a). Overall, the NPs
were uniformly distributed in the thin carbon film of the TEM
grid. Some primary particles tended to agglomerate and
formed larger-sized secondary particles, presumably on drying
during sample preparation. The selected area electron
diffraction (SAED) pattern (inset of Figure 1a) confirmed
the presence of crystalline phases, typical for coal-derived
carbon NDs. The average diameter of these nanocrystals are
considered to be between 2 and 3.5 nm (Figure 1b). High-
resolution TEM (HR-TEM) analysis was conducted to

investigate the crystalline structures of the formed NPs. The
HR-TEM image of a large-size NP (Figure 1c) reveals the
existence of multiple−crystal planes, confirming the formation
of carbon nanocrystals.

The crystalline planes were embedded within amorphous
carbon layers, as observed for coal-derived NDs in our earlier
study. The elemental mapping images of carbon, oxygen, and
nitrogen are also displayed below and this is further confirmed
from the XPS elemental studies. For further confirmation of
the synthesized nanocrystals, the planar spacing of the lattice
fringes were measured from the HR-TEM images of NPs. The
interplanar spacing (d spacing) of the crystal lattice in the HR-
TEM images (Figure 2a−c) reveal that the spacing range lies

Figure 2. (a) HR-TEM image of the nanocrystal with interplanar spacing between 0.225 and 0.275 nm with inset showing the FFT pattern of the
crystalline hexagonal structure, (b) HR-TEM image of the nanocrystal with polycrystalline and monocrystalline domains which are highlighted by
hexagons and circles. Inset depicts the crystalline hexagonal FFT pattern. The planar spacing of the crystalline lattices are measured to be between
0.217 and 0.283 nm, (c) HR-TEM image of the nanocrystal with polycrystalline domain which are highlighted by circles with d-spacing ranging
between 0.25 and 0.308 nm. Inset depicts the FFT pattern of the crystalline structure.

Figure 3. (a) FT-IR spectra of the ND sample showing the C−O, O−H, and C�O vibrational modes, (b) zeta potential analysis of ND indicating
good negative results, (c) Raman spectrum, and (d) FL spectra of the ND sample.
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between 0.217 and 0.308 nm (2.17−3.08 Å) which indicates
the presence of various ND phases. These outcomes are found
to be in good concurrence with earlier information on the
diamond phases of cubic structures with lattice planes, such as
lonsdaleite (hexagonal diamond) (100) (2.18 Å).24,32 The
interplanar d spacing of 0.308 nm also confirms the presence of
sp2 hybridized carbon or graphitic carbon, demonstrating that
the graphitic layer cannot be completely eliminated by simple
oxidation.33 The particles are seen to be hexagonal (Figure
2a,b) and possess an ordered crystalline structure (Figure 2a−
c) in the FFT images (see insets of Figure 2a,c).
3.2. Observations from FT-IR, Raman, FL, UV, XPS,

and Zeta Potential Analyses. 3.2.1. FT-IR Spectroscopy.
Surface functional groups are important components of NDs

that impact colloidal stability, as well as the chemical, physical,
and biological properties of these materials. FTIR spectroscopy
was employed to comprehend the surface functionalities of
produced NDs. The O−H stretching band at 3235.0 cm−1 (see
Figure 3a) is directly attributed to hydroxyl groups on NDs.34

The C�O group is responsible for the prominent absorption
peak at approximately 1682 cm−1.35 The C−H bending
vibration is mainly attributed to the absorption peak around
1460 cm−1.34 The presence of the C−O group is currently
indicated by the peak at 1067 cm−1.36 From Figure 3a, it is
discovered that peak intensities of the O−H group
predominate over the C�O group peak intensities. As
previously noted, the emission intensity thus displays blue
fluorescence due to the predominant presence of the O−H

Figure 4. (a) Blue fluorescence under a UV lamp at 365 nm and (b) UV−vis spectrum of the ND depicting a peak at 226 nm.

Figure 5. (a) Deconvoluted XPS C 1s spectra of ND depicting the relative atomic percentage of sp3 and sp2 hybridized carbon, (b) deconvoluted
XPS N 1s spectra of ND depicting the relative atomic percentage of sp3 and sp2 hybridized carbon, (c) deconvoluted XPS O1s spectra of ND, and
(d) survey spectrum of ND (inset: depicts the elemental atomic percentage of C, O, and N).
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group. The FT-IR spectra confirm the presence of the COOH
group on the surface of NDs.

3.2.2. Zeta Potential Analysis. Zeta potential determination
is a crucial method for characterizing nanocrystals that may be
used to calculate the surface charge and comprehend the
physical stability of nanosuspensions. Due to electrostatic
interactions that exist between individual particles, nanocryst-
als with a large positive or negative zeta potential have good
physical stability. Herein, the zeta potential of the NDs is
found to be −33.3 mV (see Figure 3d) which indicates that the
generated NDs are stable when compared to previously
reported results.37 The FT-IR spectra’s confirmation of the
existence of the COOH group has contributed to the NDs’
excellent physical stability.

3.2.3. Raman Analysis. The Raman spectrum mainly here
displays three absorption bands. Two distinguishing bands
seen in the Raman spectrum at 1435 and 1333 cm−1 (see
Figure 3b) are located close to the positions of the D-band for
sp3 hybridized carbon framework like 2D hexagonal lattice of
graphite cluster.23 Diamond exhibits well known Raman
scattering peak at 1333 cm−1.26 Numerous studies have
demonstrated that the Raman scattering peak of a diamond
particle appears at 1333 cm−1.33 The second peak in the
Raman spectra is appearing at 1435 cm−1 and this corresponds
to the D-band for the carbon with a sp3 hybridized structure.38

The G band, which is identified as the third characteristic
Raman feature is a broad band observed around 1550−1750
cm−1 and is related to the sp2 structure of carbon39 (Figure
3b).

3.2.4. Fluorescence Analysis. The FL spectra of the sample
containing NDs is displayed in Figure 3c. In a manner similar
to that of carbon dots and graphene dots, NDs also exhibit
excitation-dependent photoluminescence and this is similar
with the reports based on other studies.40,41 To observe the
fluorescence properties at various excitation wavelengths, the
ND sample obtained from coal rejects are excited at various
excitations ranging from 280−360 nm, at an increment of 20
nm. The maximum emission occurs around 360 nm which
implies that fluorescence is produced by electronic transitions
which happens within the electronic states of defects found on
the surface of diamond crystals and is suited for fluorescence
because diamond has a large band gap of 5.49 eV and this is
evident from the studies which has been reported earlier.42,43

As previously observed, the interaction between the carbonyl
and hydroxyl groups (OH) −π (CO)* may cause the emission
dependence on ND excitation.42

3.2.5. UV−Vis Analysis. The ND filtrate’s vivid bluish green
fluorescence under UV light (at 365 nm) is one of its
characteristics which is used for studying the antiviral
characteristics (see Figure 4a). Figure 4b demonstrates the
presence of a UV absorption peak in the filtrate that contains
NDs, which is visible between 230 and 250 nm and this
denotes the excitation of electrons from π to π* and n to π*
transition due to the presence of C�C and C�O caused by
the oxidation of the diamond surface.23 A major hump is
observed around 226 nm and this is attributed to the intrinsic
absorption wavelength λmax of NDs.42

3.2.6. XPS Analysis. The chemical structure of the ND
sample can be determined from the measured XPS spectra.
XPS is very useful to determine the ratio of sp3 to sp2

hybridized carbon which helps in the additional verification
for the synthesis of ND. Figure 5 shows the peak position and
area of the analyses of C 1s, O 1s, and N 1s. Three significant

sharp peaks at 284.32, 399.03, and 531.00 eV are shown in the
survey spectra and are related to the presence of the elements
C, N, and O, respectively. The atomic percentages of the
elements of C 1s, O 1s, and N 1s in the survey spectra are
50.61, 34.87, and 9.94%, respectively. C 1s spectra (Figure 5a)
are deconvoluted into four peaks at 283.4, 284.6, 285.5, and
287.4 eV which are attributed to sp3 C,43 sp2/sp3 C−C, C−O/
C−N, and C�O,44 respectively. From the C 1s spectra, the
relative atomic percentage of the sp3 diamond phase is
approximately found to be 52.92% and relative content of sp2 is
approximately 26.14%. The N 1s spectra are split into two
peaks at 398.5 and 400.5 eV, which are attributed to sp3 and
sp2 C−N bondings, respectively.44 Here, the relative
percentages of sp3 and sp2 C−N bonding are found to be
74.02 and 25.98% which is confirmed from the Figure 5b.
Similarly, high-resolution de-convolution XPS spectra of O 1s
of coal rejects derived NDs are depicted in Figure 5c. The peak
observed at 531.6 eV corresponds to the presence of organic
C�O groups.45 Peaks at 287.4 and 531.6 eV further indicate
the development of carboxyl functional groups with higher
density on the surface of NDs.46

The creation of NDs is a prospective application of
ultrasonic therapy with a mechanism that is comparable to
the others previously published.21,24,47 Based on this
procedure, many researchers including ours claimed that low-
grade coals and atmospheric carbonaceous aerosols might be
used to produce blue-fluorescent NDs by using low-power
ultrasound waves (40 KHz).23,24 During ultrasonic treatment,
various high temperatures and high pressures are created which
could be the starting point in the development of NDs and this
may be the speculative process by which NDs are developed
from CWRs.48

3.3. Evaluation of the Antiviral Properties of NDs. The
demand of antiviral drugs and vaccines has intensified with the
emergence of Covid-19 viral infection as one of the greatest
risks to human health since the 1918 flu pandemic. Despite the
fact that about one-third of all infectious disease mortality is
due to viruses, still many viral diseases lack specific drugs. The
antiviral characteristics of carbon-based nanomaterials have
been extensively reported; however, the field is still in its
infancy. Considering the precise nanoscale dimensions and
forms of viruses, they might also be considered as a form of
nanomaterial. For instance, the extremely symmetric nano-
structures known as fullerenes exhibit a strong geometric
affinity for icosahedral viruses.49 NPs are without a doubt the
most significant nanomaterials that have been studied in
nanomedicine and biotechnology so far. Due to flexible
manufacturing, biocompatibility, surface tunability, and design
of the chemical and structural composition, carbon nanoma-
terials exhibit low cytotoxicity and specific antiviral activity.50

Only few reports clearly demonstrate the antiviral activity of
NDs, despite research being made extensively on the antiviral
activity of other nanomaterials such as carbon quantum dots,
graphene, fullerenes, and so forth.49,50 Here, the primary
innovation of our work is the examination of the antiviral
properties of NDs made from coal rejects.

The antiviral effect of the synthesized ND sample was
evaluated after preliminary cytotoxicity in Vero cells to
determine maximum non-toxic concentration. The cytotoxicity
of the ND sample was first tested using Vero E6 cells and
found to be non-toxic up to the highest tested concentration of
100 μg/mL. The maximum safe dose of 100 μg/mL of ND
samples resulted in minimum loss of viability of 5% in the Vero
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cells. In order to examine the preliminary antiviral effect at the
maximum safe dose, the Vero E6 cells were first infected with
SARS-CoV2-l9 for infection; then, the 100 μg/mL ND sample
were added to the cells post-infection, and the supernatants
were collected at 22 hpi after completion of the treatment
period. Following that, the mean Ct was determined through
quantitative real-time PCR analysis (shown in Table 1). The

mean Ct value for NDs obtained by quantitative real time PCR
analysis was found to be 29.859 with 99.3% inhibition. This is
comparable with the standard drug, Remdisivir with a Ct value
of 29.313 with 99.99% reduction. Remdisivir is a FDA
approved drug against SARS-CoV-2.

In order to determine the IC50 of antiviral activity, the cells
were once more treated with various concentrations of ND
sample (5, 25, 50, 75, and 100 μg/mL) following similar
SARS-CoV-2 infection and treatment protocol (Table 2). The

IC50 value of ND for anti-SARS-CoV-2 activity is estimated to
be 7.664 μg/mL, which suggest that NDs have reasonably
potent antiviral activity. Previous report suggests that the IC50
value of Remdisivir against SARS-CoV2 is 4.02 μM (2.42 μg/
mL)16 which is in the comparable range to that of antiviral
activity observed in this study. Thus, the antiviral activity of
ND against the SARS-CoV-2 is significantly high and
comparable to standard FDA approved drug, Remdisivir.
3.4. Evaluation of the Phytotoxicity of NDs. Plants

have been utilized as the model system in several research
studies investigating various NP kinds, sizes, forms, and
concentrations to assess their potential toxicity. Typically,
plant toxicity studies are carried out in accordance with well-
respected plant bioassays that enable the screening and
monitoring of environmental toxins by examining the relation-
ship between the administered dose and the level of caused
damage in plants.51 The effects of NPs on seed germination
and root elongation were analyzed in phytotoxicity tests whose
results often highlight positive effects, with the extent
depending on concentration and size of applied NPs and the
plant species tested.52 Though a dose-dependent inhibition of
germination and seedling growth was observed by the
synthesized ND in the range of 10.0−300.0 μg/mL, the
toxicity showed by ND was very weak (see Figure 6). No

detectable influence on the wheatgrass seed germination was
observed up to 200.0 μg/mL and only 7.7% inhibition was
obtained at 300.0 μg/mL.

The coleoptile and radicle growth inhibition at 100.0 μg/mL
was less than 6% which was less than 9% even at 300.0 μg/mL.
The results recommended a safe use of these synthesized NDs
from waste coal on plants up to 300.0 μg/mL in the aqueous
medium. This is comparable with the previously published
results on other NPs.53 In a previous study, toxicity assessment
demonstrated that detonation synthesis-based NDs did not
affect the photosynthetic process in wheat plants under
illumination.54 In a recent report, pre-sowing treatment of
the Chinese cabbage seeds by aqueous suspension of
detonation NDs (enriched with boron impurities) showed
positive effect on the germination and early stage of
development.55 These studies taken together indicate that
the fabricated NDs from coal rejects are the safe and futuristic
materials for agricultural applications.
3.5. Evaluation of Antioxidant Activity of NDs. In the

biological system, generation of reactive oxygen species or free
radicals is a critical phenomenon which has been showed to be
altered by NPs with antioxidant activity.56 As it is already
known that carbon NPs have good semiconductor property
with the capability to transfer or receive an electron, which
implies them as potent candidate for manipulation of ROS in a
biological system.56 1,1-diphenyl-2-picryl-hydrazyl (DPPH•)
radical scavenging is a commonly used method for evaluating
the antioxidant activity. Seven different concentrations of ND
samples were tested ranging from 20 to 1000 μg/mL via the
(DPPH•) radical scavenging method. Figure 7 clearly shows
that % of RSA gradually increased corresponding to the
increase in concentration of the ND sample.

Though the RSA of ND is relatively low in comparison to
the positive control, there is a clear indication of dose-
dependent radical scavenging with the ND sample. The
mechanism can be based on the deprotonation of the hydrogen
atom from NDs’ surface functional groups (−OH and
−COOH) toward DPPH molecules to make them a stable
compound. This phenomenon results in free radicals on the
NP surface, which could be stabilized by the rearrangement of
functional groups among themselves or through resonance of
unpaired electrons.57 Here, our results clearly suggest that
there are reasonable antioxidant properties of the CWR-

Table 1. Results of Mean Ct Value of the ND Sample When
Compared to the Ct Value of the Control

sample concentration Ct value
copy

number/ML % inhibition

infection
(0.1 mol)

22.168 364688.633

ND 100 μg/mL 29.859 2322.733 99.3

Table 2. Evaluation Study of the ND Sample against SARS-
CoV-2 Virus

Sl.
no compound

concentration
(μg/mL)

mean Ct
value

copy
number/ML % reduction

1 infected
only

27.189 13437.975

2 ND 5 28.200 6914.347 48.5
3 ND 25 28.707 4954.612 63.1
4 ND 50 28.965 4180.816 68.8
5 ND 75 29.634 2693.913 79.9
6 ND 100 30.830 1226.764 90.8

Figure 6. Water medium phytotoxicity (wheatgrass) bioassay of ND
in the concentration range 10.0−300.0 μg/mL.
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derived NDs and could have wide implications in future
biological and therapeutic applications of NDs. Furthermore,
specific detailed in vitro and in vivo studies are necessary for
better understanding of the antioxidant effects and its
correlation with antiviral and other biological activities.

4. SUMMARY
In summary, for the first time, NDs of significant value have
been produced simply from CWRs by employing a wet-
chemical technique with ultrasonic assistance in the presence
of H2O2. The HR-TEM, FFT patterns, XPS, Raman spectros-
copy, zeta potential studies confirm the formation of NDs from
coal rejects. The coal rejects derived NDs had promising
antiviral activity against SARS-CoV-2 virus with a mean Ct
value of 29.859 with 99.3% inhibition, which are comparable to
the FDA approved Remdisivir antiviral drug. The synthesized
NDs are also safe toward plants up to 300 μg/mL without
causing any significant toxicological effect or phytotoxicity. A
moderate level of dose-dependent free radical scavenging
activity is also observed for the synthesized NDs, indicating the
presence of reasonable antioxidant properties. Thus, this study
creates new prospects for producing non-toxic NDs for
therapeutic and other biological applications using coal rejects,
providing a new paradigm for converting coal-derived wastes
into wealth.
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