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ABSTRACT: Dyes are extensively employed in industries, namely, textiles,
cosmetics, paper, pharmaceuticals, tanning, etc. The effluent released from
these industries contains various kinds of harmful dyes that adversely impact
living beings and the environment due to their recalcitrant and toxic nature. In
this study, an effort has been made to eliminate the methylene blue (MB) from
wastewater using carbon nano-onions (CNOs) produced from waste frying oil
(WFO) using an economical and eco-friendly wick pyrolysis method. The
impact of process variables, namely, pH, temperature, process time, MB dye
concentration, and adsorbent, was examined for optimum dye removal. The
dye removal efficiency (RE) of 99.78% was obtained in 20 min under optimum
conditions. The pseudo-second-order model demonstrated a better kinetic
fitting with the experimental data. The Langmuir model represented the
maximum adsorption capacity (qmax) of 43.11 ± 2.56 mg g−1. The regeneration
studies demonstrated that the CNOs achieved ∼99.6% MB dye removal over three cycles. Brassica nigra seeds irrigated in treated
wastewater showed better growth (3.29 cm) than untreated dye wastewater, which confirms the environmental sustainability of the
overall process.

1. INTRODUCTION
In the last few decades, synthetic dyes have been extensively
employed in industries (e.g., carpet, cosmetics, pharmaceut-
icals, leather, etc.) to produce a wide range of products.
Subsequently, these industries produce a significant amount of
dye-containing wastewater.1 Around 10−15% of the used dyes
in industries are unreacted with fibers during dying processes
and discharged ultimately into water bodies.2 Around 2,80,000
tons per year of wastewater containing dyes are released into
the environment globally.3 Synthetic dyes are stable, complex
aromatic structures and difficult to remove from the effluents.4

Dye-contaminated wastewater is highly colored with a high
COD and BOD. Dyes in water bodies reduce the light
intensity due to low sunlight penetration.5 Synthetic dyes (e.g.,
methylene blue, methyl orange, etc.) are significant concerns
among researchers due to their toxic and carcinogenic
potential.6,7 Synthetic dyes are visible in the aquatic system
at low concentrations and exert aesthetic issues.8 It is reported
that methylene blue (MB) is extensively employed in various
processes.9 MB is resistant to degradation and poses potential
risks to human health and the natural ecosystem.10,11 MB-
contaminated wastewater causes diarrhea, vomiting, allergic
dermatitis, genetic mutations, and cancer.12 Therefore, a
suitable and cost-effective system is necessary to treat dyes
containing wastewater.
In the past few decades, several measures have been explored

to treat the dyes. Adsorption, photocatalysis, ozonation,

advanced oxidation processes, and membranes are commonly
applied to treat the dyes.5,13−17 Among these, adsorption is
associated with easy operation, low operating cost, and high
removal efficiency (RE) of the contaminants.18 Adsorption is a
mass transfer phenomenon where the adsorbate, such as dye
molecules, accumulates on an adsorbent material like activated
carbon, biochar, or graphene composite.19,20 It has been
broadly employed to remove various contaminants from
wastewater.21,22 Adsorbents such as silica, zeolites, polymeric,
biochar, and activated carbons have been extensively examined
for dye removal.23−27 Furthermore, researchers are currently
looking for novel adsorbents with promising properties.
Carbon-based materials, including graphene, carbon dots,
carbon nano-onions (CNOs), etc., have recently gained
significant popularity as adsorbents in various applications.
Among all of the nanocarbons, CNOs receive pervasive
attention for applications in water remediation because of
their unique quasi-spherical multishelled structure and surface
curvature.28 CNOs show high efficacy due to their substantial
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surface area and mesoporous structure, which facilitate dye
adsorption.
In this context, natural biomasses and waste materials

(candle soot, flaxseed oil, vegetable gee, dead leaves, diesel
soot, and fish waste) are the best alternative precursors to
prepare CNOs. The application of frying oil in cooking
generates a large amount of waste frying oil (WFO), which is
generally discarded into the sink or water bodies (resulting in
water pollution and energy loss), causing potential health
issues.29 It is expected that the WFO will further increase with
population growth. To the best of our knowledge, CNOs
produced from WFO have received very limited attention to
remove hazardous synthetic dyes. According to Gunture et al.,
diesel soot-derived CNOs were employed to remove the MB
dye from wastewater and achieved 247.78 mg/g of adsorption
capacity for the MB dye.30 In another study, modified CNOs
were successfully employed to remove the MB dye from
wastewater.31

A straightforward, one-step, economical, high-yielding, and
eco-friendly technique has been employed to synthesize CNOs
with excellent adsorption performance and for water
remediation. The impact of process variables, namely, dose
of CNOs, pH, MB concentration, process time, and temper-
ature, was studied to treat the MB dye. The kinetics studies
were performed by using isotherm models. Moreover,
phytotoxicity was carried out to investigate the further
potential of treated wastewater in plantations.

2. MATERIALS AND METHODS
2.1. Chemicals. Methylene blue (MB) dye (C16H18ClN3S·

3H2O; M.W. = 373.9 g mol−1) was purchased from Sigma-
Aldrich (India). The simulated wastewater was prepared by
adding the MB dye in deionized water. The serial dilution
technique was employed to prepare dye solution for the
experiments. The pH of simulated wastewater was maintained
by adding 0.1 N hydrochloric acid and 0.1 N sodium
hydroxide.

2.2. Synthesis of CNOs. WFO was employed as a feed
source to synthesize the CNOs. WFO was collected from the
hostel premises of the IIPE, Visakhapatnam, India. Initially,
WFO was filtered through a regular strainer mesh to remove
the suspended impurities. After that, CNOs were synthesized
using the cotton wick combustion technique. It resulted in the
formation of black carbon soot, which was further collected in
an inverted earthen lamp. The obtained soot was heated at 600
°C in a furnace (I-therm AI-7481) to remove unburnt oil and
loosely bonded carbons. The process flow diagram to
synthesize the CNOs and their application in the MB dye
removal is depicted in Figure 1.

2.3. Batch Studies. The simulated wastewater enriched
with MB was employed for the adsorption studies. In the batch
mode adsorption study, 50 mL of water sample was added in a
100 mL beaker and stirred at 300 rpm (Neuation istir HP550
Prime). The studies were conducted to optimize the operating
parameters, namely, time, MB concentration, pH, CNO
dosage, and temperature. The effect of contact time (1 to 40
min) was studied at 20 mg L−1 of MB and 1.0 g L−1 of CNOs.
Once the optimum time was reached, the effect of CNOs with
varying amounts of 0.25−2.0 g L−1 was studied under similar
conditions. The impact of the initial MB dye (10−100 mg L−1)
was evaluated under optimum contact time and adsorbent.
Similarly, the effect of pH (4.0−10) was studied under
optimum contact time, adsorbent dose, and MB concentration.

Further, temperature was changed from 20 to 50 °C under
optimum contact time, pH, and adsorbent.
The samples were collected at different periods to estimate

the efficacy of the CNOs in removing MB from wastewater.
The samples were centrifuged (Coslab CLE-129NM) at 4000
rpm to remove the adsorbent. The RE and adsorption capacity
were estimated using the following equations.
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where C0 and Ct represent the MB concentrations (mg L−1) at
time = 0 and time = t, respectively. m shows the amount of
CNO (g), qe represents the adsorption capacity in equilibrium
(mg g−1), and V shows the working volume of the reactor (L).
All of the studies were conducted in triplicates.

2.4. Characterization Techniques. MB was estimated by
a ultraviolet−visible (UV−vis) spectrophotometer (UV3200,
LabIndia Analytical Instruments Pvt., Ltd.) at 664 nm. A pH
meter (Spectral lab Eco) was employed to measure the pH.
The surface morphology of CNOs was examined using high-
resolution transmission electron microscopy (HRTEM)
(Tecnai FEI-F30) operated at 300 kV. The specific surface
area was estimated using Brunauer−Emmett−Teller (BET)
isotherms (MicrotracBEL Belsorp Max-II). Crystallographic
details and disorders were analyzed by using X-ray diffraction
patterns (XRD) (Rigaku MiniFlex 600) to analyze the
structure of CNOs. The functional groups of CNOs were
detected by the Fourier-transform infrared (FTIR) (Thermo
Electron Scientific Nicolet iS5). The Raman spectrum was
analyzed by a Raman spectrophotometer (WITec). X-ray
photoelectron spectroscopy (XPS) spectrum was determined
by an X-ray source (ULVAC-PHI X) to detect the binding
stages of C and O and the chemical composition on the surface
of CNOs.

2.5. pH Zero-Point Charge (pHzpc). At pHzpc, the
surface of the material has an equal number of positive and
negative charges. In this study, pHzpc is determined using a
standard protocol.32 Initially, 50 mL of 0.01 N NaCl was added
to a 100 mL beaker. Further, the solution of different pH
values (i.e., 01−11) was prepared using 0.1 N NaOH or HCl.
Then, 0.15 g of CNOs was added to each pH solution and kept

Figure 1. Process flow diagram to synthesize CNOs and their
application in MB dye removal.
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for 48 h under laboratory conditions. The final pH was
measured to determine the pHzpc.

2.6. Adsorption Kinetics. The kinetic models, namely,
pseudo-first-order (PFO), pseudo-second-order (PSO), Elo-
vich, and intraparticle diffusion (IPD) models, were employed
to study the adsorption isotherm. The nonlinear PFO model is
shown by eq 3.

q q (1 e )t
k t

e
1= (3)

where qe represents the adsorption capacity at equilibrium (mg
g−1) and qt adsorption capacity (mg g−1) at time t. k1
represents the rate constant (min−1).
The PSO model is described by eq 4.

q
k q t

K q t1t
2 e

2

2 e
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where k2 (g mg−1 min−1) represents rate constant pseudo-
second-order model.
The Elovich adsorption kinetic model shows a linear

correlation between the adsorption energy and the surface
coverage. The Elovich model can be represented by eq 5.

q t
1

ln(1 )t = +
(5)

where α shows the initial adsorption rate (mg g−1 min). β
represents the desorption constant (g mg−1). An IPD model is
also applied to determine the diffusion mechanism occurring
during adsorption.33 This model is defined by subsequent eq 6.

q k t Ct p
0.5= + (6)

where Kp (mg g−1 min−0.5) and C (mg g−1) show IPD model
constants. The models were fitted using Origin 2023 software,
and all of the kinetic coefficients were calculated by analyzing
the fitted data. The parameters such as coefficient of
correlation (R2), reduced chi-square (r-χ2), and Akaike
information criterion (AIC) are generally used to analyze the
data fitting with various models.34 The value of R2 and r-χ2
close to 1 shows that the data are well fitted with the model.
Further, AIC is a numerical score that helps to identify the
most suitable model. A lower AIC value supports the suitable
model fitting.

2.7. Adsorption Isotherm Study. The adsorption
isotherms help determine adsorbed molecules’ distribution
between the absorbent and adsorbate. Langmuir, Freundlich,
Temkin, and Dubinin−Radushkevich (D−R) were employed
for the adsorption isotherms study.35 The simplified
mathematical expression of the Langmuir isotherm is given
as36

q
q K C

K C1e
m L e

L e
=

+ (7)

where qm and KL represent the maximum adsorption capacity
(mg g−1) of CNOs and the Langmuir constant (L mg−1),
respectively. The values of qm and KL were obtained by
analyzing the nonlinear plot between qe and Ce. The
Freundlich isotherm explains heterogeneous nonideal and
reversible adsorption. The simplified nonlinear mathematical
expression of the Freundlich isotherm is given as37

q K C n
e F e

1/= · (8)

Figure 2. Morphological and structural analyses of the CNOs. (a, b) Low-resolution TEM images. (c) High-resolution TEM image. (d) FTIR
spectrum of CNOs. (e) Raman spectrum of CNOs. (f) XRD pattern of the CNOs.
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where KF ((mg g−1)(L mg−1)1/n) and n represent the
Freundlich isotherm constants. The adsorption is beneficial
and feasible when the value of n is >1. Further, Temkin
isotherm was also employed for isotherm study eq 9.38

q RT
B

K RT
B

Cln lne
T

T
T

e= +
(9)

where B = RT BT−1. BT is the Temkin constant (joules mol−1)
and KT denotes the equilibrium binding constant (L g−1). The
D−R isotherm eq 10 is a well-known and frequently utilized
model in the field of adsorption.39 The D−R isotherm model
operates under the concept that adsorption primarily involves
the occupation of micropores and accumulation of adsorbate
layers on the surface of pore walls eqs 10 and 11.
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where qD−R (mg g−1) and KD−R (mol2 kJ−2) represent the D−R
constants. ε is the Polanyi potential, which is expressed by eq
12.40
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where R is the gas constant (J mol−1 K−1) and T is the
temperature (K). The mean adsorption energy (E) is
calculated by eq 13.

E
K
1

2 D R
=

(13)

2.8. Reusability and Phytotoxicity Studies. The
capability to recycle and regenerate adsorbents is essential
for their practical implementation. The materials that show
better regeneration potential can minimize the disposal issues
of exhausted adsorbents and subsequently reduce the overall
cost of the treatment process. Three adsorption−desorption
cycle studies were carried out to estimate the reusability of

Figure 3. XPS spectra of CNOs: (a) wide-range scan spectrum, (b) C 1s scan spectrum, and (c) O 1s scan spectrum. (d) N2 adsorption−
desorption isotherm of CNOs. (e) Distribution of pore size CNOs. (f) pHpzc of CNOs.

Figure 4. Effect of process time on (a) absorbance and (b) removal percentage of the MB dye.
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CNOs. In this work, a thermal regeneration method was used
to regenerate the CNOs. The saturated CNOs after the
adsorption of the MB dye were heated at 600 °C for 2 h.
A phytotoxicity study was carried out to explore the

potential application of treated wastewater in the irrigation

of agricultural crops. Brassica nigra (mustard) seeds were used
for the phytotoxicity study. Initially, 20 seeds of B. nigra were
taken into three different Petri dishes (100 mm × 15 mm).
After that, the seeds were irrigated separately with equal
amounts of deionized water, untreated dye-containing water,

Figure 5. Effect of process parameters on the adsorption of MB: (a) pH, (b) temperature, (c) MB dye, and (d) adsorbent dose.

Figure 6. Adsorption kinetic plots: (a) pseudo-first-order kinetic, (b) pseudo-second-order kinetic, (c) Elovich kinetic model, and (d) linear fitting
of the intraparticle diffusion models (C0 = 20 mg L−1, m = 50 mg, t = 20 min, T = 30 ± 2.0 °C, pH = 6.5, and stirrer speed = 300 rpm).
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and treated water. These dishes were kept for 7 days under
laboratory conditions (30 ± 2.0 °C) for the growth of seeds.
Further, the seeds were irrigated with deionized water,
untreated dye-containing water, and treated water at regular
time intervals.

3. RESULTS AND DISCUSSION
3.1. Characterization Techniques. The morphologies of

CNOs are represented in Figure 2. It was observed that the

particles of CNOs are dispersed and quasi-spherical. Most of
the sizes of particles were found to be in the range of 20−40
nm (Figure 2a,b). The pyrolysis of frying oil at high
temperatures leads to the formation of spheroidal. This
spheroidal structure interconnects with other structures and
forms a graphitized carbon core.41 Figure 2c demonstrates
concentric graphitic interplanar fringes spaced at 0.412 nm,
exhibiting numerous defects. The annealing process caused the
transition from sp3 carbon to more sp2 carbon atoms,
reorganizing the concentric graphitic layers.42

FTIR spectrum demonstrates the analysis of functional
groups on the surface of CNOs (Figure 2d). The peaks
observed around 3434 and 1711 cm−1 demonstrate the
stretching and vibration of O−H and C�O, respectively.
Together, these peaks indicate the stretching vibration of
COOH.43 A peak found at ∼1613 cm−1 indicates the
occurrence of sp2 aromatic carbons (C−C). The peaks
observed at ∼1197 and ∼1442 cm−1 indicate the vibrations
of C−C and C−O, respectively. The collective weak peaks
observed at ∼2922 cm−1 result from alkyl C−H bond
stretching vibrations. The peaks around 897 and 799 cm−1

were associated with the out-of-plane C−H and �C−H
bending vibrations, respectively.44

The characteristic disorder (D band) and graphitic (G
band) peaks were found at 1368 and 1590 cm−1, respectively,
using the Raman spectrum (Figure 2e).45 D band showed that
defects in the structure arise due to the A1g vibrational mode,

whereas the G peak showed that the graphitic nature of carbon
arises due to the E2g vibrational mode of aromatic C�C bond
stretching. The CNOs show a high ID/IG value of ∼1.21, which
suggests high structural defect and low graphitization. The
powder XRD patterns of the CNOs (Figure 2e) exhibit two
peaks at 2θ = 24.54 and 42.92°, corresponding to the (002)
and (101) reflections of graphitic planes. There are no other
distinctive peaks that show the high purity of the CNOs.44

The XPS spectrum is analyzed to detect the binding stages
of C and O and the chemical composition on the surface of
CNOs. Figure 3a displays the full XPS survey scan and shows
two peaks, C 1s (83.33%) and O 1s (16.1%), centered at
285.08 and 534.08 eV, respectively. C 1s was associated with
five characteristic peaks at 284.18, 285.18, 285.88, 286.68, and
288.38 eV of binding energies, which indicates the C�C, C−
C, C−O, C�O, and COO− functional groups, respectively.46

The deconvoluted spectrum of O 1s given in Figure 3c shows
three peaks at different binding energies of 531.15, 533.5, and
534.93 eV, corresponding to the C−O, C�O and COO−

functional groups.47

Figure 3d illustrates type IV adsorption and desorption
isotherm with 236 m2 g−1 of surface area. The BJH
experimental isotherm was applied for the estimation of the
pore size of the CNOs, revealing an average pore diameter of
16.5 nm. This observation strongly indicates that the CNOs
exhibit characteristics of a mesoporous adsorbent (Figure
3e).48

3.2. Optimization Studies. 3.2.1. Effect of Process Time.
The MB dye removal efficiency (RE) with respect to the
process time is represented in Figure 4. Initially, the MB dye
RE was increased with process time and reached 98.6% in 15
min. With further increase in the processing time, not much
significant improvement was observed. The maximum RE of
99.4% was obtained in 20 min. The presence of more available
sites leads to a higher MB dye RE.49 However, with the
increase in process time, the adsorbent sites were filled with
the adsorbate (i.e., MB) and subsequently reduced the MB dye
RE.

3.2.2. Zero-Point Charge (pHzpc) and Effect of pH. A plot
between the ΔpH and the initial pH of CNOs is represented in
Figure 3f. The pHzpc of the CNOs was found to be 1.75 at the
intersection of the curve. It indicates that the material surface
behaves negatively charged beyond 1.75 pH of the solution
and is suitable for adsorbing the positively charged ions
(cations). Below 1.75 pH, the material becomes positively
charged and more suitable for the adsorption of negatively
charged ions (anions). Boumediene et al. prepared the orange
peel adsorbent to remove methylene blue.32 It was found that
the material was suitable to adsorb the cation and anion
molecules above and below pHzpc (1.75), respectively. In the
pH effect study, the MB dye RE and adsorption capacity were
enhanced with increasing pH. The REs of 74.2 and 97.7 were
found at pH 4 and 10, respectively. Similarly, the adsorption
capacities (ACs) were found to be 38.1 to 48.9 mg g−1 at pH
3.0 and 10, respectively (Figure 5a). It was due to the negative
pHzpc of the CNOs. Since CNOs have a low pHzpc, this
causes a rise in adsorption with the increasing pH. CNOs
exhibiting a negatively charged surface after pH 1.75 were
more attracted to cationic MB dye particles.

3.2.3. Effect of Temperature. Temperature was varied from
20 to 50 °C to absorb the MB dye onto CNOs (Figure 5b).
The MB dye RE was enhanced with increasing the temper-
ature. The MB dye removal efficiencies were 71.9 and 94.5% at

Table 1. Summary of Fitted Kinetic Models for the
Adsorption of the MB Dye onto CNOsa

model equation parameter value

PFO q q (1 e )t
k t

e
1=

qe,exp 19.88
qe,cal (mg g−1) 19.20 ± 0.54
k1 (min−1) 00.85 ± 0.11
r-χ2 1.1115
R2 0.9818
AIC 12.3847

PSO qt

k q t

k q t1
2 e

2

2 e
= +

qe,cal (mg g−1) 20.62 ± 0.27
k2 (g mg−1 min−1) 0.065 ± 0.006
r-χ2 0.1526
R2 0.9975
AIC −1.5153

Elovich q tln(1 )t
1= +

α (mg g−1 min) 311.85 ± 155.78
β (g mg−1) 0.376 ± 0.034
r-χ2 0.37425
R2 0.9939
AIC 4.7649

IPD q k t Ct p
0.5= +

kp (mg g−1 min−0.5) 3.84 ± 0.97
C 5.92 ± 2.68
R2 0.7562

aPFO: pseudo-first-order; PSO: pseudo-second-order; IPD: intra-
particle diffusion.
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20 to 50 °C, respectively. The better RE at higher temperatures
was due to the fast mobility of dye particles toward adsorbent
sites. The higher temperature leads to a rise in dye adsorption
on CNOs, supporting the endothermic adsorption process.

3.2.4. Effect of MB Dye Concentration. The adsorption
process was performed by adding 50 mg of adsorbent to the
dye solution and kept for 20 min of process time. The RE of
the dye at different concentrations is shown in Figure 5c.
Initially, ∼100% dye removal efficacy was obtained with 20 mg
L−1 MB dye. The RE was reduced with increasing dye and
reached 40.4% at 100 mg L−1. The saturation of the active
adsorbent sites with MB dye molecules may be responsible for
the reduction of RE at higher concentrations.

In contrast, the AC was significantly increased with the
increase in the MB dye from 20 to 50 mg L−1. After that, no
significant improvement was observed because of the
absorbent saturation. The equilibrium AC of 40.4 mg g−1

was obtained at 75 mg L−1 of MB. This is attributed to the
limited availability of adsorbent surfaces at a high concen-
tration of MB dye. According to Pathania et al., at higher
concentrations, dye RE was reduced with the gradual
occupying active site of adsorbent by adsorbate (i.e., MB).49

3.2.5. Effect of Adsorbent Dose. The variation in the MB
dye RE with respect to the adsorbent amount is shown in
Figure 5d. The MB dye RE was enhanced with increasing
CNOs from 0.25 to 1.0 g due to the increased adsorption

Figure 7. Fitting of experimental data with isotherm models: (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) linear fitting of D−R.

Table 2. Summary of the Adsorption Isotherm Models

model equation parameter value

Langmuir model q
q K C

K Ce 1
m L e

L e
= +

qmax (mg g−1) 43.11 ± 2.56
KL (L mg−1) 9.24 ± 2.15
R2 0.9664
AIC 39.2873

Freundlich model q K C n
e F e

1/= ·

KF (mg g−1)(L mg−1)1/n 29.55 ± 2.11
n 4.50
R2 0.9451
AIC 41.7355

Temkin model q K Cln lnRT
B

RT
Be T eT T

= +

BT (J mol−1) 332.96
KT (L mg−1) 59.12
R2 0.9806
AIC 36.7140

D−R model q q Kln( ) ln( )e D R D R
2=

KD−R (mol2 kJ−2) 0.0198
qD−R (mg g−1) 41.89
E (kJ mol−1) 5.02
R2 0.9489
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surface area and functional groups. No significant improve-
ments were observed by further increasing the adsorbent dose,
and the dye removal percentage remained almost constant.
The dye removal efficiencies of 57, 92, 99.5, 99.8, and 99.78%
were estimated at 0.25, 0.5, 1.0, 1.5, and 2.0 g L−1 of adsorbent
doses, respectively. The AC of 45.62 mg g−1 was obtained at
0.25 g L−1 of the adsorbent dose. Low adsorbent doses may
not have enough active sites to capture all dye molecules,
resulting in lower adsorption efficiency.50

3.3. Adsorption Kinetic. The data fitted with various
models (i.e., PFO, PSO, and Elovich models) are represented
in Figure 6a−c. The data plotted with the IPD model are
shown in Figure 6d. The constants obtained with the fitting of
models, namely, PFO, PSO, Elovich, and IPD models, are
summarized in Table 1. The highest R2 value of 0.997 was

achieved with the PSO model. Additionally, the PSO model
exhibited lower values of r-χ2 and AIC than the other models.
The values of qt.cal and k2 were found to be 20.62 mg g−1 and
0.065 g mg−1 min−1, respectively, using PSO. The value of C in
the IPD model was more than zero, which supported the fact
that the diffusion of dye molecules into CNOs was not the
rate-determining step.51

3.4. Adsorption Isotherm Study. The experimental data
fitted with the models are represented in Figure 7. The values
qmax and KL were obtained to be 43.11 ± 2.5 and 9.24 ± 2.1,
respectively, using the Langmuir isotherm (Table 2). Similarly,
using the Freundlich isotherm, KF and n were estimated to be
29.55 ± 2.1 and 4.5, respectively. The R2 values of 0.966 and
0.945 were obtained for the Langmuir and Freundlich
isotherms, respectively. The value of n (>1) suggested

Table 3. Comparison of Adsorption Capacity of CNOs with Carbon Nanomaterials Reported in the Previous Literaturea

adsorbent dye removal %
maximum adsorption
capacity (mg g−1) adsorption conditions ref

cellulose/clay composite I drimarine yellow
HF-3GL dye

88.64 48.97 CT: 60 min, pH: 2, T: 30 °C, AD:
2 g L−1, IC: 10 mg L−1

Kausar et
al.52

clay/PNIPAm crystal violet 12.9 CT: 12 h, pH: 8.9, T: 25 °C, AD: -,
IC: 30 mg L−1

Zhang et al.53

halloysite nanotubes safranin O 98 37.518 CT: 6 h, pH: 4, T: 30 °C, AD:
104 g L−1, IC: 100 mg L−1

Shaik et al.54

poly(methacrylic acid-co-acrylamide)/cloisite
30B nanocomposite hydrogel

methylene blue 98.57 32.83 CT: 60 min, pH: 8, T: 25 °C, AD:
1.5 g L−1, IC: 10 mg L−1

Safarzadeh et
al.55

magnesite-halloysite nanocomposite methylene blue 99.66 0.7079 CT: 60 min, pH: 2, T: 25 °C, AD:
40 g L−1, IC: 10 mg L−1

Ngulube et
al.56

multiwall carbon nanotubes (MWCNTs) reactive blue 116
dye

80 71.05 CT: 60 min, pH: 12, T: RT, AD:
3 g L−1, IC: 100 mg L−1

De Benedetto
et al.57

magnetic activated carbon sunset yellow 22.31 CT: 240 min, pH: 5.88, T: -, AD:
1 g L−1, IC: 100 mg L−1

Cazetta et
al.58

Fe3O4/MgO nanoparticles amaranth dye 96 37.98 CT: 60 min, pH: 9, T: 35 °C, AD:
1 g L−1, IC: 24.8 mg L−1

Salem et al.59

Fe2O3 nanoparticles reactive blue 91 34.89 CT: 80 min, pH: 3, T: 65 °C, AD:
0.2 g L−1, IC: 200 mg L−1

Noreen et
al.60

carbon nano-onions (CNOs) methylene blue 99.4 43.11 CT: 20 min, pH: 6.5, T: 30 °C, AD:
1 g L−1, IC: 20 mg L−1

this work

aIC: initial concentration; CT: contact time; AD: adsorbent dose; T: temperature.

Figure 8. Proposed mechanism for MB dye adsorption onto the CNOs.
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supported the adsorption of dye into CNOs was favorable.38

The Langmuir isotherm represented better fitting with
experimental data and supported the monolayer adsorption.
This implies a strong affinity between the adsorbate and the
adsorbent. The values obtained from the Temkin isotherm
model for KT and BT were 59.12 L mg−1 and 0.333 kJ mol−1,
respectively, with an R2 value of 0.9806 (Table 2). The
adsorption energy derived by the D−R model was 5.02 kJ
mol−1, suggesting the physisorption of the MB dye onto
CNOs. The adsorption capacity of CNOs was compared with
those of the other nanomaterial adsorbents and is reported in
Table 3.

3.5. Adsorption Mechanism. The adsorption mechanism
of the adsorbate molecule onto the adsorbent is a challenging
task because various factors work simultaneously between the
interactions of adsorbate and adsorbent. The interactions and
adsorption equilibrium may be influenced by factors such as
surface chemistry, textural properties, functional group present
on the surface of the adsorbent, molecular structure of the
adsorbate, etc.58 The mechanism for the adsorption of the MB
dye onto the CNOs was hypothesized based on the FTIR
analysis and the molecular structure of the MB dye (Figure 8).
The experimental data was analyzed using various kinetic and
isotherm models. The outcomes indicate that the PSO model
provides the best fit, while the D−R model suggests
physisorption. The pHzpc revealed the anionic nature of
CNOs at pH 6.5, while the MB dye molecules exhibited a
positive charge. Thus, this research demonstrated the presence
of electrostatic attraction between CNOs and dye molecules.
The electrostatic attraction may be present between the
electronegative element (oxygen) of CNOs and the positive
charge present in the MB dye molecule. The positive charge in
the MB dye molecule was labile due to resonance and
possessed by nitrogen and sulfur atoms. Therefore, there are
multiple attraction points present for one MB dye molecule.
Along with this electrostatic attraction, there is the possibility
of intermolecular hydrogen bond formation (H−B) and π−π

attraction between the aromatic ring system of the MB dye and
the π electron cloud of CNOs.

3.6. Reusability of CNOs and Phytotoxicity Study of
Treated Wastewater. The regeneration of CNOs helps to
minimize the cost of the adsorption process and makes it more
environmentally sound. The thermally regenerated CNOs were
employed to remove the MB dye from wastewater at 50 mg
L−1. The removal percentage was increased with each cycle,
and 99.6% of the MB dye RE was achieved up to three cycles
under optimum conditions, indicating that CNOs have good
regeneration potential (Figure 9a). This improvement is
attributed to the expansion of micro and meso pores in the
CNOs, which enhances adsorption capacity. During regener-
ation, the adsorbate molecules (MB dye) undergo partial
oxidation, creating larger pores when the adsorbent is heated
to 600 °C with limited oxygen.61 It supports the reusability of
CNOs in dye removal and minimizes the cost of CNO
preparation and the spent absorbent. The regeneration
potential of eggshell membrane-based adsorbent was evaluated
to remove the Reactive Red 120 dye from wastewater.62 They
reported that the adsorption efficiency decreased to around
67% after three cycles. However, in the present work, CNOs
exhibited higher RE to remove the dye under the same
regeneration cycle.
B. nigra seeds were grown in deionized water, untreated dye

wastewater, and treated wastewater, as shown in Figure 9b−d.
It was found that the seeds irrigated with deionized water
exhibited a shoot length of 3.68 cm. However, a better average
shoot length of 3.29 cm was observed when the seeds were
irrigated with treated water than when the seeds were irrigated
with untreated dye-containing water (1.18 cm). The lower
shoot length in untreated wastewater may be due to a high
concentration of MB dye molecules, which adversely affects
the growth of B. nigra seeds. Zea mays and Vigna unguiculata
showed better germination in MB dye-treated wastewater.63

Similarly, Sonwani et al. conducted a phytotoxic study with

Figure 9. (a) Regeneration study of CNOs. Germination of B. nigra seeds in (b) deionized water, (c) untreated wastewater (dye concentration 20
mg L−1), and (d) treated wastewater.
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Vigna radiata seeds and reported that the seeds germinated in
treated wastewater achieved 4.95 times better growth.64

4. CONCLUSIONS
CNOs were synthesized using WFO in a sustainable manner
and facile room-temperature synthesis process. They were
employed to remove recalcitrant and toxic MB dye-containing
wastewater. CNOs were highly influential in achieving a
∼99.78% MB dye removal efficiency within 20 min. The
adsorption kinetics were estimated using various kinetic
models, and it was observed that the PSO model provided a
better fit with an R2 value of 0.9975. The equilibrium studies
used Langmuir, Freundlich, Temkin, and D−R models. Among
these, the Langmuir isotherm exhibited a better fit to the
experimental data with a maximum AC of 43.11 mg g−1. The
synthesized adsorbent exhibited excellent regeneration poten-
tial and achieved 99.6% MB dye RE up to three cycles. The
phytotoxicity study supported that the B. nigra seeds grown in
treated wastewater improved the average shoot length of 3.29
cm compared to untreated dye wastewater (1.18 cm). CNOs
(i.e., adsorbent) derived from WFO may offer an efficient and
economical route to remove the dyes from wastewater, and
treated wastewater may be further explored for irrigation of
agricultural crops.
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