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1. Introduction

Green synthesis of a disordered N-doped
carbonaceous aerogel from waste for the removal
of over-the-counter drugs and environmental
assessmentry

Himanshu Asati, @2 Raka Mondal® and Kumud Malika Tripathi @ *2

As the world grapples with the growing threat of water pollution, a particular concern is the presence of
pharmaceutical pollutants in our water sources. Advanced adsorption methods for the removal of over-
the-counter pharmaceuticals from wastewater have yet to appear due to the complexity of adsorbent
synthesis and the risk of introducing nanomaterial contaminants into water. Herein, the risk of secondary
contamination was reduced by using a sustainable, cost-effective, self-standing and super hydrophobic 3D
N-doped carbonaceous aerogel (N-CA). The N-CA was synthesized in a one-pot approach using waste
jaggery as a raw material. N-CA has advantageous characteristics, such as ultralight and easily separable,
environmental friendliness, high stability, economic feasibility and ease in synthesis. N-CA demonstrates
remarkable adsorption efficiency towards the removal of emerging pollutants with varying structures under
natural conditions. In just 40 minutes, N-CA removes ~96% of acetylsalicylic acid (ASP) and ~99% of
acetaminophen (PCM) at room temperature. The maximum adsorption capacity (g, of N-CA was
determined to be 138.6963 + 7.8687 mg g™* for ASP and 117.7856 + 2.7219 mg g™* for PCM. The recycling
study of N-CA demonstrated that the PCM and ASP absorption was almost the same up to seven and five
cycles, respectively. Additionally, enhanced germination of beans and healthy growth of plants were
observed in treated water compared to ASP and PCM contaminated water. The observations from this
study reveal the potential of waste biomass-based materials in water remediation and the value of treated
water in many applications.

explored as compared to other harmful toxicant classes like
carcinogens.” The residues of pharmaceuticals are also

In recent decades, the quality of our precious water resources
has faced a serious threat from a multitude of factors including
commercial and non-commercial use of pharmaceuticals,!
micro pollutants,” pesticides,” personal care products,* and
industrial waste.”® Water pollution has become a pressing
concern with wide-ranging complications for the local
environment and the public.* Pharmaceutical waste in water
also threatens the quality of drinking water and most of the
medicines are not persistent but daily-use medications may be
pseudo-persistent due to continuous introduction to the
environment.® Endocrine disrupting chemicals impose
significant impact in the environment but they have been less
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categorized as “compounds of emerging concern” owing to
their potential to cause considerable effect on ecosystems and
human health.® The presence of pharmaceuticals such as
acetylsalicylic acid or aspirin (ASP) and acetaminophen or
paracetamol (PCM) in household and hospital wastewater can
be responsible for the emergence of drug-resistant bacteria.®’
Additionally, the improper disposal or flushing of unused or
expired medications can accumulate in groundwater sources."’
Most wastewater treatment plants are unable to remove
pharmaceuticals efficiently via several treatment methods."'
One reason for the low pharmaceutical removal efficiency is
the trapping effect of the urine matrix in wastewater."
Consequently, the implementation of adequate wastewater
treatment strategies, the adoption of responsible disposal
practices or remediation techniques and exploring more
efficacious water purification approaches are essential to
improve the environmental difficulties.

In pursuit of the same objective, adsorption,™
photocatalysis,”® activated sludge processes,"* advanced

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxidation processes (AOPs)," chemical coagulation and
flocculation,'® ozonation,"”” membrane bioreactors (MBRs),"®
reverse osmosis (RO), electrocoagulation’® and advanced
membrane filtration®® emerge as promising technologies for
the mitigation of emerging pollutant concentration in water
and wastewater. Each method has its pros and cons;
biological treatment involves expensive enzymes, bacteria,
and fungi that are difficult to handle at the same time and
needs proper storage and preservation systems.>’ Other
methods are expensive and need further chemicals to treat
pharmaceuticals present in water.>”

Adsorption is considered as a highly efficient and widely
applied method in wastewater treatment.*®™>® Its superiority
lies in its remarkable removal efficiency, potential for
regeneration and reusability, ease of implementation, cost-
effectiveness, vast collection of available adsorbent materials,
absence of chemical additives, adaptability to diverse
conditions, and its ability to complement other treatment
methods.?*® Various adsorbent materials find application in
wastewater treatment to proficiently eliminate contaminants.
Among the frequently utilized ones are activated carbon,*
zeolites,*® clay minerals,*" activated alumina,** biosorbents,*
carbon nanotubes,> polymeric resins,® hydrous iron
oxides,*® silica gel,>” and nano-carbons.*® The chemical
stability, high specific surface area, recyclability and high
removal efficiency are the criteria for materials to be
employed as adsorbents.*

In this context, carbon-based aerogels (CAs) are a suitable
candidate as an adsorbent for wastewater treatment. The CA
is a three-dimensional structure with interconnected graphite
sheets and ultralight in weight.*® CAs possess properties such
as large surface area, tunable porosity, high adsorption
capacity, rapid adsorption kinetics and reusability.*' ** CAs
were previously used for the removal of pollutant dyes, heavy
metal ions, spill of petroleum products and organic solvents
from wastewater.”>*® There are various processes available
for the synthesis of CAs. Some are chemical vapour
deposition,”  sol-gel method,’® biomass pyrolysis,”
hydrothermal treatment.*>*> Among them, the biomass
pyrolysis method is an appropriate method for the synthesis
of highly porous CAs in a single step. Besides this, most of
the methods have a complex synthesis process and high cost.
The selection of precursor materials for the synthesis of CAs
is an essential factor to produce a sustainable and efficient
adsorbent. Various precursors used for the synthesis of CAs
were reported previously,” > however, these are not
environmentally friendly and the cost is also high, so
utilization of biomass waste as a precursor material is an
appropriate approach to achieve sustainability and cost
effectiveness in the synthesis procedures. Additionally,
doping of heteroatoms (N, S and P) in CA improves the
chemical reactivity of the material.”®

Herein, an environmentally compatible, cost effective and
highly efficient method for the synthesis of a nitrogen-doped
carbonaceous aerogel (N-CA) in a simple and single step
using waste jaggery as a carbon source is reported. The high

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

active surface area and controlled pore size of the as-
synthesized N-CA the effective adsorption of
pharmaceutical pollutants from wastewater. The removal of
ASP and PCM were investigated with the as-synthesized N-CA
under various conditions. Further, treated water was explored
for the growth of adzuki plants. The sustainable N-CA may
also be helpful for several environmental remediation
technologies.

allow

2. Experimental section
2.1. Materials

Waste jaggery collected from jaggery mills was utilized as the
precursor material. We employed ASP and PCM (target
pollutants), hydrochloric acid (HCl) and sodium hydroxide
(NaOH) for the pH study and they were purchased from
Sigma Aldrich. Ammonium chloride (NH,Cl) was procured
from EMPARTA, India. The adzuki beans utilized in plant
growth experiments were purchased from a local market. No
additional purification of the drugs and chemicals was
required, they were used as received. All the investigations
were conducted using distilled water (DI) as the solvent.

2.2. Synthesis of N-CA

The sustainable N-CA was synthesized through a simple
process by utilizing waste jaggery as a carbon source.’”>®
Initially, waste jaggery was thoroughly blended with NH,CI in
a Petri plate. Subsequently, the resulting mixture of waste
jaggery and NH,CIl was placed in a 100 mL silica boat and
then put in a hot air oven for heat treatment at 150 °C for a
duration of 2 h. After this treatment, a black puffed solid
material was produced. Following this, the obtained product
was held for 2 h at 700 °C in an argon atmosphere, resulting
in the formation of a black, highly porous N-CA. For the
reproducibility of the synthesis process, an equal-mass
mixture design was followed, wherein 2 grams of waste
jaggery were thoroughly mixed with 2 grams of NH,CI in a
Petri plate. After the completion of the synthesis process, we
obtain the final product (N-CA). The standard deviation in
mass of N-CA from five batches was found to be +0.191 gram.

2.3. Instrumentation

In order to gain understanding of the structural and
chemical characteristics of the synthesized N-CA, various
characterization techniques were employed. Field-emission
scanning electron microscopy (FE-SEM) was conducted with a
JSM-7500F instrument, operating at 20 kV. For an assessment
of the internal morphology and microstructure, transmission
electron microscopy (TEM) was performed. Furthermore, a
high-resolution transmission electron microscope (HR-TEM)
instrument, FEI Tecnai G2 F30 model, operated at 200 kV
was utilized to analyse the internal structure of N-CA in
detail. The X-ray diffraction (XRD) pattern of N-CA was
obtained using a D8-Advance Bruker XRD diffractometer,
employing Cu-K, radiation. X-ray photoelectron spectroscopy
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(XPS) was employed to analyse the elements and composition
of N-CA using an ESCA" Omicron Nano Technology
instrument from Oxford. The N, adsorption isotherm data
were noted using an ASiQwin automated gas sorption
analyser, Quantachrome Instruments.

2.4. Adsorption experiments

To evaluate the adsorption performance of the synthesized
N-CA under natural conditions, ASP and PCM were utilized
as model pollutants. So, we first prepared a stock solution of
ASP and PCM in DI water, each having a concentration of
1000 mg L™*. The adsorption studies for ASP and PCM were
performed using three different parameters, pH value (2 to
12), varying dose (0.25 to 5 mg) and temperature (20 to 60
°C) for the optimization of parameters. Kinetic studies of ASP
and PCM adsorption were carried out under optimized
conditions, with the concentration of ASP and PCM being 20
mg L' and 15 mg L', respectively. ASP and PCM
contaminated samples were stirred with N-CA throughout the
adsorption experiment. For the investigation of adsorption
isotherms, the contaminated samples of ASP and PCM were
prepared having concentrations of 10 to 500 mg L™". For all
the experiments, at regular intervals of 5 minutes, 3 mL of
the sample was taken out and a UV-visible spectrophotometer
was utilized to measure the absorbance at wavelengths of 298
nm and 244 nm for ASP and PCM, respectively. The removal
or adsorption efficiency was evaluated using eqn (1); similarly
the ASP and PCM adsorption capacity of N-CA was assessed
by using eqn (2).

CO_Ce

0

Removal Efficiency (%) = %100 (1)

3I<

Adsorption Capacity (mg g™") = (Co-Ce) (2)

2.5. Spiked water analysis and recycling study

For the real-world applicability and reusability of N-CA,
spiked wastewater analysis and recycling study were
performed. For this purpose, each targeted pollutant drug
was introduced into both tap water and seawater, keeping
the conditions consistent with those optimized in DI for ASP
and PCM. Following this, a dose of 15 mg of N-CA was
supplemented to 10 mL of prepared samples and the
previously mentioned procedure was followed (section 2.4).
To conduct the recycling study of N-CA, the same adsorption

-

NH,CI
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Pyrolysis

) DD
4
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experiments as those for ASP and PCM were performed.
However, in the recycling process, the N-CA was collected
and subjected to multiple washes with DI water. Afterward,
the N-CA was dried at 60 °C and then reused for identical
adsorption experiments. Recycling analysis demonstrates the
reusability and stability of the adsorbent.

2.6. Ecological assessment of treated water

High quality adzuki beans (Vigna angularis) were
purchased from the market then thoroughly washed to
remove dust and subsequently soaked in five different
solutions: DI water, water contaminated with ASP, water
contaminated with PCM and treated water after adsorption
of ASP and PCM. Afterward, the beans were placed in the
same water samples (DI water, ASP-contaminated water,
PCM-contaminated water and the treated water) for
germination purposes over the course of one day. Then
the germinated adzuki beans were allowed to grow in the
same Petri plate each containing an equal number of
seeds. On the 5th day of the growth period, the growth of
adzuki bean plants was observed.

3. Results and discussion

N-CA was synthesized using a waste biomass-based material
as shown in Scheme 1.°”°® This synthesis procedure involves
pre-heat treatment followed by post-pyrolysis. In the pre-heat
treatment step, a porous aerogel was formed by the process
of bubbling. Moreover, during heating NH,CIl was completely
fused with jaggery after undergoing standard cooling
procedures and then a solid black product was obtained.
Later, the pyrolysis process was conducted for proper
carbonization in a split tube furnace and exposed to
temperature of up to 700 °C under a regular flow of argon
gas (maintaining an inert atmosphere) setting a ramp rate at
5 °C min~". The pyrolysis process was sustained for 2 h to
facilitate complete carbonization after this, allowing for
natural cooling. Finally, a highly porous, black N-CA material
was obtained and then employed as an adsorbent for ASP
and PCM adsorption from wastewater.

3.1. Characterization of the N-doped carbonaceous aerogel

FE-SEM was used to observe the exterior structure of the as-
synthesized N-CA. The 3D nano-architecture of the N-CA
exhibits an irregular and honeycomb-like highly porous

Digital image

Scheme 1 Schematic of the synthesis of ultralight N-CA using waste jaggery and NH,4Cl as precursors.
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structure (Fig. 1a and b).” This interconnected hierarchical
framework is composed of crumpled disordered carbon
nanosheets as depicted in Fig. 1c. The TEM image displayed
that N-CA consists of very thin transparent graphitic layers
(Fig. 1d).°® The presence of folds and wrinkles in N-CA shows
the 3D flexibility of the disordered carbon (Fig. 1e).®’ The
HR-TEM image shows the surface defects in the graphitic
structure of N-CA.”° The interlayer spacing between two
disordered graphitic layers was 0.32 nm with respect to the
(002) plane shown in Fig. 1£.°>

In Fig. 2a, the XRD diffraction patterns of the N-CA reveal
a prominent broad peak at 25.12°, indicating the presence of
disordered graphitic carbon. Another less intense peak was
observed at 43.76°, attributed to the graphitic pattern and
interlayer formation.®® The XPS analysis of N-CA revealed the
existence of carbon, nitrogen, and oxygen as shown in
Fig. 2b. In the deconvoluted C 1s spectrum of N-CA (Fig. 2c),
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five distinct peaks emerged at binding energies of 284.14,
284.68, 285.43, 286.48 and 289.21 eV. These peaks were
attributed to distinct carbon species: C=C sp?, C-C sp®, C-0/
C=N, C=O0/C-N and O=—=C-O". The incorporation of
nitrogen into the carbon framework resulted in the presence
of C-N bonds. In the O 1s spectrum of N-CA, three distinctive
peaks were detected, corresponding to the C=0, C-O and
O—C-O" moieties with a binding energy of 530.72, 532.19
and 533.48 eV, respectively as depicted in Fig. 2d.
Furthermore, Fig. 2e presents the high-resolution XPS spectra
of N 1s, exhibiting different peaks having a binding energy of
398.20, 400.48 and 401.62 eV ascribed to pyridinic, pyrrolic
and graphitic nitrogen present in N-CA, respectively.”’** The
Brunauer-Emmett-Teller (BET) surface area of N-CA was
obtained by using N, adsorption and desorption isotherms
as shown in Fig. 3a. The specific surface area of N-CA was
found to be 1178.18 m* g"* having a pore volume of 1.58 cc g .

Fig. 1 (a—c) FE-SEM images of N-CA, (d and e) low-magnification TEM images (the white arrow indicates multilayer graphene) and (f) HR-TEM

image of N-CA (the white line shows the inter layer distance).
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spectrum of O 1s and (e) deconvoluted high resolution spectrum of N 1s.
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(a) XRD spectrum of N-CA, (b) XPS survey scan of N-CA, (c) deconvoluted high resolution spectra of C 1s, (d) deconvoluted high resolution
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Fig. 3 (a) N, adsorption-desorption plot and (b) pore size distribution curve of N-CA.

According to density functional theory (DFT), the pore size
distribution in Fig. 3b indicates mesoporous pores (2.76
and 3.16 nm).*

3.2. Analysis of the adsorption performance of N-CA

The adsorption of ASP and PCM onto N-CA was analysed
under various conditions or parameters. The conditions
included variation in pH value, dose, temperature,
concentration and retention time.

The impact of the pH value on the adsorption of ASP and
PCM is shown in Fig. 4a. First, slowly increasing the pH
value brings a slight decline in the adsorption of both ASP
and PCM by N-CA within the pH of 2 to 4. Afterward, as the
pH gradually increased from 4 to 12, there was a consistent
reduction in the adsorption of ASP and PCM.®® This decrease
can be due to the diminishing n-n bonding between the
drug and the N-CA (as an adsorbent). The influence of N-CA
doses on the adsorption of ASP having a concentration of 20
mg L' and PCM with a 15 mg L™ concentration was
investigated. A dose of N-CA starting from 2.5 to 50 mg was
added to 10 mL of sample. At first, as the N-CA dose was
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Fig. 4 Plot of the percentage removal/adsorption of ASP and PCM
with parameters: (a) pH, (b) dose, (c) temperature and (d) time.
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increased from 0.25 to 1.5 mg mL ™" there was a clear
enhancement in the removal efficiency as shown in Fig. 4b.
The enhancement can be accredited to the larger surface
area and a high number of active sites are available for
adsorption on the N-CA.®” Finally, the observations showed
that the optimum N-CA dose for ASP and PCM adsorption
was 1.5 mg mL™". After a 1.5 mg mL™" dose, the removal
efficiency remains constant, which indicates that there is no
rise in the removal of ASP and PCM. The effect of
temperature on the adsorption of ASP and PCM was studied.
Temperature is an essential factor in affecting the adsorption
capacity of N-CA for pharmaceutical substances.®® The
temperature-dependent removal efficiency is presented in
Fig. 4c. As the temperature of the solution gradually
increased from 20 to 60 °C, there was a minor reduction in
the removal efficiency of both ASP and PCM. These
temperature-dependent outcomes are used to calculate the
thermodynamic parameters and isotherms of the adsorption
process. A retention time investigation was conducted to
analyse the adsorption of ASP and PCM on N-CA over time.
It was observed that in the initial stage, there was a quick
rise in the removal efficiency by N-CA, then reached a
plateau after ~40 min.®® This rapid adsorption at the initial
stage can be because of the complete availability of the
number of active sites on N-CA for the adsorption of ASP
and PCM. However, after some time the number of available
active sites on N-CA became gradually filled with ASP and
PCM. Fig. 4d depicts the removal efficiency of N-CA over
time for ASP and PCM.

3.3. Kinetic studies

A comprehensive kinetic study was conducted to analyse the
adsorption behaviour of ASP and PCM on the N-CA. The
absorbance spectra (ASP and PCM) for the control and after 40
minutes of adsorption under optimized conditions are depicted
in Fig. S1.} For the adsorption kinetics, two models were utilized,
first is the pseudo-first-order (PFO) kinetics mathematically
represented by eqn (3) and the other is the pseudo-second-order
(PSO) kinetics expressed in eqn (4), respectively.®

In(ge - g7 = Inge — kit (3)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Plot of the adsorption kinetics of ASP and PCM: (a) pseudo first
order and (b) pseudo second order.

t_ 1 ¢ @

q; que2 9e
where k; signifies the PFO rate constant, while k, denotes the
PSO rate constant. The determination of k; and k, was
performed by plotting In(g. - ¢,) against retention time, ¢ and
t/q, against t, respectively. The kinetic parameters (k; and &,
values) obtained from the aforementioned kinetic models
(eqn (3) and (4)) provide the insight of adsorption. The
kinetic plots for ASP and PCM reveal R values of 0.8638 and
0.8837, respectively, for the PFO model (Fig. 5a). R> values
indicate that the experimental data do not fit into the PFO
model. On the other hand, in Fig. 5b, the R” values for the
PSO kinetic model were calculated as 0.9975 for ASP and
0.9989 for PCM. This signifies the best linear fitting between
the experimental results and the PSO model. Moreover, the
calculated adsorption capacity (geca) Obtained from the PSO
kinetic model closely matched with the experimental values
(ge,exp), demonstrating the excellent fitting of this model to
the experimental data. The kinetic parameters along with
their respective R values are presented in Table S1.}

3.4. Adsorption isotherms

With the help of adsorption isotherms, we can express in
which way an adsorbate is distributed between a solid surface
and a liquid phase. The Langmuir isotherm suggests that the
monolayer adsorption occurs on the uniform surface of the
adsorbent, where a constant number of adsorption sites exist
on the outer surface of any adsorbent material. The
Langmuir equation,”® denoted in its linear form as eqn (5),
can be expressed as follows:

oy )
9e Im  ImKL

where C. (mg L) is the concentration of ASP and PCM at

equilibrium, ¢, (mg g') indicates the maximum adsorption

capacity for monolayer formation and ki (mg g™') stands for

the Langmuir constant.

Another isotherm model, the Freundlich isotherm model,
was employed to define the adsorption phenomenon, which
involves multilayer adsorption on the heterogeneous active
sites of N-CA. The Freundlich model can be expressed in the
following eqn (6).”*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1
Ing, = InKF—i-;lnCe (6)

where g, (mg g™") is the amount of adsorbed ASP and PCM at
equilibrium, K (mg g™") is the Freundlich constant, n is the
Freundlich exponent and C. (mg L") is the equilibrium
concentration of ASP and PCM.

The observed adsorption isotherm results for ASP and
PCM were subjected to fitting with both Langmuir and
Freundlich isotherm models. In Fig. 6a, the adsorption of
ASP and PCM onto N-CA closely fitted to the Langmuir model
as indicated by R* values of 0.9842 for ASP and 0.9973 for
PCM. However, when the experimental data subjected to fit
into the Freundlich model, the obtained R* values for ASP
and PCM were 0.8305 and 0.9133, respectively (Fig. 6b).
According to the observations, it is found that as the
equilibrium concentration (C.) increases, the equilibrium
adsorption capacity (g.) increased as depicted in Fig. 7a. All
parameters obtained from the Langmuir and Freundlich
isotherms are mentioned in Table S2f The maximum
adsorption capacity (¢m,) of N-CA was determined as 138.6963
+ 7.8687 mg g ' for ASP and 117.7856 + 2.7219 mg g~ for
PCM. For the comparative study, another experiment was
performed for the adsorption of ASP and PCM using
commercially available graphene oxide (GO) under the same
experimental conditions. The adsorption efficiencies of GO
toward ASP and PCM were ~71% and ~74%, respectively, as
shown in Fig. S2.f A comparison of the maximum adsorption
capacity of N-CA with carbon-based and other adsorbents for
ASP and PCM is given in Table 1.

The adsorption of ASP and PCM on N-CA follows the
Langmuir adsorption isotherm. Further, the Langmuir

separation factor (Ry) is calculated using eqn (7),** and can
be expressed as follows:
1
Ry=—— 7
"1 KG @

where Kj represents the Langmuir constant and C, denotes
the initial concentrations of ASP and PCM. When the Ry,
values range from 0 to 1, it signifies a favourable adsorption
process.®* From eqn (7), the calculated Ry, values for ASP and
PCM were 0.57 and 0.21, respectively. These outcomes
indicate that the adsorption of ASP and PCM by N-CA was
favourable.

—_—
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Fig. 6 Plot of the adsorption isotherms of ASP and PCM: (a) Langmuir
and (b) Freundlich.
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Table 1 Adsorption of ASP and PCM with the as-synthesized N-CA
compared with various adsorbents

qm
Adsorbent Adsorbate (mgg™') Ref.
Reduced GO ASP 2141 72
Graphitic-C3N, ASP 21.27 73
Graphene nanoplates ASP 12.98 74
Pristine multiwall CNTs (PMCNT)  ASP 41.00 75
Functionalized CNTs (FMCNT) ASP 58.00 75
AC from babassu coconut mesocarp ASP 89.87 76
Tannin and kraft black liquor (RFA) ASP 50.17 77
Tannin and kraft black liquor (RFC) ASP 91.66 77
N-CA ASP 138.69  This work
Orange rind derived GO PCM 0.542 78
Palm kernel shell derived GO PCM 0.584 78
Graphene nanoplates PCM 18.07 74
AC from Butia capitata (high temp) PCM 98.19 79
AC from Butia capitata (low temp)  PCM 73.00 79
AC from Cannabis sativa PCM 16.18 80
N-CNT-B-CD PCM 41.00 81
Fe/N-CNT-B-CD PCM 75.2 81
Tannin and kraft black liquor (RFA) PCM 49.95 77
Tannin and kraft black liquor (RFC) PCM 73.58 77
Spent tea leaves (STL-ACH) PCM 59.2 82
N-CA PCM 117.78  This work
3.5. Thermodynamic isotherms
The parameters of thermodynamics involved in

adsorption of ASP and PCM onto N-CA were calculated
using eqn (8)-(10).*>"¥

Ko=3e (8)

ll’le =—— " (9)
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(b) 45
Y = 3025.0677 X - 6.8311
R*=0.9884
4.0-
Y = 2983.6989 X - 5.9993
- R”=0.9851
S 3.51
s
< 3.0
=
2.5
Q@ ASP
0 @ PCM
0.0030 0.0031 0.0032 0.0033 0.0034

1T (K')

AGP® = AHP — TAS® (10)
where Ky represents the distribution coefficient, AS® denotes
the entropy change (J] mol™ K™), R signifies the universal
gas constant (8.314 J mol™' K'), AH° stands for the
enthalpy change (k] mol™), T corresponds to the
temperature (Kelvin) and AG° represents the free energy
change (k] mol™). Fig. 7b depicts a linear correlation
between In Ky and 1/T and the AH° value was obtained from
the slope and AS° was obtained from the intercept of the
linearly fitted plot. The values of the thermodynamic
parameters, AS°, AH° and AG°, are mentioned in Table 2.
The positive values of AH° and AS° indicate the
endothermic nature of ASP and PCM adsorption and
increase in randomness throughout the adsorption.
According to the obtained calculations of AH° and AS°, we
found negative AG° values which signify the spontaneous
adsorption of ASP and PCM on N-CA.

4. Spiked sample analysis and recycle
study

To evaluate the adsorption of ASP and PCM from the
spiked water sample, we introduced ASP and PCM into
tap water and seawater. The experiment was performed
under previously mentioned optimized conditions. Herein,

the N-CA demonstrated nearly identical removal
efficiencies to DI water for ASP and PCM in both tap and
seawater spiked samples as shown in Fig. 8a. The

performance of N-CA in adsorption across different types
of water highlights its promising practical applicability.
Moreover, the reusability of N-CA for removal of ASP and
PCM from wastewater was maintained up to ~79% and

Table 2 Thermodynamic parameters for the adsorption of ASP and PCM with N-CA

AG° (k] mol™)

AS° (J mol™ K™) AH° (k] mol™) 293.15 K 303.15 K 313.15 K 323.15 K 333.15K
ASP 56.79 25.15 -16.62 -17.19 -17.75 -18.32 -18.89
PCM 49.87 24.80 -14.60 -15.10 -15.59 -16.09 -16.59
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Fig. 8 (a) Percentage removal efficiency of ASP and PCM in spiked
water and (b) recycling study of N-CA. Characterization of N-CA after
adsorption studies. (c) FE-SEM image of N-CA and (d) XRD spectrum of
N-CA after adsorption.

~95% respectively until seven cycles as shown in Fig. 8b.
After each adsorption cycle, the N-CA was collected,
washed with DI water and later dried in an oven.

After adsorption studies, washing and drying were
performed and then post-characterization (FE-SEM and XRD)
was conducted to inspect the chemical and structural
stability of the adsorbent material. The FE-SEM image
(Fig. 8c) after adsorption of ASP shows that there are no
changes in the morphology of N-CA and the pore structure is
similar to that of the as-synthesized material. The XRD
diffraction pattern of N-CA in Fig. 8d after the adsorption of

View Article Online
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ASP displays two peaks, which are the same as the
synthesized material. This indicates that there is no change
in the phase even after adsorption. These post-
characterization findings clearly showed that the structural
and chemical properties of N-CA (as an adsorbent) remain
unchanged even after adsorption.

5. Assessment of the effect of treated
water on adzuki bean growth

For the evaluation of the germination rate, adzuki beans were
immersed in different water samples: DI water (used as a
control), water contaminated with ASP and PCM solutions
and ASP and PCM water treated with N-CA.*® In the case of
the ASP contaminated water, the germination rate was
~64%, while for the PCM contaminated water it was 0%, as
depicted in Fig. 9a. There was a slight increase in the
germination rate when treated water (after ASP adsorption
with N-CA) reached ~92% as compared to DI water (77%).
After adsorption of PCM by N-CA, the treated water has a
germination rate of ~86%. For the growth profile analysis,®’
germinated adzuki beans were cultivated in DI water, water
contaminated with ASP and PCM and treated water after the
adsorption of ASP and PCM with N-CA over the intervals of 5
days. The shoot and root length of the adzuki plant was
obserbed to show a trend similar to the germination rate
after 5 days of germination. In ASP and PCM contaminated
water significantly shorter shoot and root lengths were
observed as depicted in Fig. 9b. Both the shoot and root
lengths were found to be shorter in the control as compared
to treated water after the adsorption of ASP and PCM with

(a) 14 (b)
[ JASP [ IPCM
o 80-
©
= 60
s
E 40+
E 20
[
o
ASP solution PCM solution
DI Contaminated Treated
water water water
() (d) v
(R A g
| \ ¢ o :
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After adsorption of ASP  After adsorption of PCM DI water
with N-CA with N-CA

Fig. 9 The growth of adzuki plants after 5 days under different conditions: (a) germination rate, (b) ASP and PCM solutions, (c) after adsorption of

ASP and PCM with N-CA and (d) DI water (control).

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Appl. Interfaces, 2024,1, 580-590 | 587


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lf00046c

Open Access Article. Published on 20 February 2024. Downloaded on 2/14/2026 4:43:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

N-CA. Observations revealed that ASP and PCM containing
germinated seeds suppressed the growth of adzuki plants. In
contrast, adzuki bean plants grown after the adsorption of
ASP and PCM with N-CA exhibited improved growth
compared to the DI water grown plants (Fig. 9¢). The growth
pattern of adzuki bean plants in DI water (control) is shown
in Fig. 9d. The substantial growth enhancement in water
treated with N-CA strongly supports its non-toxic impact on
plant development. Furthermore, this approach holds
promise for the reuse of treated wastewater.

Conclusion

N-CA was successfully synthesized by using waste jaggery
through a straightforward, one-step and facile pyrolysis
process. The as-synthesized N-CA possesses a three-
dimensional nanostructured arrangement with large surface
area and high porosity, which is essential for any adsorbent.
Herein, N-CA serves as an effective adsorbent for the removal
of ASP and PCM drugs under natural environmental
conditions. Within 40 minutes, the N-CA achieved an
impressive adsorption rate of ~96% of ASP and ~99% of
PCM. The adsorption kinetics of ASP and PCM follows the
PSO kinetics model. In adsorption isotherm investigations,
the obtained experimental data were more accurately fitted
into the Langmuir isotherm adsorption model. The practical
applicability of the N-CA was evaluated in tap water and
seawater, revealing no significant change in the adsorption of
ASP and PCM as compared to DI water. Furthermore, the
N-CA revealed excellent reusability up to seven cycles and
recovery of the adsorbent is easy without using the filtration
process. The characterization of N-CA after the adsorption of
ASP showed the excellent stability of the material after the
seventh cycle. Later, the treated water was utilized for the
germination of adzuki beans and growth of plants; the
outcomes showed ~92% germination rate for both ASP and
PCM. These findings suggest that the treated water possesses
significant potential for fulfilling water needs in construction
sites, road side plantations and agricultural fields.
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