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ABSTRACT
The adsorption of Lead(II)ions on the stem of Nymphaea pubescens (N. pubescens), a reusable plant material, has
been studied using a variety of parameters, including pH, contact time, adsorbent quantities, Lead(II)ion
concentration, and temperature, by the batch equilibrium technique. The study proved that N. pubescens was highly
efficient in removing Lead(II)ions at pH 7 and 323K temperature with a removal efficiency of 99.8%, making it a
promising environmentally conscious adsorption material for heavy-metal contamination. The Langmuir isotherm
and Elovich kinetic models more closely fit the experimental equilibrium data. Lead (II) ions highlighted an optimal
adsorption capability (qmax) of 50.51 mg/g at 323K on the adsorbent. The study of thermodynamic variables
demonstrated that the adsorption is spontaneous, feasible, and endothermic in nature with a positive ΔH◦ and
negative ΔG◦ value. In accordance with the desorption analysis, the biosorbent can be reused for as many as three
cycles. The present study holds considerable environmental and scientific significance in addressing the critical
issue of heavy metal contamination in water, particularly lead(II), which poses serious health risks and ecological
damage even at low concentrations. The key contributions and implications of the study are the development of a
low-cost and environmentally sound adsorbent, comprehensive characterization and modelling, thermodynamic
validation of feasibility and spontaneity, and the possibility of waste valorisation and reutilization. This work lays
the groundwork for future studies involving real wastewater treatment, multi-metal systems, column studies, and
commercial-scale implementation, contributing to ongoing efforts in sustainable environmental remediation.
Keywords: Adsorption, Nymphaea pubescens Stem, Lead(II), Kinetics, Isotherm, Thermodynamics, Regeneration.
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INTRODUCTION
Were you intrigued to learn that even the most minute amounts of harmful metals in water can trigger
extremely serious health issues, for instance, neurological illnesses, damage to the liver, and
malignancies?1 The elevated concentrations of industrial emissions, most notably heavy metal elements,
in water bodies have been identified as an urgent ecological problem over the past decades, owing to the
proliferation of civilization and the global economy.2Heavy metals, a class of pervasive toxic substances
in the environment, can be bioaccumulated or intensified in food systems and can be harmful to human
health. Since heavy metals are widely employed in human-induced processes such as mineral extraction,
production, agriculture (fertilizer and insect repellent), and waste expulsion, heavy metal contamination
of aquatic systems has emerged as a worldwide environmental concern. Lead, copper, arsenic, mercury,
zinc, and cadmium are among the heavy metals that are extremely harmful when assimilated by the
human body. Lead (Pb) is the most prevalent poisonous metal that has been associated with cancer,
nervous system malfunction, chronic intoxication, and other issues.3 Lead is an enzyme inhibitor and a
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general metabolic toxin. Infants and kids might suffer mental impairment and lifelong brain damage as
consequences. The removal of these hazardous metals from watersheds and wastewaters requires
immediate attention because lead may substitute for calcium in the bone and generate sites for prolonged
release. According to the Environmental Protection Agency, the maximum amount of lead that can be
found in wastewater is 0.1 mg/L, whereas the maximum quantity that can be found in drinking water is
0.05 mg/L.4 The World Health Organization has established an optimal lead level in drinking water at
0.01 mg/L (WHO, 2003). Since international regulations and regulatory bodies are growing more
stringent in their enforcement of effluent standards, wastewater treatment is consequently crucial. The
significant operational costs incurred by eliminating contaminants, however, may make it challenging for
most new companies to adhere to these pollution prevention demands.5Heavy metal-contaminated waste
streams and soil may usually be detoxified via innovative technologies like ion exchange, membrane
filtration, precipitation, reverse osmosis, solidification/stabilization, and carbon adsorption. Despite the
expense of substrate substances and regeneration being a restraining issue, sorbent-based techniques are
possibly the most widely employed. Therefore, a great deal of emphasis has been put on characterizing
the sorption characteristics of cost-effective substitutes, which include dead biomass and natural
adsorbent materials.6 The processes of adsorption occur at the surface and are brought on by chemical or
physical forces. The key factors governing the adsorbate absorption rate are adsorption kinetics and
isotherms, which establish the adsorption variables and exhibit the adsorbent's adsorption efficacy. The
pseudo-first order, pseudo-second order, and Elovich models, as well as the Langmuir, Freundlich,
Temkin, and Toth models, are predominant kinetic and isotherm models that explain the adsorption
process.7We looked at the impacts of temperature, pH, concentration, and contact time. The effects of the
solution's pH (4–7), biosorbent dose (0.6–2.2 g/L), contact time (20–180 min), and initial metal ion
concentration (25–100 mg/L) were all examined in batch adsorption studies conducted at temperature of
30–5. From the adsorption measurements, the kinetic parameters and adsorption isotherm were assessed.
Assam is rich in wetlands, covering an area of 1,400 square kilometers with around 3,000 large and minor
wetlands distributed throughout the state. This work aims to discover a low-cost, sustainable adsorbent; to
obtain high removal efficiency under mild conditions; to investigate the potential for reusability of N.
pubescens, which was collected from wetlands of Assam; and to lay the foundation for future research
and scale-up. Due to a dearth of knowledge about its adsorption capabilities, this plentiful and renewable
plant material was selected as an adsorbent. The study suggests using a cost-effective and
environmentally friendly approach that does not require chemical activation to remove lead ions from
aqueous solutions and to achieve better water quality by encouraging the valorization of biomass waste,
which directly promotes SDG-6 (Clean Water and Sanitation). Although the study demonstrates that the
Nymphaea pubescens stem is an efficient and reusable biosorbent to eliminate Lead(II)ions from aqueous
solutions under controlled laboratory settings, several key gaps remain unaddressed, such as real-world
application and wastewater complexity, long-term reusability and regeneration efficiency, scale-up and
process optimization, economic and environmental assessment, and mechanistic insights at the molecular
level.

EXPERIMENTAL
Chemicals
Lead nitrate (Pb(NO₃)₂) was utilized for preparing a stock solution of 1000 mg/L concentration. By
diluting the stock solution with Mili-Q water, the other solutions having concentrations of 25 mg/L, 50
mg/L, 75 mg/L, and 100 mg/L were prepared. All the chemicals utilized throughout the laboratory
experiment were analytically pure and were purchased from Sigma Aldrich.
Preparation of Biosorbent
Fresh Nymphaea pubescens were collected from wetlands of Assam, of which only the stem is used for
the experiment. Following multiple washes with deionized water, the collected stems were dried.
Afterwards, the dried leaves are sieved to a particle size of 75-200 nm.4 The produced powder was
washed with distilled water until colorless and then dried in sunlight before being put in a hot air oven at
40℃. After that the powder was ground by an electric mixer and then kept in a clean glass bottle.
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Biosorbent Characterization
An FT-IR spectrophotometer was employed to determine the functional groups that exist on the
biosorbent. A TGA analyzer was used to determine the thermal stability of the biosorbent. Zeta potential
was used to examine the surface charge. FESEM was done both before and after adsorption to know the
morphology of the biosorbent. To validate the adsorption of Lead(II)on the biosorbent, EDX analysis was
carried out. The CHNS investigation was carried out with a Thermo FLASH Smart Analyzer to determine
the elemental composition and its percentage in the biosorbent. An X-ray photoelectron
spectrophotometer was used to analyze surface chemical states of C1S, O1S, and N1S XPS spectra.

Batch Study of Lead Adsorption
Batch experiments were conducted in 100 ml Erlenmeyer flasks in a thermostatic orbital shaker. For the
batch study, biosorbent doses of 0.6-2.2 g/L were taken, and experiments were carried out at an agitation
speed of 150 rpm at different pH levels from 4 to 7. The experiments were done to explicate the optimum
conditions of pH and biosorbent dose. The optimum pH and biosorbent dose were found to be 7 and 2.2
g/L, respectively. Then batch experiments were carried out using this optimum pH and adsorbent dose at
three different temperatures (30℃, 40℃, and 50℃) for 20 to 120 minutes. Metal solutions from 25 to 100
mg/L were prepared to analyze how the concentration of metal ions affected adsorption. As part of pH
investigations, the pH levels were continuously monitored after introducing 0.1 N HCl or 0.1 N NaOH
into the Lead(II)solution. All the solutions were filtered by using 42 Whatman filter paper, and the
obtained filtrate was subsequently examined using an atomic absorption spectrophotometer (AAS,
AA7000, Shimadzu) to find out the Lead(II)concentration.
The adsorption capacity and the removal percentage of lead (II) by N. pubescens stem have been
estimated by applying the subsequent equations.

�� =
�0−��
�

� (1)

Removal percentage (%) of Lead(II)=
�0−��
�0

× 100 (2)

Here, qt is the adsorption capacity (mg/g), C₀ (mg/L) is the initial concentration, and Ce (mg/L) is the
equilibrium concentration of Lead(II)in solution. V(L) and m (mg) indicate the volume of the solution and
the weight of the biosorbent, respectively.

Desorption and Regeneration Study
The hydrochloric acid (HCl) solutions having different concentrations were used to desorb lead from the
adsorbent. Experiments were done using 0.1, 0.5, 0.75, and 1 M HCl to assess the reuse efficiency of the
adsorbent. The adsorbent loaded with Pb (II) ions was dried at 40℃ and then treated with 100 mL of HCl
solutions of each concentration for 3 hours. The regenerated adsorbent substance was employed for the
biosorption of Lead(II)in solution. Spectrophotometric techniques were used for assessing the desorbed
Lead(II)ions in the acidic solutions.

RESULTS AND DISCUSSION
FTIR Analysis
FTIR was implemented to find out the functional groups that are responsible for metal adsorption.8 The
peaks attributed to functional groups of N. pubescens stem before and after adsorption of Pb (II) are
shown in Fig.-1a. The adsorption peak at 3294 cm-1, which is responsible for O-H stretching of water or
alcohol, shifted to 3381 cm-1 after adsorption.9 Methyl groups exhibit a peak at 2919 cm-1 due to C-H
stretching and change the position to 2923 cm-1 after adsorption. The C=O functional group present on the
biosorbent is confirmed by a peak at 1622 cm-1, which is shifted to 1632 cm-1 after adsorption. A shift was
noticed from 1425 to 1450 cm-1 after adsorption, which is responsible for the C-O stretching of the
carboxylic or carbonate group. This shifting affirmed that functional groups participate in the binding of
lead (II) ions on the surface of the biosorbent.10
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Fig.-1: FTIR spectra of N. pubescens Stem (a) Pre-Adsorption and Post-Adsorption, (b) TGA Study of N. pubescens
Stem, and (c) Zeta Potential Analysis of N. pubescens Stem

TGA Analysis
Degradation of three phases was seen in thermogravimetric analysis, which is shown in Fig.-1b. The first
weight loss, which occurred from room temperature to 100°C, was 6.05%, which indicates loss of some
volatile compounds, moisture, and release of some water molecules from the biosorbent. The second
stage of weight loss occurs between 240 and 360°C, which was 36.06% due to the release of CO₂, CO,
H₂, and CH₄, and decomposition of hemicellulose and cellulose. 49.89% of weight loss occurs in the
third stage, between 380°C and 660°C. This can be attributed to the decomposition of the cellulose and
lignin of the biosorbent.11

Zeta Potential Study
Zeta potential analysis was used to determine the surface charge of N. pubescens stem within the pH
range of 2 to 9. The findings established that at pH 2 and 3, the biosorbent’s surface charge was positive
and negative at a pH range from 4 to 9, as shown in Fig.-1c. Figure-1c showed that the adsorbent's zero-
point charge (pHPZC) lies around pH 2.9. The pHpzc is noteworthy since this value reveals the pH level at
which the adsorbent's surface reaches neutral electrical charge.12 The possible existence of carboxylates
and phenolic hydroxyl functional groups might serve as contributing factors to the negative zeta potential
charge. Heavy metal adsorption is aided by the biosorbent’s negative charge. Therefore, it can be figured
out that the electrostatic interaction of Lead(II)ions with the biosorbent’s functional groups (negatively
charged) is predominantly accountable for the biosorption of Lead(II)ions on N. pubescens’s surface.

SEM and EDX Analysis
FESEM images of N. pubescens before and after adsorption of Pb were taken, and they revealed that
before adsorption, the surface was rough and porous, as shown in Fig.-2a. After adsorption, the surface
was covered by Pb(II) ions, and it became smooth, which is illustrated by Fig.-2b.13
The appearance of O and C peaks on EDX spectra reflects the availability of -COOH and O-H functional
groups on the biosorbent. The elemental composition of carbon and oxygen was shown on the EDS
spectra, Fig.-2c. In addition to this, Ca, Mg, Al, and Si are also present in smaller percentages.11 The peak
on EDX spectra after adsorption (Fig.-2d) asserted the biosorption of Pb on the adsorbent. 13

Elemental Analysis
Elemental analysis was performed to analyse the adsorbent compositions. Table-1 shows the adsorbent’s
elemental composition both before and after adsorption, and it reveals that nitrogen has a minimal
concentration compared to carbon and hydrogen.14 After adsorption of Lead(II)ions, the quantity of
carbon, hydrogen, and nitrogen decreases.
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Fig.-2: SEM image of N. pubescens Stem (a) Pre-Adsorption and (b) Post-Adsorption, and EDX Spectra of N.
pubescens Stem (c) Pre-Adsorption and (d) post-adsorption

It may be due to Lead(II)ions occupying the free space on the adsorbent’s surface after adsorption and
displacing the functional groups containing carbon and hydrogen, causing the apparent decrease in the
percentage composition of the elements when considering the overall weight of the adsorbent before and
after being loaded with lead ions.

Table-1: Elemental Analysis of N. pubescens Stem Powder
Element Pre-adsorption (%) Post-adsorption (%)

C 36.340 35.272
H 5.276 4.964
N 0.218 0.057

XPS Analysis
XPS was applied to look over the preceding relationship between the contaminants and functional groups
of adsorbents to validate the results from FTIR spectrum analysis. By monitoring deviations in binding
energies, the approach not only made it achievable to inspect the elements of carbon, oxygen, lead, and
other constituents, but it also gave key details about variations in the chemical valence states. The
biomaterial's XPS spectra study unambiguously shows that carbon and oxygen components are
predominant in the surface of the adsorbent (wide scan spectra, Fig.-3a). These atoms are presumably
accountable for the peaks of 287.2-284.8 eV (C1s) (Fig.-3b) and 533.00-532.56 eV (O1s) (Fig.-3c).15-20
The tiny peak at 400.08-399.86 eV, as represented in Fig.-3d states the presence of nitrogen in the
biomaterial.21,22 The nitrogen concentration ascended, and the nitrogen peaks turned out notably more
noticeable in the XPS spectra following the Lead(II)ion adsorption. The adsorbent-adsorbate interaction
was further illustrated by the spotting of a small lead peak right after the adsorption of lead metal ions
(Fig.-4a). Before the Lead(II)ion adsorption, the C 1s peaks were investigated by XPS, shown in Fig.-3b,
which discovered three confined peaks at 284.7 eV (denoting C–C/C = C bonds), 286.4 eV (an indication
of C–O bonds), and 286.93 eV (which is connected with C = O bonds). These peaks changed to 284.8,
286.14, and 287.4 eV, respectively, soon after Lead(II)ions were added (Fig.-4c).23 A significant
modification in surface chemistry is detected by an alteration in peak locations. On the other hand, Fig. 4b
provides evidence that Lead(II)ions emerge on the adsorbent surface as established by binding energy
maxima at 138.94 and 143.85 eV for Pb 4f7/2 and Pb 4f5/2. The altered binding energy of O1s and N1s,
as displayed in Fig.-4d and Fig.-4e after the adsorption of Lead(II)ions on the surface of N. pubescens
stem, suggests that the functional groups present on the surface of the adsorbent build coordinate bonds
with lead contaminants. The negatively charged carboxyl and hydroxyl groups present on the adsorbent’s
surface cause electrostatic attraction by attracting positively charged Lead(II)ions on the surface of the
adsorbent.14 The negatively charged carboxyl and hydroxyl groups present on the adsorbent’s surface
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cause electrostatic attraction by attracting positively charged Lead(II)ions on the surface of the
adsorbent.14

Fig.-3: XPS Analysis of N. pubescens Stem at Pre-Asdsorption of Lead(II)(a) Wide Scan XPS Spectra of Lead(II)(b)
C1s Orbital XPS Spectra (c) O1s Orbital XPS Spectra (d) N1s Orbital XPS Spectra

Fig.-4: XPS Analysis of N. pubescens Stem at Post-Adsorption of Lead(II)(a) Wide Scan XPS Spectra for Lead(II)(b)
XPS Spectra for Pb 4f Orbital (c) XPS Spectra for C1s Orbital (d) XPS Spectra for O1s Orbital (e) XPS Spectra for

N1s Orbital
Impact of Different Parameters on Biosorption
The effects of adsorbent dosage, contact time, pH, and metal ion concentration on the adsorption of
Lead(II)ions on the surface of N. pubescens stem were explored using batch equilibrium tests.24

Impact of the pH
The adsorption process is profoundly impacted by the pH of the solution. A batch experiment was
executed at a pH range of 4-7. After pH 7, solid precipitation of Pb (OH)2, Pb(OH)+, and Pb(OH)3 was
observed. So, the experiment was continued up to pH 7.24. At a lower pH 7, the concentration of protons
is high, and it increases competition between hydrogen and metal ions for binding locations on the
surface of the biosorbent.12 As pH increases, the negatively charged hydroxyl and carboxylate functional
groups attract the positively charged Pb (II) ions and thus enrich the adsorption.25 Hence, it was observed
that with increasing pH, adsorption increases, and maximum adsorption occurred at pH 7 (Fig.-5a).

Impact of the Contact Time
A batch experiment with respect to contact time was performed at room temperature. Initially, the
adsorption was fast owing to the adsorbent’s larger surface area, which is accessible at the onset of the
adsorption process.26
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Fig.-5: The Impact of Different Factors on Lead(II) Removal by N. pubescens Stem
(a) Impact of pH, (b) Impact of Contact Time, (c) Impact of Biosorbent Dose, (d) Impact of Temperature, (e) Impact

of Initial Metal Ion Concentration

Figure-5b displays that the removal capacity increases with increasing time. At 120 minutes, adsorption
achieved equilibrium, after which the percentage of Lead(II)ions removed from the solution remains
unchanged. This has been ascribed to the surface pores of the biosorbent, which may be clogged by lead
ions, and it was challenging for further penetration inside the pores.24 Hence, the most optimal contact
time for every experiment was determined to be 120 minutes.27

Impact of the Adsorbent Loading
Biosorbent performs a vital function in the elimination of metal ions from aqueous solutions. It has been
shown in Fig.-5c that with increasing the amount of biomass, the efficacy of % removal increases, but
after attaining the saturation point, the % removal capacity decreases due to the assemblage of active
areas on the biosorbent’s surface.

Impact of the Temperature
In metal adsorption, temperature is the most significant parameter for energy-dependent mechanisms. As
exhibited in Fig.-5d, lead ion adsorption utilizing N. pubescens stem is most appreciative at higher
temperatures. As the temperature increases from 30℃ to 50℃, the adsorption of lead ions on N.
pubescens stems increases, which denotes that adsorption is endothermic. At elevated temperatures, there
are more binding sites of the adsorbent, which could be ascribed to the expansion of the pore diameter on
the adsorbent’s surface at higher temperatures.27 Hence, the optimum temperature for further batch
experiments was considered to be 323 K for all the concentrations.

Impact of the Initial Metal Ion Concentration
The impact of metal ion concentration on the elimination of lead ions was studied at a concentration range
of 25-100 mg/L in a batch experiment. It has been seen from the investigation that with increasing initial
concentration of Pb (II) from 25 to 100 mg/L, the % removal of Lead(II)ions decreases (Fig.-5e).24 This
seems to be due to the limited number of active locations on the biosorbent's surface after reaching the
saturation state. When metal ion concentration increases, the surface area of the biosorbent becomes less
able to hold the excess metal ions from the solution.4

Study of the Kinetics of Adsorption
The adsorption kinetics of Lead(II)on the stem of N. pubescens were studied under previously optimized
conditions. The rate of the biosorption process was inspected comprehensively by employing different
kinetic models to determine the rate-controlling step and the mechanism involved in the adsorption of
Lead(II)ions.28 Kinetic models, such as Pseudo-first-order, Pseudo-second-order, and Elovich models, are
used to understand the mechanism of the adsorption process.29 The equations of these non-linear kinetic
models are displayed in Table-2. The kinetics of adsorption was investigated at the contact time ranging
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from 20 to 120 minutes for a Pb (II) solution of 25 mg/L.12 The adsorption kinetics have been predicted
using pseudo-first-order, pseudo-second-order, and Elovich models based on the experimental data, and
the ability of the kinetics for adsorption was interpreted by non-linear plots of �� vs t. The correlation
coefficient, R², and theoretical adsorption capabilities derived from these plots were used to assess the
various kinetic models, and findings are presented in Table-3. The findings demonstrated that the Elovich
model matched the experimental data more accurately than the other models (Fig.-6a,b,c).27,33 Since the
Elovich kinetic model’s correlation coefficient values (0.994-0.995) are greater than the Pseudo first-
order (0.978-0.982) and Pseudo second-order (0.988-0.991) kinetic models, and it has less chi-square
value, χ² (0.092-0.114), than the other two models (Pseudo first-order, χ² = 0.332-0.395, and pseudo-
second-order, χ² = 0.169-0.204), so Elovich kinetic model is a better fit for illustrating the adsorption
kinetics of the biosorbent derived from N. pubescens stem.34 With the rise in the solution temperature
from 30 to 50℃, the adsorption rate constant of the Elovich model increases from 75.94 to 209.46.27.
Through a well-fitted Elovich model, the kinetic data from the experiments focused on how the chemical
interactions among the Lead(II)ions and the biomaterial's active binding locations control the adsorption
rate. This highlights the importance of kinetics in governing the entire adsorption efficacy of N.
pubescens stem.

Table-2: Kinetic Equations of Various Models (non-linear)

Fig.-6: Study of Kinetics Models (Pseudo first-order, Pseudo second-order, and Elovich) for the Adsorption of
Lead(II) on N. pubescens Stem at Temperatures (a) 30℃, (b) 40℃, and (c) 50℃

Table-3: Kinetic Parameters Values for Lead(II) Ions Adsorption on N. pubescens Stem (25 mg/L Concentration,
and pH 7) at Temperatures of (a) 30℃, (b) 40℃, and (c) 50℃

Kinetic models Kinetic parameters 30℃ 40℃ 50℃
Pseudo first-order qe (mg/g) 10.63 10.69 10.73

K1(min-1) 0.947 0.104 0.103
R2 0.978 0.979 0.982
χ2 0.395 0.373 0.332

Pseudo second-order qe (mg/g) 11.57 11.48 11.52
K1(min-1) 0.0153 0.0180 0.0181

Kinetic models Kinetic Equation Different parameters Reference
Pseudo-first-order �� = �� 1− �−�1� k1- Pseudo-first-order rate constant(min-

1)
[21]

Pseudo-second-order
�� =

��
2
�2 �

1 + ���2�

k2 - Pseudo-second-order rate constant
(g/mg/min)

[12]

Elovich �� =
1
�
ln 1 +훼�� α - Initial rate of adsorption (mg/min)

ꞵ - Desorption constant(g/mg)
[31]

�e (mg/g)- Adsorption capability at equilibrium, �t (mg/g) - Adsorption capability at time t, t- time
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R2 0.988 0.989 0.991
χ2 0.204 0.200 0.169

Elovich α (mg/g/min) 75.94 187.35 209.46
ꞵ (g/mg) 0.780 0.872 0.879

R2 0.994 0.994 0.995
χ2 0.113 0.114 0.092

Study of the Isotherm of Adsorption
To know the interrelationship between the adsorbate and adsorbent at equilibrium, different non-linear
isotherm models having two parameters, like the Langmuir, Freundlich, Temkin, and Toth isotherm
models, have been employed at temperatures of 30℃, 40℃, and 50℃, as depicted in Fig.-7(a,b,c),
respectively.13

Table-4: Isotherm Equations of Various Models (non-linear)

The equations of these non-linear isotherms are exhibited in Table-4. Isotherm studies had been done with
initial lead ion concentrations ranging from 25 to 100 mg/L with a biosorbent dose of 2.2 g/L at pH 7.
The equations of these non-linear isotherm models are exhibited in Table-4. Various isotherm parameters
of the adsorption of lead on N. pubescens stem are shown in Table-5. Based on the correlation coefficient
(R²), the adsorption capacity of these four isotherm models was evaluated. From Table-5, it has been
shown.

Table-5: Isotherm Parameters Values for lead(II) Ions Adsorption on N. pubescens Stem (25 mg/L
Concentration, and pH 7) at Temperatures of (a) 30℃, (b) 40℃, and (c) 50℃

Isotherm models Isotherm parameters 30℃ 40℃ 50℃
Langmuir qm (mg/g) 42.55 42.94 50.51

KL(L/mg) 3.79 4.04 3.66
RL 0.0104 0.0098 0.0108
R2 0.9877 0.9864 0.9900
χ2 3.42 3.87 3.09

Freundlich KF (L/mg) 27.58 28.34 35.97
n 0.2143 0.2273 0.3345
R2 0.7855 0.8258 0.8641
χ2 37.29 31.40 27.78

Temkin A (L/mg) 79.40 75.046 36.72
b 6.726 7.037 10.582
R2 0.9549 0.9668 0.9810
χ2 12.60 9.47 5.89

Toth qm(mg/g) 40.91 37.39 61.01
K 4.030 4.921 2.89

Isotherm models Isotherm Equation Different parameters Reference
Langmuir

�� =
������
1 +����

qm - Monolayer adsorption
capacity, KL- Langmuir constant

[32]

Freundlich
�� =����

1
� KF - Freundlich constant, n-

Heterogeneity factor
[31]

Temkin
�� =

푅�
�

푙����
A & b - Temkin constant, R -Gas
constant, T-Temperature(K)

[12]

Toth ��

=
�����

[1 + (���)
�
]
1
�

qm – Toth maximum adsorption
capacity, K-Toth isotherm
constant(mg/g), n-Surface

heterogeneity parameter(mg/g)

[33]

Qe - Metal ion concentration on the surface of the adsorbent (mol/g), Ce - Metal ion concentration in the
solution (mol/dm3) at equilibrium.
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t 0.9906 0.9674 1.069
R2 0.9818 0.9818 0.9867
χ2 5.07 5.19 4.12

The value of R² (0.7855-0.8641) in the Freundlich model is comparatively lower than the R² value of the
other three models (Langmuir, R² = 0.9864-0.9900; Temkin, R² = 0.9549-0.9810; and Toth, R² = 0.9818-
0.9867). Among these models, the experimental values of Langmuir fitted perfectly to the calculated
value, and its R² value was close to unity, and it has less chi-square value, χ² (3.09-3.87), than the other
three models (Freundlich, χ² = 27.78-37.29; Temkin, χ² = 5.89-12.60; and Toth, χ² = 4.12-5.19).

Fig.-7: Study of Isotherm Models (Langmuir, Freundlich, Temkin, and Toth) for the Adsorption of Lead(II) on N.
pubescens stem at Temperatures (a) 30℃, (b) 40℃, and (c) 50℃

The dimensionless separation factor (RL), which is an additional parameter in the Langmuir isotherm,
might be summed up as follows:

푅� =
1

1+��×�0
(3)

Here, the initially measured concentration of metal is denoted by C₀ (mg/g), and the Langmuir constant
is represented by KL. The isotherm could become unsuitable for RL > 1, linear for RL = 1, suitable for 0 <
RL < 1, and irreversible for RL = 0. To accomplish desirable biosorption, RL must be somewhere in the
range of 0 to 1. In the present study, the RL values (0.0098-0.0108) ranged from 0 to 1, reflecting a
favourable relationship between adsorbents and lead (II) in water-based solution. This points out that the
adsorption of Lead(II)onto N. pubescens stem is encouraging.28 The Kf values of N. pubescens’s stem for
Lead(II)ions in the Freundlich isotherm ranged from 27.58 to 35.97 in the experiment that was
accomplished at various temperatures (30℃, 40℃, and 50℃). The n values for Lead(II)ions (Table-5) are
worth noting since they are exceeded by 1, revealing that the adsorbate and adsorbent interacted
efficiently.39 In Temkin relation, the value of b, which denotes the heat of adsorption, increases with
increasing temperature from 30℃ to 50℃, recommending that Lead(II)adsorption over the surface of the
adsorbent is endothermic, and it has also been confirmed by the thermodynamic results( Table-7). Apart
from that, b values at temperatures 30-50℃ are less than 80 J/mol, indicating physical adsorption at the
studied temperatures.40 Compared to the other two models, the R2 values in the Toth isotherm are closer
to the Langmuir isotherm, and for Lead(II)adsorption, the ranking of the best-fitted isotherm models is as
follows:

Langmuir > Toth > Temkin > Freundlich
The better fit of Langmuir isotherm model reflects that biosorbent and Lead(II)ions in an aqueous
solution are interacting favourably, and the adsorption of Lead(II)ions on the surface of the adsorbent
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predominantly takes place within a monolayer along with adsorbed molecules that occupy specific
positions on the surface of the adsorbent, strengthening N. pubescens’s stem propensity to eliminate
heavy metals steadily and adequately. Furthermore, Table-6 compares the potential for adsorption of the
investigated adsorbent with that of various adsorbents. Based on this comparison, it can be concluded that
the assessed adsorbent in the present investigation had a proficient adsorption capacity.

Table-6: Maximum Capacity of Adsorption (mg/g) for Pb(II) by different Biosorbents Found in the Literature
Adsorbent Contact

time((min)
pH Adsorbent

dose(g/L)
Concentration

(mg/L)
Adsorption

Capacity(mg/g)
Reference

Pistachio wood
activated carbon

- 6 0.05-0.25 5.5-25 190.2 [1]

Apricot stone
activated carbon

2-180 6 0.2-2 10-100 21.38 [4]

Sargassum
filipendula

- 5 - 150-300 285.65 [7]

E. ferox seed coat 180 7 2 100 245.61 [10]
E. Ferox seed
coat activated

carbon

120 7 1.5 100 298.61 [10]

Lipia Alba 120 6 2 100 67.06 [12]
E.Rigidia

activated carbon
10-90 5 0.8 50-200 279.61 [25]

Solanum
melongena leaf
powder (SMLP)

105 5 0.4 30-90 71.42 [26]

Moringa Olifera
leaves

15-180 6 7 5-160 45.83 [30]

Oryza Sativa
L.husk

- 5 0.2 50 8.6 [35]

N. pubescens
stem

120 7 2.2 25-100 50.51 This study

Thermodynamic Studies on Adsorption
The study of adsorption thermodynamics was conducted using three different temperatures: 30℃, 40℃,
and 50℃. Multiple variables, such as Gibbs’ free energy (ΔGᵒ), enthalpy (ΔHᵒ), and entropy (ΔSᵒ), are
employed to determine the viability of the adsorption of lead ions by the N. pubescens stem. The
following equations are used to find out the value of Gibbs’ free energy for different temperatures.

훥�ᵒ = −푅�푙��� (4)

Table-7: Values of Different Thermodynamic Parameters for the Adsorption of Lead(II) Ions by N. pubescens Stem

The Van’t Hoff equation was used to calculate the thermodynamic variables.

푙��� =− 훥�ᵒ
푅�

+ 훥�ᵒ
푅

(5)

Where �� Is the equilibrium constant, 훥�ᵒ Is the standard enthalpy change, 훥�ᵒ Is the standard
entropy change, 훥�ᵒ Is the standard Gibbs free energy change, 푅 It is the universal gas constant, and T
is temperature (Kelvin). The plot 푙��� vs. T (Fig.-8) gives slope and intercept, which were used to
calculate the value of 훥�ᵒ and 훥�ᵒ.42,43 Table-7 exposes negative values of 훥�ᵒ, which indicates the
adsorption process is spontaneous at all three temperatures. Besides this, the positive value of 훥�ᵒ

Temperature (K) ΔGᵒ (KJ mol-1) ΔHᵒ (KJmol-1) ΔSᵒ (KJ K-1 mol-1)
303 -11.4559 6.9084 0.06066
313 -12.1147
323 -12.6669
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depicts the endothermic adsorption process, and the value of 훥�ᵒ, which is also positive, suggests that
entropy increased in the adsorption process.44,45

Fig.-8: Thermodynamic Study of Adsorption of Lead(II) Ions on N. pubescens Stem (Van’t Hoff plot)

Desorption Analysis for the Reuse of the Adsorbent
Adsorbent reusability is critically important for commercial purposes and should be prioritized. This
study explored the potential benefits of renewing the adsorbent material. As the number of cycles
increased, the adsorbent's adsorption efficiency diminished substantially. The desorption capacity was
estimated by implementing the following equation:

Desorption capacity (%) = The total amount of metal ions desorbed
The total amount of metal ions adsorbed

× 100 (6)

The recovery of Lead(II)from the adsorbent was 84.0, 93.5, 95.2, and 98.8% at 0.1, 0.5, 0.75, and 1 M
HCl, respectively. The study found that raising the concentration of the HCl solution resulted in higher
recovery percentages. Regeneration significantly impacts adsorption efficiency, with a reduction observed
after the first three cycles. In acidic surroundings, H⁺ ions substitute cationic contaminants on adsorbent
surfaces. The H⁺ attack combination in HCl solution causes displacement and the transformation of Pb (II)
ions to chlorocompounds, making it efficacious. Due to its inexpensiveness and reusable qualities, N.
pubescens’s stem is a suitable option for the removal of Lead(II)ions from aqueous solutions.
Utilizing adsorbent made from N. pubescens’s stem, the lead levels in aquatic solutions are considerably
lowered, assisting to meet SDG-6 (Clean Water and Sanitation), particularly targets 6.3.46. Being an
affordable and ecologically sound adsorbent, its goal is to boost the quality of the water by minimizing
emissions of hazardous chemicals, limiting pollution, and eradicating waste. The concept proposes a
green strategy to deal with waste by cleansing wastewater and encouraging local communities to meet
global hygienic water requirements.

CONCLUSION
The Current research is concentrating on the prospect of N. pubescens’s stem for the elimination of
Lead(II)ions from sewage at a reasonable cost. The adsorption of lead ions by the stem of N. pubescens
achieved equilibrium at 120 minutes at pH 7 and an adsorbent dosage of 2.2 g/L. N. pubescens’s stem
removes Pb (II) ions with a success rate of 99.8%. The porous structure of the adsorbent with functional
groups and a stable charged surface is demonstrated by SEM, FTIR, and zeta potential analysis. This
property aids in the binding of cationic contaminants onto the surface of N. pubescens’s stem. Additional
analysis of the equilibrium data using kinetic and isotherm models revealed details about the fundamental
mechanics of the process of adsorption. The results indicated that the best match to experimental data was
found using the Elovich kinetic model and the Langmuir isotherm. The Langmuir isotherm model, which
has a lower chi-square and a higher R², provides a good explanation for the equilibrium data. The Elovich
kinetic model offers a more comprehensive explanation of the kinetics used that govern the adsorption of
lead ions by N. pubescens’s stem. Adsorption is feasible, spontaneous, and endothermic, according to
thermodynamic analysis. Based upon the results of the current investigations, N. pubescens’s stem
provides an economically viable substitute biosorbent for the biosorption of lead ions from effluent.
Future studies might concentrate on chemical treatment of N. pubescens’s stem to enhance its
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effectiveness in adsorption and regeneration, and column adsorption will be carried out after optimizing
the general behavior of the biosorbents to strengthen their performance. The current approach relies on
economically viable, inexpensive tools to enhance the integrity of water that significantly supports SDG-6.
In areas with limited resources, it offers an adaptable, ecologically conscious alternative for potable water
and emphasizes the reutilization of locally available renewable plants.
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