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Abstract
The present study reports the synthesis of ZnS
nanoparticles via green synthesis route and
loading them onto the jamun seeds biochar to
prepare a nanocomposite. The synthesized
nanocomposite were characterized with FTIR,
XRD and SEM. The synthesized ZnS nanoparticles
were found to be spherical in shape with size less
than 5 nm. SEM images confirmed the loading of
ZnS nanoparticles onto the biochar. The
nanocomposite was employed in the removal of
Pb2+ ions using a developed CCD by RSM. The
significance of the model was supported by the p-
value being less than 0.0001 and higher F-value.
The loading capacity of the ZnS loaded biochar is
calculated to be 211.0 mg g-1. The isotherm and
kinetic investigations suggest the applicability of
Langmuir and Pseudo second order models to the
equilibrium data. The spontaneity of the process is
well supported by the thermodynamic values. 0.1
M HCl exhibited highest desorption ability
compared to other desorbing agents and
successfully regenerated the nanocomposite. The
ability of the ZnS loaded biochar nanocomposite
to successfully eliminate the Pb2+ ions was
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demonstrated and unveils the real time
applications in waste water treatments.
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1 Introduction

Heavy metal ions are proven to be serious
environmental contaminants and presence of heavy
metal ions in aqueous streams has significant impact
on aquatic life [1]. Increasing population and
demand for finished products has resulted in release
of heavy metal ions in aqueous streams. Due to
versatile applications, Lead is used in several
industries such as battery, paint, chemical,
automotive and construction etc., and are easily
released into water streams [2]. Presence of lead ions
(Pb2+) in aqueous streams effects aquatic life and
human health due to their carcinogenicity [3]. Hence
it is essential to eliminate Pb2+ ions from effluents
before they are released into the water streams.
Various treatment techniques are in practice for the
removal of Pb2+ ions from aqueous solutions
however, adsorption is considered to be unique and
most beneficial technique due to ease of process and
economic feasibility [4].
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Materials starting from activated carbon to
agriculture waste are explored as adsorbents for
removing Pb2+ ions [5]. Agriculture wastes and by-
products are explored as potential adsorbents due to
their abundance and low cost. Agrowastes such as
banana peels, orange peels [6], watermelon rinds
and custard apple shells [7] were potentially
explored as adsorbents. Surface modification of the
agrowastes has enhanced their efficiency towards
Pb2+ ions removal from aqueous solutions. A surface
modification with acids and bases and conversions
into biochars has increased the removal efficiency.
Further additions of nanomaterials onto the biochars
amplify the removal process with multifold increase
in the loading capacities. In a study by Iqbal et al [8],
hematite-loaded Saccharum munja biochar was
evaluated to remove Cd2+ ions from aqueous
solution. The results showed 20 % increase in
loading capacity compared to biochar without
nanomaterial loading. In another study, ZnO
nanomaterials were loaded onto rice husk biochar
and evaluated for the removal efficiency towards
reactive red 24 from aqueous solution [9]. Removal
of Pb2+ ions was explored using Meghemite
functionalized with EDTA loaded biochar from
aqueous solution [10]. The results revealed higher
adsorption capacity compared to various adsorbents.
A useful review on the nanomaterials loaded
biochar was reported which provides deeper
insights into the nano-biochar composites [11].

Considering the potential advantages of the
nanomaterial loaded biochars, this study aims at the
preparation of jamun seeds based biochar and
jamun seed extract based synthesis of ZnS
nanoparticles and further preparation of ZnS
nanoparticles loaded biochar. The prepared
nanocomposite will be explored for the removal of
Pb2+ ions from aqueous solutions in batch process.

2 Materials and methods

2.1 Preparation of extract

The jamun seeds were powdered using a
conventional mixture and the mixture was sieved
using a mesh to obtain a uniform particle size. To
100 ml of distilled water, 0.10 g of seed powder was
mixed and heated on magnetic stirrer with constant
stirring for 60 min. Later the mixture was filtered to
obtain the seed extract and the extract was used for
the synthesis of ZnS nanoparticles. The solid

material obtained after biomolecule extract was
dried in oven for further use.

2.2 Preparation of biochar

The oven dried jamun seeds after extraction was
mixed with NaOH in 1:1 ratio and placed in an oven
at 90 °C for 120 min. After heating for fixed time, the
jamun seeds were converted to biochar and the
biochar was washed repeatedly in order to remove
the excess NaOH and neutralize the pH of the
biochar. After wash, the biochar was dried in an
oven and stored in air tight containers for further
use.

2.3 Synthesis of ZnS nanoparticles

Preparation of ZnS nanoparticles were performed as
reported in literature [12]. 0.1M Zinc acetate solution
was prepared freshly and to 50 ml of 0.1M Zinc
solution, 20 ml of freshly prepared jamun seeds
extract was added with constant stirring. To the
mixture, 0.1 M Na2S solution of 50 ml was added
drop by drop with constant stirring and formation
of white precipitate was observed on addition of the
sulphide source. The mixture was stirred further for
60 mins in order to make sure all the Zn ions react
with S2- ions to form ZnS nanoparticles. The
suspension was centrifuged and the pellet was dried
in oven to obtain the ZnS nanopowder.

2.4 Preparation of ZnS nanoparticles loaded
biochar

Firstly, 0.5 g of ZnS nanoparticles were added to
distilled water with constant stirring to obtain nano
suspension. Then the dried biochar 0.5 g was added
to 50 ml of distilled water to prepare a suspension.
To the biochar suspension, freshly prepared nano
suspension was added drop by drop with constant
stirring and after addition of all nano suspension the
stirring was continued further for 60 min. the
stirring helped in addition of the ZnS nanoparticles
on the surface of the biochar. After stirring the
mixture was filtered and the solid product was
dried in oven and used for further characterization.

2.5 Batch adsorption experiments

The adsorption of Pb²⁺ ions onto ZnS-loaded
biochar was studied through batch adsorption
experiments, where key independent variables were
systematically varied. The optimization of these
variables was conducted using the Central
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Composite Design (CCD) approach within Response
Surface Methodology (RSM). Each experiment
utilized 50 mL of test solution and was carried out
in an orbital shaker set to 100 rpm. A full factorial
design comprising 20 experiments was implemented
to efficiently fit data and develop predictive models.
The critical factors and their corresponding details
are summarized in Table 1. The CCD setup and
model construction were performed using Design
Expert 13 software. The residual concentration and
removal percentage were calculated using the
following equations

% ��2+ ��� ���������� = �0−�1
�0

�100 (1)

���������� �������� = �0−�1
�

�� (2)

3 Results and discussion

3.1 Characterization of ZnS loaded jamun seed
biochar

Identification of functional groups on the surface of
the ZnS loaded biochar was performed using FTIR
analysis and the spectra is represented in Fig. 1. The
spectra displayed a number of peaks indicating the
presence of variety of functional groups. A broad
peak at 3479 cm-1 confirms the presence of –OH
group and it asymmetrical peak is observed at 1629
cm-1. Peaks at 1402, 1192 and 1111 cm-1 corresponds
to C-O symmetric stretching of carbooxylates and
ethers [13]. A weak peak at 445 cm-1 is due to Zn-S
bond vibrations confirming the presence of ZnS
nanoparticles on the surface on the biochar [12].

Figure 1. FTIR of ZnS loaded jamun seed biochar
nanocomposite

X-ray diffraction (XRD) analysis was conducted to
determine the crystalline structure of ZnS
nanoparticles synthesized using Jamun seed extract

loaded biomass (Fig.2). Diffraction peaks observed
at 28.65°, 47.56°, 56.44°, were indexed to the (111),
(220) and (311) planes of cubic ZnS, respectively [14].
The diffraction peaks exhibited noticeable
broadening, indicating the nanoparticles' small size.
This broadening is characteristic of the size effect
associated with nanoscale particles. The calculated
lattice parameters align well with the standard
values provided in JCPDS No: 03-065-0309, and no
impurity-related peaks were detected. A broad peak
around 21.37° indexed to (002) plane confirms the
presence of disordered aromatic structures of
biochar. These evidences confirm the successful
integration of ZnS nanoparticles onto the jamun
seeds biochar.

Figure 2.XRD pattern of ZnS-loaded biomass

Transmission Electron Microscope analysis was
performed to understand and confirm the formation
of ZnS nanoparticles (Fig. 3). The sizes of ZnS
nanoparticles were found to be spherical in shape
with size less than 5 nm. The small sizes observed in
the images are well supported by the XRD peak
broadening observed earlier.

Figure 3.TEM image of ZnS nanoparticles synthesised
using jamun seed extract

Scanning electron microscopy analysis was
performed for the ZnS nanoparticles loaded biochar
(Fig.4). The surface of the biochar are not regular
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and appears to be porous and interestingly ZnS
nanoparticles loaded on the surface are spotted as
clusters as shown with the arrow marks in Fig. 4. It
is also noticed the presence of some sharp needle
like structure of the biochars and this might be the
fibres of the seeds.

Figure 4. SEM image of ZnS nanoparticle loaded jamun
seeds biochar

3.2 RSM investigations

A central composite design (CCD) was employed to
optimize Pb²⁺ ion adsorption using ZnS-loaded
biochar, focusing on three variables: pH, contact
time, and initial Pb²⁺ concentration. The CCD
comprised 20 runs, including 6 axial points, 6 central
points, and 8 cubic points. Tables 1 and 2 summarize
the experimental and predicted design matrices and
ANOVA results for Pb²⁺ removal. A quadratic
model, developed using Design Expert 13, produced
a second-order polynomial equation (Equation 3) to
describe the relationship between the variables and
Pb²⁺ removal efficiency.

2 2 2

%Removal 91.58 2.06 8.40 7.88

–24.33 12.83 3.76
–1.79 12.83 6.11

A B C

A B C
AB AC BC

   

 
 

(3)

The quadratic equation (Equation 3) highlights the
influence of pH, contact time, and initial Pb²⁺
concentration on the adsorption efficiency of ZnS-
loaded biochar. Positive coefficients suggest that
higher levels of a factor enhance adsorption, while
negative coefficients indicate reduced efficiency. The
equation also incorporates two-factor interaction
and curvature terms, reflecting the combined and
nonlinear effects on adsorption. A strong correlation
between predicted and experimental results (Table 1)
validates the model, confirming its reliability and

the enhanced adsorption observed in the
experiments.

Table 1.Runs of CCD with comparison of experimental
and theoretical % removal for the removal of Pb2+ ions by

ZnS loaded biochar

Factor
1 Factor 2 Factor 3 Removal %

Std Run A:pH
B:Contact

time
(min)

C:Initial
concentration

(mg/L)
Experimental Predicted

19 1 6 75 100 90.5 91.58
2 2 8 30 50 60.2 61.47
3 3 4 120 50 56.4 59.20
15 4 6 75 100 90.6 91.58
1 5 4 30 50 47.6 51.04
17 6 6 75 100 90.7 91.58
13 7 6 75 15 98.4 94.12
6 8 8 30 150 27.3 30.76
11 9 6 10 100 56.2 52.68
9 10 3 75 100 39.5 33.74
7 11 4 120 150 53.4 58.38
8 12 8 120 150 53.4 56.21
10 13 9 75 100 45.3 39.94
16 14 6 75 100 90.7 91.58
12 15 6 150 100 76.3 69.94
14 16 6 75 180 74.3 69.35
20 17 6 75 100 91 91.58
18 18 6 75 100 90.8 91.58
5 19 4 30 150 24.2 25.78
4 20 8 120 50 57.8 62.47

Table 2. ANOVA for the removal of Pb2+ ions by ZnS
loaded biochar

Source Sum of
Squares df Mean Square F-

value p-value

Model 9957.30 9 1106.37 143.83 < 0.0001
A-pH 53.25 1 53.25 2.11 0.1770

B-Contact
time 894.61 1 894.61 35.44 0.0001

C-Initial
concentration 833.00 1 833.00 33.00 0.0002

AB 25.56 1 25.56 1.01 0.3380
AC 14.85 1 14.85 0.5883 0.4608
BC 298.90 1 298.90 11.84 0.0063
A² 6096.49 1 6096.49 241.50 < 0.0001
B² 1909.59 1 1909.59 75.64 < 0.0001
C² 194.35 1 194.35 7.70 0.0196

Residual 252.45 10 25.24
Lack of Fit 252.30 5 50.46 17.88 < 0.1029
Pure Error 0.1483 5 0.0297
Cor Total 10209.74 19

R² 0.9753 Predicted R² 0.8123

Adjusted R² 0.9530 Adeq
Precision 19.2369

The ANOVA results presented in Table 2 validate
the effectiveness of the model in predicting Pb²⁺
removal using ZnS-loaded biochar. The extremely
low p-value (<0.0001) indicates the model's
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statistical significance, showing that the findings are
highly unlikely to result from random variation. A
high F-value of 43.83 further supports the model’s
reliability, reflecting a very low probability (0.01%)
of the results occurring by chance. Additionally, a
lack of fit F-value greater than 0.1 suggests that the
unexplained variation within the model is minimal.
Figure 5d demonstrates the alignment between
predicted and actual values, with data points evenly
distributed along a straight line, confirming normal
data distribution without significant anomalies, thus
removing the need for data transformation. The
model’s accuracy is further evidenced by a
correlation coefficient of 0.975, along with high
adjusted and predicted R-squared values of 0.953
and 0.953, respectively. An adequate precision value
of 19.23 further highlights the model's strong
predictive performance.

3D surface plots (Figure 5) illustrate the interactions
between variables affecting Pb²⁺ adsorption by
ZnS-loaded biochar. Figure 5a shows that
adsorption efficiency increases with pH and contact
time, peaking at pH 6, but declines beyond this
point due to reduced competition from hydronium
ions at higher pH levels. Longer contact times
enhance efficiency by allowing more ion-surface
interactions. Figure 5b reveals that while pH 6 is
optimal, efficiency decreases as initial Pb²⁺
concentration rises, due to saturation of active sites
on the biochar. Figure 5c highlights that prolonged
contact time improves adsorption, but higher initial
concentrations reduce efficiency, again due to
limited active site availability. These plots
demonstrate how pH, contact time, and
concentration influence adsorption efficiency.

Figure 5. 3D surface plots of Pb2+ ions removal by ZnS loaded biochar a) pH vs Contact time
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3.3 Adsorption isotherm

Mathematical models play a critical role in
adsorption studies by providing insights into the
adsorption process [15]. Isotherms, in particular,
offer specific information about the binding
interactions between the adsorbate and the
adsorbent. For this study, three predominant
isotherm models were applied to evaluate the
equilibrium data for the adsorption of Pb²⁺ ions
using metal nanoparticles. Table 3 summarizes the
constants and correlation coefficients. The
Freundlich isotherm yielded a moderate correlation
coefficient (0.936), indicating a limited
representation of the adsorption process. The
Freundlich constant Kf value of 2.37 indicates a
significant adsorption capacity, and the high
adsorption intensity (n) value of 212.0 surpasses the
model’s interpretive range. Conversely, the
Langmuir isotherm model exhibited a correlation
coefficient of 0.999, signifying an excellent fit to the
experimental data. The superior performance of the
Langmuir model is further corroborated by the close
alignment of its loading capacity values with both
experimental and theoretical results [16]. These
findings imply that the adsorption of Pb²⁺ ions
onto ZnS-loaded biochar occurs as a uniform
monolayer on the nanocomposite surface. To delve
deeper into the adsorption mechanism, the
Dubinin–Radushkevich (D-R) isotherm was also
applied to the equilibrium data. The calculated
mean potential energy (Es) was 10.22 kJ/mol,
suggesting that the Pb²⁺ ion adsorption by ZnS-
loaded biochar proceeds primarily through ion
exchange.

Table 3. Isotherm constants and correlation coefficients

Model equation Parameters Values

Freundlich �����=����� +
1
�

�����

Kf 2.37
1/n 0.028
R2 0.936

Langmuir
��

��
=

1
���

+
��

��

b 0.041
Vm 212.0
R2 0.999

D-R

���� = ���� − ��2

� = ����(1 +
1
��

)

�� =
1

√2��

KD 7 x 10-9

Es 10.22

R2 0.892

3.4 Kinetic investigations

The reaction rate sheds light on the adsorption
process of metal ions onto the adsorbent, and kinetic
data obtained by varying time can be analyzed
using models such as the Pseudo-First Order (PFO),
Pseudo-Second Order (PSO), and intraparticle
diffusion models [17]. The corresponding correlation
coefficients are summarized in Table 4. The higher
k1 values indicate that ZnS-loaded biochar exhibits a
rapid adsorption capacity for Pb²⁺ ions from
aqueous solutions. The correlation coefficients for
both PFO and PSO models were nearly equal to one,
highlighting their strong ability to describe the
adsorption process. However, when comparing
theoretical and experimental loading capacities, PSO
values showed better agreement. This suggests that
the adsorption process is predominantly governed
by electron transfer and chemisorption as the rate-
limiting step [18]. Nevertheless, for chemisorption to
be conclusively identified as the rate-limiting step,
specific conditions outlined in existing studies must
be met. A more detailed investigation is necessary to
validate these conditions and confirm the
adsorption mechanism.

Table 4. Kinetics constants of the ZnS loaded biochar for
the removal of Pb2+ ions

Model equation Parameters values

Pseudo first
order

ln (�� − ��)
= ln �� − �1�

k1 0.149
qe 39.2
R2 0.973

Pseudo second
order

�
��

=
1

�2��
2 +

�
��

k2 0.024
qe 107.2
R2 0.999

3.5 Thermodynamics of adsorption

To investigate the factors for the removal of Pb2+

ions by ZnS loaded biochar, the change in free
energy (∆G⁰), enthalpy (∆H⁰), and entropy (∆S⁰) of
the system were calculated using the following
equations

∆�˚ = − �� ���� (4)

∆�˚ = ∆�˚ − �∆�˚ (5)

���� = ∆S˚
�

− ∆H˚
��

(6)
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3.6 Where R is gas constant and T is temperature

The study uncovered intriguing insights into the
change in free energy (ΔG°) during the adsorption
process, as summarized in Table 5. Across all tested
temperatures, ΔG° remained negative, indicating
that the adsorption process was spontaneous.
However, the magnitude of the negative values
decreased with rising temperature, suggesting a
reduction in spontaneity. This trend may be
attributed to two factors: a weakening of the
adsorption sites on the ZnS loaded biochar surface
and an increase in the kinetic energy of Pb²⁺ ions in
the solution. The negative enthalpy (ΔH°) confirmed
the exothermic nature of the process, signifying that
heat is released during adsorption. Additionally, the
positive entropy (ΔS°) values suggest an increase in
randomness, likely associated with the heat released
during the adsorption process [19].

Table 5. Thermodynamic constants for the removal of Pb2+

ions by ZnS loaded biochar

Temperature
(K)

Free energy
(∆G⁰)

Enthalpy
(∆H⁰)

Entropy
(∆S⁰)

303 -4304.9 -1392.1 589.9
313 -3971.2
323 -3637.8

3.7 Desorption and regeneration

Regenerating and reusing adsorbents is crucial for
assessing their practical applicability in real-world
scenarios. In this study, efforts were made to
regenerate and reuse ZnS loaded biochar for the
adsorption of Pb²⁺ ions from aqueous solutions.
The results of these investigations are presented in
Fig. 6a. Four desorbing agents HCl, CH₃COOH,
NaOH, and Na₂CO₃ were evaluated for their
effectiveness in regenerating ZnS loaded biochar.
Among these, HCl demonstrated the highest
efficiency due to its strong acid properties, which
generate more hydronium ions compared to the
organic acid and bases. Consequently, HCl was
selected for further regeneration studies. The
regenerated ZnS loaded biochar was reused over
five cycles, with the removal efficiencies for each
cycle illustrated in Fig. 6b. The removal efficiencies
remained consistent during the first two cycles but
declined in subsequent cycles. This decline is
attributed to the repeated acid treatments, which
weakened the adsorption sites. These findings
indicate that ZnS loaded biochar can be effectively

reused for up to two cycles without compromising
its maximum removal efficiency.

Figure 6.Desorption and regeneration plots for the
removal of Pb2+ ions by ZnS loaded biochar

4 Mechanism of adsorption
Understanding the mechanism of adsorption of Pb2+

ion by ZnS loaded biochar is key to plan for real
time applications. In this study the mechanism was
determined to be ion-exchange based on the D-R
isotherm, pH and regeneration investigations. The
mean potential energy value (Es) was found to be
10.22 which fall in the range of ion-exchange value
and in addition to this at low pH the adsorption is
found to be less due to competitive adsorption onto
the surface by H+ ions competing with Pb2+ ion.
With increase in pH, the concentration of H+ ions
comes down and the rate of adsorption of Pb2+ ions
increases suggesting the electrostatic attraction and
ion exchange process. Further, the successful
regeneration of the ZnS loaded biochar with HCl
supports the ion-exchange mechanism involvement
in the process.

5 Conclusion

This study synthesised the ZnS nanoparticles via
green synthesis and the synthesis nanoparticles
were loaded onto the biochar of jamun seeds. The
prepared nanocomposite characterization revealed
the successful loading of ZnS nanoparticles onto the
biochar. The nanocomposite was applied in
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adsorption of Pb2+ ions and the independent
variables were optimised using CCD. The p-value
and F-value highlighted the applicability of the
model being significant. The adsorption capacity
was calculated to be 212.0 mg g-1 which was high.
The Langmuir isotherm and kinetic pseudo second
order explained the equilibrium data. The
thermodynamic values highlighted the spontaneity
of the nanocomposite to adsorb Pb2+ ions.
Desorption and regeneration studies suggested the
merits of the nanocomposite in industrial
applications. The mechanism of adsorption was
determined to be ion-exchange for the removal of
Pb2+ ions by ZnS loaded biochar. These results
suggest that the ZnS loaded nanocomposite is a
promising adsorbent for the removal of Pb2+ ions
from aqueous solution.
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