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Abstract  This study evaluates the effectiveness of 
MnFe2O4/g-C3N4 spinel ferrites nanoparticles, syn-
thesized using Chrysopogon zizanioides root pow-
der, in removing Pb (II)  ions  from contaminated 
water through the adsorption process. The nanopar-
ticles were synthesized using the co-precipitation 
method. Firstly, the CZ/MnFe2O4/g-C3N4 nanopar-
ticles (CZMNCN) were characterized using vari-
ous techniques such as Fourier-transform infrared 
spectroscopy (FTIR), field emission scanning elec-
tron microscopy (FE-SEM), energy-dispersive X-ray 
spectroscopy (EDS), Brunauer–Emmett–Teller (BET) 

surface area analysis, dynamic light scattering (DLS), 
zeta potential measurement, Raman spectroscopy 
(RAMAN), and vibrating sample magnetometry 
(VSM). The analyses confirmed the successful syn-
thesis and the magnetic properties of the nanosorb-
ent. The adsorption capacity of the CZ/MnFe2O4/g-
C3N4 nanoparticles was then tested, demonstrating 
a high removal efficiency for Pb (II) from contami-
nated water. The effects of various parameters on the 
adsorption process, including pH, adsorbent dosage, 
contact time, initial Pb (II) concentration, and tem-
perature, were investigated. Kinetic studies revealed 
that the adsorption process followed a pseudo-sec-
ond-order model with a coefficient of determination 
of 97.32%, indicating a strong correlation. Addition-
ally, the Freundlich isotherm model best described 
the adsorption of Pb (II) by the nanoparticles. Ther-
modynamic studies indicated that the adsorption of 
Pb (II) was an endothermic and spontaneous process. 
The study also examined the desorption capabil-
ity and reusability of the nanosorbent over multiple 
cycles, finding that it could be effectively regener-
ated and reused, with a high percentage of recovery 
of adsorbed Pb (II). Additionally, a machine learning 
algorithm, XGBoost tuned with Artificial Rabbits 
Optimization, was developed to predict the adsorp-
tion process, providing a robust tool for future use 
and improving the efficiency of Pb (II) removal.
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1  Introduction

The availability of safe drinking water is a cru-
cial measure of progress in a community, which 
has recently become a serious concern worldwide. 
Population growth and the expansion of anthropo-
genic activities have increased the demand for water 
resources (Bora et  al., 2014). However, the water 
quality is highly threatened due to the discharge of 
contaminants including metal ions, pharmaceuti-
cals, oil spills, and organic dyes (Obiri-Nyarko et al., 
2014). Based on the World Health Organization 
(WHO) reports, more than 40% of the world’s popu-
lation does not have access to safe and clean drink-
ing water (Wang et al., 2020). The existence of heavy 
metals in water originated from industrial activi-
ties can be harmful to a wide range of organisms as 
they can negatively contribute to various diseases 
(Fu et  al., 2014). The deposition of heavy metals 
like mercury, chromium, cadmium, arsenic, nickel, 
cobalt, lead, and copper can pose a serious ecologi-
cal and public threat that requires immediate attention 
and efforts to mitigate their negative impacts. How-
ever, some metals are beneficial for human health in 
small quantities, according to the US Environmental 
Protection Agency (EPA), many of them are toxic 
and threatening, even in small dosages (Maret, 2016). 
Thus, immediate action is necessary to solve the 
global issue of heavy metal pollution and ensure the 
access to clean and safe potable water for all people 
around the world.

Lead is a hazardous heavy metal in aqueous 
media and causes significant water contamination 
challenges. It can accumulate in organisms through 
direct adsorption or entering the food chain and con-
sequently cause harmful effects on the human body 
(Briffa et al., 2020). The maximum permissible lead 
concentration in drinking water is 0.05  mg/L, as 
mentioned by WHO, but even lower levels can hurt 
the internal body systems (World Health Organiza-
tion,  2004, Ekramul  Mahmud et  al.,  2016). Conse-
quently, it is crucial to exclude lead from water to 
protect the environment and public health.

Various methods have been suggested for the 
removal of metals from water and wastewater, includ-
ing chemical precipitation (Peng et al., 2020), mem-
brane filtration (Peng et  al., 2020), electrochemi-
cal techniques (Choumane & Peulon, 2022), ion 
exchange (Goyal et  al., 2021), electrocoagulation 

(Titchou et  al., 2021), reverse osmosis (Pezeshki 
et al., 2023), photocatalytic degradation (Ramalingam 
et  al., 2022), and adsorption (Wang et  al., 2021). 
However, these methods often have weaknesses such 
as high costs, partial removal of the contaminants, 
high energy consumption, and the production of toxic 
waste (Younas et  al., 2021). Among these methods, 
adsorption is the most popular method due to its 
accessibility, sustainability, efficiency, biocompatibil-
ity, cost-effectiveness, easy implementation, and high 
ability to remove organic and inorganic contaminants 
from polluted water in an eco-friendly manner (Olya 
et  al., 2013). The advantages of the adsorption pro-
cess make it a preferred choice for solving the prob-
lem of heavy metal pollution in water resources.

The adsorption process utilizes several types of 
adsorbents, including biological sorbents (Xiang 
et al., 2022), industrial waste (Soliman et al., 2020), 
activated carbon (Mandal et  al., 2021), synthetic 
polymers (Khodakarami et  al., 2021), silica-based 
adsorbents (Taleb et  al., 2024), and natural sorbents 
(Velarde et  al., 2023). However, these adsorbents 
have some limitations such as low adsorption capac-
ity and challenging separation, and their efficiency 
and capacity are influenced by factors like cost, per-
formance, and reusability potential (Asadi et  al., 
2020a, b). Hence, the interest in nanostructured 
adsorbents is growing in order to address these limi-
tations (Sadeghpour et  al., 2023a, b). Nanomaterials 
have become popular as innovative adsorbents for the 
removal of organic and inorganic contaminants from 
water, as they have several distinct properties, such as 
high surface area, and significant adsorption capacity 
that make them effective in water purification appli-
cations (Asadi et al., 2020a, b). Various studies have 
confirmed the high efficiency of the different nano-
materials in the adsorption processes, as shown in 
Table 1.

Ferrite nanoparticles, such as spinel, Garnet, Hexa-
ferrite, and orthoferrite, are remarkable in their crys-
talline structure. Particularly, spinel nanoparticles like 
MnFe2O4, have particularly gained attention for water 
and wastewater treatment. This is mostly because of 
their high surface area, higher adsorption capacity, 
biocompatibility, and significant magnetic character-
istics in comparison to other ferrites (Marcelo et  al., 
2021). The utilization of MnFe2O4 nanoparticles has 
been extensive in the adsorption of pollutants, particu-
larly heavy metals like lead in aqueous environments. 
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Non-toxic and non-metallic g-C3N4 nanosheets also 
have high adsorption capabilities and have been 
widely used for water treatment and heavy metals 
removal from contaminated  water (Mortazavi et  al., 
2020; AbuMousa et  al., 2022; Mulungulungu et  al., 
2021; Shen et  al., 2015). However, there are chal-
lenges with their reusability and separation from the 
treated wastewater. To solve this problem, combining 
g-C3N4 with magnetic materials like MnFe2O4 as the 
magnetic support material can facilitate the separa-
tion by using external magnetic fields. The synergistic 
effects of these innovative nanomaterials make them 
a promising option for sustainable water purification 
processes (Xie et al., 2022; Koizumi et al., 2014).

Spinel ferrite nanoparticles can be synthesized 
using different methods, such as ultrasonication 
(Amulya et al., 2021), solvothermal (Li et al., 2015), 
hydrothermal (Zhang et al., 2019a, b), microemulsion 
(Baig et  al., 2019), thermal decomposition (Singh 
& Chandra, 2018), co-precipitation (Eyvazi et  al., 
2020a, b), template-synthesis (Kogularasu et  al., 
2018), sol–gel (Wang et  al., 2018), microwave-
induced combustion (Sezgin et  al., 2015), and other 
methods. In this study, the direct co-precipitation 
method was used to synthesize MnFe2O4 nanoparti-
cles, which is a common method for it is cost-effec-
tive, and can produce in controlled size and composi-
tion (Hu et al., 2007).

Furthermore, phytoremediation, as a bioreme-
diation approach, has gained significant attention for 
water remediation for its significant efficacy, high 
adsorption capacity, economic viability, and being 
eco-friendly (green) (Yaashikaa et al., 2022). Various 
studies have demonstrated the effective elimination of 
metal ions from aqueous solutions and wastewaters 
using biosorbents and plants. For instance, scientists 
successfully obtained Pb (II) ions removal efficiency 
of 94.47% using Rapeseed biomass (Morosanu et al., 
2017). In other studies, Henna powder could extract 
97.8% of lead from a solution with 93.5 mg/L lead in 
49 min (Davarnejad et al., 2020), and Sargassum ten-
nerium exhibited maximum lead adsorption capacity 
of 6.657 mg/g (Bai & Venkateswarlu, 2018). In addi-
tion, Pinecone was able to extract Pb (II) from indus-
trial wastewater with maximum adsorption capacity 
of 27.53  mg/g (Momčilović et  al., 2011), and dried 
Lemna perpusilla could eliminate above 95% of Pb 
(II) from a solution with 50 mg/L Pb (II) in 210 min 
(Tang et al., 2013).

Chrysopogon zizanioides (CZ) is a resilient per-
ennial plant native to Asia, which has been known 
as a low-cost adsorbent for removing toxic metals 
from polluted water and soil for its availability, 
sustainability, easy use, and effectiveness, even 
in harsh conditions (Danh et  al., 2009; Truong, 
1999). CZ root powder has been previously 

Table 1   Comparison of the adsorption capacities of various nanosorbents used for Pb(II) ions removal from aqueous solutions

Adsorbent Adsorption 
Capacity (mg/g)

Ions Refs

MNPs-Ca-alginate immobilized P. chrysosporium 176.33 Pb(II) (Xu et al., 2012)
Fe3O4 MNPs 36.0 Pb(II) (Yadava et al., 1991)
PEI-MNPs 83.33 Pb(II) (Paul et al., 2006)
Magnetite Nanoparticles 53.1 Pb(II) (Rajput et al., 2016)
Water-soluble Fe3O4 nanoparticles 96.8 Pb(II) (Wang et al., 2012)
Fe3O4 cyclodextrin polymer nanocomposites 64.5 Pb(II) (Badruddoza et al., 2013)
Magnetic nanoparticle clusters (grain 5) 177.5 Pb(II) (Lin et al., 2013)
MnFe2O4 Nanoparticles 75.75 Pb(II) (Hassan et al., 2021)
(MnFe2O4) Magnetic wild plant biochar 129.87 Pb(II) (Fuat & Cumali, 2021)
Bio-modified magnetic nanoparticles with Terminalia 

arjuna bark extract (TA@MNPs)
210.5 Pb(II) (Das et al., 2022)

MDA-Fe3O4 333.3 Pb(II) (Sharahi et al., 2017)
Quercetin-MNP 68 Pb(II) (Jian et al., 2018)
Fe3O4@SiO2-NH-MFL nanoparticles 150.3 Pb(II) (Zhang et al., 2019a, b)
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recognized as an effective super-adsorbent, with 
high ability to remove heavy metals from aqueous 
solutions, with maximum adsorption capacity of 
31.78 mg/g for Pb in previous research (Madadgar 
et al., 2023).

The primary objective of this research was to 
develop a novel adsorbent by employing a natural 
hyperaccumulator plant, CZ, along with a nano-
sorbent, to examine its effectiveness in improving 
the removal efficiency of Pb (II) ions from con-
taminated water. Additionally, the research aims to 
develop a more cost-effective nanosorbent, as well 
as giving magnetic properties to the adsorbent that 
facilitates its separation, since producing nanosorb-
ents can be quite expensive. For this purpose, the 
adsorption capacities of CZ/MnFe2O4/g-C3N4 was 
examined to ensure that the novel synthetized nano-
sorbent would be efficient, compared to different 
nanoparticles used in previous studies, while being 
cost-effective. Furthermore, the predictive mod-
eling of Pb(II) adsorption efficiency was conducted 
using Extreme Gradient Boosting (XGBoost), a 
robust and scalable machine learning algorithm. To 
enhance the model’s predictive performance, hyper-
parameter tuning was performed using the Artifi-
cial Rabbits Optimization (ARO) algorithm. The 
resulting machine learning model is a scalable and 
efficient tool for Pb(II) ions remediation in contami-
nated water.

2 � Materials and Methods

2.1 � Materials

The chemical reagents employed in this study were 
of analytical grade and did not require further puri-
fication, included root powder from Chrysopogon 
zizanioides (CZ) plant, ultra-pure graphite fine 
powder (CAS number: 7782–42–5), urea, ethanol, 
Nitric Acid (HNO3), Sodium Hydroxide (NaOH), 
Manganese Sulfate Tetrahydrate (MnSO4⋅4H2O) 
salt, Ferric Chloride Hexahydrate (FeCl3⋅6H2O) 
salt, and Lead(II) Nitrate (Pb (NO3)2), all sourced 
from Merck company. All solutions used in the lab-
oratory were of analytical grade and prepared using 
deionized (DI) water (18.2 MΩ.cm).

2.2 � Synthesis of Root/MnFe2O4/g‑C3N4 Nano 
Composite

To synthesize MnFe2O4 nanoparticles, a direct co-pre-
cipitation method was utilized (Ghobadi et al., 2018), 
involving the initial dissolution of a certain quantity 
of MnSO4⋅4H2O salt and FeCl3⋅6H2O salt in a 1:2 M 
ratio between Mn:Fe, followed by vigorous stirring in 
100 ml of ultrapure deionized water at the controlled 
temperature of 80◦C. Afterward, 8 M NaOH, preheated 
to 80◦C, was added abruptly until the pH reached 11, 
and stirring was continued for an additional 30 min to 
ensure complete growth of nanoparticle crystals. For 
the preparation of graphite carbon nitride (g-C3N4), as 
described in previous research (Saeidpour et al., 2022), 
a Polycondensation method was employed. Initially, 
10 g of urea was placed in a porcelain crucible‏ ‏with a 
lid and heated in a vacuum oven at 450◦C for 2.5 h at 
a heating rate of 15◦C per minute. The resulting light 
pale-yellow powder was grinded and stored for further 
use. Subsequently, 200 mg of g-C3N4 was dissolved in 
deionized water, added to the previous product, and 
stirred for an additional 45 min. Following this, 2 g of 
CZ root powder, obtained using a planetary ball mill, 
was introduced to the solution, and subjected to ultra-
sonication for 30 min. Stirring was then continued at 
80◦C for 30  min. Afterward, 8  M NaOH, preheated 
to 80◦C, was added abruptly until the pH reached 11, 
and stirring was continued for an additional 30  min 
to ensure complete growth of nanoparticle crystals. 
Finally, the black magnetic precipitates were sepa-
rated using a strong magnet, washed multiple times 
with Acetone and deionized water, respectively. The 
resulting nanoparticles were then dried at 60◦C for 24 h 
(Sadeghpour et al., 2023a, b).

2.3 � Characterization

The synthetized nanosorbent (CZMNCN) was ana-
lyzed through various analyses to determine its 
properties. Functional groups of the nanosorbent 
were characterized using an AVATAR (Thermo, 
Waltham, MA, United States) over a working range 
of 350–7800  cm −1. Scanning electron microscopy 
(SEM) was used to characterize the surface morphol-
ogy, particle size, and chemical composition of the 
nanoparticles. This analysis was performed using the 
TESCAN MIRA III field emission scanning electron 
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microscope (FE-SEM) in combination with an energy 
dispersive spectrometer (EDS) for elemental analysis. 
The concentrations of Pb (II) elements were measured 
using an Agilent 7500 inductively coupled plasma 
mass spectrometry (ICP-MS). The surface area, pore 
size distribution, and pore volume of the nanosorbent 
were determined through Brunauer–Emmett–Teller 
(BET) analysis using a Microtrac-BELSORP-mini-
instrument, which covers a range of 0.35–200  nm 
and a relative pressure (p/p0) of 0.990. The magnetic 
characteristics of the nanoparticles were assessed 
using a vibrating sample magnetometer (VSM) from 
Meghnatis Daghigh Kavir Co. (Iran) at ambient tem-
perature (298 K). Raman spectroscopy was conducted 
to provide detailed information about chemical struc-
ture, polymorphy, crystallinity and molecular interac-
tions with a Takram N1-541 (Iran) spectrometer (Nd: 
YAG laser). The zeta potential and the size of the 
nanoparticles were assessed utilizing a Horiba SZ-
100z instrument by Dynamic Light Scattering (DLS) 
method, and the pH of the solutions was measured 
using a Metrohm 827 digital pH meter.

2.4 � Adsorption Experiments

Response Surface Methodology (RSM) with Central 
Composite Design (CCD) were employed in order to 
optimize the experimental designs and minimize the 
number of required tests, using Design-Expert software 
(DX-7). RSM is a statistical method that facilitates the 
modeling and optimization of processes by identify-
ing the effects of different variables and minimizing 
the number of required tests. CCD was utilized as an 
accurate method for optimization of the variables and 
responses, with RSM to develop the adsorption experi-
ments (Adeleke et  al., 2019). Five critical parameters 
were chosen for investigation: initial lead concentration, 
contact time, temperature, pH, and adsorbent dosage.

The adsorption of Pb (II) ions was conducted in a 
batch system. The effect of the adsorbent dosage was 
investigated by using dosages between 1.55–3 g/l to 
an Erlenmeyer containing 100  mL of contaminated 
solution and rotating in a FineTech-SKIR-601 shak-
ing incubator at 250 rpm. As the optimal amount of 
adsorbent was found, the optimal amount was added 
to the contaminated solution in 100  mL Erlenmeyer 
flasks, which were then shaken at 250  rpm. Then, 
the adsorbent was separated from the solution using 
a strong Nd-Fe-B magnet (grade N42, magnetic 

field strength of 1280 mT). The quantity of metals 
absorbed by the adsorbent were investigated at dif-
ferent pH levels in a range from 1 to 6. The pH val-
ues were adjusted with a 0.15  M solution of NaOH 
and HNO3 solution. Kinetic studies were conducted 
to assess the effect of contact time on the adsorption 
process for 5–90  min, under constant conditions of 
250  rpm agitation speed and 298 (K) temperature. 
The reaction kinetics were analyzed using various 
models, including the Pseudo-first-order, Pseudo-
second-order, and Intra-particle diffusion models. 
Isotherm studies were conducted at different initial Pb 
(II) concentrations (10–100 mg/L) in 100 mL of the 
contaminated solution, at a constant temperature of 
298 K. Furthermore, the distribution of the nanosorb-
ent between the solid and liquid phases was evaluated 
using various isotherm models, including Langmuir, 
Freundlich, and Dubinin-Radushkevich. Thermody-
namic studies were also conducted to examine the 
impact of temperature on the adsorption process at 
298 K, 313 K, and 323 K. A 100 mL solution con-
taining 1.55 g/L of the nano adsorbent and initial Pb 
(II) concentrations of 100  mg/L and 10  mg/L was 
stirred for 2  h in a temperature-controlled shaking 
incubator at 250  rpm. Thermodynamic studies were 
then carried out using the relevant equations. The 
adsorption capacity of the adsorbent at equilibrium 
and the Pb (II) removal percentage were determined 
using Eqs. (1) and (2), respectively (Liu et al., 2021):

where the (qe) adsorption capacity (mg/g) can be 
calculated using the (C0) initial concentration (mg/l) 
and the (Ce) final concentration of Pb (II) in the solu-
tion, and M (g) is the mass of the adsorbent, and V 
(L) represents the volume of the solution, and R (%) 
denotes the removal percentage of the adsorbate from 
the solution.

2.5 � Desorption Studies

Desorption studies are crucial in assessing the reus-
ability and metals recovery potential of the adsor-
bent particles in an acidic environment. After the 

(1)qe =
(

C
0
− Ce

)

×
V

M

(2)R =
(C

0
− Ce)

C
0

× 100
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adsorption process, the separated nanoparticles were 
added into a 100  mL solution of 0.15  M nitric acid 
and stirred for 2 h at 250 rpm. To evaluate the stabil-
ity and effectiveness of the nanosorbent after multiple 
washing cycles, the whole process was repeated for 3 
cycles. Then, the resulting solutions were collected, 
and the nanoparticles were separated to determine the 
reusability of the nanoparticles and Pb (II) recovery. 
The investigations were conducted at ambient tem-
perature. After each stage, the pH levels of the solu-
tions were measured using a Metrohm pH Meter 744, 
and the Pb (II) concentrations were determined via 
UV–VIS spectroscopy (Agilent-8453).

2.6 � Machine Learning Modeling

XGBoost (Extreme Gradient Boosting) is a highly 
efficient, scalable machine learning algorithm 
designed for regression, classification, and ranking 
tasks (Chen et al., 2016; Kooti et al., 2024a). It builds 
an ensemble of decision trees in a sequential man-
ner, optimizing a custom loss function using gradient 
descent (Chen et  al., 2016). In this implementation, 
the XGBRegressor is configured with five hyperpa-
rameters: n_estimators (number of trees), max_depth 
(tree depth), eta (learning rate), subsample (fraction 
of samples for each tree), and colsample_bytree (frac-
tion of features used for each tree). These parameters 
are tuned to minimize the model’s prediction error, 
measured by the Mean Squared Error (MSE).

To optimize these hyperparameters, the Artificial 
Rabbits Optimization (ARO) algorithm is applied. 
The ARO algorithm is a bio-inspired meta-heuristic 
technique based on the survival strategies of rabbits, 
including detour foraging and random hiding. Detour 
foraging represents the exploration phase, where rab-
bits forage far from their nests to minimize predator 
risks. Random hiding models the exploitation phase, 
where rabbits randomly select a burrow from multi-
ple created near their nests for safety. The transition 
between these strategies is governed by an energy 
factor, which decreases with iterations, balancing 
exploration and exploitation as the algorithm pro-
gresses. Key parameters of ARO include the popula-
tion size, representing the number of candidate solu-
tions (rabbits) maintained during optimization; the 
number of iterations, defining the total computational 
steps to refine solutions; and the epoch count, which 

determines the number of optimization cycles for 
adaptive variants (Wang et al., 2022).

The evolutionary optimizer uses a population of 
candidate solutions and iterates over several gen-
erations (epoch = 50, pop_size = 30) to find the best 
configuration. The fitness function evaluates each 
candidate solution by training the XGBRegressor on 
the training set and computing its MSE on the test 
set. This process is repeated across 20 simulations to 
ensure robustness and reliability of the optimization. 
The best hyperparameter set and corresponding MSE 
are identified from the results and stored for further 
analysis. The two layer optimization (1) integration of 
ARO-based optimization with XGBoost and (2) the 
repetition of the process for 20 times enables effec-
tively balancing exploration and exploitation to find 
optimal configurations for predictive performance 
(Kooti et al., 2024b; Taherdangkoo et al., 2024). The 
framework’s scalability and adaptability make it suit-
able for relatively small datasets.

The input dataset consists of the initial concentra-
tion (ppm), adsorbent dosage (g/L), pH, temperature 
(°C), and time (minute), while the adsorption capac-
ity (mg/g) is the output. The dataset was split into 
training and testing subsets, with 80% of the data 
allocated for training and 20% for testing. The split 
was performed using a random seed fixed to 90 to 
maintain reproducibility, ensuring consistency in the 
division of training and testing data across multiple 
runs.

3 � Results and Discussion

3.1 � Characterization of CZ/MnFe2O4/g‑C3N4

FTIR analysis used to identify surface functional 
groups, bonding information, and chemical com-
pounds of the synthetized nanosorbent, before and 
after the adsorption (Fig.  1). As can be seen in the 
FTIR spectrum of CZ/MnFe2O4/g-C3N4 nanoparti-
cles, the peak at 580 cm−1 is attributed to the Mn–O 
and Fe–O vibrations within the spinel structure of 
the MnFe2O4 component, as well as the deforma-
tion vibrations of metal–oxygen-hydrogen (M–O-H) 
groups (Kefeni et  al., 2017). The peak seen around 
1050  cm−1 shows C-O stretching vibrations in poly-
saccharides, alcohols, ethers, or esters, or metal-O-C 
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vibrations, suggesting interaction between MnFe2O4 
and organic carbon groups in the plant (Socrates, 
2004; Ghobadi et  al., 2018). The peak around 
1300  cm−1 is attributed to the bending vibrations of 
C-O–H groups. This peak may also show the pres-
ence of metal-O–H vibrations and indicates involving 
of hydroxyl groups with the metal oxide in nanopar-
ticles (Socrates, 2004). Peak around 1650  cm−1 can 
be attributed to the C = O stretching vibration, which 
can indicate the presence of carboxylate, carbonyl 
or Amide groups on the nanoparticle surface (Stuart 
et  al., 2004). The inverted peak around 2300  cm−1 
is likely related to CO2 adsorption and indicates that 
CO2 is adsorbed on the surface. The presence of this 
peak suggests that surface chemistry may affect the 
nanoparticles’capacity for Pb removal. A peak around 
2900  cm−1 represents the C-H stretching vibrations, 
which can be attributed to the organic functional 
groups present on the nanoparticle surface (Gupta 
et  al., 2011). The peak around 3350  cm−1 illus-
trates the presence of O–H stretching vibrations for 
hydroxyl groups (Mohan & Pittman, 2007).

Some changes are observed in peaks’ sharpness, 
intensity, and position in the FTIR spectra after Pb 
adsorption. It can generally be for the availability of 
functional groups that are responsible for the removal 

of Pb ions. After adsorption, the intensity of some 
peaks increased, which shows increased interactions 
between Pb ions and the nanosorbent surface. The rise 
in peaks intensity, especially near 1650 cm−1 (C = O) 
and 1050 cm−1 (C-O), indicates that the concentration 
or presence of these functional groups has increased 
after Pb adsorption.. This may be attributed to the 
attachment of Pb ions to these groups, that can make 
them more visible on the MnFe2O4/g-C3N4 nanosorb-
ent surface (Wang & Chen, 2009). Moreover, shifts 
in the positions of peaks or their sharpness can indi-
cate some changes in functional groups or bondings. 
These changes approve the successful physisorption 
of Pb ions onto the CZ/MnFe2O4/g-C3N4 nanosorbent 
and determines its efficacy for water treatment.

Scanning electron microscopy coupled with 
energy dispersive X-ray detector (SEM–EDX) was 
employed to characterize the morphology, particle 
size, and elemental composition of the synthesized 
CZ/MnFe2O4/g-C3N4 before (Fig.  2a, c) and after 
adsorption (Fig.  2b, d). The SEM images revealed 
a highly porous, network-like and spherical-shaped 
CZ/MnFe2O4/g-C3N4 nanoparticles (average size of 
53 nm) with a rough and irregular surface. It shows 
the large surface area and abundant adsorption 
sites of the nanosorbent that can facilitate the lead 

Fig. 1   FTIR spectra before and after Lead ions adsorption onto CZMNCN
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removal. The images show spherical-shaped particles, 
that can be attributed to MnFe2O4 and the nanosheet 
that indicates g-C3N4, which proves the CZ sur-
face is well-coated with nanoparticles. However, the 
porous structure was altered after Pb (II) adsorption, 
with the formation of agglomerated spherical parti-
cles. The elements were determined by EDX, before 
(Fig. 3a) and after (Fig. 3b) the adsorption. The EDX 
analysis confirmed the presence of Pb (II) in the CZ/

MnFe2O4/g-C3N4 samples, which indicated the suc-
cessful uptake of Pb (II) by the nanoparticles. The 
EDX results also show the presence of Mn, Fe, O, C, 
and N elements, which can illustrate the composition 
of the nanosorbent.

The particle size distribution of the nanoparticles 
was analyzed using dynamic light scattering (DLS) 
measurements. The DLS results indicate that the dis-
persion of the CZ/MnFe2O4/g-C3N4 nanoparticles 

Fig. 2   SEM images of 
CZMNCN; (a, c) before 
Lead ions adsorption, (b, d) 
after Lead ions adsorption

Fig. 3   EDS analysis of 
CZMNCN; before (a) and 
after (b) Lead ions adsorp-
tion
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was homogeneous, with an average particle size of 
256.9  nm that is observed in the major peak. How-
ever, scanning electron microscopy (SEM) images 
revealed that the CZ/MnFe2O4/g-C3N4 particles had 
an approximate size range of 36–71 nm, with an aver-
age size of around 53 nm. The discrepancy between 
the DLS and SEM measurements can be attributed 
to the different principles of the two techniques. DLS 
measures the hydrodynamic diameter of particles in 
solution, which includes the solvation layers formed 
around hydrophilic particles. This can cause an over-
estimation of the nanoparticle size compared to the 
actual dry particle size as measured by SEM, which 
represents the particles in the dried form.

Zeta potential is an important parameter in the 
characterization of nanoparticles in suspension and is 
closely related to surface morphology of the nanopar-
ticles. Zeta potential analysis indirectly indicates the 
stability of nanoparticles in a dispersed solution. Nan-
oparticles are generally considered stable when the 

zeta potential value is less than −30  mV or greater 
than 30 mV. The zeta potential value observed for the 
CZMNCN was −28.1 mV, as shown in Fig.  4. This 
indicated high stability for the CZ/MnFe2O4/g-C3N4 
nanoparticles. In addition, the negative charge on the 
particle surface favored the adsorption of Pb (II) ions 
with positive charge.

The synthesized nanocomposites were also char-
acterized by Raman spectroscopy to study the com-
position and properties of the CZ/MnFe2O4/g-C3N4 
nanosorbent (Fig. 5). Raman spectroscopy is a crucial 
technique for studying the characteristics of carbo-
naceous materials, particularly g-C3N4, within nano-
composite structures (Rathi et  al., 2020). The Raman 
spectrum of the nanosorbent showed two distinct 
peaks. The peak at 102  cm−1 can be attributed to the 
vibrations of the metal–oxygen (M–O) bonds, specifi-
cally the MnFe2O4 spinel phase in the nanocomposite, 
which confirms the presence of the magnetic nano-
particles. The peak at 1583  cm-1 corresponds to the 

Fig. 4   Zeta Potentials of CZMNCN
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G-band, which is associated with the in-plane stretch-
ing vibrations of the sp2-hybridized carbon atoms in 
the graphitic carbon nitride structure. The presence 
of these two characteristic Raman peaks approves the 
successful incorporation of both MnFe2O4 nanoparti-
cles and g-C3N4 sheets within the nanosorbent. G is the 
main peak in graphite structures, where G shows the 
regular bond structure of sp2 (Wang et al., 2017). This 
synergistic combination of the magnetic and photocat-
alytic components is likely to improve the adsorption 
and lead removal capabilities of the nanocomposite.

Magnetic characterization of the synthesized nano-
sorbent was conducted using a vibrating sample mag-
netometer (VSM) at room temperature. As shown in 
Fig.  6, the CZ/MnFe2O4/g-C3N4 nanohybrids exhib-
ited a saturation magnetization of 3.82  emu/g, which 
indicates superparamagnetic properties with near-
zero coercivity and remanence, as can be seen by the 
S-shaped hysteresis loop under a 10 KOe magnetic 
field (Xu et al., 2013). These magnetic properties allow 

the nanoparticles to disperse in an aqueous environ-
ment without an external magnetic field. Furthermore, 
the non-magnetic nature of CZ and g-C3N4 compo-
nents did not negatively affect the overall magnetiza-
tion, which was sufficient for the necessary magnetic 
behavior. The nanosorbent’s strong magnetic properties 
facilitate its recovery from an  aqueous solution by an 
external magnetic field after the adsorption process.

The surface area, porosity, and pore size characteris-
tics of the CZ/MnFe2O4/g-C3N4 nanosorbent were deter-
mined by BET analysis. The results showed a BET surface 
area of 40.73 m2/g, pore volume of 2.4 cm3/g, and aver-
age pore diameter of 0.643 nm (Table 2), which indicates 
a mesoporous structure (2–50 nm) that can facilitate the 
adsorption of Pb (II) ions. The porous nature of the nano-
sorbent is beneficial for effective adsorption of heavy 
metals. Furthermore, the high surface area of the CZ/
MnFe2O4/g-C3N4 nanocomposite improves its adsorption 
capacity for lead removal (Abdel-Wahed et al., 2020).

3.2 � Experimental Studies

3.2.1 � Effect of pH on Adsorption

Studying the effect of pH on the adsorption is cru-
cial for optimizing environmental remediation pro-
cesses, since pH of the solution can have a significant 

Fig. 5   Raman spectra of 
CZMNCN

Fig. 6   Magnetic hysteresis loop of CZMNCN

Table 2   The results of BET analysis

Adsorbents BET surface 
area
(m2/g)

Total pore 
volume
(cm3/g)

Average pore 
diameter
(nm)

CZMNCN 40.73 2.04 0.643
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impact on the adsorption process. The pH can con-
tribute to the adsorbent surface charge, the ioniza-
tion potential and distribution of metal ions. Studies 
on Pb (II) adsorption have shown that pH can modify 
the surface charges of both the absorbent and Pb (II) 
ions and affect the electrical charge of the adsorbent 
(Ugwu et al., 2020; Eyvazi et al., 2020a, b). Figure 7 
depicts the relationship between Pb (II) recovery and 
pH values. The results indicate that adsorption capac-
ity is directly related to pH. At more acidic pH lev-
els, adsorption is lower due to abundance of hydrogen 
ions (H+) that compete with Pb (II) cations for avail-
able adsorption sites on the nanoparticles surface. 
However, with the increase of pH and decrease of H+ 
concentration, the active surface sites become less 
occluded and higher adsorption of Pb (II) ions occurs 
(Niu et  al., 2019). Maximum Pb adsorption by the 
nanoparticles was observed at pH 5. At more acidic 
pH levels below 5, the electrostatic attractive forces 
were gradually diminished, which resulted in lower 
removal efficiency. Above pH = 5, Pb began to react 
with hydroxide ions (OH−) and form hydroxide pre-
cipitates, which caused the adsorption to considerably 
decline (Greenwood & Earnshaw, 2012). The nano-
particles exhibited approximately 99% Pb adsorp-
tion in the pH range of 4 to 6. Consequently, pH 5 
was determined to be optimal for Pb adsorption on 
the nanoparticles and further experiments. Further-
more, the Eh–pH diagram was used to determine the 
charges of the Pb ions and the stable species, which 
showed that in an acidic environment and before 

Ph = 6 and Eh = 0.2, the dominant ions are Pb2+ (Tak-
eno, 2005). Moreover, the point of zero charge (PZC) 
of the nanosorbent was studied and illustrated in 
Fig.  8. As observed, the nanosorbent surface charge 
was negative in pH above 4, which confirms the high 
adsorption rate of Pb ions in this range of pH.

3.2.2 � Effect of Adsorbent Dosage on the Adsorption

The adsorption capacity is highly affected by the 
adsorbent dosage that is used in the process. Gener-
ally, higher dosages can increase removal efficiency, 
however, excessive dosage can have a negative effect 
on the adsorption since it can lead to particle agglom-
eration and reducing the available active sites. There-
fore, finding the optimal adsorbent amount is cru-
cial, for it affects the efficiency, cost-effectiveness, 
and the economic feasibility of the water treatment 
process. Figure 9 shows the effect of adsorbent dos-
age on adsorption capacity and Pb (II) recovery. The 
results illustrated that as the nanosorbent concentra-
tion increased from 0.1 to 3 g/L, the Pb (II) recovery 
rose from 84.4% to 99.5%. As can be observed, with 
the increase in the adsorbent dosage up to 1.55 g/L, 
the adsorption rate increased significantly, although, 
further increases in the adsorbent dosages (1.55 g/L 
to 3 g/L) had minimal impact on the Pb (II) recovery. 
Consequently, the optimum adsorbent dosage was 
determined to be 1.55  g/L for further experiments, 
which results in higher removal efficiency (99.75%), 
as well as being economically efficient.

Fig. 7   Effect of pH on the Lead adsorption Fig. 8   Point of Zero Charge of CZMNCN
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3.2.3 � Adsorption Kinetics and Effect of Contact Time

Studies on adsorption kinetics were conducted to inves-
tigate the effect of contact time of the adsorbent and 
Pb (II) ions, identify the optimal operational time for 
adsorption, as well as to develop a model for predicting 
the quantity of absorbed ions during treatment. For this 
purpose, various kinetics models including pseudo-first-
order, pseudo-second-order, and intra-particle diffusion 
models were applied to analyze the experimental data, 
using Eqs. (3), (4) and (5), respectively (Bakhtiari & Azi-
zian, 2015; Thue et al., 2018):

(3)ln
(

qe − qt
)

= lnqe − k
1
t

(4)
t

qt
=

1

K
2
q2
e

+
t

qe

(5)qt = C + Ki

√

t

where, K
1

(

min−1
)

 indicates the first-order kinetic 
constant, K

2

(

g ⋅ mg−1 ⋅ min−1
)

 is pseudo-second-
order rate constant, and Ki

(

mg ⋅ g−1 ⋅ min−0.5
)

 refers 
to the intra-particle diffusion model constant. C is the 
adsorption constant and refers to the thickness of the 
boundary layer, z, and qe

(

mg

g

)

 and qt
(

mg

g

)

 represent 
the amount of contaminant adsorbed by the adsorbent 
at the time of equilibrium and the time “t (min)”, 
respectively.

Based on the results presented in Table 3 and the 
correlation coefficients (R2) values, it is obvious that 
the pseudo-second-order model exhibited a corre-
lation coefficient value of 97.32%, which makes it 
the best fitting model with the experimental data, in 
spite of the pseudo-first-order and intra-particle dif-
fusion kinetic models. Consequently, it can be con-
cluded that the pseudo-second-order kinetic model 
described the adsorption mechanism of Pb (II) ions 
most appropriately. This model implies that the rate 
of occupation of adsorption sites is directly propor-
tional to the second power of the number of vacant 
sites (Ali et al., 2016).

Figure  10 illustrates the investigation of the 
impact of adsorbent-adsorbate contact time on the 
removal of Pb (II) in 90  min duration, with an ini-
tial concentration of 100  mg/L. The results shown 
in Fig. 10 indicate that adsorption occurred rapidly, 
and it achieved a high adsorption rate within the 
first 5 min of exposure to the nanosorbent. However, 
when the time increased from 5 to 90  min, slight 
changes occurred in adsorption capacity. It implies 
that a remarkably high rate of adsorption can be 
achieved in a brief time duration, which shows the 
high ability of the CZ/MnFe2O4/g-C3N4 nanoparti-
cles in Pb (II) removal. While 5  min was sufficient 
for adsorption, additional experiments were con-
ducted for up to 90 min to obtain complete equilib-
rium and investigate further adsorption tests.

Fig. 9   Effect of the adsorbent dosage on the adsorption of 
Lead

Table 3   Adsorption 
Kinetics models for Lead 
(initial concentration of 
100 mg/L)

Contaminant 1 st order 
Plot: ln

(

qe − qt
)

 vs. t 
qe = exp(intercept)

k
1
= −slope

2nd order 
Plot: t

qt
 vs. t 

qe =
1

slope

k
2
=

slope2

intercept

Intra-particle diffusion 
Plot: qt vs. t0.5 
Ki = slope

C = intercept

R2
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(

mg

g

)

K
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(

1

min

)

R2

qe

(
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g

)

K
2

(

g

mg.min

)

R2 C Ki

(
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g.min0.5

)

Pb (II) 0.93 2.87 0.011 0.97 12.16 0.003 0.94 24.18 3.927
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3.2.4 � Adsorption Isotherms and the Effect of Initial 
Concentration

Adsorption isotherms offer valuable informa-
tion about the interactions between adsorbents and 
adsorbates when equilibrium is reached. Applying 
isotherms models such as Langmuir, Freundlich, and 
Dubinin-Radushkevich to the experimental data helps 
us comprehend the adsorption process. These models 
indicate the connection between the concentrations of 
adsorbates in both solid (qe) and liquid phases (ce) at 
constant temperature and pH (Netpradit et al., 2003; 
Doulati Ardejani et al., 2008).

Langmuir: The Langmuir isotherm model 
assumes monolayer adsorption occurs on specific 
homogeneous sites of an adsorbent surface, with each 
site possessing equal adsorption energy (Al-Rashdi 
et  al., 2012). The non-linear and linear forms of 
Langmuir equation, which was applied to the experi-
mental data is expressed by Eqs. (6) and (7), respec-
tively (Langmuir, 1916):

where, C
0
 and Ce (mg/L) represent the initial and 

equilibrium concentrations of the pollutant, qe(mg/g) 
denotes the adsorption capacity at the equilibrium, qm 

(6)qe =
qmKLCe

1 + KLCe

n

(7)
ce

qe
=

1

KLqm
+

1

qm
ce n

(mg/g) shows the maximum adsorption capacity of 
the adsorbent at the equilibrium, KL

(

L

mg

)

 is the Lang-
muir isotherm constant, and KL and qm are obtained 
from the linear fit of Ce/qe versus Ce.

Freundlich: The Freundlich isotherm model is com-
monly employed for comprehending the adsorption of 
metal ions, and assumes multilayer adsorption occurs 
on a heterogeneous surface, and it can also indicate the 
exponential distribution of active sites and their energy 
(Ayawei et al., 2015). The non-linear and linear forms 
of the Freundlich isotherm model are expressed by 
Eqs. (8) and (9), respectively (Freundlich, 1907):

where, Ce

(

mg

L

)

 denotes the equilibrium concentra-

tion, qe
(

mg

g

)

 signifies the adsorption capacity at the 
equilibrium, KF is referred to the Freundlich constant, 
and n indicates the intensity of adsorption. The Fre-
undlich constants, KF and n, can be obtained from the 
linear regression of lnqe versus lnCe . Moreover, n in 
Eq. (8) characterizes the type of isotherm in the Fre-
undlich model, where the range of n between 1 and 
10 indicates the appropriateness of the adsorption 
process. A value closer to 1 suggests that the hetero-
geneity of the surface is less significant, while a value 
closer to 10 signifies an increased level of homogene-
ity and a dominance of chemical adsorption over 
physical adsorption (Al-Rashdi et al., 2012).

The Dubinin-Radushkevich (D-R) isotherm model 
is an empirical tool that is commonly employed for ana-
lyzing the adsorption behavior, and it characterizes the 
heterogeneous surface by assigning Gaussian energy dis-
tribution and evaluating the energy associated with each 
adsorbed molecule (E). The non-linear and linear form 
of D-R adsorption isotherm model can be expressed as 
Eqs. (10) and (11), respectively (Dubinin, 1947):

where, qm
(

mg

g

)

 represents the D-R monolayer capac-
ity, � shows the Polanyi adsorption potential related to 
the equilibrium concentration and expressed in 

(8)qe = KFCe
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Fig. 10   Effect of contact time on the adsorption of Lead
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Eq. (12), and �(mol2/J2) is a constant associated with 
adsorption energy, and reflects the mean free energy 
E (kJ/mol) as Eq. (13):

The free energy of the molecule (E) provides valu-
able insights into the adsorption process. When the 
adsorption energy is below 8 kJ, it signifies that the 
adsorption has taken place physically. On the other 
hand, if the adsorption energy falls within the range 
of 8 to 16 kJ/mol, it suggests that the adsorption pro-
cess was chemical (Ouma et al., 2018).

Langmuir, Freundlich, and Dubinin-Radushkevich 
(D-R) isotherm models were employed in order to 
comprehend the adsorption mechanism. By plot-
ting graphs of these models and evaluating their cor-
relation coefficients, the most suitable isotherm was 
determined. Table 4 presents the results of isotherm 
models. The correlation coefficient values (R2) indi-
cate that the isotherm results of Pb (II) ions adsorp-
tion by the nanosorbent are most compatible with the 
Freundlich and Dubinin-Radushkevich models. This 
suggests that the adsorption of Pb (II) ions by the 
nanosorbent occurs on heterogeneous surfaces and is 
likely a multilayer process (Wang & Guo, 2020). Fur-
thermore, the values of n in the Freundlich isotherm 
model suggest that adsorption process has been more 
physical rather than chemical. As well, the values of 
E in the D-R model, which are less than 8  kJ/mol, 
indicate physical adsorption. Moreover, according to 
Table  4, the maximum adsorption capacity of CZ/
MnFe2O4/g-C3N4 for lead removal that obtained from 
the D-R model was 252.2 (mg/g), which indicates 

(12)� = RTln

(

1 +
1

Ce

)

(13)E =
1

√

2�

CZMNCN shows a significant adsorption capac-
ity, as a novel nanosorbent. Figure  11 presents the 
adsorption isotherm data for Pb (II) adsorption by the 
nanosorbent, and it clearly illustrates that the adsorp-
tion capacity rises with the increase in initial Pb (II) 
concentrations.

3.2.5 � Adsorption Thermodynamics and Effect 
of Temperature

Temperature is an important factor in understanding 
the adsorption mechanism, since it affects the thermo-
dynamics of the process, and the adsorbent-adsorbate 
interactions (Sahmoune, 2019). Generally, the kinetic 
energy and mobility of adsorbate molecules and their 
diffusion increase in higher temperatures and conse-
quently, it leads to faster adsorption (Alkherraz et  al., 
2020). Thus, by studying the temperature, the adsorp-
tion processes can be optimized in a more efficient way. 
Thermodynamic parameters like Gibbs free energy, 

Table 4   Fitting Parameters 
of the Isotherm models for 
the adsorption of Lead by 
CZMNCN

Contami-
nant

Langmuir 
Plot: Ce

qe
 vs.Ce 

qm =
1

slope

kL =
slope

intercept

Freundlich 
Plot: lnqe vs.lnCe

n =
1

slope
kF = exp(intercept)

Dubinin-Radushkevich 
Plot: lnqe vs.ϵ2 
qm = exp(intercept)

E =
1

(2(−slope))0.5

qm
(

mg

g

)

kL
(

l

mg

)

R2 n KF R2 qm
(

mg

g

)

E
(

KJ

mol

)

R2

Pb (II) 217.39 0.011 0.90 1.06 235.09 0.95 252.2 2.42 0.95

Fig. 11   Effect of initial concentration of Lead on the adsorp-
tion
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standard entropy, and enthalpy must be calculated to 
understand the feasibility, direction, and nature of the 
adsorption process, in terms of being endothermic or 
exothermic (Greluk et  al., 2010). The thermodynamic 
parameters were calculated using the Gibbs free energy 
change (∆G°) and Van’t Hoff equation, represented by 
Eqs. (10) and (11) respectively (Wang et al., 2012):

where, ΔG◦

(

KJ

mol

)

 refers to the Gibbs free energy 
changes, R (8.314 J/mol/K) is the ideal gas constant, 
KL

(

l

mol

)

 stands for the Langmuir constant, T (K) rep-
resents the absolute temperature, ΔS°(KJ/K.mol) 
denotes the entropy changes, and ΔH◦

(

KJ

mol

)

 shows 
the enthalpy changes.

Figure 12 illustrates the impact of temperature on the 
adsorption capacity of Pb (II) using the nanosorbent, in 
the concentrations of 100 (mg/L) (a) and 10 (mg/L) (b) 
of Pb (II) ions, respectively. The results show that rising 

(14)ΔG◦ = −RTlnKL

(15)lnKL =
−ΔH0

RT
+

ΔS0

R

temperature leads to the slight increase in the adsorption 
capacity of Pb (II), which indicates that the adsorption 
process has an endothermic nature. Thermodynamic 
parameters related to Pb (II) adsorption on the nanosorb-
ent are presented in Table 5. The positive values of ∆H° 
confirm that the adsorption reaction of Pb (II) by the 
nanosorbent is endothermic, and the negative values of 
∆G° indicate that the adsorption reaction is possible and 
spontaneous (Massoudinejad et al., 2018). Moreover, the 
obtained ∆G° values in the range between 0 to −20 kJ.
mol-1 suggest that the Pb (II) adsorption process follows 
a physisorption mechanism (Nodeh et al., 2016). Moreo-
ver, the results show positive values of the ΔS⁰, which 
indicate the increased entropy at the boundary between 
the solution and nanoparticles (Asadi et al., 2020a, b). 
This increase in entropy indicates that the Pb (II) ions 
have become more dispersed from the bulk solution 
onto the available adsorption sites on the nanoparticle 
surface. This results in a more disorganized arrange-
ment at the solid–liquid interface compared to the initial 
state. Furthermore, the ∆G° values declined as the tem-
perature increased from 298 to 323 K, which indicates 
that higher temperatures are more advantageous for the 
adsorption process. This can be attributed to the fact that 

Fig. 12   Effect of temperature on the adsorption of Lead; (a) initial Lead concentration: 10  ppm, (b) initial Lead concentration: 
100 ppm

Table 5   The adsorption 
thermodynamics parameters

Contaminant C
0(ppm) ΔG0

(

KJ

mol

)

ΔS0
(

Kj

K.mol

)

ΔH0

(

KJ

mol

)

298 K 313 K 323 K

Pb (II) 100  − 7.25  − 7.69  − 7.99 0.029 1.617
10  − 0.83  − 0.99  − 1.09 0.010 2.261



	 Water Air Soil Pollut (2025) 236:866866  Page 16 of 22

Vol:. (1234567890)

the kinetic energy and mobility of adsorbate molecules 
and their diffusion increase in higher temperatures, and 
it leads to higher adsorption of Pb (II) ions on the nano-
sorbent surface (Alkherraz et al., 2020).

3.3 � Desorption Study

In wastewater treatment, the adsorption–desorption and 
reusability studies of the spent adsorbents is considered 
as sustainable development strategy. These studies are 
important for evaluating the economic viability of the 
adsorption process using this specific nanosorbent, and 
can provide information about the potential environ-
mental impacts of adsorbed heavy metals onto the nan-
oparticles. Hence, desorption studies were conducted 
for investigating the nanosorbent ability to be reused 
in multiple successive cycles of Pb (II) ion adsorption 
and desorption and also assessing the maintenance of 
its adsorption efficiency (Bayuo et al., 2024). For this 
purpose, after each adsorption cycle, the nanoparticles 
were separated by the magnet and introduced into a 
100 mL solution which contained 0.15 M Nitric acid. 
Then, the nanoparticles were stirred for 2 h at 250 rpm 
before being removed from the magnet. As shown in 
Fig. 13, the adsorption rate decreased after each reuse 
cycle but remained economically viable for the removal 
of lead (II) ions. However, after 3 cycles, the adsorption 
capacity dropped to 73%, which meant that it was not 
attractive enough to continue further using the material 
for adsorption purpose. This is because, after 3 cycles, it 
would be necessary to either do a more thorough wash-
ing or increase the acid concentration for the adsorption 
to remain sufficiently effective. Although, this process 

can lead to losing some amounts of the nanosorbent in 
the process of washing with acid. Alternatively, some 
other materials such as graphene oxide can be added 
onto the nanosorbent by using different methods. Fur-
thermore, as shown in Fig. 13, the recovery of Pb (II) 
ions from the nanosorbent increased after each cycle, 
which certifies the Lead removal. These results suggest 
that this nanosorbent can be effectively used for up to 
3 successive adsorption–desorption cycles without sig-
nificantly diminishing its adsorption efficiency.

3.4 � Machine Learning Modeling

The machine learning modeling employed a two-
layer optimization process to enhance the accuracy 
of Pb(II) adsorption predictions. The Artificial Rab-
bits Optimization and the subsequent evaluation was 
repeated 20 times, and the model having the lowest 
MSE on the test set was selected as the best-perform-
ing configuration. Figure  14 summarizes the MSE 
values for all 20 simulations, with the best model 
identified in simulation 7, achieving an MSE of 0.358 

Fig. 13   The desorption of Lead and reusability and of CZM-
NCN in 3 cycles

Fig. 14   The MSE value obtained on testing phase of 20 mod-
els. Best model identified as simulation 7 with an MSE of 
0.358

Table 6   Range and optimized values of hyperparameters

Hyperparameter Lower bound Upper bound Range

Number of estimators 50 600 414
Maximum depth 1 20 7
Learning rate 0.01 0.9 0.1865
Subsample 0.1 0.9 0.6645
Colsample bytree 0.1 0.9 0.7844
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on the test set. The optimized hyperparameter values 
for the best-performing model are listed in Table 6.

The model demonstrated high predictive accu-
racy, achieving an MSE of 0.069, RMSE of 0.264, 
and R2 of 0.99 during the training phase. For the 
test phase, the model had an MSE of 0.358, RMSE 
of 0.598, and R2 of 0.95, confirming its abil-
ity to generalize effectively. The regression plot 
in Fig.  15 reveals a strong agreement between 
experimental and predicted concentration values, 
indicating the model’s reliability in capturing the 
underlying adsorption dynamics.

Residual analysis, as depicted in Fig.  16, further 
supports the model’s robustness. The residuals for 
both training and testing phases are evenly distributed 
around zero, indicating unbiased predictions within the 
studied dataset. This supports the effectiveness of the 
machine learning framework in modeling the complex 
adsorption process.

By incorporating ARO for hyperparameter tun-
ing and evaluating multiple independent runs, this 
study successfully developed a predictive tool 
for optimizing Pb(II) adsorption  under the given 
experimental conditions. While the model achieved 
high accuracy and reduced reliance on extensive 
experimental work, its generalization remains lim-
ited by the dataset size and lack of external vali-
dation. Therefore, future studies with larger and 
more diverse datasets are required to establish 
broader applicability.  Nonetheless,  the integration 

of machine learning with systematic optimization 
shows its potential in advancing adsorption studies 
and water treatment technologies.

4 � Summary and Conclusion

CZ root powder has previously been recognized 
as an effective super-adsorbent, with a significant 
ability to remove heavy metals from aqueous solu-
tions, like 31.78  mg/g for Pb in previous research. 
This study aims to improve the efficacy of CZ root 
powder by integrating it with CZ/MnFe2O4/g-
C3N4, a nanocomposite material with strong mag-
netic properties, to obtain facilitated separation as 
well as enhancing cost efficiency of the synthesis 
of nanosorbents. The results revealed that the novel 
CZ/MnFe2O4/g-C3N4 nanosorbent significantly 
improved the adsorption performance compared to 
the individual components. The maximum adsorp-
tion capacity of CZ/MnFe2O4/g-C3N4 for Pb 
adsorption was obtained to be 252.2  mg/g, which 
confirms the synergistic effects of CZ root powder 
and MnFe2O4/g-C3N4 in enhancing overall adsorp-
tion capacity and efficiency.

The adsorption process was characterized and opti-
mized, showing high removal efficiencies for Pb(II) 
under various conditions. Kinetic studies revealed 
that the adsorption process followed a pseudo-second-
order model with high correlation. Isotherm studies 
showed that the Freundlich model best described the 
adsorption behavior, implying multilayer adsorption 

Fig. 15   Regression plot comparing the machine learning pre-
dictions and experimental data

Fig. 16   Residual analysis of the residuals on both training and 
test phases
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on a heterogeneous surface, and indicating physisorp-
tion interactions, according to n values. Additionally, 
thermodynamic analyses confirmed that the adsorp-
tion process was endothermic and spontaneous, fur-
ther validating the nanosorbent’s efficiency.

To further improve the applicability of the study, 
XGBoost tuned using the Artificial Rabbits Opti-
mization (ARO) algorithm was employed to model 
and predict the adsorption efficiency of Pb(II) on the 
nanosorbent. The model achieved a test set MSE of 
0.358, with an R2 value of 0.95, demonstrating strong 
predictive performance within the studied dataset. 
However, its generalization to broader experimen-
tal conditions remains to be validated with larger 
and more diverse data. Thus, while the integration 
of machine learning modeling shows promise for 
enhancing the reliability and scalability of adsorption 
studies, further work is required before confirming its 
applicability to practical water treatment systems.
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