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Abstract
In this study, a zero-cost, naturally effective adsorbent, sand leek (Allium scorodoprasum L.), was used for the effective 
removal of lead ions from an aqueous solution. This natural adsorbent was characterized by FT-IR, SEM–EDX, and PZC 
analyses. Batch studies were conducted at one factor at a time to explore maximum removal efficiency in terms of pH, 
initial lead(II) ion concentration, contact time, adsorbent dosage, and temperature for efficient adsorption. The maximum 
lead(II) ion uptake capacity for SAC was obtained at pH 4.5, initial lead(II) ion concentration at 1000 mg/L, operation time 
of 1440 min, adsorbent dosage of 10 g, and temperature of 25 °C. The adsorption data were well-fitted by the Freundlich 
isotherm model, with an R2 value of 1.000, indicating a good fit. The kinetic study revealed that the adsorption of lead(II) 
ions followed a pseudo-first-order kinetic model, with an R2 value of 0.9746. Furthermore, the thermodynamic parameters 
including Gibbs-free energy change (ΔG°), enthalpy change (ΔH°), and entropy change (ΔS°) were calculated to demonstrate 
that the adsorption of lead(II) ions onto natural adsorbent was endothermic and spontaneous.
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1  Introduction

Heavy metals are a recognized class of environmental pollut-
ants that have adverse impacts on ecosystems. The enhance-
ment in industrial activity and the growth of the human pop-
ulation have both significantly contributed to the widespread 
occurrence of heavy metals in the environment. Lead is a 
heavy metal that is of notable concern within this particular 
group, as it has been identified by the Environmental Pro-
tection Agency (EPA) as one of the 129 contaminants that 
have significant importance. The issue of heavy metal con-
tamination emerges from various human activities, includ-
ing mining operations, industrial processes, and inadequate 
waste management practices. These activities result in the 
emission of heavy metals into the surroundings, resulting in 
their subsequent accumulation within diverse ecosystems. 
After being released, heavy metals such as lead(II) ions can 

last for long durations, hence presenting substantial haz-
ards to both the environment and human well-being. The 
toxicity of these substances can lead to several detrimen-
tal consequences, such as harm to essential bodily organs, 
interference with biochemical processes, and the potential 
emergence of serious illnesses [1]. Therefore, it is crucial to 
understand the causes, and effects of heavy metal contami-
nation to gauge the problem’s severity and design effective 
remediation strategies.

One of the current methods of removal for heavy metals 
of lead is chemical precipitation [2]. In this method, chemi-
cals such as lime (calcium hydroxide) or sodium hydroxide 
are added to the contaminated water to raise the pH and 
induce the precipitation of lead as insoluble lead hydroxide 
or lead carbonate. These precipitates can then be separated 
from the water through sedimentation or filtration. How-
ever, chemical precipitation has certain limitations as it 
requires the addition of large amounts of chemicals, which 
can be costly, and may introduce additional chemical waste. 
Moreover, the process is pH-dependent, and maintaining the 
optimal pH range can be challenging in practice. Addition-
ally, the resulting precipitates may not have a high degree 
of stability, and there is a possibility of re-dissolution under 
certain conditions, leading to incomplete removal of lead. 
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Adsorption onto activated carbon is a different technique. 
This extremely porous material has a huge surface area and 
offers several adsorption sites for the binding of lead(II) 
ions. The activated carbon is typically used in a fixed-bed 
column or as a powdered form added directly to the water. 
The lead(II) ions are attracted to the surface of the carbon 
through Van der Waals forces or other chemical interactions, 
effectively removing them from the water [3]. Despite its 
efficiency in removing heavy metals, conventional activated 
carbon may have limitations in terms of cost and sustainabil-
ity. It is typically derived from non-renewable sources such 
as coal or petroleum, and its production involves energy-
intensive processes. Compared to these methods, activated 
carbon derived from algae offers advantages such as sustain-
ability, cost-effectiveness, high adsorption capacity, selectiv-
ity, and faster removal kinetics, making it a viable substitute 
for heavy metal (lead) removal [4, 5]. Therefore, there is 
a need to explore alternative approaches for the effective 
and sustainable removal of lead(II) ions from contaminated 
water.

Turkey has an important position in the world in terms 
of plant population diversity. There are approximately 
300–315,000 plant species in the world, and 85–90% of them 
are flowering plants. There are approximately 10,000 culti-
vated and naturally growing plant species in our country, and 
more than 1000 of these plant species are used as medicinal 
and aromatic plants. Medicinal and aromatic plants are used 
in many areas such as pharmaceuticals, food, cosmetics, 
insecticides, and medical [6].

Allium scorodoprasum L. subsp. rotundum (L.) Stearn 
(Allium rotundum L.) is a medicinal and aromatic plant that 
belongs to the Alliaceae family and grows naturally in many 
countries of the world, including our country. Allium rotun-
dum L., a perennial bulbous plant, belongs to the Allium 
genus. The genus Allium is the largest and most charac-
teristic member of the Alliaceae family, which includes 
more than 800 species, 15 subgenera, and 72 sections [7]. 
Members of this genus have been consumed since ancient 
times due to their flavor and aroma compounds. Most types 
are widely used in folk medicine [8]. The genus Allium L. 
(Alliaceae) exhibits a variety of species with different mor-
phological characteristics in terms of ecological habitats and 
especially life forms (bulb and rhizome). Most species of 
this genus are used as vegetables, herbal medicine, and deco-
rative ornamental plants with economic value. These plants 
are generally bulbous and perennial [9]. It has a wide distri-
bution in the world, especially in the northern hemisphere. 
Allium rotundum (L.) is from the same family as onion, 
garlic, and leek, known as allium vegetables, and is used 
as food in many regions of Turkey. Allium vegetables are 
some of the oldest cultivated plants in the world. Today, it 
is known that there are many plants belonging to the Allium 
family growing in Europe, North America, North Africa, 

and Asia, and each of them has different shapes, tastes, and 
colors. Many of these plants are used as vegetables, spices, 
and medicine. Many of them are widely consumed due to 
their high nutritional properties and aromatic properties [10, 
11]. Allium vegetables are rich in thiosulfate and organosul-
fur compounds that play an important role in cell biochem-
istry. Organosulfur compounds are present in many foods 
and are used to add flavor to foods. Allium vegetables are 
used in folk medicine in Egypt, China, and India due to the 
antibiotic, antiseptic, and antithrombotic properties of their 
organosulfur compounds. These vegetables have protective 
properties against many diseases such as cancer, obesity, 
cardiovascular diseases, diabetes, hypercholesterolemia, and 
hypertension [12].

Allium rotundum L., which has medicinal properties, is 
widely known in the world as wild leek [13]. It is known 
among the public by names such as wild garlic, dice gar-
lic, deli leek, korma, coalen, it onion, silim onion, kurat, 
sirmo, and cracklangus. It is known as stone garlic in the 
Hatay region, as wild onion in Afyonkarahisar, as emirem 
in Konya/Beyşehir Kurucaova Town, and as crazy leek in 
Aksaray, and many other provinces. Both the bulbs and fresh 
leaves of the plant are eaten raw or cooked in different ways 
and are used as spices in dishes. In addition to having an 
important place in folk medicine due to the healthy effects 
of the plant, it is preferred as a flavor element of many foods, 
especially Van herb cheese, because it is an aromatic plant. 
This plant grows naturally in many provinces of our country 
[14].

There is almost no scientific data in the literature about 
Allium rotundum L., which is an alternative plant consumed 
for its healthy effects as well as being used as food by the 
public. For this reason, it is very important to scientifi-
cally elucidate the health effects of such plants, which are 
widely used in folk medicine. In this study, sand leek (Allium 
scorodoprasum L.), a natural biomass, was prepared, and its 
adsorbent properties were investigated for the removal of 
lead ions from aqueous media. This natural adsorbent was 
characterized by FT-IR, SEM–EDX, and PZC analyses. The 
adsorbent properties of the Ch-V composite for Pb2+ were 
evaluated in terms of pH, concentration, kinetics (time), 
thermodynamics (temperature), and recovery of adsorption.

2 � Material and method

2.1 � Chemicals and reagents

Pb(NO)3, KNO3, HCl, HNO3, NaOH, C2H5OH, and all other 
chemicals used in this study were of analytical purity (Sigma 
Aldrich). Pb2+ ion stock solutions were prepared by dissolv-
ing the appropriate amount of Pb(NO)3 in deionized water.
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2.2 � Instrumentation

The functional groups on the Allium scorodoprasum L. 
biosorbent before/after Pb2+ ions biosorption were deter-
mined using the FT-IR (ATR, Bruker Model: Tensor II) 
technique. The changes in surface morphology of the 
Allium scorodoprasum L. biosorbent before/after Pb2+ 
ions biosorption, along with the identification of different 
elements, were analyzed by SEM–EDX (TESCAN MIRA3 
XMU). The Pb2+ ion concentrations were determined 
using the PAR method with a UV–Vis spectrophotometer 
(UV-DR-6000; Shimadzu, China) at λ = 519 nm [15, 16].

2.3 � Biosorbent collection and preparation

Fresh Allium scorodoprasum L. samples used in this study 
were collected from the Zara district of Sivas, Turkey. 
Then, the samples were washed several times with deion-
ized water and dried at 25 °C. Dried Allium scorodopra-
sum L. samples were ground and stored in a polystyrene 
container for use in biosorption studies.

2.4 � Biosorption procedure

Pb2+ ion removal with Allium scorodoprasum L. biosorb-
ent was investigated using the batch biosorption method. 
The main factors examined are pH, contact time, adsor-
bent dosage, temperature, and initial Pb2+ concentration. 
In each experimental set, a fixed dosage of 100 mg of 
biosorbent was added to 10-mL solutions consisting of 
1000 mg L−1 Pb2+ with stirring for 24 h at room tempera-
ture. Then, the solid and liquid phases were separated, and 
the supernatant concentration and maximum absorbance 
of Pb2+ ions were measured using a UV–Vis spectropho-
tometer. Biosorption%, Q (mol kg−1) and Recovery% were 
calculated using Eq. 1–3:

where Ci, Cf, m, V, and Q represent the amount of adsorbed 
(mg g−1), initial, and equilibrium liquid-phase concentra-
tions of the Pb2+ ion (mg L−1), the adsorbent mass (mg), and 
the volume of the solution (L), respectively.

(1)Biosorption% =

[

Ci − Cf

Ci

]

× 100

(2)Q =

[

Ci − Cf

m

]

× V

(3)Recovery% =
Qdes

Qads

× 100

3 � Results and discussion

Available literature has highlighted the potential of Allium 
scorodoprasum L. as an adsorbent material, with its posi-
tive adsorption capabilities demonstrated in various studies. 
Allium scorodoprasum L. offers several advantages, includ-
ing its abundant availability, low cost, and environmental 
friendliness. Herein, the applications for Allium scorodo-
prasum L. have been explored and optimized to enhance 
its adsorption properties. The optimization of different 
parameters such as pH, contact time, initial lead(II) ion 
concentration, adsorbent dosage, and temperature has been 
conducted to determine the optimal conditions for efficient 
lead(II) ion removal. The adsorption process followed the 
Langmuir isotherm model, suggesting a favorable adsorption 
behavior. The mechanisms of lead(II) ion adsorption onto 
Allium scorodoprasum L. involve surface complexation, 
ion exchange, and electrostatic interactions. The presence 
of functional groups on Allium scorodoprasum L., which 
are carboxyl, hydroxyl, and amine groups, plays a poten-
tial role in the adsorption process. The understanding of 
these mechanisms can aid in the design and optimization of 
Allium scorodoprasum L.-based adsorption systems. In this 
study, applications for Allium scorodoprasum L. have been 
explored and optimized to enhance its adsorption proper-
ties. These findings were further verified by doing a kinetic 
analysis.

3.1 � FT‑IR and SEM–EDX analyses

FT-IR spectra were taken to identify the functional groups 
of Allium scorodoprasum L. and Pb2+ ion biosorbed Allium 
scorodoprasum L. Figure 1 shows the functional groups 
of Allium scorodoprasum L. and Pb2+ biosorbed Allium 
scorodoprasum L. As noted by Şenol Arslan 2023, Allium 
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Fig. 1   FT-IR spectra of Allium scorodoprasum L. (a) Pb.2+ biosorbed 
Allium scorodoprasum L. (b)
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scorodoprasum L. biomass exhibited similar spectral pat-
terns. It showed a strong band corresponding to OH stretch-
ing vibrations in the range of 3291 cm−1; NH2 stretching 
vibrations were observed at 2918 cm−1 and 2849 cm−1. The 
peak at 1732 cm−1 is attributed to C = O stretching vibra-
tions, the peak at 1623 cm−1 is attributed to C = C stretch-
ing vibrations, the peak at 1016 cm−1 is attributed to S = O 
stretching vibrations, and the peak at 660 cm−1 is attributed 
to C–S stretching vibrations [17].

When the FT-IR spectrum of Allium scorodoprasum 
L. was examined after Pb2+ biosorption, increases and 
decreases in the intensities of the characteristic absorption 
peaks were determined. These changes observed before and 
after biosorption can be attributed to electrostatic interac-
tions and surface complexation reactions between functional 
groups and Pb2+ ions [1].

SEM images of Allium scorodoprasum L. biosorbent 
before and after Pb2+ ion biosorption are given in Fig. 2. 
It was observed that the surface morphology of Allium 
scorodoprasum L. biosorbent (Fig. 2a) was different from 
the biosorbent Pb2+ ions (Fig. 2b). It was seen that the 
surface of the Allium scorodoprasum L. biosorbent became 
smoother after the biosorption of Pb2+ ions.

As shown in Fig. 2c, d, the EDX analysis results showed 
that there were increases and decreases in the inorganic 
components after the biosorption of Pb2+ ions, indicating 
changes in weight percentage. In light of this information, 
it was thought that more than one mechanism, such as 
surface complexation and electrostatic interactions, played 
a role in the biosorption of Pb2+ ion onto Allium scorodo-
prasum L. biosorbent.

Fig. 2   SEM images of Allium scorodoprasum L. (a, c) Pb.2+ biosorbed Allium scorodoprasum L. (b, d)
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3.2 � Effect of pH on biosorption and pHpzc for Allium 
scorodoprasum L.

The pH value of the biosorption medium is one of the 
important parameters controlling the biosorption process. In 
biosorption processes from liquid phase to solid phase, the 
ionic character of the adsorbate to be removed from the envi-
ronment and the surface functional groups of the biosorbent 
are significantly affected by the pH value of the environment. 
Especially in the biosorption of metals from aqueous solu-
tion, the change in the pH value of the solution can cause 
effects such as hydrolysis, precipitation, redox reactions, and 
formation of complex compounds in the metal ions in the 
environment.

To examine the effect of pH on Pb2+ ion biosorption to 
Allium scorodoprasum L. biosorbent, pH was studied in the 
range of 1.0–5.5 (Fig. 3). When Fig. 3 was examined, it was 
seen that the removal of Pb2+ ions increased with increas-
ing solution pH. This increase in biosorption capacity with 
increasing pH value can be explained by the decrease in 
the concentration of H+ ions in an alkaline medium. At low 
pH values, the biosorption medium is acidic and contains 
more H+ ions than the alkaline medium. Since the H+ ions 
in the medium will be attracted to the active centers on the 
biosorbent surface, they create a competing ion effect for 
Pb2+ ions, causing the biosorbent surface to be positively 
charged. In this case, the electrostatic attraction between the 
positively charged Pb2+ ions in the medium and the posi-
tively charged biosorbent surface decreases. It was observed 
that biosorption efficiency was at maximum at pH 4.5. Pb2+ 
removal was found to be 89% at pH 4.5. After pH 4.5, it was 
observed that the biosorption efficiency started to decrease. 
When pH > 5.5, Pb2+ ions in the solution environment tend 
to precipitate in the form of hydroxyls. Since there tend to be 

more Pb2+ ions at pH values < 5.5, the optimum pH value for 
biosorption experiments is recommended in this study as pH 
4.5, which is the natural solution of 1000 mg L−1 Pb2+ ions:

The surface charge of Allium scorodoprasum L. biosorb-
ent was found using the solid addition method [18]. Meas-
urements were carried out at room temperature. ∆pH–pH 
graph is presented in Fig. 2. The pHpzc value of Allium 
scorodoprasum L. biosorbent was determined as 5.58. At 
pH < pHpzc values, the biosorbent surface will be posi-
tive, which will prevent positively charged Pb2+ ions from 
approaching the biosorbent surface. Because H+ ions com-
pete with Pb2+ ions, the interaction of Pb2+ ions with the 
biosorbent surface may decrease. This explains the low 
biosorption efficiency at low pH values. With increasing pH, 
pH > pHpzc will occur, and the biosorbent surface becomes 
negative. Electrostatic interactions occur between the nega-
tive biosorbent surface and Pb2+ ions, which increases the 
biosorption efficiency.

3.3 � Biosorbent dose effect

The effect of the biosorbent dose on the biomass of Allium 
scorodoprasum L. was performed by changing the biosorb-
ent dose between 1 and 20 g L−1 and balancing it with 
1000 mg L−1 and 10 mL Pb2+ solutions. Figure 4 shows the 
effect of biosorbent dosage on Pb2+ ion removal efficiency. 
By increasing the biomass dosage from 1 to 20 g L−1, the 
removal efficiency increases from 20 to 97%. This is because 
increasing the biosorbent dosage gradually increases the 
active biosorption areas for Pb2+ ions. It was observed 
that there was a slow change in biosorption efficiency after 
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Fig. 3   Effect of pH on biosorp-
tion ([Pb2+]0: 1000 mg L−1, 
amount of biosorbent: 10 g L−1, 
pH 1.0–5.5, contact time:24 h, 
temperature: 25 °C), and pHpzc 
for Allium scorodoprasum L
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the biosorbent dose was 10 g L−1. Further increasing the 
amount of biosorbent does not cause a significant increase 
in biosorption since the Pb2+ concentration is constant. For 
these reasons, a dose of 10 g L−1 biosorbent was used in 
Pb2+ ion biosorption experiments on Allium scorodoprasum 
L. biosorbent.

3.4 � Biosorption isotherms

Adsorption isotherms define the relationship between the 
amount adsorbed per unit mass of adsorbate at constant tem-
perature and the adsorbate concentration. Langmuir and Fre-
undlich models are popular two-parameter models that are 
widely used to describe adsorption isotherms.

The Langmuir model is widely used in solid–liquid 
systems. This model assumes that the adsorbate surface is 
homogeneous and of equal energy and that the adsorbate is 
adsorbed as a monolayer [19]. It assumes that all sites on 
the adsorbate surface have the same probability of being 
occupied. The Freundlich isotherm describes the multilayer 
adsorption process on heterogeneous surfaces. The model 
assumes that bond strength decreases as the occupancy of 
active adsorptive sites increases [20]. The Dubinin-Radush-
kevich (D-R) model also evaluates the adsorption process 
energetically, assuming that adsorption is related to surface 
porosity and pore volume [21].

To explain the biosorption mechanism, it is necessary to 
determine the biosorption isotherm model that is most com-
patible with experimental data. The fit graphs for Langmuir, 
Freundlich, and D-R isotherm models in the biosorption pro-
cess of Pb2+ ions to Allium scorodoprasum L. biosorbent are 
presented in Fig. 5, and the parameters derived from these 
models are presented in Table 1. When Fig. 5 is examined, 
it is seen that the initial biosorption efficiency increases 

with increasing concentration. When there is an excess of 
Pb2+ ions in the biosorption medium, the active centers on 
the biosorbent surface are rapidly covered by the ions in 
the medium, and the biosorption process, which progresses 
more slowly over time, reaches equilibrium.

Looking at the R2 values given in Table 1 for the Lang-
muir and Freundlich models, it was seen that the isotherm 
most compatible with the experimental data was the Fre-
undlich model. Accordingly, the biosorption process of 
Pb2+ ions onto Allium scorodoprasum L. biosorbent can be 
defined as monomolecular adhesion on heterogeneous sur-
faces. In different studies on Pb2+ ion removal, processes 
that can be explained by both adsorption models, similar to 
the one in this study, were determined (Table 2). XF, which is 
a measure of adsorption capacity from the Freundlich model, 
was found to be 2.52, and β surface heterogeneity was found 
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Table 1   Parameters calculated from Langmuir, Freundlich, and D-R 
isotherm models

Isotherm model Parameter Value

Langmuir

Q =
QLCe

1+KLCe

QL (mg g−1) 107
KL (L mg−1) 0.00401
R2 0.990

Freundlich

Q = XFC
�
e

XF 2.52
β 0.543
R2 0.985

D-R
Q = XDRe

−(KDR�
2)

� = RTln

(

1 +
1

Ce

)

EDR = (2KDR)
−0.5

XDR (mg g−1) 294

 − KDR × 109/mol2 KJ−2 6.28
EDR/kJ mol−1 6.34
R2 0.989
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to be 0.543. The fact that the β value found from the Fre-
undlich model was less than 1 showed that the biosorption 
process of Pb2+ ions into the Allium scorodoprasum L. 
biosorbent was favorable under the studied conditions. From 
the Langmuir isotherm model, the maximum biosorption 
capacity was found to be 107 mg g−1, and the KL value was 
0.00401 L mg−1.

A comparison of the maximum biosorption capacity of 
Pb2+ ions to various sorbents reported in the literature, and 
Allium scorodoprasum L. biosorbent is presented in Table 2. 
From this table, it can be seen that the maximum sorption 
capacity of Allium scorodoprasum L. biosorbent is higher 
than that of most adsorbents. This supported that Allium 
scorodoprasum L. biosorbent can be recommended as a 
potential alternative biosorbent in the removal of Pb2+ ions 
from wastewater.

The biosorption energy derived from fitting the experi-
mental data to the D-R model was found to be 6.34 kJ mol−1. 
If the biosorption energy is 8 < E < 16 kJ mol−1, it indicates 
that the biosorption process is proceeding chemically, and 
if E < 8 kJ mol−1, it indicates that the biosorption process 
is proceeding physically [40]. In this case, it means that 
the biosorption process of Pb2+ ions into the biosorbent of 
Allium scorodoprasum L. is physical.

3.5 � Biosorption kinetics

Biosorption kinetics describes the solute retention that 
controls the residence time of the biosorbent at the 

solid–liquid interface, providing information about the 
reaction pathways and mechanism of the biosorption 
reaction. Kinetic parameters, which are very important in 
the design of biosorption systems, are used to explain the 
biosorption rate and the steps effective in the biosorption 
mechanism. To explain the biosorption process of Pb2+ 
ions on Allium scorodoprasum L. biosorbent, Lagergren’s 
pseudo-first-order (PFO) [41], pseudo-second-order (PSO) 
kinetics [42], and intraparticle diffusion (IPD) [43] models 
were used.

Fitting graphs of PFO, PSO, and IPD kinetic models in 
the biosorption process of Pb2+ ions to Allium scorodopra-
sum L. biosorbent (Fig. 6), and the parameters derived from 
these models are presented in Table 3. When the curves in 
Fig. 6 were examined, it was seen that biosorption occurred 
rapidly during the first 180 min, and biosorption slowed 
down, and equilibrium was reached in 240 min. Since there 
was an excess of Pb2+ ions in the biosorption medium at the 
beginning, the biosorbent surface was quickly covered by the 
Pb2+ ions in the medium, and over time, the slower biosorp-
tion process reached equilibrium. The optimum biosorption 
time was determined as 240 min.

When the correlation coefficients (R2) of the PFO, and 
PSO models presented in Table 3 were examined, it was 
understood that the Pb2+ biosorption mechanism per-
formed at pH 4.5 and 298 K temperature was compat-
ible with the PFO model. In addition, it was seen that 
the biosorption capacity values calculated from the model 
equation and the experimentally determined values were 

Table 2   Isotherm modeling 
on the biosorption of Pb2+ 
ions onto another adsorbent in 
literature

Adsorbent pH mg/g from Langmuir model Reference

Polymethoxyethyl acrylamide 81.02 [22]
Tobacco leaves 39.60 [23]
Hazelnut shells 28.18 [24]
Chitosan-diatomite composite 4.0 31.91 [25]
Cane bagasse 7.29 [26]
Olive tree residues treated with nitric acid 116 [27]
Chitosan and activated charcoal 125 [28]
Bamboo-based activated charcoal 142 [29]
Magnetic magnetite 53.11 [30]
Rhizopus arrhizus 4.5 2.643 [31]
Powder activated carbon - 20.07 [32]
Crab shell and arca shell 5.5 19.83 and 18.33 [33]
Bacillus sp. 3.0 92.27 [34]
Caulerpa lentillifera (Green macroalga) 5.0 28.7 [35]
Chaff 5.5 12.4 [36]
Gelidium algae 5.0 64 [37]
Chitosan-dolomite composite beads 4.0 67.01 [38]
Mango peel 99.05 [24]
lichen (Evernia prunastri) 4.0 13.88 [39]
Allium scorodoprasum L. biomass 4.5 107 This study
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close to each other. In this case, it can be said that the 
rate-determining step in the biosorption process carried 
out in this study will be biosorption through physical 
interactions.

Compatibility of experimental data of biosorption kinet-
ics with the IPD model is presented in Fig. 6. The IPD 
model, which includes multiple linear curves, predicts sev-
eral mechanisms [1]. These are (i) transfer of Pb2+ ions from 
the majority of the solution to the liquid film surrounding the 
biosorbent, (ii) transport of Pb2+ ions from the liquid film 
surrounding the biosorbent (film diffusion), (iii) biosorption 
of Pb2+ ions to the surface of the biosorbent (biosorption), 
and (iv) diffusion of Pb2+ ions into the pores of the biosorb-
ent (intra-particle diffusion). In general, it can be said that 

the biosorption mechanism is a multi-step process consisting 
of these sequential steps.

3.6 � Biosorption thermodynamics

The effect of temperature on Pb2+ biosorption was investi-
gated at three different temperatures: 5 °C, 25 °C, and 40 °C, 
and the results are presented in Fig. 7. An increase in Pb2+ 
biosorption was observed with increasing temperature of 
the biosorption medium. The increase in biosorption with 
increasing temperature indicates the endothermic nature of 
the biosorption process. The increase in biosorption effi-
ciency with temperature can be attributed to the decrease in 
mass transfer resistance due to the decrease in the boundary 
layer thickness surrounding the biosorbent [2]. The ther-
modynamic parameters for Pb2+ ion biosorption onto the 
biosorbent, enthalpy change (ΔH°), entropy change (ΔS°), 
and Gibbs-free energy change (ΔG°) were calculated using 
Eqs. 5–8 given below. The parameters derived using these 
equations are presented in Table 4:

(5)Kd =
Q
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Fig. 6   Biosorption kinetics (Pb2+]0, 1000  mg L−1; biosorbent dose, 
10  g L.−1; natural pH, 4.5; contact time, 2–1440  min; temperature, 
25 °C)

Table 3   The calculated parameters from PFO, PSO, and IPD kinetic 
models

Kinetic model Parameter Value

PFO Qt/mg g−1 75.2
Qt = Qe

[

1 − e−k1 t
]

Qe/mg g−1 76.7
H1 = k1Qe k1 × 103/min−1 4.29

H1 × 103/mg g−1 min−1 329
R2 0.972

PSO Qt/mg g−1 75.2
Qt =

t
[

1

k2Q
2
e

]

+

[

t

Qe

]

Qe/mg g−1

k2 × 103/mg−1 g min−1 H2 × 103/
mg g−1 min−1

94.8
0.0456
410

H2 = k2Q
2
e

R2 0.961
IPD ki × 103/mg g−1 min−0.5 5790
Qt = kit
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Fig. 7   Biosorption thermodynamics ([Pb2+]0, 1000 mg L−1; biosorb-
ent dose, 10 g L.−1; natural pH, 4.5; contact time, 24 h; temperature, 
5 °C, 25 °C, and 40 °C)

Table 4   Thermodynamic parameters

Temperature/°C ΔH°/kJ 
mol−1

ΔG°/kJ 
mol−1

ΔS°/
Jmol−1 K−1

R2

5 10.4  − 13.3 85 0.996
25  − 14.9
40  − 16.2
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The positive enthalpy value indicated that the biosorp-
tion process was endothermic. The positive value of entropy 
indicated the increase in randomness at the solid-solution 
interface during the biosorption of Pb2+ ions onto the active 
sites of the biosorbent. The negative Gibbs-free energy 
change indicated the spontaneous nature of the biosorption 
process [44–46].

3.7 � Recovery

Recovery/desorption is the process of removing biosorbed 
metal from the biosorbent. Recovery of biosorbent is very 
important in terms of reducing dependence on continuous 
biomass supply, keeping process costs low, and ensuring 
the recovery of metal ions adhering to the solid phase. The 
commonly used practical method for the desorption of heavy 
metals from the biosorbent surface is leaching with dilute 
acids. This is because most metals contain an ion exchange 
mechanism. Increasing the acidity of the metal biosorbent 
causes metal ions to separate from the biosorbent surface. 
Pb2+ ion desorption experiments to Allium scorodoprasum 
L. biosorbent were carried out with 100 mg biosorbent in 
10-mL 1000 mg L−1 Pb2+ solution at natural pH: 4.5, 25 °C. 
Then, the desorption of Pb2+ ions was carried out by equili-
brating the residue with 10 mL of 0.1 mol L−1 each of HCl, 
HNO3, and ethyl alcohol separately for 20 min. Biomass 
was regenerated three times (Fig. 8). No deformation was 
observed in the biosorbent during biosorption-desorption 
studies. At the same time, it was observed that the biosorp-
tion capacity did not decrease significantly. For this reason, 
Allium scorodoprasum L. biomass can be recycled several 
times without losing biosorption efficiency, which is very 
important in biomass selection [44–46].

4 � Conclusion

In this study, batch adsorption experiments were carried out 
for Pb2+ removal from aqueous solution using Allium scoro-
doprasum L. adsorbent. Optimal operating parameters for 
maximum adsorption, pH of the solution, amount of adsor-
bent, contact time, and temperature, were selected as pH 
4.5, 10 g, 24 h, and 25 ºC. The obtained experimental data 
were applied to Langmuir, Freundlich, and D-R isotherm 
models. The monolayer adsorption capacity was found to 

(6)ΔG
◦

= −RTln
(

Kd

)

(7)lnKD =
ΔS

◦

R
−

ΔH
◦

RT

(8)ΔGo = ΔHo − TΔSo

be 107 mg/g under optimal conditions. The adsorption-free 
energy calculated from the D-R isotherm was calculated as 
EDR (6.4 kJ mol−1), which indicates that Pb2+ adsorption 
to Allium scorodoprasum L. occurs by the chemical ion 
exchange mechanism. The negative ΔG° value showed that 
Pb2+ adsorption to Allium scorodoprasum L. was possible 
and spontaneous. A positive ΔH° value depicts the endother-
mic nature of adsorption.

A positive ΔS° value indicates an increase in the random-
ness at the adsorbent/solution interface during the adsorption 
process. By applying experimental data to kinetic models, it 
was found that Pb2+ adsorption onto Allium scorodoprasum 
L. follows pseudo-second-order and intraparticle diffusion 
rate kinetics. Recovery studies showed that Allium scoro-
doprasum L. composite had good adsorption/desorption 
performance for Pb2+ ions.
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