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Abstract
The chitosan (Ch)—bentonite (B) composite was synthesized and its adsorption properties were investigated for lead ions. 
The characterization of the Ch-B composite was clarified by FT-IR, SEM, and pzc studies. Factors affecting Pb2+ ion adsorp-
tion from aqueous solution; pH, temperature, adsorbent dose, adsorbate concentration, adsorption time, and temperature 
were examined within the scope of the study. Adsorption was found to increase with increasing pH under acidic conditions, 
and the adsorbent surface was found to be positive under pH: 5.95. It was found that the adsorption isotherm was suitable 
for the Langmuir isotherm model and the adsorption capacity from this model was 0.425 mol kg−1. It was observed that the 
adsorption kinetics fit the PSO and IPD models. Thermodynamic analysis of the adsorption was made and it was determined 
that the adsorption process was endothermic, with increasing entropy and spontaneous. The reuse conditions of the adsorbent 
were investigated and it was found that the adsorbed ion was recovered 84% in 0.1 M HCl.
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Introduction

With the acceleration of industrialization, synthetic dyes and 
heavy metals among the organic pollutants mixed with the 
environment and wastewater pose a danger to human health 
and the environment [1]. Disposal of synthetic dyes and 
heavy metals into the environment without waste treatment 
poses a serious threat to human health as a result of mixing 
with both aquatic life and drinking water [2].

One of the heavy metals causing environmental pollution 
is lead. Lead is generally found in the wastewater of metal, 
metal plating industry, and mining activities [3]. Lead is 
highly toxic to human health. If the concentration of lead 
in the blood is above 0.4 µmol L−1, it has negative effects 
on heme synthesis inhibition in the blood, kidney, cardio-
vascular system, endocrine and immune system, and blood 

pressure [4]. Therefore, removing lead from water is impor-
tant for human health and the environment. Many physico-
chemical approaches have been developed for the removal 
of waste heavy metals and dyes [5]. In these approaches, 
ion exchange, reverse osmosis, precipitation, ultrafiltration, 
and adsorption are commonly used techniques [6]. How-
ever, most of these techniques are not preferred due to cost, 
difficulty in implementation, requiring advanced technol-
ogy, and ineffectiveness. Among these, adsorption stands 
out with its cost, ease of use, and rich adsorbent options 
[7]. Adsorption isolates organic or inorganic compounds 
from the aqueous or gas phase by binding on a solid sur-
face through covalent bonding, ion exchange, chelation, or 
Van der Waals interactions. It is quite common to remove 
heavy metals and dyes, which have a large place among the 
pollutants, by the adsorption method [8]. Natural rocks and 
minerals can be used as adsorbents, among these natural 
adsorbents, minerals such as bentonite, zeolite, diatomite, 
dolomite, and vermiculite are used by many researchers as 
adsorbents in the removal of heavy metal ions from aqueous 
solutions due to their low cost [9].

Chitosan is the most abundant natural polymer after 
cellulose, obtained by deacetylation of chitin. Chitosan 
has proven to be one of the most promising adsorbents for 
heavy metal removal due to its low cost, highly available, 
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non-toxic, bioactive, biocompatible, biodegradable, and 
non-toxicity [10, 11]. Chitosan is used in many sectors such 
as textiles, cosmetics, the production of medical supplies, 
and agricultural areas [12]. At the same time, chitosan is 
widely used in the removal of various dyes and heavy met-
als due to the functional groups in its structure [13]. The 
–OH, –NH2, and –NH–CO–CH3 groups in the chitosan chain 
function as chelating agents for capturing almost all kinds 
of ions physically or chemically [14]. However, chitosan has 
disadvantages such as easy agglomeration, solubility in acid 
solutions, and poor strength [15]. These negative properties 
of chitosan are overcome by forming a composite with vari-
ous natural minerals [10]. Chitosan composites have resist-
ance to an acidic environment and a high adsorption capacity 
for dyes and heavy metals.

Bentoniteis a common and commercially used term for 
clays whose main mineral ismontmorillonite and is a soft 
colloidal aluminum hydrosilicate containing atleast 85% 
montmorillonite. Bentonite is a clay mineral that swells on 
contactwith water, can be activated with acid, thickens drill-
ing mud, and displays alarge surface area. Bentonite shows 
very good adsorbing properties due to itshigh surface area 
[16]. However, bentoniteshows agglomeration in water due 
to its hydrophilic character. To eliminatethis negative feature 
of bentonite and to increase its interest in terms ofadsorp-
tion, polymer-bentonite composites are synthesized by pro-
cessing withvarious polymers.

In thestudies to date, the adsorbent property of bentonite 
has been investigated, itscomposites have been synthesized 
with various polymers by different methods,but no research 
has been conducted on the synthesis of Ch-Bcomposite 
cross-linked with epichlorohydrin and tripolyphosphate. In 
this study, Ch-B composite beads cross-linked withepichlo-
rohydrin and tripolyphosphate were synthesized and the 
adsorbentproperties of Ch-B composite beads were inves-
tigated for the removal/recoveryof Pb2+ ions in wastewater.

Materials and Methods

Chemicals and Apparatus

In this study, Na-bentonite was achieved from Merck (Ger-
many). Medium molecular weight Ch was used (Sigma-
Aldrich, Germany), Pb(NO3)2, and other chemicals were 
achieved from Merck (Germany) and 4-(2-pyridylazo) res-
orcinol (PAR) was achieved from Merck (Germany). Sodium 
tripolyphosphate (NaTPP), epichlorohydrin (ECH), KNO3, 
HCl, C2H5OH, NaOH, and other chemicals were all pur-
chased from Sigma-Aldrich. Solutions were prepared in 
ultrapure water.

The Ch-B composite adsorbent and its components 
were characterized by FT-IR (Fourier Transform Infrared 

Spectroscopy; ATR, Bruker Model: Tensor II), SEM (scanning 
electron microscopy), and energy-dispersive X-ray spectros-
copy (SEM-EDX, TESCAN MIRA3 XMU). The Pb2+ con-
centration was determined with a UV–Vis spectrophotometer 
(SHIMADZU, 160 A model, Japan).

Preparation of Ch‑B Composite Beads

Approximately 2 g of Ch and B each, were mixed in 5% (v/v) 
acetic acid for 2 h at 250 rpm. ECH, 4 mL, was added and the 
final mixture was further stirred for 2 h at 250 rpm, and then 
left overnight on the bench. On the following day, the mixture 
was added dropwise into 0.5 mol L−1 NaTPP solution to mold 
it into beads.

The Point of Zero Charges (pzc)

To determine the point of zero charges, the technique of evalu-
ating the change of initial and equilibrium pH values was used. 
Equilibrium pH was measured after adding 10 mL of 0.1 M 
KNO3 solutions with pHs ranging from 1 to 14 on 100 mg 
adsorbents and mixing for 24 h at room temperature. The ini-
tial pH values were plotted against ΔpH to obtain pzc, the 
point where the initial pH is equal to the final pH.

Batch Adsorption Experiments

The batch method was used (Table 1). The adsorption proce-
dure included 10 mL of 500 mg L−1 Pb2+ solution to 100 mg 
of biosorbent in 10 mL polypropylene tubes and at pH 4.5. 
Absorbance was read at 518.5 nm [17]. Equations 1, 2, and 3. 
were used to estimate Adsorption%, Q (mol kg−1), and Recov-
ery% [18].

 Ci, the initial concentration of Pb2+ (mg L−1); Cf, the remain-
ing Pb2+ (mg L−1); V, the solution of Pb2+ (L); m, the quantity 
of the composite (g); Qdes, desorbed Pb2+ (mol kg−1); and Qads, 
adsorbed Pb2+ (mol kg−1).

(1)Adsorption% =

[

Ci − Cf

Ci

]

× 100

(2)Q =

[

Ci − Cf

m

]

× V

(3)Recovery% =
Qdes

Qads

× 100
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Results and Discussion

FT‑IR and SEM‑EDX Analysis

FT‑IR Spectra of Chitosan (Fig. 1a)

Characteristic peaks for chitosan; the absorption bands at 
3329–3261 cm−1 are assigned to the NH and OH stretch, 

the peaks at 2941 and 2811 cm−1 have corresponded to the 
CH symmetrical and asymmetric stretching, 1645 cm−1 
has corresponded to the C=O stretch of amide I, the 
1569 cm−1 peak has corresponded to the NH of the pri-
mary amine, 1423 and 1375 cm−1 peaks are corresponded 
to CH2 bending and CH3 symmetrical deformations. The 
1295 cm−1 peak has corresponded to the C–N stretch of 
amide III, the 1550 cm−1 peak has corresponded to the 
N–H bending of amide II, and the 1153 cm−1 peak has cor-
responded to the asymmetric stretch of the C–O–C bridge. 
The peaks at 1066–1028 cm−1 are assigned to the C–O 
stretch [19, 20].

FT‑IR Spectra of Bentonite (Fig. 1a)

Characteristic peaks for bentonite; the peak at 3688 cm−1 
was assigned to the Al–OH and Si–OH, the peak at 
3619 cm−1 was assigned to the O–H stretching vibration, 
the peak at 1435 cm−1 was assigned to the H–O–H bending 
vibration, the peak at 1036 cm−1 was assigned to the Si–O 
stretching vibration, the peak at 915 cm−1 and 693 cm−1 
was assigned to the Al–O stretching vibration, the peak at 
794 cm−1 and 693 cm−1 was assigned to the Al–OH is the 
Mg–OH stretching vibration, and the Si–O groups were rep-
resented by two peaks at 533 cm−1 and 465 cm−1 [21, 22].

FT‑IR Spectra of Ch‑B (Fig. 1a)

In the spectrum of the Ch-B composite, the peaks at 
1661  cm−1, 1562  cm−1, 1379  cm−1, 1318  cm−1, which 
are the functional groups of chitosan, and the peaks at 
1029  cm−1, 915  cm−1, 792  cm−1, 686  cm−1, 640  cm−1, 
594 cm−1, 526 cm−1 and 465 cm−1, which are the func-
tional groups of bentonite are seen. The spectrum of the 
Ch-B composite reveals a characteristic band at 3269 cm−1 
which is because of hydrogen bonding formation between 
functional groups of Ch (N–H and O–H groups) and O–H 
groups in bentonite. This shows that the Ch-B composite 
was synthesized successfully.

Table 1   Experimental conditions for adsorption

Experimental Conditions

Aim of experiment Solution pH Initial Pb2+ conc. 
(mg L−1)

Adsorbent dosage (mg) Contact time (min) Temperature (°C)

Effect of pH 1.0–7.0 500 100 1440 25
Effect of concentration 4.5 50–1000 100 1440 25
Effect of time 4.5 500 300 2–1440 25
Effect of adsorbent dosage 4.5 500 10, 30, 50, 100, 200 1440 25
Effect of temperature 4.5 500 100 1440 5, 25, 40
Recovery 4.5 500 100 1440 25
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Fig. 1   FT-IR spectrum of Ch, B, Ch-B (a), and FT-IR spectrum of 
unloaded and Pb2+ loaded Ch-B (b)
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FT‑IR Spectra of the Pb2+ Loaded Ch‑B (Fig. 1b)

The absorption peaks at 1562 cm−1 and 1661 cm−1 in the 
Ch-B composite, which shifted from 1624 to 1638 cm−1 in 
chitosan, is corresponding to the deformation vibration of 
amino groups. These observations confirm the participation 
of amine groups in the adsorption of Pb2+ ions to the com-
posite surface.

SEM Images and EDX Spectra of Chitosan (Fig. 2a)

Chitosan has a fibrous, tight, scaly, and porous structure with 
a smooth surface [23]. The EDX spectrum of the chitosan 
indicated that the chitosan contained C, O, and N elements 
(Fig. 2a).

SEM Images and EDX Spectra of Bentonite (Fig. 2b)

Bentonite exhibits an irregular edge curve with slightly a 
drusy texture, partially developed crystalline laminar with a 

rough surface, bulk agglomerated particles and the distance 
between the layers was tiny [24]. The EDX spectrum of the 
bentonite indicated that the bentonite contained C, O, Mg, 
Al, Si, and Ti elements (Fig. 2b).

SEM Images and EDX Spectra of the Unloaded and Loaded 
Ch‑B

The SEM images and EDX spectra (Fig. 2c, d) before and 
after Pb2+ ion adsorption onto Ch-B composite are pre-
sented. When the SEM images in Fig. 2c, d are examined, 
it is seen that the surface morphology of the Ch-B com-
posite has changed considerably that bentonite is covered 
by chitosan. It is evident from the surface smoothing that 
Pb2+ ions collect on the surface of the Ch-B composite 
after adsorption. We believe that the observed morphol-
ogy is due to surface complexation and electrostatic inter-
actions between functional groups on the Ch-B composite 
surface and Pb2+ ions. The EDX spectrum of the Ch-B 
composite indicated that the Ch-B contained C, O, N, 

Fig. 2   SEM images and EDX spectrums Ch (a), B (b), Ch-B (c) and Pb2+ adsorption after Ch-B (d)
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Na, Al, and Si elements (Fig. 2c). The EDX spectrum 
of the Pb2+ loaded Ch-B composite showed that Pb2+ 
loaded the Ch-B composite included C, O, Na, Si, Al, 
and Pb (Fig. 2d). It also showed the existence of Pb after 
adsorption.

Effect of Initial pH and pzc for Ch‑B Composite

The results regarding the effect of pH on the adsorption 
of Pb2+ ions on the Ch-B composite are presented in 
Fig. 3. When Fig. 3 was examined, it was observed that 
the adsorption increased with increasing pH. According 
to Fig. 3, the percentage of adsorption increased from 24 
to 97%, respectively, with an increase in pH value from 
1.0 to 2.5. After this point, it showed a slow decrease 
between pH 2.5 and 5.0. The maximum removal rate was 
found to be 95% at pH 4.5, which was the natural pH of 
the Pb2+ solution. At basic pHs, OH− ions compete for 
adsorption to the active centers of the Ch-B composite, 
and Pb2+ ions precipitate as hydroxide. Pb2+ is the major 
species at pH below 5.5 and PbOH+ is dominant at pH 
above 5.5 [25]. In all adsorption studies, the natural pH 
of the Pb2+ ion was studied. The natural pH of Pb2+ ions 
is 4.5 at 500 mg L−1.

The pzc value of the Ch-B composite was 5.95 (Fig. 3). 
Acidic pHs, the surface (pH < pHpzc) of the Ch-B com-
posite was positive. The solution was acidic and rich in 
hydrated H+ ions. In this case, H+ ions and Pb2+ ions 
competed for attachment to the functional groups on the 
surface of the Ch-B composite. At basic pHs, the surface 
(pH > pHpzc) of the Ch-B composite became negative. 
The Ch-B composite, which had an overall negative sur-
face charge, attracted the Pb2+ ions electrostatically. As a 
result, the adsorption efficiency increased.

Effect of Adsorbent Dosage

The effect of Ch-B composite dosage on Pb2+ removal 
efficiency is given in Fig. 4. It is seen from Fig. 4 that the 
removal efficiency increased rapidly up to 89% with the 
increase of Ch-B composite adsorbent dosage by 10 g L−1 
in 10 mL of Pb2+ solution, and then it remained stable by 
increasing a little more. As the adsorbent dosage increases, 
the removal of Pb2+ ions increases. When all surfaces are 
filled with Pb2+ ions, the adsorption came to equilibrium. 
Contrary to the increase in the adsorption efficiency, the 
adsorption capacity values decreased with the increase of the 
adsorbent dosage. The amount of Pb2+ ion retained per unit 
adsorbent decreased. When these two findings were evalu-
ated together, it was determined that a 10 g L−1 adsorbent 
dosage was the most appropriate value.

Modeling of Adsorption Process

Adsorption isotherms are graphs expressing the equilib-
rium state between the amount of substance adsorbed on 
the adsorbent and the remaining substance concentration 
in the equilibrium solution at constant temperature and 
pH. These graphs are obtained by equilibration of solu-
tions prepared at different concentrations with a certain 
amount of adsorbent at constant temperature and pH. 
Three adsorption isotherm models are commonly used. 
These are the Langmuir, Freundlich and Dubinin–Radusk-
evich (D-R) isotherm models (Table 2). The Langmuir 
isotherm model assumes that adsorption takes place on 
a homogeneous surface. It accepts that the active centers 
on this surface have the same energy and equal affinity 
towards the substance to be adsorbed. It also assumes 
that adsorption takes place in a monolayer [26, 27]. The 
Freundlich isotherm model assumes that the adsorbent 

Fig. 3   Effect of pH on Pb2+ adsorption onto Ch-B {[Pb2+]0: 500 mg 
L-1, adsorbent dosage: 100  mg, natural pH: 1.0–5.0, contact time: 
24 h, temperature: 25 °C PZC for Ch-B}
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Fig. 4   Effect of adsorbent dosage on Pb2+ adsorption onto Ch-B 
{[Pb2+]0: 500 mg L−1, adsorbent dosage: 10, 30, 50, 100 and 200 mg, 
natural pH: 4.5, contact time: 24 h, temperature: 25 °C}
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surface is heterogeneous in terms of adsorption areas and 
adsorption energy. It also assumes that the adsorption is 
multilayered [28, 29]. The D-R isotherm model evalu-
ates adsorption from an energetic point of view [30, 31]. 
If the adsorption free energy value is 8–16 kJ mol−1, the 
adsorption process is chemical, if EDR<8 kJ mol−1, the 
adsorption process is physical.

Experimental data were analysed by Langmuir, Freun-
dlich and D-R isotherm models (Fig. 5; Table 2). When the 
R2 values ​​calculated from the Langmuir and Freundlich iso-
therm models were compared, it was seen that the adsorption 
process fitted better in the Langmuir isotherm model. The 
monolayer adsorption capacity was found to be 0.425 mol 
kg−1. In Langmuir constant was 4431 L mol−1. The Freun-
dlich adsorption capacity, XF, was found to be 3.65, and the 
β surface heterogeneity was 0.357. The energy of the Pb2+ 
ion adsorption was calculated to be 10.5 kJ mol−1. This find-
ing indicated that the adsorption process of the Pb2+ ion was 
chemisorption.

Pb2+ ions adsorption capacities of various adsorbents 
were compared (Table 3) and the adsorption capacity of the 
admass of Ch-B composite was found (0.425 mol kg−1). This 
adsorption advantage might have been derived from the rich-
ness of the functional groups on the Ch-B composite surface. 
Therefore, the use of Ch-B composite as an adsorbent is an 

economical initiative that is needed for wastewater treatment 
processes due to its low cost, environmentally friendly, easy 
and economical preparation, and inexpensive adsorbent.

Table 2   Adsorption isotherms and their parameters

Isotherm models Equation Parameters

Langmuir Q =
XLKLCe

1+KLCe

XL: the maximum adsorption capacity
KL: the parameter for Langmuir isotherm
Q: the amount of adsorbed Pb2+

Ce: the equilibrium concentration

Parameter Value R2

XL (mol kg−1) 0.425 0.911
KL (L mol−1) 4431
Freundlich Q = KFC

β

e
KF: Freundlich constant
β: adsorbent surface heterogeneity

Parameter Value R2

XF 3.65 0.809
β 0.357
D-R Q = XDRe

−KDRϵ
2

� = RTln(1 +
1

Ce

)

EDR =
(

2KDR

)−0.5

XDR: a measure of adsorption capacity
KDR: the activity coefficient
ε: the Polanyi potential
R: the ideal gas constant (8.314 

Jmol−1 K−1)
EDR: the adsorption energy
T: the absolute temperature

Parameter Value R2

XDR (mol kg−1) 1.17 0.940
− KDRx109/mol2 K J−2 2.13
EDR/kJ mol−1 10.5

Fig. 5   Experimentally obtained adsorption isotherms Pb2+ onto Ch-B 
and their compatibility to Langmuir, Freundlich, and D-R models 
{[Pb2+]0: 50–1000  mg L−1, adsorbent dosage: 100  mg, natural pH: 
4.5, contact time: 24 h, temperature: 25 °C}
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Effect of Contact Time on Adsorption

Adsorption kinetics is very important in terms of giving 
information about the mechanism of interaction between 
the adsorbent-adsorbate and the adsorption process. For this 
purpose, three types of kinetic models are commonly used, 
pseudo first-order (PFO) [55], pseudo-second-order (PSO) 
[56], and intraparticle diffusion (IPD) [57] (Table 3).

The fit of the experimental data to the PFO, PSO, and 
IPD models is presented in Fig. 6 and the kinetic parameters 
derived from these models are presented in Table 4. It was 
observed that the adsorption of Pb2+ ions reached equilib-
rium within 240 min (4 h) (Fig. 6). When the correlation 
coefficients (R2) of the PFO and PSO models were com-
pared with each other, it was seen that the results fit the PSO 
kinetic model better. In addition, the closeness of the theo-
retically calculated Qt and experimental Qe values showed 
compatibility with the PSO model. The appearance of two-
line components instead of a single line passing through 
the origin in the IPD model graph indicates that adsorption 
includes different diffusion stages that take place both on 
the surface and inside the surface. In this case, it was shown 
that it is not possible to explain the adsorption with a single 

kinetic model. By applying experimental data to kinetic 
models, it was found that Pb2+ adsorption to Ch-B composite 
followed PSO and IPD kinetics. In the first stage of adsorp-
tion, there are many active centers for the adsorbent. After a 

Table 3   Comparison of sorption 
capacities of other sorbents for 
Pb2+ removal

Adsorbent type pH Tempera-
ture (°C)

Qmax (mol kg−1) References

Silica nanopowders/alginate 5.0 – 0.402 [32]
Magnetic chitosan/graphene oxide 5.0 30 0.372 [33]
Pinecone activated carbon – 25 0.132 [34]
Calcium alginate beads – 23 0.280 [35]
Amino functionalized silica gel 4.5 25 0.129 [36]
Magnetic chitosan-palygorskite 4.0 25 0.283 [37]
Chitosan-sepiolite 4.5 25 0.220 [38]
Magnetic alginate beads – 30 0.242 [39]
Clay/poly(methoxyethyl)acrylamide 5.0 20 0.391 [40]
MoS2-clinoptilolite 6.0 25 0.0167 [41]
Sugarcane bagasse/multi-walled carbon nanotube 4.5 28 0.273 [42]
Magnetic chitosan/graphene oxide – 30 0.372 [33]
Epichlorohydrin-crosslinked chitosan 6.0 25 0.165 [43]
Chitosan-GLA beads 4.5 – 0.0688 [44]
Multiwalled carbon nanotubes/polyacrylamide 5.0 20 0.181 [45]
Chitosan-dolomite composite 4.0 25 0.332 [46]
Xanthate-modified magnetic chitosan – – 0.370 [47]
Chitosan/cellulose 5.3 25 0.130 [48]
Chitosan/hydroxyapatite – 30 0.060 [49]
Chitosan saturated montmorillonite 5.0 – 0.238 [50]
Sodium tetraborate-modified kaolinite clay – 28 0.207 [51]
Activated carbon prepared from Phaseolus aureus hulls 6.0 30 0.102 [52]
Ca(II) imprinted chitosan – 25 0.228 [53]
Chitosan-MAA nanoparticles 5.0 – 0.0546 [54]
Chitosan-bentonite 4.5 25 0.425 This study

0 200 400 600 800 1000 1200 1400 1600
0.0

0.1

0.2

0.3

0.4

0.5

0 10 20 30 40

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Experimental
PFO
PSO
IPD

t/min

Q
/m

ol
kg

-1

Q
/m

ol
kg

-1

t0.5/min0.5

Fig. 6   Compatibility of Pb2+ adsorption kinetics to PFO, PSO and 
IPD models {[Pb2+]0: 500 mg L−1, adsorbent dosage: 300 mg, natural 
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while, the number of active centers on the adsorbent surface 
decreases, and repulsion forces between H+ ions and Pb2+ 
ions make it difficult to fill the active centers on the adsor-
bent surface. In the first stage of adsorption, it is saturated 
with Pb2+ ions. After that, Pb2+ ions are slowly absorbed 
into the pores of the adsorbent. Therefore, the adsorption 
slows down. In this case, it shows that the adsorption process 
takes place in one or more stages. The adsorption process is 
accompanied by surface diffusion, pore diffusion, film dif-
fusion, diffusion on the pore surface, or more of these steps.

Effect of Temperature

The effect of temperature on the adsorption process was 
studied at three different temperatures, 5 °C, 25 °C, and 
40 °C. The thermodynamic parameters [58, 59] for Pb2+ 
ion adsorption to Ch-B composite adsorbent, namely free 
Gibbs energy (ΔG0), enthalpy (ΔH0), and entropy (ΔS0) 
of adsorption can be evaluated using the equations given 
(Fig. 7; Table 5). The ΔH0 value was found to be 106 kJ 
mol−1. This showed that the adsorption was endother-
mic. ΔS0 was found to be 423 J mol−1 K−1 and showed 
an increase in randomness at the adsorbent/solution inter-
face during the adsorption process. The ΔG0 values were 
− 11.2 kJ mol−1, − 19.5 kJ mol−1, − 25.9 kJ mol−1 at 
5 °C, 25 °C, and 40 °C, respectively. The decrease in ΔG0 

value with increases in the temperature showed that the 
adsorption of Pb2+ ions onto Ch-B composite was feasi-
ble, efficient, and spontaneous at elevated temperatures. 
Thermodynamic data also suggested that the Pb2+ ions 
adsorption onto Ch-B composite adsorbent was spontane-
ous, endothermic, and increased with entropy.

Table 4   The adsorption kinetics and their parameters

Kinetic models Equation Parameters

PFO Qt = Qe

[

1 − e−k1t
]

H1 = k1Qe

Qt: the adsorbed amount at the time
Qe: the adsorbed amount at equilibrium
t: time
k1: the rate constant of the PFO
H1: initial adsorption rate for PFO

Parameter Value R2

Qt/mol kg−1 0.475 0.926
Qe/mol kg−1 0.445
k1 × 103/ mol−1 kg min−1 19.1
Hx103/mol kg−1 min−1 8.50
PSO Qt =

t
[

1

k2Q
2
e

]

+

[

t

Qe

]

H2 = k2Q
2
e

k2: the rate constant of the PSO model
H2: initial adsorption rate for PSO

Parameter Value R2

Qt/mol kg−1 0.475 0.964
Qe/mol kg−1 0.490
k2 × 103/mol−1 kg min−1 55.6
H × 103/mol kg−1 min−1 27.2
IPD Qt = kit

0.5 ki: the rate constant of the IPD

Parameter Value R2

ki x103/mol kg−1 min− 0.5 70.9 0.968
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Fig. 7   The effect of temperature on the adsorption {[Pb2+]0: 500 mg 
L−1, adsorbent dosage: 100 mg, natural pH: 4.5, contact time: 24 h, 
temperature: 5 °C, 25 °C and 40 °C}
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Desorption Studies

Recovery/desorption of Pb2+ ions attached to the Ch-B 
composite surface is one of the most important stages of 
the adsorption process. For this purpose, three series of 
desorption experiments were performed with 0.1 M HCl, 
NaOH, HNO3, and ethyl alcohol, and the results in Fig. 8 
were obtained. As seen in Fig. 8, the highest recovery per-
centage for Pb2+ ions was obtained with HCl (84%), and 
the lowest recovery was obtained with ethyl alcohol (6%). 
This indicated that after the three recycling processes the 
Ch-B retained 84% of its initial adsorption capacity. And 
these findings were taken as proof that the Ch-B composite 
adsorbent could be an alternative adsorbent in the recy-
cling of Pb2+ ions from industrial aqueous wastewaters.

Conclusions

In this study, the usability of Ch-B composite as an adsor-
bent formed for the removal of the lead ion, which is one 
of the common pollutants and dangerous for human health 
and the environment with its toxic feature, was investi-
gated. As a result of the research, the following conclu-
sions were reached.

(1)	 FT-IR and SEM images of the Ch-B composite were 
evaluated, and structural differences of the composite 
from its components were demonstrated by both analy-
sis methods. The pzc value of the Ch-B composite was 
determined as 5.95.

(2)	 The pH effect on Pb2+ adsorption was investigated, and 
it was observed that adsorption increased with increas-
ing pH. Adsorption experiments were performed at the 
natural pH of the Pb2+ solution.

(3)	 For the variation of adsorption with concentration, the 
compatibility of isotherms formed by adsorption study 
at different concentrations with commonly used adsorp-
tion models was investigated. The parameters derived 
from these isotherms gave information about both the 
properties of the adsorbent and the adsorption process.

(4)	 To understand the variation of adsorption over time, 
adsorption data were measured time and its compat-
ibility with various kinetic models was investigated. 
The results showed that the adsorption kinetics can 
be explained by the PSO model. It is also effective in 
adsorption in intraparticle diffusion.

(5)	 In the light of adsorption thermodynamic parameters, 
it has been shown that adsorption is an endothermic 
process, the disorder increases during the adsorption 
process, and adsorption occurs spontaneously at 298 K.

(6)	 For the recovery of the adsorbed species and the regen-
eration of the adsorbent, stripping experiments were 
carried out with various solutions and it was shown that 
the highest efficiency was achieved with HCl.

(7)	 In the light of this information, it has been shown that 
the newly synthesized composite is a good adsorbent 
for Pb2+, and it will be an economical, practical, eas-
ily synthesized adsorbent among other organic or inor-
ganic pollutants.
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Table 5   Adsorption 
thermodynamics and their 
parameters

Thermodynamics Equation Parameters

The distribution coefficients KD =
Q

Ce

KD: the distribution coefficients

The free energy of adsorption ΔG0
= −RTlnKD

ΔG0: the free energy of adsorption (kJ mol−1)
Van’t Hoff lnKD =

ΔS0

R
−

ΔH0

RT

ΔH0: the value of enthalpy changes (kJ mol−1)
ΔS0: the value of entropy changes (kJ mol−1)
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Fig. 8   The effect of recovery for Ch-B {[Pb2+]0: 500 mg L−1, adsor-
bent dosage: 100  mg, natural pH: 4.5, contact time: 24  h, tempera-
ture: 25 °C}
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