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Abstract

A novel composite adsorbent was prepared from chitosan (Ch) and sepiolite (S)
for removal of Pb(Il) from aqueous solution. The Ch-S composite beads were suc-
cessfully synthesized by crosslinking epichlorohydrin (ECH) and tripolyphosphate
(NaTPP). A number of physicochemical parameters such as, pH, initial Pb(Il) con-
centration, temperature, contact time and desorption have been studied during the
adsorption process. Experimental data acquired from batch adsorption tests have
been analyzed by three isotherm models (Langmuir, Freundlich and Dubinin—Radu-
shkevich), and three kinetic models including the pseudo-first-order, the pseudo-
second-order and intraparticle diffusion equations using nonlinear regression tech-
nique. Langmuir isotherm was the best to fit the experimental data (R>=0.971). The
maximum adsorption capacity was 0.158 mol kg~' from Langmuir isotherm model.
Maximum removal efficiency was found approximately 66% for the initial Pb(II)
concentration of 1000 mg/L, adsorbent dosage of 100 mg and agitation speed of
150 rpm at pH 4.5. The adsorption free energy was found as Epp (15.8 kJ mol ™),
which indicated that Pb(I) adsorption process onto Ch-S composite was chemi-
cally performed. The kinetic studies have shown that the best fitted kinetic model
is the pseudo-first order (R>=0.979). Adsorption enthalpy value was determined as
18.7 kJ mol~!, adsorption entropy was found as 106 J mol~' K~!, and Gibbs free
energy was found as 12.9 kJ mol~!. The thermodynamic parameters showed that the
adsorption of Pb(II) on Ch-S was endothermic, possible and spontaneous.
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Introduction

The pollution of the environment (water, soil, air and others) with heavy metals is
a result of some activities such as industrial, metallurgical and mining. The heavy
metal elements like lead (Pb), mercury (Hg), cadmium (Cd), nickel (Ni), thal-
lium (T1) contaminated soil and water threat to human, animal and plant health
[1, 2]. Among these heavy metal ions, lead pollution is the major problem due to
lead pipes [3] lead ore mining and smelting [4] leaded gasoline [5, 6]. Addition-
ally, the presence of lead ions in aqueous medium has become a major problem
due to their harmful effects on human health, animals and plants [7-9]. There-
fore, essential to remove Pb(II) from wastewater before disposal. For this reasons,
numerous techniques are used for the removal of lead ions from aqueous solution
such as adsorption, solvent extraction, flocculation, chemical precipitation, ion
exchange, coagulation and reverse osmosis [10—16]. Among these methods, the
adsorption is considered to be the most favorable one. It has significant advan-
tages such as low cost, high selectivity, efficiency, environmental friendliness and
ease of application [17]. In order to effectively apply the adsorption method, the
material as an adsorbent should be an economical, easily accessible, recyclable
and non-toxic material [18, 19]. For this purpose, researchers tend to use non-
toxic, cheap, abundant in nature and low-cost adsorbents [20, 21].

Several theories have been proposed to investigate the removal of heavy metal
ions from industrial wastewater; natural minerals and polymers such as sea nod-
ule [22], pomegranate peel [23], sphagnum moss peat [24], carbon nanotubes [25,
26], coffee grounds [27], agricultural waste [28], zeolite-kaolin-bentonite [29],
clinoptilolite-zeolite [30] Ni-based metal-organic framework [31], yttrium sili-
cate [32], halloysite/graphene quantum dots magnetic nanocomposite [33], bio-
char [34] and synthetic wastewater [35] are commonly used as adsorbents.

Chitosan (Ch) is a water-soluble aminopolysaccharide obtained by deacetylation
of the most abundant kit after cellulose in nature. The chitosan, which has antibacte-
rial and antifungal properties, is nowadays used in various sectors such as textiles,
cosmetics, medical uses and agricultural areas [36-38]. Hydroxyl (-OH) and amino
(-NH,) groups in the structure of chitosan are active sites for the removal of heavy
metals [39-41]. However, chitosan has the disadvantages of being easily soluble
in weak acids, poor in thermal stability [42] and difficult to separate [43]. Several
chemical and physical methods have been applied to modify the Ch, especially the
crosslinking method, which generally used to improve Ch’s physicochemical proper-
ties such as surface and adsorptive characteristics [44—47]. A series of recent studies
has indicated that chitosan-based composites have attracted great attention for their
special properties such as adsorption capacity by a crosslinking, chemical stabil-
ity, surface area and structural properties. The Ch-based composites have been used
increasingly in various applications such as an adsorbent biomaterial for the removal
of different types of dyes and metal ions [48-51].

Sepiolite (Sil,)(Mgg)O5,(OH),(OH,),-8H,0 is a natural clay mineral [52, 53].
The general structure of sepiolite is formed by separating the blocks and tunnels
growing in the microfiber direction. Each block consists of two tetrahedral silica
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layers connected to the octahedral magnesium layer in the center. However, silica
layers are not continuous and reversal of silica layers causes structural tunnels.
In addition, sepiolite has a not only high surface area but also high chemical and
mechanical stability [54]. The characteristic properties of sepiolite can allow it to
be used as adsorbent in adsorbing organic and inorganic ions. However, coagula-
tion and aggregation, which is one of the negativities affecting the hydrodynamic
properties of sepiolite, limits its use. These problems can be eliminated by creat-
ing a composite of sepiolite.

In this study, a novel Ch-S composite adsorbent was prepared from sepiolite and
chitosan with a high adsorption capacity for removal of Pb(Il) ions from aqueous
solutions. The aims of this study were to: (1) synthesize the composite beads, (2)
investigate the adsorption capacities with the help of kinetic, isotherm and thermo-
dynamics parameters and (3) characterize the physical and chemical properties. To
our present knowledge, this is the first report about the utilization of Ch-S composite
beads, for the adsorption of Pb(II) ions from aqueous solutions.

Materials and methods
Chemicals and devices

In this study, the natural sepiolite (S) was supplied from Akmin Mining (Ankara).
Medium molecular weight chitosan (Ch) (Sigma-Aldrich, Germany) was preferred.
(CH;CO0),U0,.2H,0, 4-(2-pyridilazo) resorcinol (PAR), Epichlorohydrin (ECH),
sodium tripolyphosphate (NaTPP) and the other chemicals were achieved from
Merck (Germany). DI water is used in all dilutions and experiments. Spectrophoto-
metric analysis was carried out by a UV-vis spectrophotometer (UV-DR-6000; Shi-
madzu, China).

The surface of unloaded and Pb(Il) loaded Ch-S composite adsorbent were char-
acterized by FT-IR and SEM-EDX analysis. The FT-IR spectra were recorded on
a PerkinElmer 400 spectrophotometer. SEM images and EDX compositional data
were obtained with a Leo 440 Computer Controlled Digital System.

Preparation of Ch-S composite

Ch-S composite was synthesized according to the following procedure. The typical
synthesis procedure applied for chitosan/sepiolite hybrid beads is schematically pre-
sented in Fig. 1.

As can be seen in Fig. 1 sepiolite and 2 g chitosan were mixed in acetic acid solu-
tion (5% v/v) for 2 h until homogenous mixture was obtained. Then, ECH solution was
added to the mixture and ultrasound assisted mixed for 2 h at room temperature. The
mixture was lest overnight. Afterward, the mixture was added dropwise to the NaTPP
solution to form composite beads. The synthesized composite beads were precipitated
and washed three times with double distilled water, and then, the composite was dried
in the oven at 40 °C, ground and then stored in closed containers.
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Fig. 1 Shematic illustration for the preparation of chitosan/sepiolite hybrid beads

Methods of analysis

Pb(II) adsorbed on the Ch-S composite was determined with PAR method [55].
With using this method, the concentration of Pb(Il) was analyzed by UV-vis spec-
trophotometer at A =520 nm.

Batch adsorption experiments

Adsorption experiments were carried out at room temperature using the batch
method. Stock solution of Pb(Il) (5000 mg L~') was prepared with using dis-
tilled water. The adsorbent-solution systems were equilibrated with 1000 mg L'
(3.7x 107 mol L") Pb(II) concentration at natural pH 4.5, for 1440 min at 25 °C
in 10 mL polypropylene tubes containing 10 mL of Pb(I) solution. The pH value
was adjusted by 0.1 mol L~' NaOH and HCI. The batch adsorption conditions are
presented in Table 1. Adsorption% and Q (mol kg™!) were calculated with Eqs. 1
and 2 .

Adsorption% = [ C ] x 100 (1)

i
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Table 1 Experimental conditions for adsorption of Pb(II) onto Ch-S

Experimental conditions

Aim of experiment  Solution pH Initial Pb(II)  Adsorbent Contact time (min) Temperature (°C)

conc. (mg dosage (g
L™ L™
Effect of pH 1.0-7.0 1000 100 1440 25
Effect of concen- 4.5 50-1000 100 1440 25
tration
Effect of time 4.5 1000 300 2-1440 25
Effect of tempera- 4.5 1000 100 1440 5,25,40
ture
Desorption 4.5 1000 100 1440 25
Q= [——|%xV 2
m

where C; is the initial concentration (mg LY, m refers to the adsorbent mass (2), Cf
is equilibrium concentration (mg LY, and V is the solution volume (L).

Desorption experiments

Desorption studies were performed for adsorbent reuse in adsorption processes. In
this study, dilute 1 mol L~! HCI, NaOH, HNO; and ethanol solutions were used for
desorption of the Pb(II) ions from the surface of the Ch-S. In order to determine
the desorption property of the Ch-S composite adsorbent, the experiments were
repeated three times with the same adsorbent for the adsorbent/desorption cycle. At
the end of each experiment, the solutions were centrifuged at 5000 rpm for 10 min
to ensure liquid—solid separation and the amount of Pb(Il) ions in the equilibrium
solution was determined by the UV-vis spectrophotometric method. % Desorption
was calculated with Eq. 3.

Desorption% = —— X 100 3)

In these equation, Q.. desorbed amount of adsorbate (mol kg™"), Q,,: adsorbed
amount of adsorbate (mol kg‘l).

Results and discussion
FT-IR and SEM analysis

The FT-IR spectra of the Ch, S and Ch-S composites are given in Fig. 2. When
the chitosan spectrum was examined, it is observed that the absorption band at
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Fig.2 FT-IR spectra of Ch, S and Ch-S composite
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3291-3261 cm™! is assigned to N-H and O-H stretching, the peaks at 2921 and
2877 cm™! is corresponded to C-H symmetric and asymmetric stretching, 1645 cm™!
is assigned to C=0 stretching of amide I, 1589 cm™! is corresponded to the N-H
bending of the primary amine, 1423 and 1375 cm™' is assigned to the CH, bend-
ing and CH; symmetrical deformations, 1325 cm™' is assigned to C-N stretching
of amide III, 1550 cm™ is corresponded to N-H bending of amide II, 1153 cm™!
is assigned to asymmetric stretching of the C—-O-C bridge, 1066-1028 cm™! is
assigned to C-O stretching, which are characteristic peaks for chitosan [56-58].
When the sepiolite spectrum was examined, it is observed that the absorption
band at 1826 cm™' is assigned to H-O—H stretching vibrations of water molecules
weakly hydrogen bonded to the Si—O surface and sepiolite water, while the peak
at 1443 cm™! was known as the carbonate peak. The peaks in the 1090-984 cm™!
is corresponded to silicates (Si—-O-Si and Si—O). The peaks at 885-736 cm™' are
assigned to magnesium hydroxides. 984 cm™! is corresponded to the Si-O stretch-
ing, 1022 cm™! is assigned to the basal plane of the tetrahedral units indicating the
Si—O-Si plane vibrations [59, 60].

When the FT-IR spectrum of Ch-S composite is examined, it is seen that it is dif-
ferent from both spectra. Although the characteristic peaks of both components are
observed in the spectrum of the composite, in particular the further expansion of
the peak in the range of 700-1600 cm™! is evident that the overlap of the peaks of
both components occurred in this wave number. Therefore, FT-IR spectra of Ch-S
composite indicated that the Ch-S composite confirm hybrid material of chitosan
and sepiolite.

SEM analysis was performed to investigate the surface morphology of Ch-S
composite. The SEM photographs of the Ch, S and Ch-S composites are given in
Fig. 3a—c.

SEM photographs of Fig. 3a showed that chitosan has a nonporous, smooth mem-
branous phase consisting of dome-shaped orifices, microfibrils and crystallite [61].
Figure 3b shows a typical composition of sepiolite, which has a needle-like fibrous
structure. In the literature, natural sepiolite has poor dispersibility because of the
hydrogen bonding and van der Waals forces between needle-like crystals in struc-
ture of it [62, 63]. SEM photographs of Fig. 3c shows that Ch-S composite shows

S -
& 3 Y
TESCAN SEMMV: 100KV |  WD:988mm MIRA3 TESCAI SEM HV: 100KV | WD:.
View fleld: 41.5 ym View fleid: 41.5 ym 10pm
SEM MAG: 5.00 kx Dot: BSE erformance in nanospace  SEM MAG: 5.00 kx Dot: BSE Performance in nanospace

Fig.3 SEM photographs of chitosan a, sepiolite b and Ch-S composite ¢
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a structure having the hybrid structure of both chitosan and sepiolite. Surface mor-
phology, which is different in the components of the Ch-S composite, was evaluated
as evidence that the hybrid composite was synthesized.

Effect of solution pH

The adsorption mechanism is related to the physicochemical interactions of the spe-
cies in solution. The pH of the aqueous solution is a significant parameter affecting
the adsorption process. The pH of the solution is related to the competitiveness of
H" with Pb(Il) to the functional groups on the adsorbent surface. At high acidic
pHs, metal cations and hydrogen ions compete for binding to active sites, resulting
in less adsorption of metal. At high basic pHs, soluble hydroxide complexes of metal
ions are formed. so the adsorption is reduced. As shown in Fig. 4, Pb(Il) adsorption
capacity increased from 0.062 to 0.232 mol kg~! when the pH 1.0 to 5.0 At high
acidic pHs, Pb(II) and H" ions competition for binding to active sites, resulting in
less adsorption of Pb(I). The maximum amount of adsorbed lead (0.232 mol kg~})
is observed at pH 5.0. At the pHs >5 values, the adsorption amount decreased with
increasing pH. The pH>5 values have not been studied due to the precipitation
behavior of forming hydroxides of lead ions in the solutions [64].

Adsorption isotherms

The adsorption of Pb(I) ions onto Ch-S composite adsorbent was modeled using
the Langmuir, Freundlich and Dubinin—Radushkevich (D-R) isotherm models.
The Langmuir isotherm theory assumes that adsorption takes place at specific

0,25 100
0,20 180
= 9
2 0,15} 160 =
< 0 c
[<] .0
E 2
G ]
0,10 + 4140 %
<
0,05 - 120
—8— Q (molkg™)
—O— Adsorption (%)
0,00 . . . . . . . 0
0 1 2 3 4 5 6 7 8
pH

Fig. 4 Effect of pH on the adsorption of Pb(II) onto Ch-S (at 25 °C; adsorbent dose: 100 mg; pH: 1.0—
7.0, Cy: 1000 mg L™'; contact time: 1440 min)
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homogeneous sites within the adsorbent and that adsorption is monolayer [65]. The
Freundlich isotherm theory assumes that adsorption occurs on heterogeneous sur-
faces. The D-R isotherm model examines adsorption energetically [66] The Lang-
muir, Freundlich and D-R isotherm equations are expressed by following Eqs. 4, 5,
and 6 respectively.

XLKLCe
== @
1+K,C,
0 =K:C, 5)
0, = QDRe_KDREZ (6)

where Q is equilibrium uptake (mol kg™!), X, is the adsorption capacity, K| is the
parameter for Langmuir isotherm, C, is the equilibrium concentration (mol L™"), K.
is Freundlich constant and n is adsorbent surface heterogeneity. Xp is a measure
of adsorption capacity, € is the Polanyi potential coefficient (mol*> KJ?) and Kpy is
the activity, T is the Kelvin temperature (K), and R is the ideal gas constant (8.314
Jmol~! K="). The Polanyi potential (¢) is expressed by following Eq. 7:

5=RTln<1+CL> @)

The adsorption energy (E) is expressed by the following

Epr = (ZKDR)_O.S

®)

If the adsorption energy is 8 <E < 16 kJ mol~!, the adsorption is physically con-
trolled and E < 8 kJ mol~! indicates that the adsorption proceeds physically (11,12).
The harmony to the Langmuir, Freundlich and Dubinin—Radushkevich isotherm
models is presented in Fig. 5 and Table 2 show the parameters used in the adsorp-
tion isotherms.

The value of correlation coefficient (R?) of Langmuir model was higher than Fre-
undlich model. Pb(II) adsorption onto Ch-S was more fitted the Langmuir model.
Maximum adsorption capacity was calculated to be 0.158 mol kg~! from Langmuir
isotherm model. A measurement of adsorption capacity K, 1.49 and n surface het-
erogeneity 0.369 from the Freundlich model was found. The Freundlich parameter n
indicates the degree of heterogeneity of the surface and the Epy value found in the
D-R model indicates that the adsorption process is chemical.

Adsorption kinetics

The kinetic study is very important in batch experiments to find the optimum inter-
action time of metal ions with adsorbent. The three most commonly kinetics models
were used to evaluate the contact time dependence of adsorption process. In order
to investigate the adsorption of PB(LL)ions onto Ch-S composite adsorbent were
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Fig.5 Experimentally obtained adsorption isotherms of Pb(II) onto Ch-S (at 25 °C; adsorbent
dose:100 mg; natural pH:4.5, C:50-1000 mg L~!; contact time:1440 min)

Table 2 Langmuir, Freundlich and Dubinin-Radushkevich isotherm models parameters

Langmuir Freundlich Dubinin—-Radushkevich
X, Ky, R? Kg n R Xpr —Kprx10°  Epp  R?
0.158 3615 0.971 1.49 0.369 0.867 0.383 3.89 15.8 0.902

X, (mol kg™"); K, (L mol_l);subDR(mol kg™); —KDRX109 (mol’KJ7?); Epr(k] mol~"), Standard deviation
0.045 mol kg~', standard error 0.0142 mol kg™

described by pseudo-first-order (PFO), pseudo-second-order (PSO) and intraparticle
diffusion (IPD) kinetic models equations (Eq. 9) [67], Eq. 10 [68] and Eq. 11 [69],
respectively.

0, =0,[1-e™] ©)
0=— 1

ez ]+ 5 1o

0, = ki*S (11)

where Q, (mol kg™!) is the lead absorbed amount at time ¢ (min), Q, (mol kg™h
is the absorbed amount at equilibrium, k;, k, and k; are the rate constants for
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Fig.6 Compatibility of Pb(II) adsorption kinetics to pseudo-first-order, pseudo-second-order and intra-
particle diffusion models (at 25 °C; adsorbent dose: 300 mg; natural pH: 4.5, C;: 1000 mg L~'; contact
time: 2—-1440 min)

Table 3 Parameters derived from the compatibility of pseudo-first-order kinetic, pseudo-second-order
kinetic and intraparticle diffusion models

Pseudo-first-order kinetic

Q/(molkg™)  QJ(molkg™) R? k; x 10%/(dk™") Hx10%/(mol
kg~! min~")
0.146 0.146 0.979 7.34 1.07
Pseudo-second-order kinetic
Q/(molkg™)  QeJ(molkg™) R? ky x 103/(mol~'kg Hx10%/
min~!) (mol kg™! min~")

0.146 0.179 0.956 421 1.32
Intraparticle diffusion

R? k;x 10%

(mol kg~! min~%)
0.885 132

*Standard deviation 0.057 mol kg"l, standard error 0.0134 mol kg‘l

the PFO model (min~!), the PSO model (mol~! kg min~!) and the intra-IPD
(mol~! kg min~"%) model, respectively. Adsorption data for kinetics studies were
performed in the time range of 2—-1440 min. The adsorption kinetics of Pb(II) onto
Ch-S composite adsorbent is presented in Fig. 6 and Table 3. The value of corre-
lation coefficient (R?) of PFO kinetic model was higher than PSO kinetic model.
From the harmony of theoretically calculated Q, and experimental Q, values, it was
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concluded that the PFO model was a suitable model for the adsorption kinetics of
Pb(II) ions onto Ch-S composite adsorbent. These finding confirmed that the rate
controlling step of adsorption is chemical adsorption.

Adsorption thermodynamics

Thermodynamic parameters are necessary to explain whether the biosorption pro-
cess is spontaneous or not. Enthalpy and entropy (AH? and AS®) are obtained from
InKp, against 1/T the graph. The change of Gibbs free energy (AG") is acquired
by Eq. 15. AG®, AS® and AH" [70] were calculated using the following equations
(Egs. 12, 13 and 14, respectively);

0
K _ =
p=T (12)
AG = —RTh K, (13)
AS®  AHO
InkK, =" - =~
nkp == = (14)
AG® = AH? — TAS (15)

In order to explain the thermodynamic behavior of Pb(II) ions adsorption onto
the Ch-S composite, it was studied at temperatures of 5 °C, 25 °C and 40 °C, and
Fig. 7 was obtained.

Adsorption enthalpy value was determined as 18.7 kJ mol~! and adsorption
entropy was found as 106 J mol~! K~!. The positive of enthalpy and entropy indicate
that the adsorption process on Ch-S was endothermic in nature and the randomness
was entropy-driven process. With the increase in temperature the value of Gibbs free
energy value decreased, this situation indicated that Pb(II) ions adsorption onto the
Ch-S was very efficient, spontaneous and possible at higher temperatures. Moreo-
ver, the increasing temperature most probably influenced the internal structure of
the Ch-S and facilitated the Pb(II) ion distribution in Ch-S composites interspaces
structure [71-73].

Desorption

Desorption investigated the reuse ability for Pb(Il) ions onto Ch-S composite adsor-
bent. The Ch-S composite were regenerated using HCl, NaOH, HNO; and etha-
nol. The obtained Pb(II) removal efficiency for three times is plotted in Fig. 8. The
maximum recovery percentage for Pb(Il) ions onto Ch-S composite adsorbent was
achieved with HC1 (79%). The minimum recovery percentage for Pb(ll)ions onto
Ch-S composite adsorbent was achieved with ethanol (1.5%).
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Fig.7 Effect of temperature on the adsorption of Pb(II) onto Ch-S (at 5 °C, 25 °C, 40 °C; adsorbent

dose: 100 mg; natural pH: 4.5, C;: 1000 mg L~!; contact time: 1440 min)
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Fig. 8 Recovery rates of various solvents for desorption of Pb(II) (at 25 °C; adsorbent dose:300 mg; nat-

ural pH: 4.5, Cy: 1000 mg L~!; contact time: 1440 min)

@ Springer



Polymer Bulletin

Comparison of results with literature

The reported studies about the Pb(II) adsorption capacities of various adsorbents are
presented in Table 4.

Data in Table 4 reveal that the Ch-S adsorbent can be effectively utilized for the
adsorption of Pb(II) ions from aqueous solutions.

Conclusion

In this paper, Ch-S composite adsorbent was successfully synthesized and, then,
used for the Pb(Il) ions removal from aqueous solution. The obtained results can
be summarized as follows:

e The batch studies indicated that optimum working parameters for maximum
adsorption were found as pH of the solution: 4.5, adsorbent dosage: 100 mg,
contact time: 1440 min and temperature: 25 °C.

e Adsorption isotherm models showed that adsorption of Pb(Il) on Ch-S was
more appropriate the Langmuir model. The maximum adsorption capacity was
0.158 mol kg~! from Langmuir isotherm model. The adsorption free energy was
found as Epg (15.8 kJ mol™"), which indicated that Pb(I) adsorption process
onto Ch-S composite was chemically performed.

e According to adsorption kinetics, the value of correlation coefficient (R?) and
the harmony of theoretically calculated Q, and experimental Q, values was con-
cluded that the PFO model was a suitable model for the adsorption kinetics of
Pb(II) ions onto Ch-S composite adsorbent. These finding confirmed that the rate
controlling step of adsorption is chemical adsorption.

Table 4, Compari.sgn of Adsorbent Max. adsorption ~ References
adsorption capacities of o
. capacity, /mol
different adsorbents for the kg
removal of Pb(II) ions
Chitosan/hydroxyapatite 0.060 [74]
Graphene oxide 0.536 [75]
Carbon nanotubes 0.492 [76]
Otostegia persica waste biomass 0.0835 [77]
Alginate-melamine hybrid 1.389 [78]
Silica-modified calcium alginate- ~ 0.091 [79]
xanthan gum hybrid bead
composite
Chitosan/graphene oxide 0.543 [80]
Chitosan/vermiculite 0.154 [55]
Chitosan/sepiolite 0.158 This study
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Adsorption enthalpy value was determined as 18.7 kJ mol™!, adsorption
entropy was found as 106 J mol~! K~!, and Gibbs free energy was found as 12.9
kJ mol~!. Thermodynamic parameters of adsorption showed that Pb(II) ions onto
Ch-S composite was endothermic, spontaneous and possible.

The desorption studies have found that Ch-S composite adsorbent has a good
adsorption/desorption performance for Pb(II).

The adsorption process of the Ch-S composite adsorbent shows promise as an
improved, simple and inexpensive method for treating water and wastewater.
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