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a b s t r a c t

A novel chitosan/clinoptilolite composite, as beads with an average size of 800 �m in diameter, in dry
state, was used for comparative studies on the removal of toxic metal ions like: Cu2+, Co2+ and Ni2+

from aqueous solutions. The effects of the initial pH value of the solution, contact time, the initial metal
ion concentration and temperature on the adsorption capacity of the composite were investigated. The
eywords:
dsorption
hitosan
linoptilolite
omposite
eavy metals

kinetics data were analysed by pseudo-first order, pseudo-second order, and intra-particle diffusion
equations. The adsorption kinetics were well described by the pseudo-second order equation, and the
adsorption isotherms were better fitted by the Langmuir equation. The maximum theoretical adsorption
capacities of the chitosan/clinoptilolite composite for Cu2+, Co2+ and Ni2+ were found to be 11.32, 7.94
and 4.209 mmol/g, respectively. The negative values of Gibbs free energy of adsorption (�G◦

ads
) indicated

the spontaneity of the adsorption of all metal ions on the novel composite. Desorption of the metal ions
achie
from the composite was

. Introduction

In recent years, special attention has been given to the envi-
onmental contamination with heavy metals because of their high
oxicity and non-biodegradability. Conventional methods that have
een used to remove heavy metal ions from various industrial efflu-
nts usually include chemical precipitation, membrane separation,
on exchange, evaporation, and electrolysis, etc. and are often costly
r ineffective, especially in removing heavy metal ions from dilute
olutions.

Among the conventional techniques commonly used in the
emoval of heavy metals from wastewaters the adsorption process
s mainly preferred especially when the enrichment of trace metal
mounts or a high selectivity for a certain metal are required [1–4].
owever, the benefits of this technique are offset by the rising cost
f adsorbents like activated carbon and synthetic ion exchangers.
he hunt for a cheap and widely available adsorbent has motivated
esearchers to focus on naturally available adsorbents like natural
eolites [5–8]. Clinoptilolite (CPL), one of the most common natural
eolites, is a hydrated alumina–silicate member of the heulandite

roup, occurring in the zeolitic volcanic tuffs, being widespread
n many countries in the world. CPL is characterized by infinite
hree-dimensional frameworks of [AlO4]5− and [SiO4]4− tetrahedra
inked to each other by sharing all of the oxygens, and the negative
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charge being balanced by metal cations, like Na+, K+, Ca2+ and Mg2+

[7].
Chitosan (CS) and its derivatives have been also extensively

investigated as biosorbent for removal of heavy metals [9–11]. To
improve the mechanical properties, adsorption capacity, or even to
prevent dissolution in acidic medium of the CS, numerous studies
have been devoted to the chemical modification of the CS surface by
homogeneous or heterogeneous cross-linking with di- or polyfunc-
tional agents, such as sodium tripolyphosphate, glutaraldehyde,
ethyleneglycol diglycidyl ether and epichlorhydrin [11–13]. On the
other hand, CS-based composite materials have also been reported
to exhibit enhanced mechanical, thermal or adsorption properties
comparative with any of its components used alone. Novel CS-
based composite materials with enhanced adsorption properties
for removal of heavy metal ions like Cu2+, As3+ and As5+ have been
designed by loading attapulgite into chitosan-g-poly(acrylic acid)
polymeric network [14] or by coating ceramic alumina with chi-
tosan [15]. Other CS-based composites were obtained by coating
with CS the iron hydroxide [16], or perlite, an inorganic porous
aluminosilicate [17].

In our recent studies, we reported on the synthesis of some novel
CS/CPL composites by embedding zeolite microparticles in a matrix
of cross-linked chitosan [18,19]. A comparative evaluation of the

adsorption capacities of the CS/CPL composite containing 20 wt.% of
zeolite against three environmentally problematic divalent metal
ions, namely, Cu2+, Co2+ and Ni2+, from aqueous solutions, was
developed in this paper. The factors influencing the adsorption
capacity of the composite such as the initial pH value of the metal

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:sdragan@icmpp.ro
dx.doi.org/10.1016/j.cej.2010.03.029
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ons solutions, contact time, the initial concentration of metal ions
olutions and temperature were investigated. In order to examine
he controlling mechanism of the adsorption process, the kinet-
cs, adsorption isotherms and thermodynamics parameters were
valuated.

. Materials and methods

.1. Materials

CS as powder was purchased from Fluka, ash content less than
%, and was used without further purification. The viscometric
verage molar mass and the deacetylation degree of CS used in
his study were 334 kDa and 82.4%, respectively. These values were
stimated according to the methods presented elsewhere [19]. The
atural CPL sample used in the preparation of the composite comes

rom volcanic tuffs containing 60–70% CPL, cropped out in Măcicaş
rea (Cluj County, Romania), and has the following elemental
omposition: (NaKCa0.5)5.4(Al5.4Si30.6O72)·20H2O (Si/Al = 5.7) [7].
he zeolitic volcanic tuff was used as collected. CuSO4·5H2O,
oCl2·6H2O, NiCl2·6H2O (all from Aldrich) were used as metal ion
ource for the adsorption experiments. All the reagents were of ana-
ytical grade or highest purity available, and used without further
urification.

.2. Preparation and characterization of CS/CPL composite

Ionic composite based on chitosan (CS) and clinoptilolite (CPL)
ere prepared as microspheres by a “tandem” ionic/covalent

ross-linking, according to the method previously presented [19].
ypically, 0.15 g CPL powder was mixed with distilled water, the
olume of water being 1/2 volume of CS solution used for the
ynthesis of the composite, and kept under vigorous magnetic stir-
ing for 1 h at least. Two volumes of CS solution were mixed with
ne volume of water containing the dispersed zeolite, and after
vigorous magnetic stirring, the epichlorohydrin as cross-linker
as added step-by-step. The mixture thus prepared was added

y a syringe into an aqueous solution of sodium tripolyphosphate
ith a concentrantion of 0.05 M, under mild magnetic stirring.

he mass ratio between CS and CPL was 4:1, the sample name
eing CS4CPL1. The composite microspheres were kept under stir-
ing 5 h at 37 ◦C, and then were separated from the dispersion
edium and intensively washed with distilled water to remove

he excess of small ions. For characterization in dried state, the
omposite microspheres were filtered off, dried at room temper-
ture for 24 h and under vacuum at 40 ◦C, for 48 h. The average size
f the microspheres in dry state was 800 �m, measured by envi-
onmental scanning electron microscopy (ESEM) type Quanta 200,
perating at 15 kV with secondary electrons, in high vacuum mode.
he average size of the composite microspheres in hydrated state
as 1200 �m.

.3. Adsorption studies

Study of the metal ion retention properties of the composites
as carried out using a batch equilibrium procedure. Thus, 0.25 g

f dried CS4CPL1 composite was placed in a flask and contacted
ith 25 mL of the aqueous solution of each metal ion (Cu2+, Co2+

nd Ni2+) at different temperatures and pH. The kinetics of the
etal ion retention was studied by placing 0.25 g of dried CS4CPL1

omposite in 25 mL of aqueous solution of metal ion with a concen-

ration of 0.07 mol/L, at 25 ◦C, the equilibrium concentration of the

etal being measured at different contact durations. The contact
ime ranged between 2 and 36 h. The effect of medium pH on the
dsorption capacity of the CS4CPL1 composite was investigated in
he pH range 2.0–6.0 for each metal ion at 25 ◦C. To determine the
ering Journal 160 (2010) 157–163

effect of initial concentrations of the metal ion on the adsorption
rate and capacity on the CS4CPL1 composite, the initial concen-
tration of the Cu2+, Co2+ and Ni2+ metal ion solutions was varied
between 0.0025 and 0.1 mol/L in the adsorption medium at pH 5.0.
The CS4CPL1 composite was filtered off, and the residual concen-
tration of the metal cation remained in the filtrate was measured
by the UV–vis spectroscopy at 510 nm for Co2+, 720 nm for Ni2+ and
775 nm for Cu2+ (these were the maximum absorption wavelengths
of CoCl2·6H2O, NiCl2·6H2O and CuSO4·5H2O). UV–vis spectroscopy
was performed on a UV–vis SPECORD M42 Carl Zeiss Jena, Germany.

The amount of metal ion bound on the CS4CPL1 composite was
calculated with Eq. (1):

Adsorption capacity = (S0 − S)V
W × AM × 1000

, mmol/g (1)

where S0 and S are the concentrations of the metal ion in aqueous
solution (mg/L) before and after the interaction with dried CS4CPL1
composite, respectively, V is the volume of the aqueous phase (L),
W is the amount of the dried CS4CPL1 composite (g) and AM is the
atomic mass of the metal ion.

For each adsorption experiments, the average of three replicates
was reported.

2.4. Desorption and regeneration studies

Desorption studies were performed in 25 mL 0.1 M HCl solu-
tion by contacting with maximum amount of metal ion absorbed
CS4CPL1 composite for 1 h. After removing the CS4CPL1 composite
from the desorption medium, the metal ion concentrations were
determined by UV–vis spectroscopy.

The regeneration of the CS4CPL1 composite was performed with
0.1 M NaOH, followed by washing to neutral pH.

3. Results and discussion

From the previous study on the influence of zeolite content
on the adsorption capacity of the CS/CPL composite for Cu2+ ions
[19] it was observed an abrupt increase of the adsorption capac-
ity of CS/CPL composites compared with cross-linked chitosan,
starting with the lowest content of CPL loaded in the composite
(CS10CPL1), up to about 20% of CPL (CS4CPL1). The increase of the
adsorption capacity of the CS/CPL composites compared with cross-
linked chitosan was explained by a synergy of both components,
the presence of CPL microparticles leading to the increase of the
accessibility at the functional groups of CS network. Therefore, for
the present study, the CS4CPL1 composite has been selected to per-
form a comparative evaluation of the metal ion removal to examine
the controlling mechanism of the adsorption process the kinetics,
adsorption isotherms and thermodynamic parameters.

3.1. Effect of pH

The pH of the metal ion solution plays an important role in the
whole adsorption process and particularly on the adsorption capac-
ity by the modification of the level of ionization of CS. Fig. 1 showed
the effect of solution pH on the adsorption capacity of CS4CPL1
composite for Cu2+, Co2+ and Ni2+.

It can be seen from Fig. 1 that the amount of M2+ adsorbed
by CS4CPL1 composite slowly increased when pH of M2+ solution
increased from 2 to 5, the optimum adsorption pH being located at
5. At low pH, most of the amino groups of CS in the composite were

ionized and presented in the form of NH3

+, electrostatic repulsion
between M2+ and NH3

+ ions may prevent the adsorption of M2+ ions
onto the composite. At pH > 5 the M2+ retention decreased because
small amount of M2+ started to deposit as M(OH)2. This also sup-
ports the chelation of M2+ on the CS4CPL1 composite. Considering
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Fig. 1. Metal ions retention on CS4CPL1 composite as a function of pH; 25 ◦C, contact
time 24 h, and initial metal concentration of 0.07 mol/L.
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ig. 2. Metal ions retention on CS4CPL1 composite as a function of contact time;
5 ◦C, pH 5 and initial metal concentration of 0.07 mol/L.

he formation of M(OH)2 when the pH value of M2+ solution exceeds
, the pH of 5 was selected as the initial pH value of M2+ solution
or the following adsorption experiments.

.2. Effect of contact time
.2.1. Kinetic parameters
The effect of the contact time on the metal ions (i.e., Cu2+, Co2+

nd Ni2+) retention capacity of the CS4CPL1 composite is shown in
ig. 2. The contact time varied in the range 0–36 h, and the initial
etal concentration was fixed at 0.07 mol/L, the composite being

able 1
inetic data for the adsorption of Cu2+, Co2+ and Ni2+ on CS4CPL1 composite.

M2+ qe,exp (mmol/g) Pseudo-first order constants Pse

qe,calc (mmol/g) k1 (g/mmol min) R2 k2 (

Cu2+ 9.038 8.356 3.45 × 10−3 0.996 0.64
Ni2+ 6.405 9.147 4.05 × 10−3 0.940 0.69
Co2+ 3.401 2.893 3.54 × 10−3 0.958 2.27
Fig. 3. Pseudo-first order model fitted for the adsorption of metal ions on CS4CPL1

composite.

used after the regeneration with 0.1 M NaOH. As Fig. 2 shows, the
time required to achieve the equilibrium at pH 5 was about 24 h.

In order to examine the controlling mechanism of the adsorption
process such as mass transfer and chemical reaction, kinetic models
were used to test the experimental data. The kinetics of metal ion
adsorption on the CS4CPL1 composite was determined with three
different kinetic models, i.e., the pseudo-first and pseudo-second
order and the intra-particle diffusion model. The pseudo-first order
equation of Lagergren (Eq. (2)) is one of the most widely used
equation, being the first rate equation developed for sorption in
liquid/solid systems [20].

log (qe − qt) = log (qe) − k1

2.303
t (2)

where qe and qt are the amounts of ion metalic adsorbed at equilib-
rium (mmol/g) and at time t, respectively, and k1 is the rate constant
of pseudo-first order sorption (g/mmol min).

The slopes and intercepts of plots of log (qe − qt) versus t (Fig. 3)
were used to determine the pseudo-first order rate constant k1 and
qe, the values obtained were presented in Table 1. The theoretical
qe values estimated from the pseudo-first order kinetic model gave
significantly different values compared to experimental values, and
the correlation coefficients were also found to be lower (Table 1).
These results showed that the pseudo-first order kinetic model did
not describe these sorption systems.

The adsorption data were also treated according to the pseudo-
second order kinetics (Eq. (3)) because it was shown to be more
likely to predict the behavior over the whole range of adsorption
being based on the assumption that the rate-determining step may
be a chemical sorption involving valence forces through sharing or
exchange of electrons between adsorbent and sorbate [5,9,21]:

t

qt
= 1

k q2
+ 1

qe
t (3)
where k2 is the rate constant of pseudo-second order sorption
(g/mmol min).

The values of qe and k2 were obtained from the slope and inter-
cept of the straight line obtained by plotting t/qt against t (Fig. 4)

udo-second order constants Weber and Morris intra-particle
diffusion constants

g/mmol min) qe,calc (mmol/g) R2 kid (mmol/g min0.5) R2

× 10−3 9.832 0.999 0.132 0.920
× 10−3 7.102 0.999 0.103 0.942
× 10−3 3.615 0.999 0.040 0.926
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ig. 4. Pseudo-second order model fitted for the adsorption of metal ions on CS4CPL1

omposite.

nd were collected in Table 1. As Table 1 shows, the correlation
actors are high for the CS4CPL1 composite, this indicates the valid-
ty of the pseudo-second order model for metal ion adsorption
n CS4CPL1 composite. The pseudo-second order kinetics supports
he chemisorption would be the rate-determining step controlling
he adsorption process of metal ion, in agreement with the results
eported by other groups [9,14].

In order to assess the nature of the diffusion process reason-
ble for the adsorption of metal ions onto the composite attempts
ere made to calculate the pore diffusion coefficients. The intra-
article diffusion model was proposed by Weber and Morris [22],
he intra-particle diffusion rate constant (kid, mmol/g min0.5) has
een determined by linearization of the curve qt = f(t0.5) (Eq. (4),
ig. 5):

t = kidt0.5 (4)

All the plots have the similar general features, initial linear por-
ion followed by a plateau. The initial linear portion was attributed
o the intra-particle diffusion. However, such a deviation of the

traight line from the origin could likely be due to the difference in
he rate of boundary layer diffusion in the initial stage of adsorption
22]. Generally, the intercept of the plot of qt versus t0.5 gives an idea
bout boundary layer thickness, the larger the value of the inter-
ept, the greater the boundary layer diffusion effect is [22,23]. The

ig. 5. Weber and Morris intra-particle diffusion model fitted for the adsorption of
etal ions on CS4CPL1 composite.
Fig. 6. Comparison of experimental and calculated data for two models for the
adsorption of Cu2+, Ni2+ and Co2+ on CS4CPL1 composite. The calculated data were
obtained with an Origin 7.5 program by applying Eq. (5) for the Freundlich model
and Eq. (6) for the Langmuir model.

values of intra-particle diffusion rate constant, kid, are presented in
Table 1. These results indicate that the metal ion molecules diffused
quickly among the sorbents at the beginning of the adsorption pro-
cess, and then intra-particle diffusion slowed down and stabilized.
If the regression of qt versus t0.5 is linear and passes through the
origin, then intra-particle diffusion is the sole rate-limiting step.
The deviation of straight lines from the origin indicates that intra-
particle transport is not the rate-limiting step, in the adsorption
process of Cu2+, Co2+ and Ni2+ on the CS4CPL1 composite.

3.3. Effect of initial concentrations of metal ion on the adsorption
efficiency

In the adsorption process of a solute from solution onto a solid
surface, the solute adsorbed on the solid surface is in a dynamic
equilibrium with the solute remained in solution. A plot of the
solute concentration adsorbed on the solid surface (mg/g) as a
function of the solute concentration in the solution at equilibrium
(mg/L), at constant temperature, gives an adsorption isotherm,
which can be described by some adsorption models. Fig. 6 shows
that the retention capacity of CS4CPL1 composite for Cu2+, Co2+

and Ni2+ ions increased with the increase of the equilibrium metal
concentration resulting in a concave curve, i.e., a type L isotherm
according to the classification of Limousin et al. [24].

Analysis of equilibrium data is important for developing an
equation that can be used to compare different sorbents under
different operational conditions and to design and optimize an
operating procedure [23]. Some isotherm equations have been
tested in the present study, namely the Freundlich (Eq. (5)) and
Langmuir (Eq. (6)) isotherm models (Fig. 6):

qe = KF CN
e (5)

qe = KLbCe

1 + KLCe
(6)

where qe is the amount of metal ion adsorbed in mg/g, Ce is the
concentration (mg/L) of metal ion in the solution at equilibrium;

KF, Freundlich constant which predicts the quantity of metal ion
per gram of resin at the unit equilibrium concentration; N, a mea-
sure of the nature and strength of the adsorption process and of the
distribution of active sites. If N < 1, bond energies increase with the
surface density; if N > 1, bond energies decrease with the surface
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Table 2
Adsorption isotherm constants of Freundlich and Langmuir models for the adsorp-
tion of Cu2+, Ni2+ and Co2+ on CS4CPL1 composite.

Adsorption model Cu2+ Ni2+ Co2+

Freundlich
KF (mmol/g) 26.27 18.82 9.841
N 0.414 0.409 0.404
R2 0.962 0.918 0.943

Langmuir
KL (L/mmol) 49.08 55.68 55.77
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of desorption of the metal adsorbed. The results obtained at the

T
T

b (mmol/g) 11.32 7.94 4.209
R2 0.991 0.977 0.989
RL 0.225 0.204 0.203

ensity, and when N = 1, all surface sites are equivalent; The Lang-
uir constants KL and b represent adsorption equilibrium constant

nd saturated monolayer adsorption capacity, respectively.
The constants corresponding to the adsorption models were cal-

ulated with an Origin 7.5 program by applying Eq. (5) for the
reundlich model and Eq. (6) for the Langmuir model and were
ollected in Table 2.

As Table 2 shows the experimental data obtained for the adsorp-
ion of all metal ions onto CS4CPL1 composite well fitted in the
angmuir model with a maximum theoretical adsorption capacity
f 11.32 mmol Cu2+/g composite, 7.94 mmol Ni2+/g composite and
.209 mmol Co2+/g composite, respectively. The CS4CPL1 compos-

te showed good retention ability for the metal ions in the following
rder: Cu2+ > Ni2+ > Co2+, i.e., increased with the decrease of the
ydrated cation radius, at pH 5 and 0.07 mol/L metal ions.

The essential features of a Langmuir isotherm can be expressed
n terms of a dimensionless constant separation factor or equi-
ibrium parameter, RL (Eq. (7)), which is used to predict if an
dsorption system is favourable “or “unfavorable” [23].

L = 1
1 + KLCi

(7)

here Ci is the initial metal concentration. The value of RL indi-
ates the shape of isotherm to be either unfavorable (RL > 1), linear
RL = 1), favorable (0 < RL < 1) or irreversible (RL = 0). Herein, RL val-
es obtained for Cu2+, Co2+ and Ni2+ ions are listed in Table 2. The
act that all the RL values for the adsorption of Cu2+, Co2+ and Ni2+

ons onto CS4CPL1 composite are in the ranges of 0–1 for 0.07 mol/L
nitial metal ion concentration, confirmed that the CS4CPL1 com-
osite is favorable for adsorption of Cu2+, Co2+ and Ni2+ ions under
he selected conditions (Table 2).

.4. Temperature effect on the metal retention capacity of
omposite

To evaluate the thermodynamic parameters of the metal cation
dsorption on the composite under study, the adsorption experi-
ents were performed at three different temperatures (298, 308
nd 318 K). 25 mL of the cation metal solution with a concentration
f 0.07 mol/L was allowed to equilibrate with 0.25 g of composite.
he equilibrium constant for the adsorption process, KC, calculated
ith Eq. (8) [1,2], was evaluated at 298, 308 and 318 K for each

able 3
hermodynamic parameters for the adsorption of Cu2+, Ni2+ and Co2+ on CS4CPL1 compos

M2+ KC −�G◦
ads

(kJ/m

298 K 308 K 318 K 298 K

Cu2+ 5.087 5.041 4.898 4.03
Ni2+ 7.75 7.333 7.046 5.073
Co2+ 15.666 14.555 11.96 6.817
Fig. 7. Plot of ln KC as a function of reciprocal of temperature (1/T) for the adsorption
of Cu2+, Ni2+ and Co2+ by CS4CPL1 composite.

metal cation (Table 3):

KC = Xe

Ci − Xe
(8)

where Xe is the concentration of solute adsorbed on the resin at
equilibrium, mmol/L; Ci is the initial ion concentration, mmol/L.

To calculate the free energy of the adsorption (�G◦
ads

), the fol-
lowing equation was employed:

�G◦
ads = −RT ln KC (9)

The Eq. (10), allows to evaluate the standard enthalpy (�H◦
ads

) and
enthropy (�S◦

ads
) of the adsorption by plotting ln KC versus 1/T.

ln KC = �S◦
ads

R
− �H◦

ads

RT
(10)

where R (8.314 J/mol K) is the gas constant.
The values of the slope −�H◦

ads
/R and the intercept �S◦

ads
/R

from Fig. 7 give �H◦
ads

and �S◦
ads

for the adsorption of Cu2+, Co2+

and Ni2+ ions on the composite.
The values of the thermodynamic parameters (�G◦

ads
, �H◦

ads
,

�S◦
ads

) were collected in Table 3.
As presented in Table 3, the negative values of �G◦

ads
for all

ions under all conditions indicates the spontaneous nature of the
adsorption. The negative �H◦

ads
means a chemical exothermic pro-

cess and support the chemisorption is the rate-determining step.
The positive values of �S◦

ads
show an irregular increase of the ran-

domness at the composite-solution interface during adsorption
[23].

3.5. Desorption of metal ions and composite regeneration

An important characteristic of the composite sorbents is the rate
desorption of metal ions from CS4CPL1 composite as a function of
time were plotted in Fig. 8.

The optimal desorption condition for all metal ions was 0.1 M
HCl, and a complete desorption was achieved under this condi-

ite.

ol) −�H◦
ads

(kJ/mol) �S◦
ads

(J/mol K)

308 K 318 K

4.142 4.2 1.508 18.282
5.102 5.162 3.76 28.799
6.857 6.56 10.758 56.817
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Table 4
Comparison of adsorption capacities (qmax, mmol/g) for Cu2+, Co2+ and Ni2+of different sorbents.

Sorbent pH qmax (mmol/g) Ref.

Cu2+ Co2+ Ni2+

CS beads
6

0.59 – –
[9]

Cross-linked CS beads (epichlorohydrin) 0.55 – –

CS-g-poly(acrylic acid) attapulgite composite 5.5 4.772 – – [14]

Cross-linked CS 5 5.744 – –
[19]

CS2CPL1 composite 8.183

Cross-linked CS beads (glutaraldehyde) 5–6 2.58 1.68 2.34 [25]
Alumina/CS composite 5–6
Magnetic CS nanoparticles 5.5
Poly(amidoxime)/SiO2 composite 4.5
CS4CPL1 composite 5 1
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[
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[

[

[

[

ig. 8. Metal ions removal from CS4CPL1 composite with HCl 0.1 M as a function of
ontact time.

ion in about 20 min (Fig. 8). The eluent used for the regeneration
f the spent sorbent was 0.1 M NaOH. The regenerated composite
as reused again for the retention of metal ions at least four times

results not shown here).
Table 4 summarizes some comparative adsorption capacities for

u2+, Co2+, and Ni2+ based on results reported in literature and own
esults obtained by the adsorption of these metal ions on CS/CPL
omposites. As Table 4 shows, the adsorption capacities for the
etal ions reported in this work are higher than those found in

iterature, and recommend this novel composite as an alternative
or the sorption of heavy metal ions.

. Conclusions

A novel composite based on CS and CPL, CS4CPL1, was used
or the removal of Cu2+, Co2+ and Ni2+, as a function of different
arameters like: pH, contact time, metal ion concentration and
emperature. The optimum adsorption pH of all metal ions was
ocated at 5 and the contact time required to achieve the equilib-
ium was 24 h.

The adsorption process of metal ions obeyed of the pseudo-
econd order kinetics, supporting the chemisorption would be
he rate-determining step. The equilibrium data obtained for the
dsorption of all metal ions onto CS4CPL1 composite well fitted in

he Langmuir model with a maximum theoretical adsorption capac-
ty of 11.32 mmol Cu2+/g composite, 7.94 mmol Ni2+/g composite
nd 4.209 mmol Co2+/g composite, respectively. The adsorption
rocess was spontaneous (�G◦

ads
< 0) and exothermic (�H◦

ads
< 0),

upporting also the chemisorption is the rate-determining step.

[

[

3.2 – – [26]
– 0.465 – [27]
1.575 – – [28]
1.32 4.209 7.94 This study
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