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ABSTRACT

The adsorption behaviour of Cu(II) was investigated in the presence of a new material. This
material was obtained from chitosan (Ch) and polyvinyl alcohol (PVA) at different weight
percentages (35/65, 50/50 and 65/35), dripping this mixture in a NaOH solution, and then
subjecting to crosslinking reaction under nitrogen atmosphere at 353 K with ethylene glycol
diglycidyl ether to improve its resistance to acids and alkalis. Adsorption test were con-
ducted to evaluate the optimal Ch/PVA ratio, 35/65 ratio presented the best adsorption
capacity. The interaction between Cu(II) and functional groups of Ch/PVA was determined
by Fourier transformed infrared spectroscopy. Kinetics and isotherm experiments were
performed to evaluate the adsorption behaviour of Cu(II). The kinetic experimental data
were best fitted to pseudo-second-order model and equilibrium data to the Langmuir
model. Thermodynamics parameters such as free Gibbs energy (ΔG˚), enthalpy (ΔH˚) and
entropy (ΔS˚) were calculated. These parameters indicated spontaneous and endothermic
adsorption process.

Keywords: Adsorption; Thermodynamic parameters; Crosslinked chitosan; Copper

1. Introduction

The adsorption process has been widely studied as
an alternative method to remove heavy metals present
in water as the result of industrial effluents that
endangers the environment [1,2]. Metallurgy indus-
tries release huge amounts of heavy metals such as

copper, which is toxic due to its non-biodegradable
and carcinogenic nature [1–4].

Thermodynamic parameters can be evaluated by
kinetics adsorption studies. Equilibrium adsorption is
reached when the adsorbate concentration in the solu-
tion is in dynamic balance with the adsorbent. This
equilibrium can be described by some adsorption
isotherms, such as Langmuir and Freundlich [5–8].
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The adsorption rate of the metallic ions by an adsor-
bent is determined by the adsorption kinetic, models
such as pseudo-first-order (Langergren) or pseudo-sec-
ond-order (Ho and McKay) have been used to treat
the experimental data in order to determine the beha-
viour of the adsorption processes [8–13].

Recently, one of the bio-based materials used as an
adsorbent for heavy metals is chitosan, because it is
abundant in nature [14–16]. Chitosan (Ch) or poly(β-1–
4)-2-amino-2-deoxy-D-glucopyranose, is obtained from
the alkaline deacetylation of chitin. This material exhi-
bits a great affinity for transition metals because the
amino (–NH2) and hydroxyl (–OH) groups of the chi-
tosan chain are the coordination sites [17–20]. One of
the polymers used to modify the mechanic and thermal
resistance of chitosan is polyvinyl alcohol (PVA) [17,21].
Crosslinking is also a good option to improve the resis-
tance of the material; some of the most used crosslink-
ers are ethylene glycol diglycidyl ether (EGDE),
epichlorohydrin and glutaraldehyde [17,21–23].

In this work, the kinetic, thermodynamic parame-
ters and equilibrium isotherm were determined in
order to elucidate the adsorption mechanism of cop-
per by a new material synthesized from Ch and PVA
crosslinked with EGDE.

2. Materials and methods

2.1. Materials

Chitosan industrial grade with a 65% of deacetyla-
tion from Quı́mica América, high density PVA 99%
hydrolysed from Golden Bell and EGDE at 50% from
Sigma Aldrich were used to synthesize the adsorbent
material. Aqueous solutions were prepared using
anhydrous copper sulphate, glacial acetic acid at 99%.
Deionized water was used in all experiments.

2.2. Synthesis of the adsorbent material

Adsorbent material beads were synthesized from
Ch and PVA, crosslinked with EGDE (Ch/PVA/
EGDE). Beads were prepared with three different
Ch/PVA ratios. Chitosan hydrogel beads were pre-
pared using a phase inversion technique [20], weigh-
ing 3.1, 3.25 and 3.8 g of Ch and dissolving in a 0.4 M
acetic acid solution at 298 K and then these solutions
were stirred for 12 h at 500 rpm. PVA was dissolved
in DI water (7.7%) at 343 K and stirred at 500 rpm for
2 h. The solutions of Ch and PVA were mixed and
stirred at 400 rpm to obtain Ch/PVA ratios of 35/65,
50/50 and 65/35 weight per cent. Each mixture was
dripped in a 1 M sodium hydroxide solution stirring at
200 rpm using a 9-mm diameter needle. Crosslinking

reaction was performed with a solution of EGDE,
initial pH of 12, under nitrogen atmosphere with
continuous stirring at 353 K in a water bath for 6 h.
Ch/PVA beads/EGDE ratio was 7 mL/0.1 g for each
25 mL of deionized water. Finally, the beads were sep-
arated from the NaOH solution and washed with
deionized water until the pH of solution was the same
as that of deionized water, and stored in deionized
water.

2.3. Characterization of the Ch/PVA/EGDE beads

Adsorbent material was analysed before and after
Cu(II) adsorption by low vacuum scanning electron
microscope (SEM) coupled with energy-dispersive
X-ray analysis (EDS) (JEOL JSEM-590-LD) in order to
determine the percentages of C, O, N and Cu present
in both, external (E.S.) and internal (I.S.) surfaces of
the Ch/PVA/EGDE beads, the analysis was per-
formed in five different sites at 20 kV.

Infrared spectroscopy analysis (Fourier trans-
formed infrared spectroscopy (FTIR)) was performed
to determine functional groups present in Ch/PVA/
EGDE beads and Cu(II) saturated material. Infrared
spectra were obtained using a Bruker Tensor27 spec-
trometer with Platinum ATR accessory, 32 scans at a
resolution of 1 cm−1 were averaged. Resonance Raman
spectra were obtained with a LabRam HR 800 Jobin
Yvon. Excitation laser was provided at 532 nm with a
power ca. 70 mW at the sample. The slit width was
600 mm−1, and the acquisition time for each scan was
10 s with 50 drifts.

Zero point charge (pHZPC) was performed as fol-
lows: experiments were accomplished in aqueous
solutions varying initial pH (pHini) from 3 to 10, initial
pH values were adjusted using either 0.1 M HNO3 or
0.1 M NaOH solutions. Amounts of 0.5 g of wet
Ch/PVA/EGDE beads and 20-mL aliquots of NaNO3

solution (0.1 M) were stirred for 24 h at 298 K. Then
the pH of each solution (pHeq) was measured and
pHZPC was determined by the intersection of the
curve to Y-axis of a plot ΔpH (pHini – pHeq) vs. pHini

[24–26].

2.4. Ch/PVA/EGDE stability in acid solutions

Degradation behaviour of the material was investi-
gated by weight loss measurements. The weight loss
of the material was determined after the material was
in contact with acid solutions (HCl, HNO3, H2SO4 and
C4H4O2) of pH 1, 2 and 4. 0.5 g of sample beads were
put in contact with 20 mL of each acid solution;
the samples were shaken for 48 h at 298 K. After 48 h,
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the phases were separated (by filtration) and the solids
were weighed.

2.5. Batch adsorption experiments

All the experiments that involved adsorption of
Cu(II) in aqueous solutions were conducted by tripli-
cate using wet beads, and were maintained under con-
tinuous shaking using a Heidolph thermal mixer at
200 rpm. Cu(II) concentrations were measured using a
GB-932 plus atomic absorption spectrophotometer
(AAS) at λ = 327.4 nm.

2.5.1. Effect of Ch/PVA ratio

Batch adsorption experiments were carried out
using the synthesized material (Ch/PVA/EGDE) with
different Ch/PVA ratios (35/65 50/50 y 65/35 wt.%).
Amounts of 0.5 g of wet beads (corresponding to
0.005 g of dry beds) and 20 mL of 20 mg/L of a Cu(II)
solution at initial pH of 5 were stirred at 298 K for 24
and 48 h. Cu(II) concentrations were measured and
the capacities of adsorption at equilibrium (qe) were
calculated using Eq. (1):

qe ¼ ðC0 � CeÞ � V
w

(1)

where C0 and Ce are the initial and equilibrium (final)
Cu(II) concentration (mg/L), respectively, V is the
solution volume (L) and w is the weight of dried
Ch/PVA/EGDE (g).

2.5.2. pH effect on adsorption capacity

Adsorption behaviour tests at different pH values
were carried out placing 0.5 g of wet adsorbent in
20 mL of 20 mg/L Cu(II) solution at 298 K at different
initial pH from 1 to 7 and they were stirred for 24 h.
The pH was adjusted using HNO3 or NaOH solutions
and it was measured using an Orion 3-Star plus pH
meter and then Cu(II) concentrations were determined
as described above.

2.5.3. Kinetic experiments and thermodynamic
parameters

Kinetic experiments were performed at 298, 308,
318 and 328 K. 0.5 g of wet Ch/PVA/EGDE beads
(corresponding to 0.005 g of dry beds) were left in
contact with 20 mL of Cu(II) with an initial concentra-
tion of 20 mg/L and initial pH of 5. The samples were

stirred during 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 6, 8, 12, 18,
24, 36 and 48 h. The concentrations of Cu(II) ions were
measured and adsorption capacities were calculated
considering the weight corresponding to dry material.

Experimental data were fitted to pseudo-first-order
[2] and pseudo-second-order [9, 10] models, using the
software Origin 8.1. The pseudo-first-order model is
represented in Eq. (2):

qt ¼ qeð1� e�k1tÞ (2)

where qe and qt are the capacities of adsorption at
equilibrium and at any time t (mg/g), k1 is the rate
constant of first-order adsorption (1/min).

The pseudo-second-order model is represented in
Eq. (3):

qt ¼ k2q2et

1 þ k2qet
(3)

where k2 is the rate constant of the pseudo-second-
order equation (g/mg min).

Thermodynamic parameters: enthalpy (ΔH˚),
entropy (ΔS˚) and Gibbs free energy (ΔG˚) were calcu-
lated using the results of the adsorption equilibrium
determined at different temperatures, Van’t Hoff
equation was used for calculations:

lnðKcÞ ¼ DS�

R
� DH�

R
� 1

T

� �
(4)

DG� ¼ DH� � T � DS� (5)

where Kc = qe/Ce, R is the universal gas constant
(kJ/mol K) and T is the temperature (K).

2.5.4. Adsorption isotherm

The adsorption isotherm was carried out using
20 mL of Cu(II) solutions (concentrations from 2 to
50 mg/L); each solution was left in contact with 0.5 g
of wet Ch/PVA/EGDE beads. Initial pH was adjusted
to 5 and samples were stirred at 298 K for 48 h. Cu(II)
ion concentrations were measured and the equilibrium
data were treated with the Langmuir and the
Freundlich nonlinear adsorption isotherms.

Eq. (6) represents the Langmuir isotherm, which is
valid for monolayer adsorption onto a surface with a
finite number of identical sites [8,14]:

qe ¼ qmax b Ce

1 þ b Ce
(6)
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where qmax is the maximum adsorption at monolayer
(mg/g), and b is the Langmuir constant related to the
affinity of binding sites (mL/mg).

Eq. (7) represents the empirical Freundlich iso-
therm based on adsorption on heterogeneous surface
[8,14]:

qe ¼ KF C
1=n
e (7)

where KF and n are the Freundlich constants indicat-
ing sorption capacity (mg/g) and intensity, respec-
tively.

2.6. Adsorption–desorption cycles

Batch experiments were performed using three
regenerating agents, HCl, HNO3 and EDTA solutions
of pH 2, 3 and 4. 0.5 g of Ch/PVA/EGDE was treated
with a 50 mg/L Cu(II) solution. The resulting samples
were treated with 20 mL of each agent solution for
0.5, 1, 3 and 10 h. Adsorption–desorption cycles were
performed three times, maintaining the same experi-
mental conditions. After each desorption process, beds
were separated from each regenerating agent, washed
with 20 mL of deionized water and then fresh solution
of Cu(II) (pH 5) was added. The concentration of cop-
per was measured before and after each adsorption–
desorption cycle.

3. Results and discussion

3.1. Scanning electron microscopy

Fig. 1(a) and (b) shows the morphology of
Ch/PVA/EDGE beads, their average size is
2.1 ± 0.11 mm. The high porosity of the material can
be observed in Fig. 1(b). The pore diameter ranged
from 11 to 79 μm, which is favourable for the metallic
ions to enter into the adsorbent material beads.

Table 1 summarizes the results of the elemental
analysis (EDS) of beads before and after adsorption.

The presence of sulphur could be attributed to
copper sulphate used to prepare the solutions of
Cu(II). Table 1 shows presence of Cu(II) adsorbed onto
external (E.S.) and internal surface (I.S), it is clear that
Cu(II) is mainly retained on the external surface.

3.2. FTIR-ATR analysis

FTIR analysis of Ch/PVA/EGDE beads was
performed in order to identify the functional groups
that may interact with Cu(II) ions. The spectra of

Ch/PVA/EGDE before adsorption, show bands at
3,353–3,301 cm−1 corresponding to primary amine
(–NH2) and –OH groups. The N–H vibration of chi-
tosan is observed, at 1,590 cm−1 (Fig. 2). The analysis
of FTIR data showed that each particular polysaccha-
ride has a specific band in 1,200–1,000 cm−1 region
[27]. This region is dominated by ring vibrations over-
lapped with stretching vibrations of (C–OH) side
groups and the (C–O–C) glycosidic bond vibration,
these bonds are found at 1,066 and 1,026 cm−1. Ch/
PVA/EGDE-Cu spectrum shows some changes after
adsorptions in some specific groups. The region corre-
sponding to –NH2 and –OH shows a very wide band
at 3,239 cm−1, which indicates that, the amine and
hydroxyl groups are involved in the coordination of
Cu ions. Besides, the band at 1,590 cm−1 is shifted to
1,605 cm−1 due to coordination of –NH with Cu(II).
The 1,066–1,026 cm−1 bands are shifted to 1,054 cm−1

indicating the same behaviour. These show that both
peaks are involved in the interaction of NH2 and OH
groups with Cu(II) [28–32].

3.3. RAMAN analysis

Raman spectra are reported in order to analyse the
Cu–N stretching vibrations, the Raman intensity of
Cu–N vibration was found at 473 cm−1 (Fig. 3), charac-
teristic of Cu–N stretching vibration [32,33].

3.4. Zero point charge

Fig. 4 shows the plot of ΔpH vs. pHini. The pH
of pHZPC for Ch/PVA/EGDE was 7.5. This implies
that at this pH, the net charge of the surface is zero.
Above this pH, the net charge is negative as the
result of the deprotonation of the amine groups. For
a pH below the pHZPC, a net positive charge
prevails due to the protonation of NH2 groups of
chitosan [8,23–25].

3.5. Ch/PVA/EGDE stability in acid solutions

The material was not stable at low pH acid solu-
tions (Table 2); at pH 1 there was a relatively high
weight loss after each acid treatment. C2H4O2 and
HNO3 were the most aggressive acids to the sample
because the weight losses were 74 and 48%, respec-
tively. Furthermore, there was also fragmentation of
the material at pH 1, perhaps due to the incompatibil-
ity of crosslinking (EGDE) to acids. The material
showed good stability at pH 4; therefore, all experi-
ments were performed at pH ≥ 5.
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Fig. 1. SEM images showing the surface morphologies of Ch/PVA/EDGE beads.

Table 1
Elemental analysis of Ch/PVA/EGDE beads

Element

Material composition before
adsorption of Cu(II)

Material composition after
adsorption of Cu(II)

E.S. (%) I.S. (%) E.S. (%) I.S. (%)

C 41.5 ± 3.1 46.8 ± 0.2 46.9 ± 3.5 45.7 ± 0.4
N 15.7 ± 8.4 10.0 ± 1.2 12.0 ± 3.9 9.7 ± 2.7
O 42.8 ± 5.5 43.2 ± 1.2 32.7 ± 8.4 43.0 ± 2.7
S – – 2.3 ± 0.9 0.8 ± 0.1
Cu – – 6.1 ± 3.4 0.8 ± 0.3

Notes: E.S.: External surface.

I.S.: Internal surface.

Fig. 2. FTIR spectra of Ch/PVA/EGDE and Ch/PVA/
EGDE–Cu(II) beads. Fig. 3. Raman spectra of Ch/PVA/EGDE–Cu(II).

25084 N. Flores-Alamo et al. / Desalination and Water Treatment 57 (2016) 25080–25088



3.6. Adsorption of Cu(II) ions in an aqueous solution

3.6.1. Influence of the Ch/PVA ratio on the adsorption
capacity

The adsorption capacities of Ch/PVA (35/65,
50/50 and 65/35 wt %) ratios for Cu(II) at equilibrium
in an aqueous solution were 78.35 ± 0.36, 78.08 ± 0.33
and 77.48 ± 0.57 mg/g, respectively, for a contact time
of 24 h, and values of 78.83 ± 0.36, 77.91 ± 0.18 and
78.31 ± 0.21 mg/g for 48 h. It is observed that the
Ch/PVA ratios for Cu(II) adsorption were similar, it is
important to note that Ch is more expensive than
PVA, so it is advisable to use the 35/65 ratio without
compromising the ability to remove heavy metals.

3.6.2. Effect of pH on the adsorption capacity of Cu(II)

The effects of pH values on metal uptake capacities
are shown in Fig. 5. It is observed that the maximum

adsorption capacity (qe) of Cu(II) ions was 76.8 mg/g
at initial pH of 5.

The uptake of Cu(II) increased suddenly from pH
of 3 to 3.5 and the optimal pH for metal adsorption
was 5. Chen et al. [23] and Ngah et al. [8] reported the
adsorption capacities of Cu(II) by chitosan crosslinked
with glutaraldehyde and non-crosslinked Ch/PVA at
different pH values, the capacities were low at low
pH values as observed in this work, they reported that
the formation of –NH3+ ions was responsible for this
behaviour.

3.6.3. Adsorption kinetics

The effect of temperature on the adsorption of
Cu(II) by Ch/PVA/EGDE at 298, 308, 318 and 328 K
is shown in Fig. 6. Increasing the temperature does
not significantly improve the adsorption capacity of
the material. The adsorption rate was fast within the
period from 0 to 2.5 h, after this time, the adsorption
rate decreased up to the equilibrium and reached in
around 12 h. The pH values at equilibrium were from
6.2 to 6.5. The adsorption rates for the different
temperatures were similar as observed in Table 2 (k2
values).

Adsorption kinetics data were examined using
pseudo-first and pseudo-second-order models, the
parameters determined by these models are given in
Table 3 at different temperatures.

The data were adjusted to both models; qe values
were similar to qexp value and R2 were similar for both
models. The first one indicates physical adsorption
and the second chemical adsorption; in this last case,
the rate-limiting step is attributed to chemical adsorp-
tion and the mechanism may involve valence forces in
which the electrons are shared between metal and the

Fig. 4. ΔpH vs. pHini ZPC.

Table 2
Stability of Ch/PVA/EGDE in acid solutions

Acid pH
% of weight
lost Appearance Fragmentation

HCl 1 36 White ✓
2 3 White
4 0 White

HNO3 1 48 White ✓
2 8 White
4 0 White

H2SO4 1 20 White ✓
2 3 Pale ✓
4 0 White

C2H4O2 1 74 White ✓
2 0 White
4 0 White

Fig. 5. Effect of pH on the adsorption capacity of Cu(II).
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adsorbent [9]. According to the thermodynamic
parameters obtained, physical adsorption is the most
probable mechanism involved in this process as dis-
cussed in Section 3.6.4.

Chemical adsorption has been reported for the
adsorption of Cu(II) by chitosan crosslinked with
epichlorohydrin [23], and non-crosslinked chitosan/
PVA [4,7,8,33].

3.6.4. Adsorption thermodynamics

The thermodynamic parameters ΔH˚ and ΔS˚ were
determined using the Van’t Hoff equation (Eq. (4)),
and results are presented on Table 4. These parame-
ters indicate that the nature of adsorption process is
spontaneous since ΔG˚ was negative for all tempera-
tures under study. The positive ΔH˚ confirms that the
process was endothermic and the low positive value
of ΔS˚ suggests a reversible adsorption [5,6,33].

Wang et al. [34], reported that physisorption com-
monly occurs when enthalpies are below 40 kJ/mol;
according to the results, physisorption is the predomi-
nant adsorption process. Moreover, the positive value
of enthalpy shows that the adsorption process is
endothermic and the negative trend of ΔG is represen-
tative of a spontaneous process [4]. These results are
similar to those reported by Kamari and Ngah, [22],
they found negative values for ΔG and a ΔH of
31.5 kJ/mol using chitosan modified with H2SO4.

3.6.5. Adsorption equilibrium isotherm

Fig. 7 shows the equilibrium curve for different
concentrations of Cu(II) ions in aqueous solutions in
contact with Ch/PVA/EGDE at 298 K. The experi-
mental data were treated with the Langmuir and Fre-
undlich models; however, the data were best fitted to
the Langmuir model (Table 5), which indicates that
Ch/PVA/EGDE is a homogeneous adsorbent material.
The pH equilibrium was between 6.8 and 7.1.

The results obtained for the adsorption equilibrium
are similar to those reported by Chen et al. [23], Ngah
et al. [21] and Dalida et al. [33]. Volesky and Holan
[35] observed that the isotherms could hardly have a
meaningful physical interpretation in biosorption.

Fig. 6. Adsorption kinetics data fitted to pseudo-second-
order model.

Table 3
Kinetic parameters for Cu(II) adsorption

Model

T (K)

298 308 318 328

Pseudo-first-order
qe (mg/g) 69.2 ± 2.0 73.7 ± 0.9 74.5 ± 0.8 74.7 ± 1.2
k1 × 10−2 (1/h) 3.3 ± 0.5 2.5 ± 0.1 2.4 ± 0.1 2.8 ± 0.2
R2 0.91 0.99 0.98 0.97

Pseudo-second-order
qe (mg/g) 73.4 ± 1.4 78.7 ± 0.8 79.6 ± 0.9 79.3 ± 0.8
k2 × 10−4 (g/mg h) 7.5 ± 1.0 4.7 ± 0.2 4.7 ± 0.3 5.7 ± 0.3
R2 0.95 0.99 0.98 0.98
qexp (mg/g) 74.6 ± 0.01 76.5 ± 0.1 77.0 ± 0.1 77.5 ± 0.5

Table 4
Thermodynamic parameters for Cu(II) adsorption

Temperature
(K)

ΔG˚
(kJ/mol)

ΔH˚
(kJ/mol)

ΔS˚
(kJ/mol)

298 –19.7 ± 0.1 28.6 ± 1.8 0.16 ± 0.006
308 –21.4 ± 0.1
318 –23.0 ± 0.1
328 –24.6 ± 0.2
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3.6.6 Adsorption–desorption cycles

The adsorption capacities after each adsorption–
desorption cycle (with pH solutions of 3) are show in
Table 6.

The adsorption capacities decreased after each
adsorption–desorption cycle. The decrease in the
adsorption capacities could be attributed to the solu-
bility of chitosan under these conditions as reported
by Ngah et al. [8], they used HNO3 and EDTA as
regenerating agents for an adsorbent of this kind.

4. Conclusions

The adsorbent material was not resistant to acidic
solutions of pH 1, this could be attributed to the
incompatibility of EGDE with acid solutions and the
material was stable at pH 4. The highest adsorption
capacity of the material was at initial pH of 5. The
pseudo-second-order model describes the adsorption
kinetics better than the pseudo-first model. Experi-
mental data were best fitted to the Langmuir isotherm,
which involves the formation of a monolayer. The
negative values of the Gibbs free energy indicate that
the process is spontaneous, and the positive enthalpy
indicates that the process is endothermic. These results
indicate that material is a good potential adsorbent to
remove Cu(II) from aqueous solutions.
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