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Abstract Adsorption of copper ions onto chitosan films was
studied, and the matrix effect was evaluated using a synthetic
solution and a real effluent from closed copper mine. Chitosan
films were prepared by casting technique and characterized.
The adsorption study was carried out by equilibrium iso-
therms, thermodynamics, and kinetics. The thermodynamic
parameters indicated that the copper adsorption onto chitosan
film was favorable, spontaneous, and exothermic, suggesting
an increased randomness at the solid/solution interface. The
matrix effect was evaluated in kinetic assays, where a synthet-
ic solution and a real system were carried out at different
stirring rates. The highest values of adsorption capacity
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reached in all stirring rates were about 20% lower in the real
effluent, and this reduction in the competitiveness was due to
the presence of other ions in the matrix of the real effluent. The
maximum adsorption capacity of copper ions onto chitosan
films for the synthetic solution was of 450 mg g ', and the
removal percentage was in the range from 78 to 96%, and
these values for the real effluent were of 360 mg g ' and
removal ranging from 62 to 76%. The mapping done of ions
present in the water adsorbed of the mine in the films showed
that the same was homogeneously distributed in the films’
surfaces.

Keywords Adsorption - Chitosan film - Copper ions - Matrix
effect - Wastewater

Introduction

Practices of water reuse reduce the costs associated with pol-
lution and contribute to environmental protection and public
health. Based on the guidelines adopted by the Economic and
Social Council of the United Nations (ONU), no good quality
water should be used in activities that tolerate lower quality
water. Thus, the reuse of water constitutes practice rationali-
zation and conservation of water resources. In this context,
removal of heavy metals from industrial effluents has great
importance due to rigorous environmental standards. There
are many industrial effluents containing different metal ions
which currently contribute to environmental pollution (Ali
and Jain 2004; Feng et al. 2000; Hunsom et al. 2005;
Matlock et al. 2002). The extractive metallurgy activity is a
strong polluter process, which contaminates the surrounding
soil and the surface water streams with its wastewater, where
one of the most reported ions presented in wastewater is the
Cu(Il), with a maximum contaminant level in industrial
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effluents around 1.3 mg L~'. Wastewater originating from
active or closed copper mines is extremely dangerous to the
environment for a very long period of time (Crini and Badot
2008). The water flow of the copper mines can reach several
cubic meters per minute, and these wastewaters can lead to
environmental problems such as groundwater contamination
and adjacent rivers (Geets et al. 2006).

Treatment processes, such as extraction, resins, and elec-
trokinetics, are not economically viable to removal of ions
from aqueous medium (Dotto et al. 2013; Guibal 2004). In
this way, adsorption is considered to be one interesting meth-
od (Ali 2014; Ali et al. 2012; Crini and Badot 2008).
Activated carbon is the most common adsorbent used to re-
move heavy metals; however, several alternative adsorbents
has been researched. Chitosan, a linear biopolymer of
acetylamino-D-glucose obtained from chitin alkaline
deacetylation, has shown promising due to its high content
of amino and hydroxyl groups, which have elevated potential
for interaction with pollutants (Cadaval Jr. et al. 2013; Crini
and Badot 2008; Wang et al., 2016 )

Chitosan films are suitable for removal of heavy metals
from aqueous solutions due to its the mechanical properties,
as tensile strength, elongation, and swelling properties (Batista
et al. 2011; Fajardo et al. 2012; Tao et al. 2009; Vieira et al.
2011), and they are applicability in a wide range of pH
(Fajardo et al. 2012). The literature showed that chitosan films
were effective to remove various heavy metals from aqueous
solutions (Batista et al. 2011; Cadaval et al. 2015; Tao et al.
2009; Vieira et al. 2011; Yamani et al. 2016; Yavuz et al.
2003). However, there is little information about the removal
of metal ions from a real effluent by adsorption using chitosan
films.

This work aimed on the removal of Cu(Il) from both a
synthetic solution which contained a single ionic specie and
a mine water (real) having different ions present. Chitosan
films (CFs) were prepared by casting technique and character-
ized. After, the equilibrium, thermodynamic, and kinetic stud-
ies of the mine water and of the synthetic solution to identify
the influence of the matrix in the adsorption operation were
performed.

Material and methods
Preparation and characterization of chitosan films

Chitosan was obtained from shrimp wastes (Penaeus
brasiliensis) according to the procedure developed by Moura
et al. (2011) (molecular weight of 150 + 3 kDa, deacetylation
degree of 85 + 1%, and medium diameter of 70 =5 um). CFs
were produced by casting technique, as detailed in our previ-
ous work (Dotto et al. 2011). The tensile strength and elonga-
tion of the CF were measured by a texture analyzer (Stable

Micro Systems, TA-XT-2i, UK) with a 50 N load cell. The
testing speed for texture analysis was 2 mm s . The CF thick-
nesses were measured before and after the adsorption process
by a digital micrometer (Insize, IP54, Brazil) with 0.0010 mm
of resolution (ASTM 2001).

After adsorption, the CFs were analyzed by SEM/EDS
mapping of adsorbed ions. The analyzes were performed
using a scanning electron microscope (JEOL JSM 6610LYV,
Japan) with energy-dispersive probe X-ray (Goldstein et al.
2003). The samples were metalized with carbon on vacuum
chamber (DentonVacuum, Sputtering Desk V, USA) and were
used with acceleration voltage of 15 kV to obtain the images
and mapping. The alterations in the functional groups due to
the adsorbate—adsorbent interactions were identified by FT-IR
(Prestige, 21210045, Japan) using diffuse reflectance in KBr
pellets (Silverstein et al. 2005).

Adsorption assays

For the synthetic solution, a copper stock solution (1 g L™")
was prepared with CuSO4 5H,0 (purity of 99.0%) (Merck,
Germany), and all samples of the synthetic solution were elab-
orated by diluting this one. The pH was adjusted using buffer
disodium phosphate/citric acid solution 0.1 mol L™", and it
was measured before and after the adsorption by a pH meter
(Mars, MB10, Brazil). For all the assays, CFs were divided in
portions (1 x 1 cm). The adsorption assays were carried out for
the equilibrium and thermodynamic studies in batch process,
at 100 rpm and in temperatures of 298, 308, 318, and 328 K,
with pH 6, the film dosage of 250 mg L', and the copper
concentration from 25 to 250 mg L™'. The kinetic assays were
performed at 50, 100, and 200 rpm; the film dosages were of
100 mg L', and the copper concentrations were adjusted at
50 mg L', for both the synthetic solution and the mine water
(which had different ion mixtures).

The initial concentrations of the mine water samples were
measured by atomic absorption spectrometry with flame
(GBC Avanta, 932AA, Australia). The equilibrium adsorption
capacity (¢.) and adsorption capacity at time # (¢,) were deter-
mined by Egs. (1) and (2):

. V(C’on—Ce) 0
.,V cr(:l—c,) )

where C is the initial copper concentration in liquid phase
(mg L ™), C, is the equilibrium copper concentration in liquid
phase (mg L"), C, is the copper concentration in liquid phase
at time ¢ (mg L), m is amount of chitosan (g), and Vis the
volume of solution (L).
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Equilibrium and thermodynamic studies

The equilibrium conditions and thermodynamic parameters of
the adsorption process are extensively studied by adsorption
models. The isotherm models Henry and Freundlich were
used to fit the experimental data obtained at 298, 308, 318,
and 328 K.

The model Henry model is used when the relationship be-
tween the amount of adsorbate in the fluid phase and the
amount of adsorbate on the solid phase is linear, being the
proportionality constant called of Henry’s equilibrium con-
stant (Kyy), represented by Eq. (3) (Ruthven 1984):

qde = kHCe (3)

The Freundlich model assumes that the surface is hetero-
geneous and can be represented by Eq. (4) (Ruthven 1984).

4. = keCLl" )

where kg is the Freundlich constant ((mg g_l)(mg Ly

and 1/n is the heterogeneity factor.

The thermodynamic parameters, such as Gibb’s free energy
change (AG®), for the copper adsorption by CF were deter-
mined by Eq. (5).

AG’ = —RTIn(p, Kp) (5)

where K, is the thermodynamic equilibrium constant (L g ),
Pw 18 the water density (g LY, Tisthe temperature (K), and R
is the universal gas constant (8.314 J mol ' K™ (Liu 2009).

The enthalpy change (AH®) (kJ mol ") and entropy change
(AS°) (kJ mol ' K™') were determined by Van’t Hoff’s plot,
according to Eq. (6) (Ruthven 1984):

AS® AH°

(6)

Kinetic models

The kinetic data were evaluated at different stirring rates (from
50 to 200 rpm) by pseudo-first-order, pseudo-second-order,
and Elovich models.

The kinetic models of pseudo-first order and pseudo-
second order assume that adsorption is a pseudo-chemical
reaction, and the adsorption rate can be determined, respec-
tively, by Egs. (7) and (8) (Ruthven 1984; Dotto and Pinto
2011):

4 = q1(1-exp(~ki1)) (7)

t
U= laar?) + 0a) ®)

where k; and k, are the rate constants of pseudo-first-order and
pseudo-second-order models, respectively, in min~' and

@ Springer

g mg ' min!, ¢, and ¢, are the theoretical values for the
adsorption capacity (mg g '), and ¢ is the time (min).

The Elovich kinetic model is described by Eq. (9) (Ruthven
1984; Dotto and Pinto 2011):

1
q, = —In(1 + abt) 9)
a

where a is the initial sorption rate due to dg/dt with g, = 0
(mg g ' min"') and b is the desorption constant of the Elovich
model (g mg ).

The removal percentage (%R) was calculated by Eq. (10):

C()_Ct
0

%R = x 100 (10)

Kinetic and isotherm parameters were estimated by nonlin-
ear regression using Statistica 7.0 software (Statsoft, USA).
Objective function was quasi-Newton. The fit quality was
evaluated by determination coefficient (R2 ), adjusted determi-
nation coefficient (Rzadj) Eq. (11), and average relative error
(ARE) Eq. (12):

N-1
Ridj - 1_(1_R2) (N——p>

where N is the number of experimental points and p is the
parameter number of the model.

(11)

100

_ qexp _qpre
n

ARE =~ 23 (12)

Gexp

where gy, and g, are the adsorption capacity values exper-
imental and theoretical, respectively, obtained from the
models.

Results and discussion
Chitosan film characteristics

The chitosan films were characterized according to the me-
chanical proprieties and thickness. CF samples presented ten-
sile strength of 28.3 £ 2.0 MPa, elongation of 12.2 + 1.5%,
and thicknesses of 62 + 3 wm. Thus, the CF samples showed
good mechanical properties, being suitable for use in adsorp-
tion operation (Dotto et al. 2011; Vieira et al. 2011), facilitat-
ing the phase separation after the operation (Fajardo et al.
2012).

Equilibrium and thermodynamic

The Figure 1 shows the temperature effect in adsorption equi-
librium of copper onto CF. The adsorption equilibrium iso-
therms were obtained at 298, 308, 318, and 328 K. The assays
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were characterized by a linear increase in adsorption capacity
when the copper concentration increased, showing a constant
partition of the adsorbate in both phases in all the copper
concentration range. This comportment indicates a great
CF—copper affinity and that the monolayer is not yet saturated.
Only at 328 K, a tendency of convex shape can be observed,
which suggests the initial saturation of the monomolecular
layer of the copper onto CF surface (Gerente et al. 2007).
Furthermore, it was verified that the adsorption capacity in-
creased with the decrease in temperature, reaching maximum
values at 298 K (270 mg g '), and the isotherm profile was
similar to the Henry’s law. This occurred because the temper-
ature increase leads to an increase in the copper ion solubility;

Table 1  Isotherm parameters for copper adsorption onto chitosan film
(CF)
Model 298 K 308 K 318 328K
Henry
k(L gh 1.204 1.096 0.982 0.871
R? 0.991 0.996 0.994 0.988
Rzadj 0.991 0.996 0.994 0.988
ARE (%) 8.9 5.7 7.3 10.5
Freundlich
ke (mg g (L mg "
n 1.14 1.08 1.09 1.14
R? 0.999 0.999 0.997 0.997
Rzadj 0.999 0.999 0.996 0.996
ARE (%) 54 32 3.7 43

40 60 80 100 120 140 160 180 200 220 240 260

Ce(mgL™)

thus, the interaction of the desolvation forces becomes stron-
ger. Henry and Freundlich isotherm models were employed to
obtain information about the equilibrium curves. The isotherm
parameters for the adsorption are shown in Table 1. The high
values of determination coefficient (R* > 0.99) and adjusted
determination coefficient (Rzadj > 0.99) and the low values of

Table 2 Adsorption results of copper(ll) ions using different
adsorbents
Adsorbent Adsorption pH Reference
capacity
(mgg ')
Orange peels 3.65 6-8 Annadural et al.
(2002)
Banana peels 4.70 6-8 Annadural et al.
(2002)
Lyngya putealis 7.75 6  Kiran and
Thanasekaran
(2011)
Vermiculite 20.61 6  Ulmanu and
Fernandez
(2003)
Kaolinite 10.79 —  Yavuzetal.
(2003)
Epichlorohydrin 43.47 5 Kannamba et al.
cross-linked xanthate (2010)
chitosan
Chitosan immobilized on 23.11 4-6 Futalan et al.
bentonite (2011)
Chitosan films 270.00 6 Current research
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Table 3  Thermodynamic parameters for the cupper adsorption onto
chitosan film (CF)

Table 5  Kinetic parameters for copper adsorption from the synthetic
solution

Temperature AG° AH° AS°

K) (kJ mol Hy? (kJ mol H? (kJ mol T K12
298 -17.44+0.01 -8.86+0.15  0.03+0.01
308 ~17.84 +0.03

318 -18.12 +0.01

328 ~11.30 +0.02

4 Mean =+ standard deviation (n = 3)

average relative error (ARE < 5.5%) showed that the
Freundlich model was the more suitable to fit the equilibrium
data; however, the values of the heterogeneity factor (1/n)
suggest a low difference of energy in the sites present in ad-
sorbent surface.

The adsorption capacity of the copper ions onto chitosan
film was from 270 mg g~ at 298 K. This result demonstrates
the great potential of chitosan films, and when compared to
other adsorbents of the literature (Table 2), it shows a high
adsorption capacity.

The adsorption thermodynamic study was realized
through the estimation of Gibbs free energy change,
enthalpy change, and entropy change. These parameters
for the adsorption of copper ions onto CF are shown in
Table 3. The negative values of AG® indicate that the
adsorption was a spontaneous and favorable process at
all the studied temperatures (Ge and Li 2011). The en-
thalpy changes (AH®) indicate that adsorption was an
exothermic process. In addition, the magnitude of en-
thalpy was consistent with electrostatic interactions.
This is an indicative that electrostatic coordination oc-
curred between the unprotonated amine and hydroxil
groups of the chitosan films and the ions Cu®*, since
this kind of interaction dominates in less acidic solu-
tions (Guibal 2004). The positive values of AS? indicate
that randomness increased at the solid—solution interface
during the adsorption (Ge and Li 2011).

Kinetics and matrix effects

The adsorption kinetics of the pure copper solution (synthetic
solution) and the mine water (real system) were studied, and

Table 4 Concentrations of same elements from the copper mine water

Element Cu Al S Fe Ca Cr Ni

C(eL™" 4312 384 11232 387 3532 009 002

Kinetic model Stirring rate (rpm)

50 100 200

Pseudo-first order

g (mggh 461.9 4493 463.7

ki (min™h) 0.018 —0.024 0.030

R? 0.988 0.989 0.972

ARE (%) 42 5.0 48
Pseudo-second order

¢ (mggh) 675.5 621.7 603.3

b (gmg ™ min™") 4,095,287 4,749,533 6,098,709

R? 0.986 0.995 0.991

ARE (%) 25 1.4 1.8
Elovich

a(gmg ") 0.004 0.005 0.006

b(mgg 'min ") 9.96 14.35 22.17

R? 0.985 0.979 0.977

ARE (%) 52 5.5 5.0

the pseudo-first-order, pseudo-second-order, and Elovich
models were used to describe the kinetic data. The initial ion
concentrations of the mine water sample are in the Table 4.
Among the adjusted models, in both samples, the pseudo-

Table 6  Kinetic parameters for copper adsorption from the real system
(mine water)

Kinetic model Stirring rate (rpm)

50 100 200

Pseudo-first order

¢ (mgg™h 315.8 334.6 338.9

ky (min ") 0.038 0.044 0.057

R? 0.981 0.982 0.985

ARE (%) 32 29 33
Pseudo-second order

¢» (mggh 399.9 414.3 404.0

k (gmg ' min") 2,376,786 3,244,934 4,268,424

R? 0.995 0.996 0.990

ARE (%) 24 1.4 26
Elovich

a(gmg ") 0.009 0.010 0.011

b(mgg ' min") 19.99 27.08 42.67

R? 0.987 0.989 0.96

ARE (%) 34 28 4.8
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Fig. 2 Kinetic curves of copper 500
ions in the synthetic solution
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second-order model showed better fit than the other ones.
Tables 5 and 6 show the values of determination coefficient
(R%) and ARE for the synthetic solution and the real system,
respectively.

Several studies for adsorption of divalent metals re-
ported that the majority of the metal sorption kinetics
follows pseudo-second-order mechanisms (Ho 2006; Wu
et al. 2001). In Figs. 2 and 3 can be observed that the
maximum values of adsorption capacity in the synthetic

t(min.)

solution were about 20% higher than in the real effluent
in the same time interval (120 min). Another change
which may be observed due to the presence of other
ions in solution is the rate at which copper was
adsorbed. In Fig. 2 (synthetic solution), the slope of
the linear portion of the kinetic curves extends for a
longer period of time (around 70 min). However, the
values observed in Fig. 3 for copper adsorption from
the real matrix showed a short period of time (around

Fig. 3 Kinetic curve of ion 400
copper ions in the real system
(mine water) 350 |

300 |
250 |

200 |

¢ (mg.g”™)

150 |

100 ¢

50

“@_ 50 RPM
"H_ 100 RPM
~&_ 200 RPM

20 40 60 80 100 120 140

t(min.)
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Table 7 Removal

percentage of the copper Stirring rate (rpm) %R

ions onto chitosan films

(CF) Synthetic solution
50 78
100 88
200 96

Mine water

50 62
100 72
200 76

30 min) of the linear portion. This difference in Figs. 2
and 3 can be attributed to the competitiveness due to
the presence of other ions in the matrix, which occupy
some sites that would be filled by copper ions in the
absence of the same. Thus, the monolayer of adsorbent
was filled faster because there are other molecules com-
peting for the same active site. The existence of other
ions increases the steric hindrance, since the occurrence
of complexes can generate retention of more than one
type of element in each active site in a given time
interval. The removal percentage values of the copper
ions are shown in Table 7.

The EDS spectrum of the film after adsorption is shown in
Fig. 4, which presents the characteristic elements of the groups
of CF, as also the ions present in mine water adsorbed in the
film. It was carried out a mapping of the ions adsorbed on the
synthetic solution and on the mine water, which are shown in
Figs. 5 and 6, respectively, where their distributions in the CF
can be observed.

In the synthetic solution, the copper ions were
adsorbed homogeneously in the film (Fig. 5). In the
mine water, the copper ions also were absorbed evenly;
however, there were other ions which occupied sites of
the adsorbent, such as Al, S, Fe, and Ca (Fig. 6).
Through these images, it can be said that the active
sites of CF are homogenecous once all mapped ions

Fig. 5 Mapping of ions present
in the synthetic solution adsorbed
onto CF

@ Springer
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Fig. 4 EDS spectrum of CF after adsorption of ions present in the mine
water

were distributed homogeneously. Although this reduc-
tion occurs, the copper ions were able to compete well
by the active sites. It is possible that the interaction of
the copper ions has been sustained by the stronger bind-
ing, which resulted only in a small reduction in the
adsorption efficacy of these ions when compared to
the synthetic solution. This effect suggested that the
amino group was deprotonated in pH 6 and the mecha-
nism between chitosan and copper ions was superior to
other adsorption mechanism when more ions are present
(Hasan et al. 2008; Jeon and Ho1l 2003).

Figure 7 shows FT-IR analysis of pure chitosan films,
chitosan films adsorbed with copper ions, and chitosan
films adsorbed with copper ions from mine water.
Changes in both film spectrums after the adsorption assays
when compared to the spectrum of pure chitosan films can
be observed. The bands associated to the N-H and O-H
stretching (between 3600 and 3200 cm ') of the biopoly-
mer were altered due to the interaction between these
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Fig. 6 Mapping of ions present
in the mine water adsorbed onto
CF

functional groups and the ions present in the solution. The
major differences in the spectrum of the real effluent can be
observed around 1000 c¢cm™ ' relative to C-N and C-O
stretching (Cadaval Jr. et al. 2013). These changes can be
attributed to the interactions of the other ions present in the
matrix, since each adsorbate can to interact at different way
in the chitosan structure.

Thus, the most prominent result here is the maintain-
ing of a high adsorption capacity of the copper in a

complex matrix in spite of the presence of other ions,
when compared with a synthetic solution of the copper
ions. The difference of the values can be seen at the

kinetic behavior, where the maximum capacity of ad-
sorption reached 450 mg g ' in the synthetic solution
and 360 mg g ' for the real effluent (mine water) in the
same time interval. These results suggest that the chito-
san film preserves the efficiency in the treatment of
wastewater containing many different ions.

Fig. 7 FT-IR analysis of a pure
chitosan films, b chitosan films
adsorbed with copper ions, and ¢ i (a)
chitosan films adsorbed with
copper ions from mine water
{(b)
[0}
Q
c
[
=
£
m -
c
,g (c)
4000

T
3500

T T T T T T T T T T T
3000 2500 2000 1500 1000

Wavenumber (cm™)
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Conclusion

This work evaluated the effect of the matrix of a real effluent
in the adsorption kinetics of copper ions by chitosan films. At
the same time, studies of kinetics, equilibrium, and thermody-
namic were performed using solutions containing only copper
ions (synthetic model). The CF presented tensile strength of
28.3 +£2.0 MPa, elongation of 12.2 + 1.5%, and film thickness
of 70 = 5 um. The Freundlich model presented the best fit to
represent the equilibrium adsorption isotherms of the synthetic
solutions, and the adsorption was spontaneous and exother-
mic, and an increased randomness at the solid/solution inter-
face occurred. The pseudo-second-order equation showed bet-
ter fit than the other ones for both the synthetic solutions and
real effluent. The highest values of adsorption capacity in the
synthetic solutions were about 20% higher than in the real
effluent (maximum adsorption capacity for the synthetic solu-
tion was of 450 mg gfl, and the real effluent was of
360 mg g '). This difference in adsorption capacities was
due to the presence of other ions adsorbed, as shown by map-
ping where the ions were homogeneously distributed in the
adsorbent. The EDS spectrum showed the presence of groups
of chitosan and the different ions present in the mine water. In
the spectrums of the FT-IR, changes were observed in the
bands associated to the functional groups of the biopolymer,
and this was due to the interactions between these sites of the
biopolymer and the ions present in the solution. The linear
portion of the kinetic conducted with synthetic solutions were
extended for a period longer that in to the real effluent.
Although of the competitive medium and of an effect of the
steric hindrance, the adsorption capacity values showed that
the chitosan film maintained the efficiency in the treatment of
the wastewater containing copper ions, once 80% of the ad-
sorption capacity was reached in the real system when com-
pared with the synthetic solution (the maximum values of
removal percentage for the copper ions of the synthetic solu-
tion and the real effluent were of 96 and 76%, respectively).
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