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$EVWUDFW��
Fundamental investigation on adsorption of Cu(II) ions on natural and crosslinked chitosan 
membranes was performed. Batch adsorption experiments were used to determine the 
equilibrium and kinetics adsorption properties. The adsorption rate and the amount of adsorbed 
Cu(II) ions decreased when the adsorbent was crosslinked, especially in glutaraldehyde case. 
Experimental data were fitted to Langmuir model and the maximum adsorbed amount, at pH 
5.0, were 198±8 mg.g-1, 152±4 mg.g-1 and 93±23 mg.g-1, respectively to natural, 
epichlorohydrin-crosslinked and glutaraldehyde-crosslinked chitosan membranes (in dry basis). 
The kinetic data were adjusted to the pseudo first-order, pseudo second-order and intraparticle 
diffusion models. The pseudo second-order model presented a better correlation and 
intraparticle diffusion model shows different regions indicating that adsorption rate is possibly 
controlled by different mechanisms.  

,QWURGXFWLRQ�
Polysaccharide biopolymers isolated from marine organisms constitute a new class of 

adsorbents that present low cost, is environmentally benign and exhibit reactivity towards metal 
ions. Chitosan, a linear polysaccharide based on glucosamine unit, has been studied as a very 
promising material. It is obtained from deacetylation of chitin, which is the major component of 
crustaceans shells. It is one of the most available polysaccharide in nature. Chitosan has been 
described as a suitable biopolymer for removal of heavy metal ions from wastewater [1-15] since its 
chemical groups can act as chelation sites.  

The presence of heavy metals in the environment is a subject of great concern because of 
their increasing waste volume, toxic nature and other adverse effects for water streams. The 
potential sources of copper in industrial effluents include metal cleaning and plating baths, paper 
and paper board mills, wood pulp production, etc [16]. Cu(II) ions are essential nutrients, required 
by the body in small quantities, but when people are exposed to copper levels of above 1.3 mg/l for 
short periods of time, stomach and intestinal problems can occur. Long-term exposure to Cu(II) ions 
leads to kidney and liver damage [17]. 

Several methods have been used to modify natural chitosan either physically or chemically. 
Crosslinking with glutaraldehyde (GLA) or epichlorohydrin (ECH) are examples of chemical 
modifications on chitosan. Since glutaraldehyde binds to amino groups and epichlorohydrin binds 
preferentially to hydroxyl groups, it is possible to use both crosslinking processes to better 
understanding the adsorption mechanism [4], identifying the chemical functionality, which is 
responsible for metal-chitosan interaction.  Figures 1 (A) and (B) show the possible structures 
formed by crosslinking using glutaraldehyde and epichlorohydrin, respectively. 
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 )LJXUH����� Possible structures formed by crosslinking using glutaraldehyde (A) and epichlorohydrin (B) 

The aim of this study was to compare equilibrium and kinetic behavior of Cu(II) ions on 
natural and crosslinked chitosan membranes. The influence of experimental conditions of Cu(II) ion 
concentration and the type of crosslinking was evaluated. The experimental equilibrium parameters, 
such as maximum adsorption amount and the Langmuir dissociation constant, were obtained by 
fitting experimental data to the Langmuir equation. The constants of adsorption rate were obtained 
by using three different models, to identify the limiting steps in the adsorption models.  

0DWHULDO�DQG�0HWKRGV�
0DWHULDOV� Chitosan with molecular weight 9.90x105 g/mol was purchased from Sigma (USA). All 
other chemicals (copper sulfate, glutaraldehyde, epichlorohydrin) were of analytical grade. Aqueous 
solutions were prepared using deionized water (Milli-Q ultrapure water). 
3UHSDUDWLRQ� DQG� FKHPLFDO� PRGLILFDWLRQ� RI� FKLWRVDQ� PHPEUDQHV. In order to obtain porous 
membranes, a chitosan solution of 2.5 % (w/w) was spread on a Petri dish. The dish was kept at 
60oC until a reduction of 50 % of its initial weight. The membranes were then immersed in NaOH 
solution (1 mol/L) during 24 h for neutralization, followed by rinsing with Milli-Q water. The 
membranes were then stored in Milli-Q water at 4oC. 

Natural (pristine) chitosan membranes were heterogeneously crosslinked in 0.75 % (w/w) 
aqueous glutaraldehyde solution (3.0 g of wet chitosan membrane in 50 mL of glutaraldehyde 
solution), without agitation, at room temperature for 2 h, followed by rinsing with deionized water 
to remove the unreacted glutaraldehyde residue. The molar ratio glularaldehyde/NH2 was 5.0. For 
crosslinking with epichlorohydrin the procedure was: 3.0 g of wet natural chitosan membranes were 
immersed in 50 mL of epichlorohydrin solution 0.01 mol/L (prepared in NaOH solution 0.067 
mol/L) at 40 oC under continuous agitation for 2 h [18]. After this period, the membranes were 
rinsed with deionized water to remove unreacted epichlorohydrin. The molar ratio of 
epichlorohydrin/NH2 was 0.02. 
$GVRUSWLRQ� ([SHULPHQWV� Copper solution was prepared by dissolving 1.47 g of copper sulfate 
hydrated (CuSO4.5H2O) in 1.0 L of Milli-Q water, obtaining a stock solution of 375 mg/L of Cu(II) 
ions. This solution was adjusted to pH 5.0 with NaOH solution (0.1 mol/L) and was then diluted to 
obtain the standard solutions (37.5 mg/L-375mg/L).  

Batch kinetic experiments were carried out by soaking 1.2 g of natural or crosslinked 
chitosan membranes in 100 mL of Cu(II) solution (150 and 375 mg/L) at pH 5.0, 25 °C and under 
stirring of 150 rpm. The samples were withdrawn at fixed time intervals and analyzed for copper 
content with atomic absorption spectrophotometer (Perkin Elmer Analyst 100) in air-acetylene 
flame. The adsorption capacity of chitosan was calculated based on the difference of Cu(II) 
concentration of bulk solution, after fixed time and the initial concentration. 

Batch equilibrium experiments were conducted by soaking 0.30 g of natural or crosslinked 
chitosan membranes in 25 mL of Cu(II) solution (ranging from 37.5-375 mg/L) at pH 5.0, for 60 
hours at 25 °C under stirring. The time of 60 h was chosen from the kinetic behavior of Cu(II) ions 
on chitosan membranes. The concentrations of Cu(II) ions in the supernatant were analyzed with 

376



atomic absorption spectrophotometer. The adsorption capacity of chitosan was calculated based on 
the difference of Cu(II) concentration in bulk solution before and after adsorption.  

5HVXOWV�DQG�'LVFXVVLRQ�
3URSHUWLHV� RI� &KLWRVDQ� 0HPEUDQHV. Some properties of natural and crosslinked chitosan 
membranes are shown in Table 1. The porosity of the adsorbent )( �����ε  was obtained as described 
by Zeng and Ruckenstein, 1996 [19]. This was determined by measuring the amount of water 
within the pores, by weighing the wet adsorbent before and after extracting the water that filled the 
pores with a vacuum pump for 20 min. A reduction in porosity after the crosslinking was observed; 
this occurrence may be associated with a decrease in the crystallinity of the adsorbent as a result of 
alkyl group introduction by crosslinking reactions [20]. The conversion factors of wet-base to dry-
base for chitosan membranes were measured by weighing the wet adsorbent, which was freeze-
dryed and weighed again. This conversion factor is important in order to allow a comparison 
between the results from this investigation and the experimental data from the literature, where the 
majority of data are presented as dry-basis results. 

Table 1: Properties of natural and crosslinked chitosan membranes 

 Width (mm) Diameter 
(cm) 

Porosity Conversion Factor in 
dry-base 

Natural Chitosan 1.83±0.07    15.2±0.2  74.7 ± 6.7 93.9 
ECH-Chitosan 1.94±0.05 14.6±0.1 50.7 ± 12.9 93.1 
GLA-Chitosan 1.93±0.12 14.8±0.4     43.9 ± 8.7 91.5 

Figure 2 shows the general aspect of chitosan membranes before and after Cu(II) adsorption. 
The natural and epichlorohydrin-crosslinked chitosan membranes after Cu(II) adsorption showed a 
strong blue color, resulting from interaction between the coordination sphere of copper and amino 
groups of chitosan [21]. The glutaraldehyde-crosslinked chitosan membrane presented yellow color, 
which indicates the formation of double bounds [22] and imino bounds. The glutaraldehyde-
crosslinked chitosan membrane after copper adsorption presented a green color [23].   

 )LJXUH����� Macroscopic aspect of chitosan membranes before and after Cu(II) adsorption 

$GVRUSWLRQ� .LQHWLFV� RI� &X�,,�� ,RQV�  The adsorption kinetics involves several steps including 
diffusion and reaction processes [24-26]. Four steps can be considered for copper ion removal: (a) 
%XON�GLIIXVLRQ — copper ion transfer from the bulk solution to the boundary film surrounding the 
sorbent surface; (b) )LOP�GLIIXVLRQ — copper ion transport from the boundary film to the surface of 
the sorbent; (c) ,QWUDSDUWLFXODU�GLIIXVLRQ — transfer of the copper(II) ion from the surface to the 
intraparticular active sites; (d) &KHPLFDO�,QWHUDFWLRQ — uptake of the metal ion on the active sites, 
via chelation, ion-exchange or complexation [27]. In order to investigate the rate and the constants 
of adsorption of copper ions on chitosan three different models were tested. 

For calculating the rate constant of pseudo first-order adsorption [28], the Equation 1 can be 
used. 

W.444 ���

303.2
log)log( 1−=−  

(1) 
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K1 (L/h) is the pseudo first-order adsorption rate constant, Qe is the amount of copper ions adsorbed 
at equilibrium (mg/g wet chitosan) and Qt is the amount of copper ions at time t (mg/g wet 
chitosan). The ordinate intercept of log(Qe - Qt) against t should be equal to log(Qe). This is an 
important criterion for the validation of the modeling. The used Qe was that obtained from 
Langmuir model, based on experimental equilibrium data. 

Ho and McKay [29-31] proposed a pseudo second-order adsorption, based on the adsorption 
equilibrium capacity, as described in Equation 2. 

2
2 )( ��

� 44.GW
G4

−⋅=  
(2) 

Equation (2) can be, after integration, rearranged to obtain the linear form given in Equation 3. 
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where K2 is the pseudo second-order rate constant and Qe is the amount of copper ions adsorbed at 
equilibrium (mg/g wet chitosan). These constants can be determined by plotting (t/Qt) against t. 

The rate parameter of intraparticle diffusion can be defined as [32]: 
5.0W.4 �� ⋅=  (4) 

where Ki is intraparticle diffusion rate constant (mg/g.h0.5) and is calculated from the slopes of the 
straight line portions of the respective plots. 

The adsorption kinetic curves were adjusted to the pseudo first-order adsorption, pseudo 
second-order adsorption and intraparticle diffusion, as described in the Equations 1, 3 and 5, 
respectively.  For the pseudo first-order log (Qe - Qt) was plotted versus t, using Qe obtained from 
the Langmuir equation. This figure was not showed, only the parameters obtained (Table 2). In the 
case of pseudo second-order equation, t/Qt was plotted versus t (Figure 3) while for intraparticle 
diffusion of the adsorbed capacity at time t Qt was plotted versus t0.5 (Figure 4). The constants of 
adsorption rate K1, K2 and Ki can be determined using these graphs. Table 2 summarizes the 
adsorption rate constants and their corresponding correlation coefficients R2, obtained by the least 
square method. 

Table 2: Adsorption rate constants and their corresponding R2 correlation coefficients for the three different kinetics 
adsorption models 

  Pseudo first-order 
Model 

Pseudo second-order 
Model 

Intraparticle Diffusion Model 

 Ci
o 

mg/L 
Qe 
mg/g 

K1x103 

L/min 
R2 Qe 

mg/g 
K2x104 

g/mg.min 
R2 Ki,1 * 

 
R1

2 Ki,2 * 
 

R2
2 

150 8.94 0.22 0.78 8.53 5.2 0.998 1.83 0.95 0.18 0.92 Natural 
Chitosan 375 5.75 0.30 0.78 8.34 9.9 0.998 2.64 0.83 0.48 0.93 

150 2.48 0.47 0.67 5.76 2.1 0.993 2.06 0.96 - - ECH- 
Chitosan 375 3.05 1.50 0.64 10.12 9.6 0.997 3.10 0.91 - - 

150 5.22 14.0 0.88 9.90 8.2 0.997 0.93 0.83 0.24 0.73 GLA- 
Chitosan 375 6.74 30.0 0.94 8.80 8.2 0.999 2.28 0.90 0.18 0.52 

* (mg/g.min0.5) 
From Table 2 the Qe values obtained from pseudo first-order model are much lower than 

experimental equilibrium data obtained from Langmuir model (Table 3). Their low correlation 
coefficients and the pattern of residuals suggest that the reaction is not of the first order. The pseudo 
second-order model shows the highest correlation coefficients and calculated Qe are similar to the 
ones obtained from experimental equilibrium data.  

The modelling of experimental data using the intraparticle diffusion equation [32] shows the 
coexistence of two linearized regions characterized by two constants (Ki,1 and Ki,2). The initial slope 
is higher than that of the second section, indicating the contribution of two successive and different 
mechanisms.  The second set of data on epichlorohydrin crosslinked chitosan could not be adjusted 
to the linear model. 

378



These different sections in these graphs can be associated to different chemical or physical 
restrictions, as film effect, intraparticular diffusion or chemical interaction. To investigate if the 
diffusion-controlled-mechanism is predominant, experiments with different thickness of the 
membranes will be performed in order to evaluate the contribution of intraparticle diffusion. 

Although high correlation coefficients were obtained for the pseudo second-order model, it 
is not possible to affirm if the overall rate of the Cu(II) ions adsorption on chitosan membranes is 
controlled by chemical process or physical diffusion, being necessary the analyse the intraparticle 
diffusion model in a more detailed way.  
 

0 20 40 60 80

0

3

6

9

12

Natural Chitosan
 

 C
o
= 150mg/L

 C
o
= 375mg/L

 Linear Adjustment

Ti
m

e/
Q

t

Time (h)
0 20 40 60 80

0

3

6

9

12

ECH-Chitosan

 C
o
= 150mg/L

 C
o
= 375mg/L

 Linear Adjustment
Ti

m
e/

Q
t

Time (h)
0 20 40 60 80

0

3

6

9

12

GLA-Chitosan

 C
o
= 150mg/L

 C
o
= 375mg/L

 Linear Adjustment

T
im

e/
Q

t

Time (h)  )LJXUH����� Adsorption kinetic curves adjusted to the pseudo second-order model for natural, epichlorohydrin-
crosslinked and glutaraldehyde-crosslinked chitosan membranes 

0 3 6 9
0

3

6

9

12

Natural Chitosan

 C
o
=150mg/L

 C
o
=375mg/L

 Linear Adjustment

Q
t(m

gC
u(

II)
/g

 w
et

 c
hi

to
sa

n)

Time0.5(h)0.5

0 3 6 9

2

4

6

8

10

ECH-Chitosan

 C
o
=150mg/L

 C
o
=375mg/L

 Linear Adjustment

Q
t(m

gC
u(

II)
/g

 w
et

 c
hi

to
sa

n)

Time0.5(h)0.5
0 3 6 9

0

2

4

6

8

10

12

GLA-Chitosan

 C
o
= 150mg/L

 C
o
= 375mg/L

 Linear Adjustment

Q
t(m

gC
u(

II)
/g

 w
et

 c
hi

to
sa

n)

Time0.5 (h)0.5

 )LJXUH����� Adsorption kinetic curves adjusted to the intraparticle diffusion model for natural, epichlorohydrin-
crosslinked and glutaraldehyde-crosslinked chitosan membranes 

(TXLOLEULXP�$GVRUSWLRQ�RI�&X�,,��,RQV. Langmuir model [33] was used to describe the data obtained 
for the equilibrium of Cu(II) adsorbed onto natural and crosslinked chitosan (Equation 5). 

&HN
&HN44 


⋅+
⋅⋅

=
1

 
(5) 

where&H  is the final Cu(II) concentration (mg/L), �4 (mg/g wet chitosan) is the maximum amount 
adsorbed on a monolayer at equilibrium and N (L/mg) is the Langmuir constant, which is related to 
the adsorption energy.  

Table 3 shows Langmuir equilibrium constants and the correlation coefficients R2 (to check the 
statistical quality of data fitting), which were obtained by the least square method. The equilibrium 
data are also presented in dry-base, since the membrane water content differed in each material. It is 
then possible to compare the results with the experimental data from literature, since the most data 
are presented in dry-basis. Figures 5 (A), (B) and (C), exhibit the adsorption isotherms for Cu(II) 
ions on natural, epichlorohydrin-crosslinked and glutaraldehyde-crosslinked chitosan membranes, at 
pH 5.0, as described by the Langmuir model. The fitting can be considered as good, taking into 
account the variability that each piece of chitosan membrane may have, from pore size to 
deacetylation degree. 
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Table 3: Parameters of the Langmuir model fitted to the experimental adsorption data 

 Langmuir Model 
 pH Qe 

(mg.g-1
 wet 

chitosan) 

Qe 

(mg.g-1
 dry 

chitosan 

k 
(L.mg-1) 

R2 

Natural Chitosan 12.1±0.5 198±8 0.073±0.018 0.932 
ECH-Chitosan 10.5±0.3 152±4 0.113±0.024 0.937 
GLA-Chitosan 

 
5.0 

7.9±2.0     93±23 0.011±0.008 0.964 
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 )LJXUH����� Isotherms of Hg(II) ion adsorption on natural (A), glutaraldehydecrosslinked (B) and epichlorohydrin-
crosslinked (C) chitosan membranes, at pH 5.0. The line represents the Langmuir model 

The crosslinking treatment decreases adsorption performances probably by decreasing the 
number of free amino groups. This result is different from that showed by Vieira and Beppu [1-3] 
that showed the increase of Hg(II) adsorption, after glutaraldehyde-crosslinking reaction. This 
means that the structure resulting from amino and glutaraldehyde reaction (imine bond) remains 
capable to adsorb Hg(II) ions. 

In the case of epichlorohydrin-crosslinked chitosan the hydroxyl groups on chitosan are blocked 
by the crosslinking treatment, which decrease slightly the adsorption capacity, indicating that the 
interaction of Cu(II) ions and chitosan occur either on amino and hydroxyl groups. 

These adsorption results could be compared with other studies presented in the literature. Ngah 
HW�DO., 2002 [8] evaluated the Cu adsorption capacity as approximately 80.7, 62.5, 59.7 mg.g-1 for 
dry natural, epichlorohydrin-crosslinked and glutaraldehyde-crosslinked chitosan beads, 
respectively. In this study, a higher adsorption capacity for the membranes was observed probably 
due to the fact that chitosan concentration is higher in the membranes than in beads, since its 
preparation methodology required the chitosan solution to dry until a reduction of 50% 
gravimetrical weight.  
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&RQFOXVLRQV�
The present study confirms that natural and crosslinked chitosan membranes can be used for 

removal of Cu(II) ions from aqueous solutions. The natural membranes showed higher adsoption 
capacity than the values observed for crosslinked chitosan membranes, but crosslinked chitosan 
membranes can be used in acidic solutions. The highest adsorption capacity values were observed 
when the amino groups were not blocked, but available to interact with ions copper in solution. The 
kinetic data revealed that the overall rate for Cu(II) adsorption is possibly controlled by different 
mechanisms, as chemical process and physical limitation. This aspect will be analyzed doing kinetic 
experiments with different thickness of the chitosan membranes. 
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