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ABSTRACT: Chitosan microspheres loaded Cu(II) were
prepared using a precipitation method and heterogene-
ously crosslinked with glutaraldehyde. The abilities of the
binary [Cu(II)/Glut-chitosan] system for binding two acid
dyes, that is, Acid blue 25 (AB25) and Calmagite (Calma)
were investigated. Sorption experiments were performed
using a batch process at 25�C and indicate pH depend-
ence. Evidence for the modification of the raw chitosan
polymer was provided by Fourier transform infra red
spectral study, thermogravimetry, differential thermog-
ravimetry, differential scanning calorimetry, and scanning
electron microscopy analysis. Data gleaned from the ther-
mal analyses, showed that the modification of the polymer
decreases the thermal stability of the prepared materials
with respect to that of the native one. The effecting factors

during dye adsorption have been also studied. Thermody-
namic and kinetic experiments were undertaken to assess
the capacity and the rate of dyes removal on the surface of
[Cu(II)/Glut-chitosan]. Experimental data were mathemati-
cally described using various kinetic models. The pseudo
second-order equation was shown to fit the adsorption
kinetics. The interpretation of the equilibrium sorption
data complies well with the Freundlich adsorption model.
Thermodynamic results indicate that the adsorption fol-
lows an exothermic process. VC 2011 Wiley Periodicals, Inc. J
Appl Polym Sci 123: 3412–3424, 2012
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INTRODUCTION

The chemical contamination of water with toxic deriva-
tives is a serious environmental problem. Attention has
been focused on the use of several technologies to treat
such resources.1–3 Compared with the expensive physi-
cal or chemical procedures, adsorption process pro-
vides an alternative and receives increasing interest.
More importantly, studies have been carried out to de-
velop more effective and selective adsorbent materials,
which are abundant in nature and require little proc-
essing. Among these low cost adsorbents, activated car-
bon,4 silica,5 cellulose,6,7 and, more recently, chitin and
chitosan8–10 are the most extensively investigated. In
this framework, numerous studies have demonstrated

the effectiveness of chitosan and its derivatives prod-
ucts to remove metals, such as: arsenic,11 cadmium,12–
14 copper,12,15–21 lead,13 mercury,22–24 molybdenum,23,25

nickel,12,16 vanadium,23 uranium,24 zinc,12,13 etc. In
other areas, chitosan has been employed as an excellent
adsorbent for the sorption of dyes,26,27 phenols,28

enzymes,29 protein separations,30 and in some enzyme
immobilizations procedures.
However, compilation of the literature does not

indicate any use of the chitosan microspheres, partic-
ularly, in the field of both metal and acid dye sorption
systems and no ternary complex has been prepared
and characterized. For example, Sulakova et al., 31

have only investigated on the use of Cu(II) chitosan
complexes as heterogeneous catalysts for the degrada-
tion of five model azo textile dyes in aqueous solution
using hydrogen peroxide as an oxidant. Shen et al., 32

have described the oxidation of Acid red 73 using chi-
tosan microspheres supported Cobalt (II) tetrasul-
fophthalocyanine. Vasconcelos and coworkers, 17

involved the preparation of chitosan microspheres
containing a reactive dye Orange as a chelating agent
by spray drying technique. The obtained new adsorb-
ent was used in batch experiments to evaluate the
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adsorption of Cu(II) and Cd(II) ions in single and
binary metal solutions.17

Chelating polymeric adsorbents have found wide-
spread applications in the field of the removal of
hazardous and environmentally undesirable chemi-
cals from waste streams. Cellulose derivatives have
been particularly investigated during the treatment
of effluents.33–35 In a previous work, Baouab et al., 7

have chemically modified the cotton fiber by ethyl-
ene diamine and then the ethylene diamine-grafted
groups immobilizes Cu(II) ions was tested for the
adsorption of Calma and AB25 as ligands in the
metal-coordinating process.

The objectives of this article concern the descrip-
tion, for the first time, of the feasibility and the char-
acterization of a ternary complex formation between
the two model ligands (AB25 and Calma), Cu (II)
ions, and crosslinked chitosan microspheres using a
batch process under several experimental conditions.
The effects of pH, initial concentration, agitation pe-
riod, and temperature on the adsorption rate of
Calma and AB25 on the surface of the binary system
have been developed. The prepared materials were
characterized using Fourier Transform Infra Red
(FTIR), thermogravimetry (TG), differential scanning
calorimetry (DSC), and scanning electron microscopy
(SEM) analyses to allow verifying a structural differ-
ence between the started and the modified com-
pounds. Hence, a probable reaction mechanism of the
ternary complex formation was proposed. Thermody-
namic and kinetic experiments were also evaluated.
Experimental kinetic data were mathematically
described using adsorption kinetic models, namely
pseudo first-order, pseudo second-order, elovich
equation, and intraparticle diffusion models. With
regards to its main use (adsorption of the pollutants
from aqueous solution), this complex could has the
possibility of being valorized as an effective adsorb-
ent in terms of Cu(II) ions sorption by a binary sys-
tem [Cu(II)/Glut-chitosan] or dye and Cu(II) ions
sorption by a ternary complex [Dye/Cu(II)/Glut-
chitosan] microspheres.

EXPERIMENTAL

Materials and reagents

Chitosan from crab shell (deacetylation degree ¼
72.5) was purchased from Aldrich (B-Aldrich Chimie
Sarl, Saint-Quentin Fallavier, France) as a powder
material. All other chemicals [glutaraldehyde (25%
v/v aqueous solution), glacial acetic acid, and so-
dium hydroxide] were of analytical grade used with-
out further purification. Stock solutions of Cu(II)
were prepared by dissolving CuCl2.2H2O in distilled
water and whose initial pH were adjusted by NaOH
or HCl (0.10 mol L�1). The dyes used in the adsorp-

tion experiments, namely Acid Blue 25 and Calma-
gite [referred to as AB25 (molar weight ¼ 416.39 g
mol�1) and Calma (molar weight ¼ 358.37 g mol�1),
respectively], were supplied by Hoechst (Frankfort,
Germany) in the form of sodium salt and known for
their capacity of metal complexation due to the pres-
ence of donor atoms in their structures indicated in
Figure 1. The presence of functional groups
(hydroxyl) and electron donor atoms (oxygen and/
or nitrogen) allows these ligands to build complexes
with metal ions. These anionic dyes were also used
without further purification.

Preparation of macroporous Glut-chitosan
microspheres

Chitosan microspheres were synthesized by drop
wise addition of an acidic chitosan solution into a
sodium hydroxide solution precipitation bath. A 2%
(w/v) chitosan solution was prepared by dissolving
2 g of powdered chitosan into 100 mL of 5% (v/v)
glacial acetic acid solution at room temperature to
produce a viscous solution. After complete mixing,
it was forced through a micropipette tip by a
ROTHVR peristaltic pump. The solution was carried
out through a nozzle (inner diameter ¼ 0.20 mm)
and dropped into a bath containing a 2.0 mol L�1

NaOH solution and chitosan microspheres were
quickly formed. The reaction of acetic acid with the
NaOH caused the precipitation of chitosan in solu-
tion resulting in gelled microspheres. Prepared
microspheres were allowed to harden in this solu-
tion for 24 h. Subsequently, chitosan microspheres
were filtered and rinsed several times with distilled
water up to neutral pH.36

For crosslinking with Glutaraldehyde, Glut-chito-
san microspheres were prepared according to the fol-
lowing procedure described previously.37 Chitosan
microspheres were heterogeneously crosslinked by
immersion in 0.75% (w/w) aqueous 25% v/v

Figure 1 Chemical structure of the selected dyes.
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glutaraldehyde solution (3.0 g of wet chitosan micro-
spheres in 50 mL of glutaraldehyde solution) at a
temperature of 25�C for 2 h, followed by rinsing with
deionized water to remove any unreacted glutaralde-
hyde and stored in water at 4�C. As the sorption con-
ditions required the use of the chitosan microspheres
in a wide range of pH, the crosslinking treatment
aims to resolve the solubility of the plain polymer in
acidic pH. This makes it useful for the removal of
chemical pollutants in acidic solution.38

To allow a comparison between the present results
and the experimental data from the literature, the
water content measurement in Glut-chitosan micro-
spheres can generally be reached using an estab-
lished conversion factor. The conversion factor of
wet-base to Glut-chitosan microspheres is given in
eq. (1). This was measured by weighting the wet ad-
sorbent, which was oven-dried (at 70�C) for 24 h
and weighted again. The calculated percent hydra-
tion rate was found to be equal to 97.50% and was
evaluated using the following equation:

Hydration rate ð%Þ ¼ ðWwet �WdryÞ
wwet

� 100 (1)

Wwet and Wdry are the weight of the wet and dry
Glut-chitosan microspheres, respectively. Measuring
error for water content value was 10�3%. It is inter-
esting to observe that this value is comparable to the
data found by Li and Bai (the hydration rate is close
to 97.29%).39

Loading of Glut-chitosan microspheres with Cu(II)
ions

To load Glut-chitosan microspheres with Cu(II) ions
up to saturation, a desired amount of the solid sup-
port with an aqueous solution of Cu(II) ions were
stirred for 24 h at room temperature in a closed ves-
sel. The pH was adjusted to the desired value with
0.10M HCl and/or 0.10M NaOH. The wet Glut-chito-
san microspheres loaded Cu(II) was filtered off,
washed with distilled water, and stored in distilled
water at 4�C until further use. The initially yellow
color of Glut-chitosan microspheres becomes blue
turquoise after adsorption of Cu(II) ions. Indeed, the
amine groups present in chitosan chains are the main
effective bonding sites for metallic ions, resulting in
complexes stabilized by coordination.21 The charac-
terization of all prepared solid materials was then
performed by FTIR spectroscopy, TG, differential
thermogravimetry (DTG), DSC, and SEM analyses.

Characterization of prepared supports

The FTIR characterization of the raw chitosan
polymer, Glut-chitosan microspheres, the binary

[Cu(II)/Glut-chitosan] system, and the ternary
[dye/Cu(II)/Glut-chitosan] complex was carried
using a FTIR spectrometer (Perkin–Elmer FTIR Sys-
tem 2000 Model spectrometer, LMPB, ISTIL Lyon 1
Villeurbanne, France). Samples were dispersed in
anhydrous spectrophotometric potassium bromide
(KBr) in 1 : 10 ratio. The range from 4000 to 400
cm�1 was scanned. Prepared supports were also
characterized using thermogravimetric analysis
(TGA 2950 instrument, LMPB, ISTIL Lyon 1 Vil-
leurbanne, France) and Differential Scanning Calo-
rimetry (DSC 2920 TA Instruments, LMPB, ISTIL
Lyon 1 Villeurbanne, France). The measurements
were performed, with a heating rate of 10�C min�1,
in a dynamic N2 atmosphere on � 5–10 mg of the
sample. The scanning temperature range was from
25 to 900�C for TGA and from 25 to 350�C for
DSC. The morphology and the surface structure of
the prepared solid supports were evaluated using
SEM analyses (Hitachi S800-1 Scanning Electron Mi-
croscopy, LMPB, ISTIL LYON 1 France). The con-
centration of the Cu(II) ions, AB25, and Calma was
analyzed by an ultraviolet-visible spectrophotometer
(U-2000 Hitachi, LMPB, ISTIL Lyon 1 Villeurbanne,
France) with 2 nm resolution using calibration
curve at kmax.

Batch sorption experiments

Batch sorption experiments were carried out in 250
mL conical flask at 25�C under strirring conditions.
Stock solutions of Calma and AB25 were prepared
without pH adjustment. The concentration of acid
dyes in solution was carried out from the analytical
curves obtained in an ultraviolet-visible spectropho-
tometer with kmax ¼ 526 nm for Calma and 600
nm for AB25. About 300 mg of wet [Cu(II)/Glut-
chitosan] microspheres and 100 mL of the standard
solutions were stirred for a certain period. For pH
effect studies, the adsorption of Calma and AB25
was tested in pH range 3–10, through adjusting pH
using either HCl or NaOH (0.10M). While the pH
sorption of Cu(II) ions ranged from 3 to 7. Equa-
tion (2) was used to calculate the amount of
adsorption of either Cu(II) ions, AB25 or Calma at
equilibrium:

qe ¼ ðC0 � CeÞ � V
m

(2)

where qe is the sorption capacity of the adsorbent
(mg g�1), C0 is the initial concentration of the ad-
sorbate (mg L�1), Ce is the residual concentration of
the adsorbate (mg L�1), when sorption is completed,
that is, infinity sorption [C1 ¼ Ce], m is the weight
of the adsorbent (g), and V is the volume of the dye
solution used for sorption (L).
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RESULTS AND DISCUSSION

Formation mechanism of the chitosan microspheres

The method of coacervation/precipitation is based
on the physicochemical property of chitosan since it
is insoluble in alkaline pH medium, but precipi-
tates/coacervates when it comes in contact with
alkaline solution. In the process of precipitation and
crosslinking as described above, chitosan micro-
spheres were solidified by formation of Schiff’s base
with the bi-functional crosslinker. The Schiff’s bases
formed between an amine and an aldehyde are
intensely colored (yellow color). Upon introducing
wet chitosan microspheres into glutaraldehyde solu-
tion, the aldehyde groups react immediately with
the ANH2 groups along the chitosan chains. The
reaction of chitosan microspheres with glutaralde-
hyde in an aqueous solution might be crosslinked at
amino groups to form the glutaraldehyde cross-
linked chitosan. According to Yu and Tang,40 there
is also an alternate route of crosslinking besides the

Schiff’s base: addition to the ethylenic bond, the
aldehyde-alcohol condensation reaction between glu-
taraldehyde molecules will lead to the formation of
a,b-unsaturated oligomers.

FTIR spectroscopy analysis

The infrared spectrum of the raw chitosan polymer
is given in Figure 2(a). Results revealed an absorp-
tion band at 3400 cm�1, relatively intense because of
OH and water stretching vibrations, whereas the
band at 2900 cm�1 corresponds to the CAH stretch-
ing vibrations. The bands at 1654 and 1420 cm�1

may be attributed to the deformation vibrations of
medium intensity of NAH bonds from primary
amines and of low intensity from CAH bonds of the
CH3 group. The band at 1068 cm�1 corresponds to
the stretching vibrations of CAO bonds from pri-
mary alcohol.8,41 It is possible, from Figure 2(b,c)
showing the FTIR spectrum of Glut-chitosan micro-
spheres and [Cu(II)/Glut-chitosan] system, respec-
tively, to explain the chemical modifications of the
chitosan microspheres. In fact, in the Figure 2(b),
there was a significant new band around 1660 cm�1,
which can be attributed to the imine bond (C¼¼N).
Another new band at 1561 cm�1 was observed, and
can be attributed to the ethylenic bond (C¼¼C) as al-
ready explained by Ngah and Fatinathan.42 More-
over, the reduction of the band intensity at 1420
cm�1 (primary amino group,ANH2) showed that
most of the primary amino groups of chitosan were
involved in the crosslinking process, denoting that
these groups were bound to the glutaraldehyde mol-
ecules. The most obvious difference in the spectra
for Glut-chitosan [Fig. 2(b)] and [Cu(II)/Glut-chito-
san] [Fig. 2(c)] was observed to be the shift of the
broad band for OH groups from 3397 to 3414 cm�1,
indicating that an amount of hydroxyl groups also
interact with the Cu(II) ions.

Figure 2 FTIR transmission spectrum of (a) chitosan, (b)
Glut-chitosan, (c) [Cu(II)/Glut-chitosan], (d) [AB25/Cu(II)/
Glut-chitosan], and (e) [Calma/Cu(II)/Glut-chitosan].

Figure 3 TG curves obtained under nitrogen atmosphere
flowing at a rate of 25 mL min�1 and at a heating rate of
10�C min�1 of chitosan polymer.

Figure 4 DTG curves obtained under nitrogen atmos-
phere flowing at a rate of 25 mL min�1 and at a 10�C
min�1 of: (a) raw chitosan, (b) chitosan microspheres, and
(c) Glut-chitosan.
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Transmission FTIR spectrum, measured for the bi-
nary [Cu(II)/Glut-chitosan] system before and after
adsorption of Calma and AB25 as ligands, were
given in Figure 2(d,e). No significant change in the
band intensity was observed after dyes adsorption.
This implies that the adsorption processes are physi-
cal adsorption and may not involve a chemical inter-
action.26 The similar observations were also reported
by Xue et al.,43 Wan Ngah et al.,44 and Dolphen,
et al.,45 when the adsorption of acid dyes onto modi-
fied chitosan was evaluated.

Thermal analysis

Thermogravimetry analysis (TG)

The typical TG thermogram of the raw chitosan
polymer is given in Figure 3. We observed two
stages of mass loss. This should be visualized as
resulting from the thermal degradation of short and

long molecular chains of chitosan.46 Figure 4(a–c)
showed the DTG curves of native chitosan [Fig.
4(a)], chitosan microspheres [Fig. 4(b)], and Glut-chi-
tosan [Fig. 4(c)], respectively. The decomposition
temperature observed at 308�C can be attributed to
the maximum mass loss of the native chitosan. Fig-
ure 4(b) revealed that the chitosan microspheres
decomposed at 298�C. While the crosslinking ones
decomposed at 257�C [Fig. 4(c)]. It is also possible,
from Figure 8(a–c) to assess the weight loss behavior
of chitosan microspheres after Cu(II) ions and dye
adsorption. Data indicated that the binary [Cu(II)/
Glut-chitosan] system decomposed at 246�C [Fig.
5(a)], whereas the ternary [AB25/Cu(II)/Glut-chito-
san] [Fig. 5(b)] and [Calma/Cu(II)/Glut-chitosan]
[Fig. 5(c)] complexes decomposed at 270 and 253�C,
respectively. Comparing all decomposition tempera-
tures, we observed that the modification of the poly-
mer decreased the thermal stability of the micro-
spheres with respect to that of the native chitosan
polymer.

Differential scanning calorimetry analysis (DSC)

The typical DSC thermograms of native chitosan, chi-
tosan microspheres, and Glut-chitosan were shown in
Figures 6(a–c). The endothermic peak at around
76–189�C, corresponding to the water removal in the
polysaccharide, can be observed for all samples. Such
event confirmed the results obtained by TG. The ther-
mogram [Fig. 6(a)] for raw chitosan showed a broad
endothermic peak at 189�C and a sharp exothermic
peak at 311�C, which is related to the thermal decom-
position of the material. For chitosan microspheres
[Fig. 6(b)], the exothermic peak is observed at 301�C.
The position of this peak was shifted to lower temper-
atures; 269, 257, 273, and 274�C for Glut-chitosan
[Fig. 6(c)], [Cu(II)/Glut-chitosan] [Fig. 7(a)], [AB 25/

Figure 6 DSC curves obtained under nitrogen atmos-
phere flowing at a rate of 25 mL min�1 and at a heating
rate of 10�C min�1 of: (a) raw chitosan, (b) chitosan micro-
spheres, and (c) Glut-chitosan.

Figure 7 DSC curves obtained under nitrogen atmos-
phere flowing at a rate of 25 mL min�1 and at a heating
rate of 10�C min�1 of: (a) [Cu(II)/Glut-chitosan], (b)
[AB25/Cu (II)/Glut-chitosan], and (c) [Calma/Cu(II)/
Glut-chitosan].

Figure 5 DTG curves obtained under nitrogen atmosphere
flowing at a rate of 25 mL min�1 and at a rate of 10�C
min�1 of: (a) [Cu(II)/Glut-chitosan], (b) [AB25/Cu(II)/Glut-
chitosan], and (c) [Calma/Cu(II)/Glut-chitosan].
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Cu(II)/Glut-chitosan] [Fig. 7(b)] and [Calma/Cu(II)/
Glut-chitosan] [Fig. 7(c)], respectively.

The results gleaned from TG, DTG, and DSC anal-
yses, during this study, showed a structural differ-
ence between the native chitosan, the chitosan
microspheres, the binary [Cu(II)/Glut-chitosan] sys-
tem, and the formed ternary [dye molecules/Cu(II)/
Glut-chitosan] complex. FTIR transmission analyses
and thermal studies allow us to attribute the struc-
ture indicated in Figure 8 to the possible complex.
The chitosan can coordinate with Cu(II) ions through
both oxygen and nitrogen atoms present in the chi-
tosan chain. Also, when applied to the sorption
bath, the two ligands including donors’ atoms in
their structure (Nitrogen or/and Oxygen) could bind
[Cu(II)/Glut-chitosan] throughout the d vacant or-
bital of the transition metal.

Surface morphology of the prepared solid supports

Initial results obtained from optical microscopy analy-
sis showed that the obtained particles revealed a spher-
ical geometry. A better understanding of the morpho-
logical characteristics is then provided by SEM studies.
Typical SEM micrographs of the prepared micro-
spheres are given in Figures 9 and 10. Figure 9 showed
the whole image of chitosan microspheres and Figure

10 the details of the surface structure of chitosan, Glut-
chitosan, [Cu(II)/Glut-chitosan], and [Calma/Cu (II)/
Glut-chitosan], respectively. The main characteristic is
the porous internal structure for Glut-chitosan micro-
spheres. The chitosan microspheres displayed a rough
and a nonporous surface [Fig. 10(a)]. While the Glut-
chitosan microspheres displayed a rough and macro-
porous structure that may be due to the agent cross-
linked to chitosan. In this case, the diameters of the
pores range from 50 to 158 nm [Fig. 10(b)]. The porous
structure of prepared Glut-microspheres may offer
more adsorption sites for adsorbate. According to the
International Union of Pure and Applied Chemistry
(IUPAC) classifications, the pores can be divided into
macropores (d > 50 nm), mesopores (2 < d < 50 nm),
and micropores (d < 2 nm). In this work, Glut-chitosan
microspheres (d – 116 nm) can be seen as macropores
compounds.

Factors affecting dye sorption on the surface of
[Cu(II)/Glut-chitosan]

Effect of the pH on the adsorption of Cu(II) and
dyes

In this section, the effect of the pH on the adsorption
of Cu(II) ions and dye molecules on the Glut-chitosan

Figure 8 Proposal of associative structures between binary [Cu(II)/Glut-chitosan] system and Calma.
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microspheres was studied and depicted in Figure
11. For the adsorption of Cu(II), it was observed
that the increase of the pH of the aqueous Cu(II)
ions solution from 3 to 6 caused a significant
increase in the amount of the adsorption capacity
and reached a maximum value at pH 6. At low pH
(<3), the adsorption decreases, and it can be
explained by the possible protonations of the amine
groups shielded by the Glut-chitosan microspheres.
This protonation prevents their approach to the
polymer surface. The same results were previously
observed for the adsorption of Cu(II) ions on the
surface of ED-cotton.7 The removal of AB25 and
Calma by Glut-chitosan as a function of pH demon-
strated a different trend [Fig. 11]. The high adsorp-
tion yield was obtained at pH 5 and 4 for AB25 and
Calma, respectively. The explanation of this result is
that, at very low pH, protonation of anionic sulfo-
nate groups of studied dyes prevents their adsorp-
tion on the surface of the adsorbent. In addition
most of the amine groups (ANH2) will be also pro-
tonated, which hinder the electrostatic interactions
between acid dyes and adsorbent. The similar trend
was also mentioned by Chiou et al., 47 At pH >7,
the adsorption of both dyes decreased dramatically.
This could be explained by the fact that at high pH,
more OH� will be available in the aqueous solution
and protonation of amine groups of the adsorbent
will not occur.7

Figure 9 SEM images of whole and external surface of
(a) Glut-chitosan and (b) [Cu(II)/Glut-chitosan].

Figure 10 SEM images (details of the surface structure) of (a) chitosan, (b) Glut-chitosan, (c) [Cu(II)/Glut-chitosan], and
(d) [Calma/Cu(II)/Glut-chitosan] microspheres. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Effect of the agitation period

Figure 12 shows the time required to reach equilib-
rium for the adsorption process. As it can be seen,
fast rates of equilibration, about 50%, of dye-ion re-
moval was achieved after 70 min and reached a
steady state after 110 to 140 min for Calma and
AB25. Results also indicated that the adsorption of
both dyes increased with agitation period and
attained equilibrium at 120 min for calma and 130
min for AB25, respectively. In addition, the kinetics
was characterized by a fast initial rate followed by
stabilization at high time values. Results for Calma
revealed that [Cu(II)/Glut-chitosan] microspheres
have higher dye removal capacities than AB25. Such
event could probably be attributed to the structure
and affinity effects of dyes toward adsorbent. Other
several parameters, including initial dye concentra-
tion and structural properties of the adsorbent (size,
surface area, and porosity) can also affect the sorp-
tion rate for both dyes.

Effect of the initial dye concentration

The effect of the initial concentration on the adsorp-
tion of Calma on the surface of binary [Cu(II)/Glut-
chitosan] system was studied in a wide range of
concentration and given in Figure 13. All the experi-
ments were realized at pH 6, where the highest
adsorption of Cu(II) ions on the surface of the Glu-
chitosan was observed. Data provide an increase, in
dye removal capacity, for [Cu(II)/Glut-chitosan]
microspheres as compared to unloaded ones [Fig.
11]. Maximum dyes adsorption on the [Cu(II)/Glut-
chitosan] were 32 mg g�1 and 30 mg g�1 for Calma
and AB25, respectively. Under the similar pH condi-
tions and when the unloaded Glut-chitosan micro-
spheres was used as adsorbent, adsorption capacities
do not exceed 5 mg g�1 for Calma and 3 mg g�1 for
AB25. These results indicate that the dyes can act as
efficient ligands for coordinating metals already
involved in Glut-chitosan complex.7 Indeed at pH 6,
the absence of metal ions in the filtrate confirms the

Figure 11 Effect of the initial pH on the adsorption of
Cu(II) ions, Calma and AB25 (Ce ¼ 100 mg L�1) on the
surface of Glut-chitosan microspheres.

Figure 12 Effect of agitation period on the adsorption of
Calma on [Cu(II)/Glut-chitosan].

Figure 13 Effect of initial concentration on the adsorption
of dyes on [Cu(II)/Glut-chitosan].

Figure 14 Effect of temperature on the adsorption of
Calma on [Cu(II)/Glut-chitosan].
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strong complexation power of dyes toward binary
system.

Effect of the temperature

The adsorption phenomenon is usually affected by
many parameters, particularly the temperature. In
fact, the temperature affects two major aspects of the
adsorption: the equilibrium position in relation with
the exothermicity or endothermicity of the process
and the swelling capacity of the adsorbent. Thus,
adjustment of temperature may be required in the
adsorption process. The effect of the temperature on
the adsorption of Calma on the surface of [Cu(II)/
Glut-chitosan] is shown in Figure 14. As observed
for the selected dyes, the adsorption capacity of the
binary system decreases with increasing tempera-
ture. This could be explained by the enhanced mag-
nitude of the reverse (desorption) step in the mecha-
nism. The interactions established between [Cu(II)/
Glut-chitosan] and dyes are therefore reversible in
this case. This is possibly due to the exothermic

effect of the surroundings during the adsorption
process.48 As observed, at 80�C, the adsorbed quanti-
ties for binary system attained 7.4 mg g�1 for AB25
and 6 mg g�1 for Calma, respectively. The lower
adsoption capacities indicate also that [Cu(II)/Glut-
chitosan] is no efficient as adsorbent at high
temperature.

Kinetic modeling of the adsorption of dyes on the
[Cu(II)/Glut-chitosan] microspheres

To investigate the mechanism of the adsorption, the
pseudo first-order,49 the pseudo second-order,50 the
elovich,51 and the intraparticle diffusion,52 models
were used to fit experimental data. The correspond-
ing equations in their linear forms are summarized
in Table I and the validity of each model is checked.
The plots of log(qe � q) versus time were used to
determine the first-order rate constant K1 [Fig. 15].
The plots of t/q versus time were used to calculate
the second-order rate constant K2 [Fig. 16]. The plot

TABLE I
Summary of Kinetic Equations Used for the Modeling of
Dye Sorption on [Cu(II)/Glut-Chitosan] Microspheres

Model Equation Modeling

First Order dqt
dt

¼ k1 qe � qtð Þ log (qe - qt) ¼ log qe - K1 t

Second Order dqt
dt

¼ k2 qe � qtð Þ2 t

qt
¼ 1

K2q2e
þ t

qe

Elovich equation dqt
dt

¼ ae�bqt qt ¼ 1

b
Ln abð Þ þ 1

b
Lnt

Intraparticle
diffusion

qt ¼ ki.t
1/2 qt ¼ ki.t

1/2

Figure 15 Pseudo first-order kinetic plots for the adsorp-
tion of Calma on [Cu(II)/Glut-chitosan].

Figure 16 Pseudo second-order kinetic plots for the
adsorption of Calma on [Cu(II)/Glut-chitosan].

Figure 17 Elovich plots for the adsorption of Calma on
[Cu(II)/Glut-chitosan].
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of q versus Ln t yielded the elovich constants, a [ini-
tial sorption rate (mg g�1 min�1)] and b [extent of
surface coverage (mg g�1 min�1)] [Fig. 17]. While
the plots of q versus t1/2 yielded the intraparticle dif-
fusion constant, Ki (mg g�1 min1/2) [Fig. 18]. The
results of rate constant studies for different initial
dye concentration (10, 20, 30, and 40 mg L�1) were
tabulated in Table II. The assessment of the kinetic
models is controlled by the extent of the regression
coefficient R2. In this study, the first order equation
of Lagergen fits poorly to the whole range of contact
time and is generally applicable over the initial stage
of the adsorption processes of the studied dyes.49

Based on the regression coefficient (R2 > 0.98; Table
II), the second order was shown to fit well the dye
sorption. The intraparticle diffusion model was also
used to describe the way of the retention of dyes on
the [Cu(II)/Glut-chitosan]. If the adsorption mecha-
nism follows the intraparticle diffusion, the plot of q
versus t1/2 should be a straight line passing through
the origin.52 The deviation of the straight line from
the origin may be due to the difference between the
rate of mass transfer in the initial and final stages of
adsorption [Fig. 18].53

Analysis of the adsorption of dyes on the surface
of [Cu(II)/Glut-chitosan] microspheres through
Langmuir and Freundlich models

At equilibrium, there is a limited distribution of the
solute between the liquid and the solid phases,
which can be described by many isotherms and the
adsorption models can be used to fit the observed
experimental data and determine the corresponding
parameters. To fit our experimental data, we have
used the Langmuir54 and Freundlich models.55 The
Langmuir equation in its linear form can be given
as:

ce
qe

¼ 1

Q � bþ
ce
Q

(3)

where Q represents the adsorbate concentration in
the solid phase for complete monolayer coverage or,
if not possible, for the limit adsorption capacity (mg
g�1) on sites and b is the Langmuir constant related
to the adsorption energy (L mol�1). The product Q
� b ¼ KL is the Langmuir equilibrium constant. A
plot of ce/qe versus ce yields the Langmuir constants

Figure 18 Intraparticle diffusion plots for the adsorption
of Calma on [Cu(II)/Glut-chitosan].

TABLE II
Kinetic Constants for the Adsorption of Studied Dyes on [Cu(II)/Glut-Chitosan] Microspheres

[Dye]
(mg L�1)

First Order model Second Order Model Elovich Model
Intraparticle
diffusion

K1

(min�1)
qe

(mg g�1) R2
K2 (g mg�1

min�1)
qe

(mg g�1)
h (mg g�1

min�1) R2
a (mg g�1

min�1)
b (mg g�1

min�1) R2
Ki (mg g�1

min1/2) R2

AB25
10 0.010 5.956 0.928 0.00184 7.007 0.090 0.993 9.969 0.657 0.984 0.427 0.991
20 0.0122 12.626 0.891 0.00095 13.037 0.162 0.994 19.213 0.354 0.981 0.788 0.989
30 0.0127 16.768 0.915 0.00057 18.018 0.187 0.995 28.622 0.268 0.978 1.022 0.989
40 0.0130 22.840 0.907 0.00037 24.752 0.231 0.983 40.526 0.201 0.970 1.347 0.984
Calma
10 0.0129 9.613 0.905 0.00075 10.493 0.083 0.986 17.005 0.495 0.953 0.548 0.983
20 0.0152 23.062 0.85 0.0004 21.186 0.178 0.984 35.130 0.244 0.965 1.105 0.985
30 0.0129 21.877 0.914 0.00042 24.33 0.248 0.984 39.002 0.198 0.981 1.37 0.982
40 0.014 29.440 0.919 0.00042 28.653 0.347 0.993 43.044 0.161 0.980 1.717 0.988

Figure 19 Langmuir plots for the adsorption of Calma on
[Cu(II)/Glut-chitosan].
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[Fig. 19]. The Freundlich isotherm in its linear form
is given by eq. (4):

log qe ¼ logPþ 1

n

8
>:

9
>; log ce (4)

where ce is the equilibrium concentration of the ad-
sorbate (mg L�1), qe is the amount of adsorbate
removed per unit mass of adsorbent (mg g�1), P and
n are Freundlich constants. n gives an indication
about the favorability of the adsorption process. P
[mg(mg L�1)1/n g�1] is the adsorption capacity of
the used adsorbent. Table III summarizes the param-
eters values for the different studied adsorbate/ad-
sorbent systems. Based on the correlation coefficients
(0.74 < R2 < 0.96), the Langmuir equation fits poorly
to the whole range of concentration. The Freundlich
equation could be more suitable to fit experimental
data, the high correlation coefficients (R2 > 0.98)
obtained in this study strongly supports the fact that
the sorption of studied dyes follows the Freundlich
model [Fig. 20]. In all cases, the value of 1/n were
found to be less than 1 indicating that the adsorp-
tion was favorable.56

Thermodynamics of the sorption of dyes

The standard Gibbs free energy change (DG�) for the
adsorption process can be calculated using the fol-
lowing equation57:

DG0 ¼ �RTLnKL (5)

where DG� and T are standard Gibbs, free energy,
and absolute temperature, respectively. R is the gas
constant (8.314 J mol�1 K�1) and KL is the Langmuir
equilibrium constant. lnKL was plotted against 1/T.
The values of DH� and DS� were estimated using the
following relationships58:

LnKL ¼ �DH0

RT
þ DS0

R
(6)

Figure 21 shows a plot of logKL versus 1/T for the
adsorption of the two tested dyes on the [Cu(II)/
Glut-chitosan] microspheres. The values of DH� and
DS� were so estimated and the results were reported
in Table III. The associated enthalpies when the dye
molecule is adsorbed on the surface of the binary
system for AB25 and Calma are �25.08 and �35.38

TABLE III
Langmuir, Freundlich Constants, and Thermodynamic Parameters for the Adsorption of the Dyes

on [Cu(II)/Glut-Chitosan]

Dye T (�C)

Langmuir constants Freundlich constants

QL

(mg g�1)
KL

(L g�1)
b

(L mg�1) R2
DH�

(Kj mol�1)
DS�

(Kj mol�1)
DG�

(Kj mol�1)
P [mg

(mg L�1)1/n g�1] 1/n R2

AB25 25 121.951 0.607 0.005 0.74 �25.080 �87.205 1.234 2.897 0.810 0.991
40 71.428 0.471 0.0066 0.824 1.959 3.981 0.64 0.983
60 30.120 0.292 0.0097 0.904 3.410 3.890 0.719 0.98
80 15.151 0.121 0.008 0.918 6.183 2.027 0.58 0.984

Calma 25 56.818 1.282 0.022 0.964 �35.381 �116.919 0.616 2.258 0.92 0.986
40 75.757 0.590 0.0077 0.827 1.369 1.520 0.881 0.982
60 46.948 0.286 0.0060 0.874 3.463 2.951 0.884 0.992
80 8.176 0.134 0.0163 0.813 5.90 2.511 0.555 0.98

Figure 20 Freundlich plots for the adsorption of Calma
on [Cu(II)/Glut-chitosan]. Figure 21 Log KL versus reciprocal of temperature.
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Kj mol�1, respectively. The negative heat of adsorp-
tion values suggests that the interaction of the dyes
with [Cu(II)/Glut-chitosan] microspheres is exother-
mic, which is supported by the decreasing adsorp-
tion of the corresponding dyes with the increase in
temperature. In addition, heat of adsorption values
indicates that the adsorption of AB25 and Calma on
the support is a physical manner. This is was con-
sistent with data discussed earlier in FTIR analyses.
The negative value of the entropy change was found
to be consistent with the decreased disorder at the
solid-solution interface during the adsorption pro-
cess. It is also possible to observe an increase in the
values of T � DS� with increasing temperature and
|DH�| < |T � DS�|. This indicates that the sorption
process is dominated by entropic rather than
enthalpic changes.59

CONCLUSIONS

To sum up, [dye molecules/copper(II)/macroporous
Glut-chitosan] microspheres complex was prepared
using a simple way. Some characteristics of the chi-
tosan microspheres formation via a coacervation/
precipitation method were studied. The detailed in-
formation of the microspheres surface was investi-
gated using FTIR, TG, DTG, and DSC analyses. The
morphology and the surface structure of the pre-
pared solid supports were provided by SEM. Ther-
mal analyses showed that the modification of the
polymer decreased the thermal stability of the
formed materials as compared to the plain chitosan.
A probable reaction mechanism of the ternary com-
plex formation was also proposed. Thermodynamic
and kinetic experiments were detailed. The pseudo
second-order equation was shown to fit adsorption
kinetics. The modeling of the adsorption isotherms
by Freundlich equation has been confirmed and the
thermodynamic parameters were determined. These
parameters allowed us to deduce some results
related to the exothermic nature of the adsorption
phenomenon and the evolution of the disorder dur-
ing the adsorption of dyes. Both heat of adsorption
values and FTIR interpretation confirmed that the
adsorption of AB25 and Calma on the surface of
[Cu(II)/Glut-chitosan] followed a physical mode.

Globally, we have observed that the use of the
macroporous Glut-chitosan microspheres in binding
either metal ions and/or ligands are worthy of ex-
ploration in the context of the synthesis of ternary
complexes. This paper can provide quantitative and
qualitative information on the binding characteristic
of Cu(II) ions with a binary system [Cu(II)/Glut-chi-
tosan] or both Cu(II) ions and dyes with a ternary
complex [Dye/Cu(II)/Glut-chitosan]. This work can
be further extended for the oxidative degradation of

more toxic derivatives such as pesticides using
[Cu(II)/Glut-chitosan] microspheres.

NOMENCLATURE

a Initial sorption rate (mg g�1 min�1)
b Langmuir constant (L mg�1)
b Extent of surface coverage (mg g�1 min�1)
C0 Initial concentration of dye solution (mg

L�1)
Ce Concentration of the dye at equilibrium

(mg L�1)
Ct Breakthrough dye concentration (mg L�1)
D Diameter of the pores
DA Deacetylation degree
DTG Derivative thermogravimetry
DSC Differential scanning calorimetry
DG� Free energy of adsorption(Kj mol�1)
DH� Enthalpy of adsorption (Kj mol�1)
DS� Entropy of adsorption (Kj mol�1)
FTIR Fourrier Transform Infra Red
K1 The first-order rate constant
KL Langmuir equilibrium constant (L g�1)
K2 The second-order rate constant
kmax Maximum wavelength
N Adsorption intensity
P Measure of adsorption capacity [mg(mg

L�1)1/n g�1]
pH Potential hydrogen
qe Amount of dye adsorbed at equilibrium

(mg g�1)
qt Amount of dye adsorbed at time t (mg g�1)
R Universal gas constant (Kj mol�1 K�1)
SEM Scanning electron microscopy
TGA Thermogravimetry analysis
V Volume of the dye solution used for

sorption (L)
Wwet Weight of the wet microspheres
Wdry Weight of the dry microspheres
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