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ABSTRACT

Chitosan sorbents, cross-linked and grafted with amido or carboxyl groups, were prepared and their sorp-
tion properties for Cu(Il) and Cr(VI) uptake were studied. Equilibrium sorption experiments were carried
out at different pH values and initial ion concentrations. The equilibrium data were successfully fitted
to the Langmuir-Freundlich (L-F) isotherm. The calculated maximum sorption capacity of the carboxyl-
grafted sorbent for Cu(Il) was found to be 318 mg/g at pH 6, while the respective capacity for Cr(VI) uptake
onto the amido-grafted sorbent was found to be 935 mg/g at pH 4. Thermodynamic parameters of the
sorption process such as AG?, AH%, and AS° were also calculated. The experimental kinetic data were
successfully fitted to a novel phenomenological diffusion-reaction model (DIFRE), which combines: (i)
mass transfer of the metal ions from the bulk solution on the sorbent surface; (ii) diffusion of the ions
through the swollen polymer particle; and (iii) instantaneous local chelation (for cations) or electrostatic
attraction (for anions) on the amino groups of the polymer. The regeneration of sorbents was affirmed in
four sequential cycles of sorption-desorption experiments, without significant loss in sorption capacity.

Diffusion-reaction model (DIFRE)

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

One of the most naturally abundant and cheap biopolymers is
chitosan, which has been studied for its metal-chelating properties
for the removal of various metal ions from wastewaters [1-3]. It is
a hydrophilic, nontoxic, biodegradable, and biocompatible material
with ability to form complexes with metals [4]. This could be easily
explained by the presence of amino groups in the polymer matrix,
which can interact with metal ions in the solution by ion exchange
and complexation reactions [5]. The high content of amino groups
also makes possible many chemical modifications in the polymer
with the purpose of improving its sorptive features, such as selec-
tivity and adsorption capacity [6]. Grafted functional groups such
as carboxyl, hydroxyl, sulfate, phosphate, and amino groups on the
biosorbents have been reported to be responsible for metal binding
[7].

Although the interaction of metal ions with chitosan based
sorbents has been studied extensively and there are several semi-
phenomenological modeling approaches, there is still a lack of
a unified mechanistic modeling approach to the subject [2]. The
development of such a model requires extended experimental
results on the interaction between swelling and adsorption kinet-
ics. Given the lack of such data, only some aspects of the sorption
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process will be studied here. A first observation is that the chi-
tosan derivatives of the present study have a very low surface area
(0.1-1m?2/g)[8].So, itis not clear how itis distributed on the particle
volume (surface roughness or uniform porosity). It does not really
matter, because it is believed that after the first stages of swelling,
the porous structure disappears and the swollen particle takes the
form of a homogeneous gel material, in which the water has to
diffuse to achieve further swelling until equilibrium is established.
Then, the metal ions are diffused into the swollen polymer phase
and are incorporated (adsorbed) on the polymer by (i) chelation on
the amine groups in the case of cations [2], and (ii) by electrostatic
attraction in the case of anions [2]. The kinetics of the whole pro-
cess has been modeled in two distinct ways: (i) based on diffusion
[9], and (ii) based on the global chelation reaction [10]. The reaction
typically is assumed to be reversible or second-order irreversible. It
is noted that in studies in which the second-order kinetics is used
[11],itis not clear whether the sorption occurs on the whole particle
volume or only on some depth under the particle surface.

In this study, raw chitosan has been suitably modified by cross-
linking with glutaraldehyde to increase the resistance to chemical
and biological degradation, followed by grafting reactions introduc-
ing either carboxyl or amido groups to increase its sorption capacity.
A previously published work affirmed the use of the prepared
materials as biosorbents for basic dyes, presenting high sorption
capacities equal to 455 mg/g (~1.068 mmol/g) [8].

However, there is no study regarding the sorption of Cu(Il) and
Cr(VI) onto carboxyl- or amido-grafted chitosan sorbents. In gen-
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Table 1

Comparative table for the sorption capacities of cross-linked chitosan derivatives.

Metal Sorbent pH [sotherm model Qmax (Mg/g) Reference

Cu(II) Chitosan 6 L 60 [13]
Chitosan 5 L 200 [14]
Chitosan 4.5 L F 125 [15]
Chitosan-g-PEI 4.5 L F 84 [15]
Chitosan-g-BPMAMF 6 L F 109 [16]
Chitosan 6 L 80 [17]
Chitosan 6 L-F 67 [10]
Ch 6 L-F 208 This study
Ch-g-Aa 6 L-F 318 This study
Ch-g-Aam 6 L-F 166 This study

Cr(VI) Chitosan 4 L 78 [17]
Chitosan 4 L 40 [18]
Chitosan xanthated 3 L 256 [19]
Chitosan 4 L F 215 [20]
Chitosan 4 L 154 [21]
Ch 4 L-F 655 This study
Ch-g-Aa 4 L-F 518 This study
Ch-g-Aam 4 L-F 935 This study

Abbreviations: Chitosan-g-PEI, chitosan grafted with polyethyleneinime; Chitosan-g-BPMAMF, chitosan grafted with 2[-bis-(pyridylmethyl)aminomethyl]-4-methyl-6-

formylphenol; L, Langmuir; F, Freundlich; L-F, Langmuir-Freundlich.

eral, the sorption capacities of cross-linked chitosan, as reported in
literature, ranged from 60 to 200 mg/g for Cu(Il) and 40-250 mg/g
for Cr(VI) [2,12]. Table 1 briefly reports the maximum sorption
capacities presented by cross-linked chitosan sorbents that were
cited for uptake of Cu(IlI) and Cr(VI) ions, with the corresponding ref-
erences. A direct comparison of experimental data is not possible
since experimental conditions (pH, sorbent’s particle size, condi-
tioning, and composition of the solution) are not systematically the
same. In our study, we achieved an improvement of the sorption
capacities of the prepared sorbents reaching 318 mg/g in the case of
Cu(II) uptake by carboxyl-grafted chitosan derivative and 935 mg/g
in the case of Cr(VI) uptake by amido-grafted chitosan derivative.

Sorption experiments for the removal of either Cu(Il) or Cr(VI)
were conducted to evaluate the effectiveness of the prepared mate-
rials, while Fourier Transform Infrared spectroscopy (FTIR) was
used to verify the interaction between metals and chitosan. Fur-
thermore, a novel kinetic model was also proposed to fit the
experimental data. The effect of pH on desorption of ions by loaded
chitosan sorbents and the regeneration of these sorbents carrying
out sequential cycles of sorption-desorption experiments were also
studied.

2. Materials and methods
2.1. Materials

High molecular weight chitosan was obtained from
Sigma-Aldrich and purified by extraction with acetone in a
Soxhlet apparatus for 24 h, followed by drying under vacuum at
25°C. The average molecular weight was estimated at 3.55 x 10°
and the degree of deacetylation was 82 wt% [22]. Acrylamide 97%
p.a. was purchased from Sigma-Aldrich and used without further
purification. Acrylic acid received from Merck was purified by
distillation under vacuum. Potassium persulfate obtained from
Merck was used as received. Glutaraldehyde, 50 wt% in water, was
used as reagent grade from Sigma-Aldrich, while all the solvents
were of analytical grade. CuSO4-5H,0 (Fluka, 98% purity) and
K5Cr,07 (Fluka, puriss. p.a. > 99.0%) were used for the preparation
of Cu(Il) and Cr(VI) stock solutions, respectively.

2.2. Preparation of biosorbents

The preparation of the cross-linked and grafted chitosan deriva-
tive with poly(acrylamide) (noted as Ch-g-Aam) and poly(acrylic

acid) (noted as Ch-g-Aa) has been published in our previous study
[8]. Briefly, raw powder of chitosan was initially dissolved in
aqueous solution of acetic acid followed by monomer grafting
(poly(acrylamide) or poly(acrylic acid)) and then by heteroge-
neously chemical cross-linking with glutaraldehyde, rendering the
substances insoluble in acidic media. Given that chitosan is very
stable in alkaline and neutral solutions, but soluble in acidic pHs
[22,23], we have cross-linked the chitosan sorbents to make them
resistant and insoluble in all pH conditions. Non-grafted cross-
linked chitosan (Ch) was used as reference in all experiments.

The final grafting percentages, determined on the basis of the
percentage weight increase of the final product relative to the initial
weight of the chitosan (%G =100 x (W, — W7 )/W7, where W; and W,
denote the weight of the initial dry chitosan, grafted chitosan after
extraction and drying, respectively), were estimated at approxi-
mately 230% poly(acrylamide) for Ch-g-Aam and 300% poly(acrylic
acid) for Ch-g-Aa. All the prepared products were ground to fine
powders (100 £ 15 pm).

2.3. FTIR spectroscopy

Loaded with metal ions and non-loaded sorbents were analyzed
with a PerkinElmer FTIR spectrometer, model Spectrum 1000, using
KBr pellets. The resolution for each spectrum was 2cm~! and the
number of co-added scans was 64. The spectra presented are base-
line corrected and converted to the absorbance mode.

2.4. Sorption—-desorption experiments

Experiments for the effect of pH on Cu(ll) and Cr(VI) sorption
were performed by mixing 0.05g of sorbent with 50 mL of an
aqueous metal ion solution of 100 mg/L. The pH was continuously
monitored and adjusted by micro-additions of 0.1 M NaOH or 0.1 M
HCI to keep it constant to the various predetermined values, dur-
ing the sorption time. The solutions were agitated at 160 rpm in
a temperature controlled shaker at 25°C (Julabo SW-21C) for 24 h
(contact time).

Equilibrium studies were also carried out by mixing 0.05 g of sor-
bent with fixed volumes of solutions (50 mL) containing different
initial concentrations of Cu(Il) or Cr(VI) (20-500 mg/L) at different
constant temperatures (25, 45, 65 °C). The suspensions were shaken
for 24 h at 160 rpm, under optimum pH conditions.

Kinetic experiments were performed by mixing 0.05 g of sorbent
with 50 mL of an aqueous solution of Cu(II) (pH 6) or Cr(VI) (pH 4)
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of 100 mg/L. The mixture was shaken at 160 rpm for 24 h at 25°C.
Samples were collected at fixed intervals (5, 10, 20, 30 min, 1, 2, 3,
4,5,6,12,24h) and then were analyzed spectrophotometrically.

After sorption experiments (initial concentration of ions=
100 mg/L, 25°C, 24 h, pH 6 for Cu and pH 4 for Cr(VI), 160 rpm),
the ion-loaded sorbents were collected and filtered by 0.45 pm
pore-size membranes. The desorption experiments were realized
by mixing the collected amount of loaded chitosan with aque-
ous solutions of 50 mL at pH range 2-12 (25°C, 24 h, 160 rpm). As
it was described in the sorption experiments, after 24 h of shak-
ing at the aforementioned conditions, the samples were collected
and spectrophotometric analysis revealed the optimum desorption
pH value. In order to determine the reusability of the prepared
sorbents, consecutive sorption-desorption cycles were realized fol-
lowing the experimental procedures described above.

2.5. Analysis

Samples of the Cr(VI) solution were collected at pre-determined
time intervals, filtered and analyzed using a UV-Vis Spectropho-
tometer (model U-2000, Hitachi), at A max = 540 nm, according to the
1,5-diphenyl-carbazide method [24]. The respective samples of the
solution of Cu(II) were analyzed by atomic absorption spectroscopy,
using an Atomic Absorption Spectrophotometer (PerkinElmer AAn-
alyst 400) composed of FIAS 100 Flow Injection System. Due to the
sensitivity of the instrument, the samples with high residual ion
concentrations were diluted before the measurement. The afore-
mentioned dilution was taken into account for all the calculations.

2.6. Equilibrium model

The experimental equilibrium data were fitted to the
Langmuir-Freundlich isotherm (L-F, Eq. (1)), which is essen-
tially a Freundlich isotherm and approaches a maximum at high
concentrations [25]:

_ Qmax(KirCe)’

4 (1)
1+ (KieCe)
where Q. (mg/g) is the equilibrium metal ion concentration in
the solid phase; Qmax (mg/g) is the maximum amount of sorp-
tion; Kir (mL/mg)!/? is the Langmuir-Freundlich constant; b is the
Langmuir-Freundlich heterogeneity constant. This isotherm cor-
responds to a generalized equilibrium condition for the chelation
reaction or for the electrostatic attraction dominated adsorption.
The equilibrium metal ion concentration in the solid phase Qg,
was calculated using the mass balance equation:

(Cpo —Ce)-V
m

Q. = (2)
where m (g) is the mass of sorbent; V (L) the volume of sorbate;
Cpo and Ce (mg/L) the initial and equilibrium ion concentrations,
respectively.

The fact that almost all the migrating metal ions are in the
adsorbed state can be confirmed by a simple computation. The
mass of metal which is depleted from the solution at equilibrium is
mQe. In the present study, it is assumed that all this mass is in the
adsorbed state. The mass which is entrapped in the sorbent matrix
(but not adsorbed) is (m/p)pCe, where ¢ <1 is the liquid volume
fraction of the particle and p is the density of sorbent. The ratio of
the entrapped to the depleted metal mass is given as ¢Ce/(,0Qe ). This
quantity is smaller than 0.001 in all of our experiments confirming
that the depleted metal is in the adsorbed state.

2.7. Kinetic model

Many papers have been published regarding the kinetic analysis
of metal ion sorption and especially of Cu(Il) and Cr(VI) onto chi-
tosan [13,18,26-29]. In literature, standard kinetic equations such
as pseudo first-, second-order, and Elovich equation were used to
fit the experimental kinetic data [30-34].

In the present study, the diffusion-based and the reaction-
based models are combined by assuming a very fast local chelation
(immobilization) process with respect to the diffusion process. This
means that there is always equilibrium between the free and the
bound metal ions on amines metal ions. Of course, there will be
some interference between the swelling and the sorption processes,
because the diffusion kinetics depend on the local water content
[35]. The pure sorption model would be valid only for sorbent par-
ticles left in pure water with enough time to achieve the maximum
degree of swelling (or alternatively a swelling process much faster
than the sorption process). In the present experiments, the sorbent
particles have not been previously exposed to water, so an inter-
ference of the swelling and sorption processes is possible. At this
point it will be ignored due to the absence of data, so the water
content and the diffusivity will be assumed uniform throughout
the particle.

The proposed model contains mass transfer of the metal ions
from the bulk solution onto the surface of the sorbent particles,
diffusion of the ions through the swollen polymer particle and
instantaneous (equilibrium) local chelation or electrostatic immo-
bilization on the amino groups of the polymer. Although the process
is conceptually different from the sorption in porous sorbents [36],
from the mathematical point of view the model of the above pro-
cess is similar to the model of pore-diffusion dominated sorption
on porous sorbents, with the chelation or electrostatic attraction
equilibrium playing the role of the usual sorption-desorption equi-
librium. More specifically, by assuming that the concentration of the
free ions is much lower than that of bounded ions the mathematical
model takes the form:

dg 1.9 , aq
a = o Mg ®

with the following boundary conditions:

Spherical symmetry

dq
(ar>r=0 =0 (4)

Bulk to particle mass transfer
a
Km<ch):ppD<a‘r’> (5)
r=R

where t is the time; r is the radial coordinate in the spherical par-
ticle; q is the local adsorbed ion concentration (mass of ions per
mass of sorbent); C, is the mass concentration of the metal ions
in the solution; Ky, is the mass transfer coefficient from the bulk
solution to the particle; R is the particle radius of the sorbent; p, is
its density.

The equilibrium relation between free and adsorbed ions is
q=f(C) where Cis the concentration of free ions in the liquid phase
of the particle. The concentration Cin Egs. (3) and (5) can be found
by inverting the relation g = f(C). The diffusivity D is an effective dif-
fusivity which combines the diffusion and adsorption (chelation or
electrostatic) phenomena and is given through the relation:

Dy

P= opf (C) ©)
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The prime in the above equation denotes the differentiation of
a function with respect to its argument. The diffusivity D, depends
in principle on the structure of the swelled particle so it can be
considered as a constant since a uniform water distribution in the
particle has been already assumed. The average concentration of
the adsorbed species can be computed by the relation:

R
qridr (7)

0

3
Jave = B

In the case of batch experiments the concentration of the solute
in bulk liquid Cp, decreases due to its sorption by the sorbent. There-
fore, the evolution of the C, must be taken into account by the
model. The easier way to do this is to consider a global mass balance
of the sorbate:

m
Gy = Cbo - ngve (8)

The Langmuir-Freundlich expression in Eq. (1) found from equi-
librium experiments must be used for the function f(C) (using C in
place of C. and q in place of Q) in order to describe appropriately
the experimental data. This non-linear equilibrium relation makes
the whole problem non-linear precluding the use of any analyti-
cal solution technique or semi-analytical dimensionality reduction
techniques [37,38]. Thus, the system of Egs. (3)-(8) is solved numer-
ically employing a second-order finite difference discretization in
the radial direction and an explicit Ordinary Differential Equations
(ODEs) integrator with self-adjusting step for the solution of the
system of resulting ODEs (method of lines) [39]. The non-linearity
in boundary condition (Eq.(5))is treated by solving the correspond-
ing algebraic equation by the Newton-Raphson technique at each
time step.

3. Results and discussion
3.1. Effect of pH on sorption

The effect of pH on the sorption of copper ions onto the pre-
pared chitosan sorbents is depicted in Fig. 1a. At pH 2 the copper
uptake was low, while a slight increase was observed in the range
of 2-4, followed by a sharp increase at higher pHs. In alkaline
conditions, complete sorption was observed, but in this pH region
the copper removal originates form precipitation (Cu(OH), ) rather
than from sorption [1]. In general, for the whole pH range the
sorptive behavior of the prepared materials followed the order: Ch-
g-Aa > Ch > Ch-g-Aam. Therefore, in order to guarantee the sorption
mechanism and presence of copper ions in the suspension avoid-
ing precipitation, pH 6 was selected for the further experimental
procedures (kinetics and thermodynamic analysis).

The effect of pH on the sorption of chromium ions onto the
prepared chitosan sorbents is depicted in Fig. 1b. Contrary to cop-
per ions, high sorption percentages were observed in the acidic
pH region. At pH 4 there was a sharp increase. In the case of
chromium ions, at low pH (2) the uptake ranges in high levels
(~70%). While increasing the pH, a maximum removal of chromium
ions is observed at pH 4 (77%, Ch; 90%, Ch-g-Aam; 67%, Ch-g-Aa).
Then, for higher pH values (pH >6), a decrease in sorption is pre-
sented. The order of chromium ions uptakes was the same for all
the pHvalues: Ch-g-Aam > Ch > Ch-g-Aa. Similar pH behavior (higher
sorption at low pH and lower uptakes with the increase of pH) was
observed by other researchers [13,17,18,28,29].

3.2. Equilibrium—thermodynamic studies

Fig. 2a and b presents the sorption capacities versus equilibrium
concentrations in the liquid phase for Cu(Il) and Cr(VI) removal,

100+ cfml)'

80

iy
604 d -
. /O
40 d -
204 / —0—Ch -
o
1 e}

Sorption (%)

& / —A— Ch-g-Aa
5 g____..o/ —0— Ch-g-Aam
0 2 4 6 8 10 12 14
(a) pH
100 T T T T T T
cr(vI) . —o—ch
o —O— Ch-g-Aam
80- o —A—Ch-g-Aa 1
e 1 n/
u:é' 604 /_\./A -
o
2
5 40- 4
n
D——.qg__,_ o
20 St
0 T L] T 1 L T
0 2 4 6 8 10 12 14
(b) pH

Fig. 1. Effect of pH on the sorption of: (a) Cu(II); (b) Cr(VI).

respectively. The data were successfully fitted to the L-F model
(R2=0.996-0.999) and the resulted parameters are given in Table 2.
The data showed an increase in the amount of ion sorbed, when the
initial ion concentration increases. The sorption capacities for Cu(II)
followed the order Ch-g-Aa> Ch> Ch-g-Aam (318, 208, 166 mg/g at
25°C, respectively), while the respective order for Cr(VI) was: Ch-
g-Aam > Ch > Ch-g-Aa (935, 655, 518 mg/g at 25 °C, respectively). An
increase in sorption capacity was presented with the increase of
temperature from 25 to 65 °C, indicating the endothermic nature of
the process. In the case of Cu(Il), the maximum sorption capacity
was calculated for Ch-g-Aa (397 mg/g, 65 °C), while for Cr(VI), the
sorption capacity of Ch-g-Aam was 1254 mg/g at 65 °C.

The thermodynamic equilibrium constant K. for the sorption
process was determined by plotting In(Q./Ce) versus Q. and extrap-
olating to zero Q. [40-42]. Regression straight lines are fitted
through the data points by the least squares method, and their
intersections with the vertical axis give the value of K.. The increas-
ing sorption with increasing temperature can be explained on the
basis of thermodynamic parameters such as changes in free energy
(AG?), enthalpy (AHO), and entropy (AS?), which are estimated
from the following relationships:

AG® = —RT - In(K¢) (9)
AH? 1 AS°
ln(I(c):—T»f+T (10)

where T (K) is the temperature; R (=8.314 x 10-3 kJ/mol K) is the
universal gas constant. AHY and AS° were obtained from the slope
and intercept of Van't Hoff plots of In(K;) versus 1/T (R% >0.95).
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Table 2
Equilibrium and thermodynamic parameters for the sorption of Cu(Il) and Cr(VI) onto chitosan derivatives.
Sorbent Sorbate L-F isotherm model Thermodynamics
T(°C) Qmax (Mg/g) Kir ((mL/mg)'/?) b R? AGO (kJ/mol) AH° AS° (k]/mol K) AHO ¢ (kJ/mol) TAS®
Ch Cu(In) 25 208 2.33 0.808  0.999 -334
45 222 3.79 0.844  1.000 -4.01 1518  0.062 79.58 19.72
65 233 3.64 0794  1.000 -5.15
Ch-g-Aam  Cu(ll) 25 166 1.49 0.822 1.000 -1.14
45 176 1.46 0780  1.000 —2.41 1573 0.057 80.13 18.13
65 184 1.91 0790  1.000 —-2.99
Ch-g-Aa Cu(ln) 25 318 0.69 0492 0991  —11.13
45 381 0.40 0.448 0993  —13.17 3289 0149 97.29 47.38
65 397 0.39 0424 0994 1501
Ch Cr(VI) 25 655 20.53 1.133 0.998 431
45 719 9.99 1.030  0.998 —-4.92 1141 0.053 -851.8 16.85
65 804 3.57 0.900  0.999 —5.67
Ch-g-Aam  Cr(VI) 25 935 1.25 0.783 1.000 —6.65
45 982 1.14 0.749 1.000 ~7.68 1914  0.086 -844.1 27.35
65 1254 0.27 0.615 1.000 -8.92
Ch-g-Aa Cr(VI) 25 518 68.00 1.318 0.999 —2.31
45 558 44.51 1254  0.998 -3.11 1402  0.055 -849.2 17.49
65 613 31.11 1205  0.997 —-3.98
The apparent heat of adsorption in aqueous solutions AH? is the
resultant of the net heat of adsorption AH®p, heat of solution of
adsorbate AH®! and the heat of sorption of water, AHY, i.e.:
AH® = AHS,, — AH®! — fAHY (11)
300 . T T T where fis the exchange of number of moles of water per mole of
Cudh) adsorbate. AHY is normally assumed to be zero and AH®! of the
2504 E adsorbate in the solvent may be calculated from the heats of forma-
tion of anions and cations in aqueous solution, i.e. +64.4 kJ/mol for
2004 ] Cu?*(aq) and —863.2 kJ/mol for CrO42~(aq) [43]. The resulting ther-
—_ modynamic parameters are given in Table 2. Both Cu(II) and Cr(VI)
-g 150 i removals were characterized as endothermic processes due to their
E positive values of AHO. Furthermore, an increased trend in the neg-
8 h-g-Aam ative values of AG? values revealed an increased trend in the degree
100+ 7 of spontaneity and feasibility of metal sorption. The positive values
A o o 25°%C | of AS% show the increased randomness at the solid/solution inter-
50 i = 6 45°C face during the sorption of metal ions (either Cu(Il) or Cr(VI)) on
b G chitosan and also reflect the affinity of the sorbent for the metal
0¥ " ¢ 65°C 4 ions under consideration [44]. During the sorption process, the
0 100 200 300 400 500 coordinated water molecules, that are displaced by either Cu(ll)
or Cr(VI) species, gain more translational entropy than is lost by
(a) Ce (mglL) . . : L.
the Cu(ll) or Cr(VI) species, respectively, resulting in increased
randomness in the ion-chitosan interaction [40]. The adsorption
800 —T T T T r process is dominated by enthalpic rather than entropic effects if
55 Cr(VI) |AHO¢¢| > |T-ASO|. Given that for all cases the previous inequal-
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Fig. 2. Sorption isotherms fitted to the L-F model at different temperatures for: (a)
Cu(II) removal; (b) Cr(VI) removal.

ity is valid it means that the sorption procedure is enthalpic
driven.

3.3. Kinetic model

In contrast to many studies on the quantative uptake of metal
ions by chitosan, there have been infrequent reports in the litera-
ture on diffusion of metal ions through chitosan [3,45]. Fig. 3a and
b depicts the kinetic behavior of the prepared materials during the
sorption process of Cu(Il) and Cr(VI) ions. The kinetic experimen-
tal curves have a continuous decreasing trend. At the beginning
of the process (0-60 min), the removal of metal ion was realized
rapidly (intense descent), followed by a milder fall reaching equi-
librium at 120 min. In addition, according to these figures, the
sorption of Cu(ll) onto Ch-g-Aa was realized at a higher rate, than
that of Ch-g-Aam and Ch (Fig. 3a). In contrast, Ch-g-Aam presents
a higher kinetic rate in Cr(VI) sorption (Fig. 3b), followed by Ch
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Fig. 3. Sorption kinetic data for chitosan derivatives, fitted to the proposed kinetic
model: (a) Cu(Il); (b)Cr(VI).

and Ch-g-Aaq, respectively. Thus, the modifications of chitosan not
only influence its sorption capacity, but also the kinetic rate of the
process.

The resulted diffusion coefficients for Cu(Il) sorption onto
Ch, Ch-g-Aam and Ch-g-Aa were calculated by the proposed
kinetic model and were equal to 3.64 x 10-19, 2,52 x 10-10 and
9.88 x 10-19m2/s, respectively (R ~0.999). Cr(VI) diffusion coef-
ficients were 9.57 x 10719, 10.53 x 101 and 8.62 x 1010 m?/s,
respectively (RZ ~0.998). At this point, it is stressed that our pro-
posed model is phenomenological, in contrast with the empirical
models used in literature [11]. The diffusion coefficient values given
in literature [17,46,47] referred to a virtual diffusion process and
they have no direct relation to the actual process. Contrarily, the dif-
fusion coefficient used by our model is the real diffusion coefficient
of the ions in the swollen particle and is expected to be some-
what smaller than the diffusion coefficients of the corresponding
ions in the water (due to the diffusion inhibition induced by the
solid matrix of the chitosan). To confirm the above arguments, it is
referenced that for Cu(Il) removal the exported/calculated empiri-
cal diffusion coefficients were approximately 10~13 m2/s [15-17],
whereas for Cr(VI) they were about 10-'2m?/s [17,46]. These
coefficients are orders of magnitude smaller than the diffusion coef-
ficients in water (7.1 x 10~19 m2/s for Cu(Il) and 1.13 x 10~° m?2/s for
Cr(VI) [48]). The diffusion coefficient from our model is between
40% and 60% of the free water diffusion coefficient as it is expected,
confirming the validity of our approach. The only discrepancy
is for the case of Cu(ll) in Ch-g-Aa, where the diffusion coeffi-
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Fig. 4. FTIR spectra of chitosan derivatives for Cu(Il) removal.

cient in the particle appears to be larger than the free water
diffusion coefficient. A possible explanation is the facilitation of dif-
fusional transport due to the existence of carboxyl groups induced
by the grafting of the carboxyl groups in the particular material
[2].

3.4. Potential mechanism - FTIR - desorption

3.4.1. Cu(ll)

The interaction between Cu(ll) and the prepared sorbents
has been confirmed by FTIR spectroscopy (Fig. 4). The peaks of
amino groups of Cu(Il)-loaded chitosan sorbents presented shifts
with respect to non-loaded ones (Ch, 1665-1660 cm~!; Ch-g-Aam,
1672-1674cm™!; Ch-g-Aa, 1674-1670 cm—1), suggesting a chelated
complex. All the other peaks, which are not referenced in this study,
are characteristic of chitosan-based sorbents.

Furthermore, in acidic conditions all chitosan sorbents are
charged positively due to the protonation of their amino groups,
which induce an electrostastic repulsion to Cu(Il) ions (competi-
tion existed between H* and Cu?* for sorption sites onto chitosan)
[1]. Therefore, the Cu(Il) uptake was of low percentage. The pro-
tonation of amino groups decreases as pH increases, causing the
diminishment of the above competition. Thus, uptake of Cu(Il) was
increased at higher pHs. The grafted amido groups derivative (Ch-g-
Aam) presented similar sorptive behavior with Ch, but with lower
sorption percentages for all the pH range. Due to the grafting of
amido groups, a larger number of protonated amino groups exist in
the chitosan matrix, causing stronger protonation (lower sorption).
The grafting of carboxyl groups resulted in the induction of more
negative charge (reduction of amino protonation) of the chitosan
backbone, causing a stronger interaction between Cu(Il) and car-
boxyl groups of Ch-g-Aa (higher sorption). The elemental analysis
of Ch-g-Aa showed an increase in oxygen content 7.4% (w/w), with
respect to ungrafted material (Ch), which was succeeded after 300%
grafting with acrylic acid.

Desorption experiments were realized over the whole pH range.
The maximum desorption of Cu(Il) by the loaded chitosan sorbents
were observed at pH 2 (Fig. 5). The bonds between chitosan matrix
and cations of copper are weakened drastically in acidic media;
the competition between H* and Cu(Il) increases, resulting in the
weakening of the bonds between chitosan sorptive sites and copper
ions [2].
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3.4.2. Cr(VI)

To elucidate the mechanism of Cr(VI) sorption onto the pre-
pared chitosan sorbents, the FTIR spectra of Cr(VI)-loaded and
non-loaded materials were obtained (Fig. 6). The peaks of amino
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Fig. 7. Effect of pH on the desorption of Cr(VI)-loaded chitosan derivatives.
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Fig. 8. Potential sorption mechanism of Cr(VI) onto chitosan derivatives.

groups of Cr(VI)-loaded chitosan sorbents presented shifts with
respect to non-loaded ones (Ch, 1665-1669cm~'; Ch-g-Aam,
1672-1679 cm~1; Ch-g-Aa, 1726-1731cm™1), suggesting the elec-
troastic interaction between HCrO4~ and amino groups of chitosan.
Furthermore, two new peaks were observed in FTIR spectra of
Cr(VI)-loaded sorbents attributed to Cr—0 and Cr=0 bonds of chro-
mate anions confirming the sorption of Cr(VI) onto the chitosan
derivatives [19]: at 789 and 910cm~!, 781 and 924cm~',779 and
907 cm™! for ver—p and ve—o, respectively, in the case of Ch, Ch-g-
Aam and Ch-g-Aa.

At low pHs the sorbate is negatively charged (Cr(VI) which exists
mostly as an anion (HCrO4~)) leading to the strongest electro-
static attraction between sorbent and sorbate [18,21]. The lower
removal efficiency at pH 2 (with respect to pH 4) (Fig. 1b) is
presumably attributed to the general instability of chitosan at
such low pH values [17]. As the pH increases, a decrease in sorp-

100
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Fig. 9. Sorption-desorption cycles for chitosan sorbents: (a) Cu(Il); (b) Cr(VI).
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tion for all the sorbents is presented and this could be explained
by the rapid changes in the protonated and deprotonated forms
of the amino groups of chitosan [18]. Thus, chitosan undergoes
deprotonation and the metal sorption becomes lower. The graft-
ing of amido groups causes the increase of the protonated amino
groups resulting in stronger electrostatic interactions between
Cr(VI) anions and chitosan. Contrarily, the grafting of carboxyl
groups onto chitosan backbone (Ch-g-Aa) did not improve the sorp-
tion capacity for Cr(VI) removal; the carboxyl groups reduced the
positive charge of the sorbent (still positively charged), weaken-
ing the electrostatic interaction of the system sorbate-sorbent.
The elemental analysis of Ch-g-Aam showed an increase in nitro-
gen content 7.1% (w/w), with respect to ungrafted material (Ch),
which was succeeded after 230% grafting with acrylamide. How-
ever, this increase in binding sites is not fully active since the
materials were cross-linked. More details about the functional
groups could be given after appropriate acid-base titration stud-
ies.

The maximum desorption of Cr(VI) by the loaded sorbents was
observed in acidic conditions (pH 2) (Fig. 7). A potential explanation
is that initially Cr(VI) binds electrostatically to the amino groups of
chitosan (main interaction) and then reduces to Cr(Ill) compounds
[20] (Fig. 8). It has been reported that Cr(VI) is reduced to Cr(Ill) at
pH <3 by glutaraldehyde molecules (cross-linker) [20]. This is sup-
ported by new peaks in FTIR spectra of Cr(VI)-loaded sorbents (Ch,
532cm~!; Ch-g-Aam, 535 cm~!; Ch-g-Aa, 540 cm~1), suggesting the
formation of Cr(OH)3; [49].

3.5. Regeneration

In order to find out the applicability of prepared sorbents in fixed
bed configurations, four cycles of sorption-desorption were carried
out. Fig. 9a and b shows that the reduction in sorption percentages
from the 1st cycle to 4th cycle in the case of Ch, Ch-g-Aam, Ch-g-Aa
was: (i) Cu(Il), 10%; 13%; 5%; and (ii) Cr(VI) 9%; 4%; 10%. Therefore
all the materials can be used repeatedly without any significant loss
of their sorptive ability.

4. Conclusions

In this study, three cross-linked chitosan derivatives were used
as sorbents for the removal of Cu(Il) and Cr(VI) from aqueous
solutions: (i) Ch, without grafting; (ii) Ch-g-Aam, grafted with acry-
lamide; and (iii) Ch-g-Aa, grafted with acrylic acid. The major
experimental observations are summarized below:

e Ch-g-Aa material presented the highest sorption capacity for
Cu(Il) removal (318 mg/g at pH 6) among the studied and cited
chitosan materials.

e Ch-g-Aam material presented the highest sorption capacity for

Cr(VI) removal (935 mg/g at pH 4) among the studied and cited

chitosan materials.

Thermodynamic analysis revealed that the sorption of Cu(ll)

and Cr(VI) onto chitosan was endothermic, spontaneous with an

increased randomness.

The kinetic data were successfully fitted to the phenomenolog-

ical kinetic model (DIFRE). The calculated diffusion coefficients

of Cu(Il) and Cr(VI) into sorbents were close to their diffusion
coefficients into pure water (~10-10 m2/s).

¢ The regeneration ability of the loaded chitosan derivatives was
tested in four sequential cycles of sorption—-desorption presenting
a limited loss of capacity; 5% for Cu(Il) onto Ch-g-Aa and 4% for
Cr(VI) onto Ch-g-Aam.
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