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Chitosan benzoyl thiourea derivative has been synthesized and used successfully for the removal of the
hazardous 60Co and 152+154Eu radionuclides from aqueous solutions. Different parameters were applied
for studying the adsorbitivity of these radionuclides, including change in pH, time, ion concentration,
and equilibrium concentration. Freundlich and Langmuir isotherms were applied successfully to fit the
experimental data. Two more isotherm models, Lagergren and Morris–Webber, have been applied. All
the parameters and the constants calculated for the kinetic isotherms and models are evaluated and
listed. A mechanism for the complex formation of Co+2 with the chitosan derivative has been suggested.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Native chitin, poly-b-2-acetamide-(2-deoxy-D-glucopyranose)
is the most important organic nitrogen containing polymer found
in the oceans (McCarthy, Pratum, Hedges, & Benner, 1997) and
the second most abundant material of the planet, being superim-
posed only by cellulose Subhash & Natarajan, 2000). Chitosan,
poly-b-2-amino-(2-deoxy-D-glucopyranose), biopolymers is pro-
duced from the alkaline deacetylation of chitin. (Knaul et al.,
1998). Thus, chitin as extracted from natural sources contains
around 10% of free amino groups, while chitin submitted to an
alkaline chemical reaction yields chitosan when the amino group
units exceed 50% (Muzzarelli, 1973; Rhazi et al., 2002). The free
amino groups distributed on the chitosan polymeric chain are
effectively active in a series of chemical modifications (Abdou,
Nagy, & Elsabee, 2008; Kurita, Mori, Nixhiyama, & Harata, 2002).

Chitin and chitosan, both are biocompatible biopolymers with
low toxicities and significant biomedical applications (Khanal
et al., 2001; Wang, Kao, & Hsieh, 2003). An expressive chitosan
application is associated with its ability to extract cations from
aqueous solution, due to the availability of the free amino groups.
Thus, this biopolymer can be potentially used as an extractor sup-
port to remove undesirable cations from an ecosystem (Mitani,
Moriyama, & Ishi, 1992).

There are numerous reports concerning the adsorption of metal
ions onto chitosan (Blazquez, Vicente, Gallo, Ortiz, & Irabien, 1987;
Muzzarelli, Raith, &, Tubertini 1970; Muzzarelli &, Rocchetti, 1974;
Muzzarelli, & Sipos, 1971; Onsoyen & Skaugrad, 1990; Sakaguchi,
Horikoshi, & Nakajima, 1981). The presence of hydroxyl and amine
ll rights reserved.

ee).
groups can serve as chelating sites and can be chemically modified
into chitosan derivatives with high adsorption capacity for ionic
species (Chu, 2002; Evans, Davids, MacRae, & Amirbahman, 2002;
Guibal, 2004; Juang & Shao, 2002; Wu, Tsengm, & Juang, 2000).
Introducing sulfur in chitosan produces material with better anti-
bacterial properties and higher sorption capacity for metal ions
from solutions (Chen, Wu, & Zeng, 2005; Guibal, Vincent, & Men-
doza, 2000; Kumar, Muzzarelli, Muzzarelli, Sashiwa, & Domb,
2004), the latter work initiated our interest to prepare similar thio-
urea derivatives for chitosan used in the present work (Peter, 1995).

Adsorption and determination of metal ions such as zinc (II) and
vanadium (II) onto chitosan from sea water have been studied
(Muzzarelli & Rocchetti, 1974; Muzzarelli & Sipos, 1971; Muzzarel-
li et al., 1970). Adsorption of strontium (II), cobalt (II), zinc (II) and
iron (III) on chitosan from a sodium chloride solution have been re-
ported (Nishimura, Imai, & Watari, 1995). Adsorption behavior of
Cu (II) (Minamisawa, Jigiri, Arai, & Okutani, 1996; Wu et al.,
2000) and cobalt (II) (Minamisawa, Iwanamia, Arai, & Okutani,
1999) were investigated. Chitosan from different sources was used
in the form of beads and flakes and the adsorption capacity for Cu
(II) was almost unaffected by the physical form of the polymer
while dye adsorption was much higher on beads than on the flakes.
Langmuir isotherm was found to fit the adsorption process (Wu
et al., 2000). Chitosan and some of its derivatives have been used
effectively for the adsorption of mercury (II) (Babel & Kurniawan,
2003; Cardenas, Orlando, & Edelio, 2001). Radiation crosslinked
chitosan has been used recently for the adsorption of Cr (VI) from
aqueous media and its application for the treatment of wastewater
contaminated with Cr (VI) (Ramnani & Sabharwal, 2006).

Adsorption of numerous heavy and hazardous metal ions by
chitosan have been investigated by many authors (Benavente, Aré-
valo, & Martínez, 2006; Igwe, Ogunewe, & Abia, 2005; Minamisawa,
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Minamisawa, Yoshida, & Takai, 2004; Rojas et al., 2005; Su, Wang,
& Tan, 2003; Wan Ngah, Kamari, & Fatinathan, 2006).

Much less work had been devoted for the application of chito-
san and its derivatives for the absorption of radioactive elements.
In the present study sorption behavior of 60Co and 152+154Eu radio-
nuclides onto chitosan derivative is presented. The selection of
60Co and 152+154Eu was due to their importance as fission product
radionuclides and their presence in low level radioactive wastes
produced from different researches activities. Chitosan with thio-
urea moiety has been chosen in anticipation for a higher adsorp-
tion power. Kinetic approach for the adsorption of both isotopes
is determined using different isotherms. Freundlich, Langmuir,
Lagergren, Reichenberg and Morris–Webber isotherms are applied
for the resulting adsorption data.

2. Experimental

2.1. Chemicals and reagents

All the reagents used were of AR grade chemicals. Chloride salts
of cobalt and europium were purchased from the Amersham
Radiochemical Center.

2.2. Preparation of chitosan benzoyl thiourea derivative CTU

The thio derivative used in this work has been prepared accord-
ing to reference (Eweis, Elkholy, & Elsabee, 2006) and is illustrated
in Scheme 1.

All samples were extracted in soxhlet for 6–8 h with acetonitrile
and ethanol to remove the unreacted isothiocyanate, dried in oven
at 60 �C until constant weight.

Different derivatives with various benzoyl isothiocyanate:
chitosan ratios have been prepared and were assigned as 1B, 2B,
COCl NH4SCN CO-NCS
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Scheme 1. Preparation of chitosan benzoyl thiourea. Two possible sites for the
reaction of benzoyl isothiocyanate with chitosan.
3B, 4B and 5B for the ratios 0.5, 1, 2, 3 and 5, respectively. The
derivatives with the higher ratios (excess isothiocyanate) may
have substitution in the OH group as well.

The type of derivative used mainly in the present study is 2B. The
pale yellow polymer was sieved using a sieve with mesh size of
370 lm and particle size diameter of <370 lm and was used for all
experiments.
2.3. Characterization of the CTU (2B)

2.3.1. FTIR spectroscopy
FTIR spectra were taken using FTIR spectrometer Bruker Vector

22 Germany in the range of 400–4000 cm�1.

2.3.2. Elemental analysis
Elemental analysis was conducted in the Microanalytical unit in

Cairo University for (1B, %) C = 40.02, H = 6.4, N = 8.43 and S = 4.74,
(2B) C = 45.24, H = 5.57, N = 8.32, S = 7.24, (3B) C = 40.8, H = 6.32,
N = 8.6, and S = 5.46, (4B) C = 39.25, H = 6.04, N = 9.58, S = 8.68
and for (5B) was C = 41.12, H = 6.06, N = 9.40 and S = 7.60. The ele-
mental analysis shows the increased extent of substitution with
increasing the isothiocyanate:chitosan ratio as expected, all the
CTU derivatives are insoluble so it was not feasible to measure
their 1HNMR spectra.
2.3.3. X-ray diffraction analysis
X-ray diffraction measurements were carried out using Scintag/

USA XGEN-4000 at 45 kV and 40 mA using Ni-filtered Cu Ka radia-
tion. A measure of the crystallinity was obtained by comparing the
area of the crystallinity peaks to the whole area.

2.4. Radiometric assay

60Co and 152+154Eu isotopes were produced by neutron irradi-
ating an appropriate weight of their corresponding salts in In-
shas second reactor ERR-2. Aqueous solutions of cobalt and
europium were prepared by dissolving a known quantity of both
cobalt (II) chloride and europium (III) chloride, respectively, in
double-distilled water, which was labeled with 60Co and
153+153Eu isotopes and kept as stock radioactive solutions for fur-
ther use. The activity of 60Co and 152+154Eu isotopes in aqueous
solutions was measured using NI scintillation detector connected
to Nucleus gamma counter.

2.5. Adsorption technique

Batch technique was applied to investigate the different para-
metric effects on the sorption process. Where a certain weight
0.05 g (m) of the CTU was mixed with a certain volume 5 ml
(V) of 60Co or 152+154Eu aqueous solutions and equilibrated by
shaking in a shaker with speed 300 rpm at room temperature.
The ratio of V/m was kept constant for all the experiments.
The solutions were separated after a certain time and the con-
centration of each ion was determined radiometrically. The
adsorption coefficient and the uptake% of the element between
the aqueous phase and the ion exchanger were determined using
the following equations:

kd ¼
ðAi � Af Þ

Af

� �
x

V
m

ð1Þ

Uptake% ¼ ððAi � Af Þ=AiÞ � 100 ð2Þ

Where, Kd, is the adsorption coefficient. Ai, is the area under the
gamma energy peak for the corresponding isotope before contact-
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ing the ion exchanger. Af, is the area under the same peak for the
corresponding radioisotope after contacting the ion exchanger.

2.6. Kinetic and sorption isotherms

The kinetic behavior of Co2+ and Eu3+ions on CTU was followed
up by application of batch technique. Sorption isotherms for Co2+

and Eu3+ were determined over the concentration range of 10�5–
10�2 M from 0.02 M NaCl as electrolyte background solution. The
amount of ions adsorbed onto chitosan, qt (mg/g), was calculated
by the following relationship (Metwally 2006; Ravindran, Steven,
Badriyha, & Pirbazari, 1999; Schmuhl, Krieg, & Keizer, 2001):

qt ¼ ðCo � CtÞðV=WÞ ð3Þ

Where, Co and Ct are the initial and final concentrations at certain
time t of the ions in the liquid-phase (mg/L), respectively. V, is the
volume of the solution (L) and W is the weight of CTU used (g).
Fig. 1. FTIR spectra of (a) chitosan (b) C
3. Results and discussion

The FTIR spectra of chitosan, CTU B2 sample and Co+2-2B com-
plex are shown in Fig. 1. The spectrum of chitosan shows the char-
acteristic bands at 3424 cm�1 for the OAH and NAH stretching
vibrations, the ACH3 (of the residual acetamide group) at
2921 cm�1 and CAH at around 2876 cm�1. The amide I band at
1654 cm�1 and at 1602 cm�1 (amide II) and pronounced bands at
1157.5, 1073.5 and 1031.5 cm�1 for the CAOAC and CAO stretch-
ing can be seen together with the in-plane OAH bend at
1379.6 cm�1.(Fig. 1a). The spectrum of 2B sample (Fig. 1b) shows
the following bands: mmax (cm�1) 3420.7 (NAH, OAH groups broad
band) 3059, 2975 (CAH, ACH2 and phenyl group), 1654.9, 1620.2,
1603.6, 1559, and 1525 cm�1, in general when the C@S group is at-
tached to a nitrogen atom the spectrum shows an absorption band
in the general C@S stretching region (lower than the C@O band). In
addition several other bands in the broad region of 1500–700 cm�1
TU B2 (c) Co +2-CTU (B2) complex.
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can be attributed to the vibrations involving interaction between
the C@S and the CAN stretching (Silverstein, Webster, & Kiembe,
2005).The most characteristic band however is the band at
2056 cm�1 which was not observed in pure chitosan. This band
was present in all the CTU samples and was detected even after
several hours’ soxhlet extraction with acetonitrile followed by eth-
anol. This band may be due to the tautomeric structure:
Table 2

H

N C

S

N=C

SH
Also a shoulder at 1700 cm�1 indicative of a carbonyl group stretch-
ing vibration, the spectrum of the complex compound shows a sim-
ilar pattern with differences in the region of 1650–1500 cm�1,
which could be attributed to the participation of both the C@O
and C@S bonds in the chelation reaction. The intensity of the band
at 2063 has been reduced and shifted slightly by about 8 cm�1 after
complexation with Co+2 ions. The chelation process is currently
being investigated in more detail in order to throw more light on
the complexation process.

Fig. 2 illustrates X-ray diffraction diagrams for some CTU sam-
ples. The X-ray analysis was conducted to find out the effect of
the chemical modification upon the percent crystallinity of the ori-
ginal chitosan. Two sharp peaks were found for sample 1B (lowest
substitution %) at around 9� and 21� 2h values. Percent crystallinity
was found to be: 1B-43.93 3B = 35.65 and 5B = 33.73 indicating
lowering of the crystallinity with increasing the extent of substitu-
tion reaction.

3.1. Influence of different types of CTU on ion adsorption

The uptake% of Eu(III) and its corresponding distribution coeffi-
cient values determined for the different derivatives are listed in
Fig. 2. X-ray diagrams for (a) 1B, (b) 3B and (c) 5B samples.

Table 1
Uptake% of Eu(III) on different types of CTU from aqueous solution at pH = 2.5 using
trace ion concentration of 152+154Eu isotope.

Chitosan type Uptake% Kd qe (mg/g)

1B 44.92 81.55 6.82 � 10�3

2B 45.98 85.51 6.98 � 10�3

3B 39.14 64.43 5.94 � 10�3

4B 35.2 57.94 5.3 � 10�3

5B 32.9 49.08 4.9 � 10�3
Table 1. The recorded uptake% using 2B sample has the maximum
value, 45.98%, for Eu(III) adsorption from aqueous solution of trace
ion concentration at pH = 2.5.

Adsorption of Eu(III) onto the various CTU at different ion con-
centration in the range of 10�6–10�3 M was determined and listed
in Tables 1 and 2. It is observed that the uptake% of Eu(III) is higher
in low ion concentration using 2B than using the 5B derivative. The
same finding was observed at higher ion concentration.

3.2. Effect of pH

Effect of pH on the adsorption of Co(II) and Eu(III) onto CTU (2B)
was studied and presented in Fig. 3. Chitosan beads have been
known to be unstable or start to swell in solution of lower pH.
Therefore, the chitosan beads did not act as an adsorbent in lower
pH region (pH 1–2) (Minamisawa et al., 1996). Uptake% of Eu(III)
and Co(II) reaches its maximum values of 75.0% and 98.0% at pH
3.5 and 8.0, respectively, at 10�5 M ion concentration.

3.3. Complex formation

The mechanism of complex formation and structure of the
formed complex in this case i.e. using CTU is still unclear and
may require additional analytical tools (e.g. solid state NMR spec-
trometer) which could be available in the near future. However a
proposed structure for the CTU/Co complex can be represented
as in Scheme 2.

3.4. Sorption isotherm models

Investigations carried out on the rate of sorption for the studied
ions onto CTU 2B from aqueous chloride solution indicated that the
Freundlich and Langmuir parameters data for the sorption of Cobalt and Europium
from aqueous chloride solutions by polymeric chitosan adsorbent.

Isotherm Co(II) Eu(III)

Type Parameters

Freundlich KF (mg/g) 14.140 33.682
1/n 0.7451 0.94224
R2 0.99592 0.99998

Langmuir Qo 5.1055 13.2362
b 52.8799 0.4511
Ka 26.9978 5.9708
R2 0.98002 0.99168
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Fig. 3. Effect of pH on the adsorption of Co(II) and Eu(III) on CTU (2B).
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amount adsorbed of cobalt reaches 3.53 mg/g after 1 h and
3.78 mg/g for europium after 4 h of contact time, respectively, at
10�3 M ion concentration. Also, their corresponding values
resulted at 10�2 M ion concentration are 34.54 (mg/g) and 29.47
(mg/g), respectively. The data are presented in Fig. 4. Where, it is
clear that 1 and 4 h are sufficient of contact time for the equilibra-
tion of Co(II) and Eu(III), respectively. The equilibrium adsorption of
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Fig. 4. The amounts adsorbed of the studied ions onto CTU (2B) with changes of time at
Co(II) and Eu(III) on CTU as a function of the equilibrium concentra-
tion of the studied ions are shown in Fig. 5. The isotherms obtained
are regular, positive, and concave towards the concentration axis.
The initial rapid sorption indicated a slow approach to equilibrium
with higher metal ion concentrations.

Then there was a gradual increase in the sorption of both ions
until an equilibrium was attained. An equilibrium concentration
of Co(II) and Eu(III) ions was reached at about 5 � 10�3 M and
7.5 � 10�3 M, respectively at which the saturation capacity of
adsorption for both ions is achieved as seen from Fig. 5. The distri-
bution of the studied ions between the solid–liquid interface at
equilibrium, has been treated with Freundlich and Langmuir
isotherms.

Freundlich isotherm could be written as (Ravindran et al.,
1999):

log qe ¼ log KF þ 1=n log Ce ð4Þ

where qe is the amount of the solute adsorbed per unit weight of the
sorbent (mg/g), Ce is the equilibrium concentration of the solute in
the bulk solution (mg/L), KF is a constant points toward the relative
sorption capacity of the sorbent (mg/g) and 1/n is a constant related
to the intensity of the sorption processes. Freundlich isotherm plots
of both the studied ions are presented in Fig. 6. The straight lines
obtained indicate that sorption of Co(II) and Eu(III) fits with the Fre-
undlich isotherm. Slopes of the Freundlich plots equal to 0.7451 and
0.9422 for Co(II) and Eu(III) ions respectively. The slope value (<1)
indicates that the sorption of these ions onto the CTU biopolymer
is a concentration-dependent process (Sheha & Metwally, 2007).
This may be attributed to the fact that with progressive surface cov-
erage of the adsorbent, the attractive forces between the metal ion
species such as Van der Waals forces, increases more rapidly than
0 50 100 150 200 250
0

1

2

3

4

5

q t (m
g/

g)

Time (min)

 [Eu]= 10 M
 [Eu]= 10 M
 [Eu]= 5x10 M
 [Eu]= 10 M

150 200 250
min)

different ion concentration. (a): Co(II), (b): Eu(III) and (c): for both ions at 10�2 M.
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the repulsive forces, exemplified by short-range electronic or
long-range coulombic dipole repulsion, and consequently, the metal
ions manifest a stronger tendency to bind to the polymer surface
(Ravindran et al., 1999).

The data obtained from the Freundlich isotherm suggest that
the sorption processes could not be restricted for a specific class
of sites and assume surface heterogeneity. Table 2 illustrates the
Freundlich parameters calculated for the sorption of Co(II) and
Eu(III) and the correlation coefficient values (R2). for these ions.

Langmuir isotherm could be written as (Metwally, 2006):

Ce=qe ¼ ð1=Q obÞ þ ð1=Q oÞCe ð5Þ
Where, qe is the amount of the ion adsorbed per unit weight of sor-
bent (mg/g), Ce is the equilibrium concentration of the solute in the
bulk solution (mg/L), Qo is the monolayer adsorption capacity
(mg/g) and b is a constant related to the free energy of adsorption
(b a e�DG/RT). The obtained data are presented in Figs. 6 and 7,
and the corresponding Langmuir parameters for the adsorption of
the studied ions are listed in Table 2. The monolayer adsorption
capacity Qo for the sorption of Eu(III) was higher than that for Co(II)
ions. Since the overall rate constant ka equals to the product of
Langmuir parameters (b � Qo) (Ravindran et al., 1999). From the
obtained data it is found that the overall rate constant ka for cobalt
is higher than that for europium ions.
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3.5. Kinetic studies

The characteristics and the diffusion resistance of the surface of
the sorbent play an important role in the rate of sorption and accord-
ingly the overall transport of the solute. Therefore, the application of
an appropriate kinetic model is important to determine and to shed
light on the changes of sorption of the studied ions with time. In the
present study two kinetic models have been applied and evaluated.

The first model used, is the first order Lagergren kinetic iso-
therm which could be written as (Justi, Fávere, Laranjeira, Neves,
& Peralta, 2005):
log ðqe � qtÞ ¼ � log qe � ðkt=2:303Þ ð6Þ

Table 3
Lagergren parameters for the adsorption of Co(II) and Eu(III) onto CTU (B2) biopolymer fr

Lagergren isotherm Co(II)

Parameters Ion concentration, M

10�5 10�4 5 � 10�4 10�3

k (min�1) 0.0443 0.0635 0.0607 0.0212
R2 0.9868 0.9899 0.9820 0.9602
Where, qe (mg/g) is the concentration of the ion adsorbed at equilib-
rium, qt (mg/g) is the concentration of the ion adsorbed at time t,
and k is the rate constant. It could be observed from Figs. 8a and
9 (8(b) and 9(b) are two examples to show the linearity of the Lag-
ergren equation for just one concentration) that the sorption of
Co(II) and, Eu(III) ions had followed the Lagergren equation over
the entire period of investigation at different ion concentrations.
The data in these figures were subjected to regression analysis
and the values calculated for the first order rate constants from
the slopes of the straight lines reported for the adsorption of Co(II)
and Eu(III) are in the ranges 0.0212–0.0635 and 0.0099–0.0152,
respectively. As listed in Table 3, there is no big variation for the
overall rate constant values with the change of ion concentration.
om aqueous solution.

Eu(III)

Ion concentration, M

10�2 10�5 10�4 5 � 10�4 10�3 10�2

0.0574 0.0152 0.0099 0.0099 0.0127 0.0100
0.9797 0.992 0.991 0.991 0.973 0.970



2 4 6

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

q t (m
g/

g 
)

q t (m
g/

g 
) 

t1/2

t1/2

t1/2

 [Co]= 10  M
 [Co]= 10  M
 [Co]=5x10  M 
 [Co]=10  M

0 2 4 6 8
0.00

0.01

0.02

0.03

0.04

0.05

0.06
 [Co]= 10  M

0

3 5 7 8 1 3 5 7

1 2 3 4 5

a b

q t (m
g/

g 
)

0.000

0.005

0.010

0.015

0.020

0.025

0.030c
 [Co]= 10-5 M
 Polynomial Fit of Data1_B

Fig. 10. Morris–Weber isotherm for Co(II) adsorption on CTU (2B) at different ion concentration.

0 2 4 6 8 10 12 14 16 18 20
0.0

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5  
5.0

t  1/2
t  1/2

 [Eu]= 10  M
 [Eu]= 10  M
 [Eu]= 5x10  M
 [Eu]= 10  M 

0 4 8 10 12 14 16
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.00

0.02

0.04

0.06

0.08

0.10

 [Eu]= 10 M

0 4

q t (m
g/

g)

q t (m
g/

g)

q
 (m

g/
g)

t 1/2

 [Eu]= 10 M
 Polynomial Fit of Data1_B

2 6

1 2 3 5 6 7

a b

c

Fig. 11. Morris–Weber isotherm for Eu(III) adsorption on CTU (2B) at different ion concentration.

E. Metwally et al. / Carbohydrate Polymers 76 (2009) 622–631 629



630 E. Metwally et al. / Carbohydrate Polymers 76 (2009) 622–631
The kinetics of sorption of Co(II) and Eu(III) on CTU (2B) was
also evaluated by the Morris–Weber isotherm model (Huh, Song,
& Jeon, 2000):

qt ¼ kd:t1=2 ð7Þ

where qt is the concentration of the adsorbed ion (mg/g) at time t,
and kd is the rate constant for the intra-particle transport (mg/
g min1/2). According to this model, a plot of qt versus t could predict
the sorption mechanism of the studied ions. If a straight line (pass-
ing through the origin) is obtained, therefore, sorption of the ions
onto the biopolymer follows a diffusion mechanism. In this case,
the slope of the linear plot indicates the rate constant of the in-
tra-particle transport (kd). Morris–Weber relationship is repre-
sented in Figs. 10 and 11. From the reported data it is clear that
Morris–Webber isotherm of the adsorption of Co(II) ions at
10�5 M ion concentration, fits well up to 25 min and then deviates.
The slope of the linear plot obtained from the initial stage is shown
in Fig. 10c. The calculated rate constant of the intra-particle trans-
port of Co(II) at 10�5 M ion concentration is kd = Slope = 0.00549
(mg/g min�1/2), R2 = 0.99861 All Morris–Webber relations plotted
in Fig. 10a give a clear deviation after 20 min especially at
4 � 10�4 and 10�3 M ion concentration.

Morris–Webber isotherm of the adsorption of Eu(III) ions at
10�5 M ion concentration fits good up to 45 min and then deviates
up to 240 min of contact time as shown in Fig. 11a. The slope of the
linear plot obtained from the initial stage is shown in Fig. 11c. The
calculated rate constant of the intra-particle transport of Eu(III) at
10�5 M ion concentration, is Kd = Slope = 0.01371 (mg/g min�1/2),
R2 = 0.99932. All the plots in Fig. 11b gives a clear deviation after
45 min especially at 4 � 10�4 M and 10�3 M ion concentration.
4. Conclusion

This study indicates that CTU biopolymer is very effective for
the adsorption of 60Co and 153+154Eu radionuclides from aqueous
solutions. It refers also to the ability of removing these radionuc-
lides as divalent and trivalent cations from aqueous wastes and
forming chelate complex with the chitosan chain. Freundlish and
Langmuir isotherms best fit the adsorption data of chitosan with
Co(II) and Eu(III) ions. The maximum adsorption capacity of the
monolayer for Co(II) and Eu(III) were 29.47 (mg/g) and 34.54
(mg/g), respectively. Lagergren isotherm model is applied success-
fully to the resulting data, whereas Morris–Webber isotherm mod-
el does not fit for the entire time range of contact for Co(II) and
Eu(IIII) adsorption. The change in the adsorbed ion concentration
has a low a effect on the isotherm parameters values.
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