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Adsorption features of UO,2* and Th** ions from simulated radioactive solutions onto a novel chi-
tosan/clinoptilolite (CS/CPL) composite as beads have been investigated compared with chitosan
cross-linked with epichlorohydrin. The effects of contact time, the initial metal ion concentration, sorbent
mass and temperature on the adsorption capacity of the CS-based sorbents were investigated. The adsorp-
tion kinetics was well described by the pseudo-second order equation, and the adsorption isotherms were
better fitted by the Sips model. The maximum experimental adsorption capacities were 328.32 mg Th**/g

Iéﬁ{g g;ff: composite, and 408.62 mg UO,2*/g composite. The overall adsorption tendency of CS/CPL composite
Clinoptilolite toward UO,2* and Th*" radiocations in the presence of Cu?*, Fe?* and AI**, under competitive conditions,
Composite followed the order: Cu?* >UQ,2* > Fe?* > AI**, and Cu?* > Th** > Fe%* > AI**, respectively. The negative val-
Radiocations ues of Gibbs free energy of adsorption indicated the spontaneity of the adsorption of radioactive ions
Sorption on both the CS/CPL composite and the cross-linked CS. The desorption level of UD»?* from the compos-

ite CS/CPL, by using 0.1 M Na,COs3, was around 92%, and that of Th** ions, performed by 0.1 M HCI, was
around 85%, both values being higher than the desorption level of radiocations from the cross-linked CS,

which were 89% and 83%, respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Removal of radioactive ions from the wastewaters is a huge
problem because these ions are extremely dangerous for the envi-
ronment and human health by their high toxicity even at very
low concentrations and long half lives. These pollutants arise into
the wastewaters as a result of different industrial activities like:
mining, production of nuclear fuels, laboratory investigations, etc.
The methods developed for the removal of radioisotopes from
the wastewaters include: chemical precipitation, ion exchange,
membrane-related processes, biological processes and electro-
chemical techniques [1-3]. Because of some disadvantages, which
these techniques have (time-consuming processes, high costs,
sometimes other toxic wastes are generated) other novel tech-
niques have been developed. Sorption of heavy and radioactive
metal ions from effluents proved to be very efficient, numerous sor-
bents being used for the removal of uranium and thorium from the
wastewaters, such as: natural and modified clays [4,5], microorgan-
isms [6], activated carbon [ 7], different types of cellulosic materials
[8], zeolites [9,10], etc. Clinoptilolite (CPL), one of the most com-
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mon natural zeolites, is a hydrated alumina-silicate member of
the heulandite group, occurring in the zeolitic volcanic tuffs, being
widespread in many countries in the world. CPL is characterized
by infinite three-dimensional frameworks of [AlO4]°~ and [SiO4]*~
tetrahedra linked to each other by sharing all the oxygen atoms,
the negative charge being balanced by metal cations, like Na*, K*,
CaZ*,Mg?* [11]. Its adsorption capacity for heavy metal cations and
organic pollutants has been demonstrated [11-14].

Natural polymeric materials have attracted considerable inter-
est for removal of heavy metals due to their biodegradability
and non-toxic nature. Among biopolymers, chitosan (CS) is a
linear cationic polysaccharide composed of [3-(1—4)-2-amino-
2-deoxy-D-glucopyranose and [3-(1—4)-2-acetamido-2-deoxy-D-
glucopyranose units, randomly distributed along the polymer
chain, being widely used as biosorbent in wastewater remediation
[15,16]. To improve the mechanical properties, adsorption capac-
ity, or even to prevent dissolution in acidic medium of the CS,
numerous studies have been devoted to the chemical modifica-
tion of CS by homogeneous or heterogeneous cross-linking with
di- or polyfunctional agents, such as sodium tripolyphosphate, glu-
taraldehyde, ethyleneglycol diglycidyl ether and epichlorohydrin
[15-19]. On the other hand, CS based composite materials have
also been reported to exhibit enhanced mechanical, thermal or
adsorption properties comparative with any of its components used
alone.
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In this context, we have recently reported on the synthesis of
some novel CS/CPL composites by embedding zeolite microparti-
cles in a matrix of cross-linked CS [20,21]. The influence of different
parameters like: pH, contact time, temperature, metal ion con-
centration on the adsorption capacity of the CS/CPL composites
against three environmentally problematic divalent metal ions,
namely, Cu?*, Co?* and Ni?*, from aqueous solutions, have been
examined. The maximum adsorption capacity was found to be
11.32mmol Cu?*/g, 7.94 mmol Ni%*/g and 4.209 mmol Co%*/g for
CS/CPL composites containing 20 wt.% of zeolite,at pH 5 [22]. There-
fore, we have now extended the investigations to the adsorption
performance of the above-mentioned CS/CPL composite against
two radioactive ions, namely, UO,2* and Th**, by batch adsorp-
tion technique. The influence of experimental conditions, such as
contact time, initial metal ions concentration, sorbent mass, and
temperature on the adsorption features was studied and compared
with cross-linked CS. The Freundlich, Langmuir and Sips equations
were used to fit experimental data of the equilibrium isotherm. The
adsorption rates were determined quantitatively and compared by
pseudo-first and pseudo-second order models and intra-particle
diffusion model.

2. Materials and methods
2.1. Chemicals

CS as powder was purchased from Fluka, ash content less than
1%, and was used without further purification. The viscometric
average molar mass and the deacetylation degree of CS used in
this study were 334 kDa and 82.4%, respectively. These values were
estimated according to the methods previously presented [21]. The
natural CPL sample used in the preparation of the composite comes
from volcanic tuffs containing 60-70% CPL, cropped out in Macicas
area (Cluj County, Romania), and has the following elemental com-
pOSitiOﬂ: (NaKC&O.5 )5’4(A15_4Si30'6072 )20H20 (SI/AI = 57) [1 1 ] The
zeolitic volcanic tuff was used as collected. UO,(NO3),-6H,0 and
Th(NO3)4-4H,0 were used as radiocations source for the adsorption
experiments. All the reagents were of analytical grade or highest
purity available, and used without further purification. Distilled
water was used to prepare all solutions.

2.2. Preparation and characterization of CS/CPL composite
microspheres

The CS/CPL composite was prepared as microspheres by a
“tandem” ionic/covalent cross-linking, according to the method
previously presented [21]. The CS solution, with a concentration of
3 wt.%, was obtained by dissolving the CS powder in 1vol.% acetic
acid solution and intensive stirring for at least 48 h. Typically, 20 g of
CS solution (containing 0.6 g CS) were mixed with 10 mL of distilled
water containing 0.15 g CPL powder, and after a vigorous magnetic
stirring (one hour at least), the epichlorohydrin (ECH) as cross-
linker (0.54 mL) was added step-by-step. The mixing went on until
the ECH was completely included in the reaction mixture. The mass
ratio between CS and CPL in the case of this synthesis was 4:1. The
mixture thus prepared was added by a syringe into 180 mL aqueous
solution of sodium tripolyphosphate (TPP) with a concentration of
0.05 M, under mild magnetic stirring. The composite microspheres
were kept under stirring 5 h at 37 °C, and then were separated from
the dispersion medium and washed with distilled water. After that,
the wet composite microspheres were treated with a solution of
sodium hydroxide 0.1 N and were kept under stirring 2 h at 37°C
to improve their mechanical properties in dry state. Then, the wet
microspheres were collected and extensively rinsed with deionized
water until neutral pH was reached. For characterization in dried

state, the composite microspheres were filtered off, dried at room
temperature for 24 h and under vacuum at 40 °C, for 48 h.

The ionic composite CS/CPL was characterized by environmen-
tal scanning electron miscroscopy (ESEM), X-ray diffraction (XRD)
and Fourier transform infrared spectroscopy (FTIR). The ESEM
characterization was performed on samples fixed by means of
colloidal silver on copper supports. The samples were covered
with a thin layer of gold by sputtering (EMITECH K550X). The
coated surface was examined by using the Environmental Scan-
ning Electron Microscope type Quanta 200, operating at 15kV
with secondary electrons, in high vacuum mode. XRD was per-
formed on a Diffractometer Bruker D8 ADVANCE, Bragg-Brentano
parafocusing goniometer, scans recorded in step mode by using
the Ni-filtered Cu-Ka radiation (A =0.1541 nm). The working con-
ditions were 36 kV and 30 mA tube power. The diffractograms were
collected in the range of 5-40°, 26, at room temperature. The fine
powders were obtained in a ball mill pulverizer, in liquid nitro-
gen. Bruker computer softs “Eva 11” and “Topaz 3.1” were used
to process and plot the data. FTIR spectra were recorded with a
Bruker Vertex FT-IR spectrometer, resolution 2 cm~!, in the range of
4000-400 cm~! by KBr pellet technique, the amount of the sample
being 3 mg in each pellet.

Point of zero charge (PZC) of the cross-linked CS and CS/CPL
composite as fine powder was determined by the potentiomet-
ric titration by using the particle charge detector PCD 03, Miitek
GmbH, Herrsching, Germany. The surface charge density was deter-
mined by colloidal titration, with the same equipment, by using an
aqueous solution of poly(sodium ethylenesulfonate) with a con-
centration of 10~3 mol/L.

2.3. Sorption experiments

Stock radioactive simulated solutions were prepared by adding
the corresponding amount of UO,(NO3),-6H,0 and Th(NO3 )4-4H,0
in distilled water, after some drops of HNO3 have been added. The
solutions with different concentrations of UO,2* and Th** ions were
obtained by subsequent dilution of stock solution. As a source for
competitive cations in the sorption process, the following salts have
been used: FeSO4-7H,0, CuSO4-5H,0, Al;(S04)3, all from Merck,
prepared with the same concentrations like UO,2* and Th** solu-
tions. All experiments were performed in duplicate and averaged
values were taken and all results represent measurements with
an estimated standard deviation of 5%. Solution pH was 4.0, or 5.5
in the case of U0,2* and Th**, respectively, being controlled by
a buffer solution of CH3COOH/CH3COONa [23,24]. The concentra-
tion of metal ion varied in the range 10-100 mg/L, temperature
in the range 293.15-333.15K, contact time varied in the range
60-360 min, and sorbent amount 0.01-0.04 g.

After the adsorption tests, the sorbent particles have been
filtered off and the concentration of radioactive ions has been spec-
trophotometrically determined with Arsenazo III. The absorbances
of the complexes formed between radioisotopes and Arsenazo Il
have been measured by the spectrophotometer CECIL 1020, at the
characteristic wavelengths of the complexes (665 nm for U0,2",
and 660nm for Th**) [25,26]. The concentration of competitive
cations has been measured by PerkinElmer Analyst 200 atomic
absorption spectrometer (wavelengths for Cu - 324.7nm, Fe -
248.3 nm, and Al - 309.3 nm).

Distribution coefficient, Ky, is used to describe the sorption
process of metal ions [27]. The distribution coefficient (Ky) was
calculated with Eq. (1):

C-CV
Cec m’

Kq(mL/g) = (1)

where m - the mass of solid phase (g); V - volume of UO,2* or Th**
solution in contact with sorbent (mL); C; - initial concentration of
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Fig. 1. ESEM images of the cross-linked CS (a) and of the CS/CPL composite (b) in dry state.

the metal solution (mg/L); Ce - equilibrium concentration of the
metal solution (mg/L).

The amount of metal ion adsorbed at equilibrium, ge (mg/g), was
calculated by:
(Ci - Ce)V
—w
where C; and Ce are the liquid-phase concentrations of metal ions at
initial and equilibrium, respectively; V - the volume of the solution
(L); W - the mass of dry sorbent (g).

The adsorption removal efficiency of radiocations from aqueous
solution was calculated as follows:
G-GC

i

de(mg/g) = (2)

removal efficiency (%) = x 100 3)

where Cs is the final concentration of metal ions.

2.4. Desorption experiments

Desorption is a very important process, both the regeneration of
the sorbent and the recovery of metal ions being strongly required
in the adsorption experiments. Desorption studies were carried
out in batch system using the radioactive ions-loaded CS/CPL com-
posite immediately after the adsorption experiment. Herein, 0.1 M
HNO3, 0.1 M HCI and 0.1 M Na,;CO3; have been used as desorp-
tion agents, desorption time being 6h in all experiments. The
concentration of metal ions in the supernatant has been spec-
trophotometrically performed, as previously shown in Section 2.3.

Percentage of radiocation desorbed was calculated with Eq. (4):

__ radiocation,ys — radiocationges

recovered (%) = radiocation g x 100 (4)

where radiocation,ys is the amount of radiocation adsorbed onto
composite (mg/g), and radiocationges is the amount of radiocation
desorbed (mg/g).

3. Results and discussion

The CS/CPL composite microspheres stabilized only by the
ionotrop gelation with TPP do not preserve their integrity when
they are used in acidic or basic environment. Therefore, the covalent
cross-linking with ECH has been used to prepare CS/CPL composites
with a high chemical stability. ECH was preferred as a cross-linker
because further hydrophilic groups are generated (OH), which
could contribute to the increase of the chelating performances of
the whole system.

First information on the presence of CPL in the CS/CPL compos-
ite was given by ESEM. Typical cross-sectional micrographs of the
cross-linked CS beads and of the CS/CPL composite are presented
in Fig. 1.

A dense and uniform morphology without pores can be seen
in Fig. 1a for the cross-linked CS. The morphology of the CS/CPL
composites was different, the presence of CPL being observed as
discrete zones in Fig. 2b. The energy dispersive X-ray analysis (EDX)
was performed to know the elemental composition of the CS/CPL
composite. EDX spectra were consistent with the presence of Al and
Si from CPL, and C, N, and O from CS.

The average size of the microspheres in dry state was 800 wm,
measured by ESEM. The average size of the composite microspheres
in hydrated state was 1200 pm.

The XR diffractograms of cross-linked CS and CPL showed a low
crystallinity for the cross-linked CS, and a high degree of crys-
tallinity (x = 74%) for CPL (Fig. 2).

The crystallinity increased and some definite peaks have been
observed in the CS/CPL composite compared with the cross-linked
CS, the most intense peaks of CPL: 20 =9.92° and 22.5°, respectively
for d=8.90A and 3.94 A, being present in the composite.

FTIR spectra show changes in the structure of CS/CPL composite
compared with the cross-linked CS (Fig. 3).

The characteristic bands of CS were located at 1654cm™1,
assigned to the stretching vibrations of the C=0 bond in acetamide
groups, amide I band, 1562cm™!, stretching vibration of N-H
bond, amide II band, and at 1322 cm™!, characteristic band for
the N-acetylglucosamine. The main characteristic bands of CPL
were found at the wavelengths of 467 cm~!, 608 cm~!, 795cm™1!,
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Fig. 2. XR diffractograms of the CPL, cross-linked CS, and CS/CPL composite.
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Fig. 3. FTIR spectra of cross-linked chitosan (CS), clinoptilolite (CPL) and CS/CPL
composite.

1069 cm~! and 1635 cm~'. The band at 467 cm~! resulted from the
stretching vibrations of Al-0 bonds, and the bands at 795 cm~! and
1069 cm~! were assigned to Si—-O-Si bonds. The peak at 608 cm™1,
assigned to the vibration of the external linkage of the tetrahedra,
and the peak at 467cm~! were also observed in the compos-
ite CS/CPL. Some of the characteristic bands of CS were either
red-shifted, the amide I band was shifted from 1654 cm~, in cross-
linked CS without CPL, to 1647 cm~!, or blue-shifted, the intense
band at 3418 cm~! assigned to the stretching vibration of O-H and
N-H bonds, as well as to hydrogen bonds, shifted to 3435cm™!
in the CS/CPL composite. The band at 1032 cm~!, assigned to the
stretching vibration of the C-O bonds in anhydroglucose ring,
diminished in the composite CS/CPL.

The values of surface charge density found by colloidal titration
were: (1) cross-linked CS, at pH 4.0, 0.00435 meq/g, and at pH 5.5,
0.00432 meq/g; (2) CS/CPL composite, at pH 4.0, 0.00182 meq/g,
and at pH 5.5, 0.0017 meq/g. These values show that at the pH
selected for the adsorption experiments the surface charge was
very low for both sorbents. The PZC values found for the cross-
linked CS and CS/CPL composite were 7.61 and 6.90, respectively.
Both the surface charge density and PZC values support the chela-
tion by the free amino groups of CS was the main mechanism of
adsorption.

3.1. Kinetic models
Fig. 4 shows the amount of metal ion adsorbed on either cross-

linked CS or CS/CPL composite as a function of contact time, at pH
4.0 for UO,2* and at pH 5.5 for Th#*, at a temperature of 293.15K,
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Fig.4. Plotsof g; vs. t for Th** and UO,2* adsorption onto cross-linked CS and CS/CPL
composite (initial metal concentration of 20 mg/L, mass of sorbent=0.04 g).

and a concentration of 20 mg/L. It is obvious that the equilibrium
has been established after 180 min for all systems, and that fur-
ther increase of the contact duration did not influence the sorption
process.

In order to investigate the controlling mechanism of adsorption
process of cross-linked CS and CS/CPL composite against Th**and
UO,2* radiocations, three different kinetic models, i.e., the pseudo-
first order and pseudo-second order models and the intra-particle
diffusion model were used to evaluate the experimental data
obtained (Fig. 4).

The constants corresponding to the pseudo-first order and
pseudo-second order models and the intra-particle diffusion model
were calculated with an Origin 7.5 program by applying Eq. (5) for
the pseudo-first order model, Eq. (6) for the pseudo-second order
model, and Eq. (7) for the intra-particle diffusion model, the values
being presented in Table 1.

k
log(ge — qr) = l0g(qe) ~ 5353t (5)
t 1 1
— = + —t 6
qe kzqg de (6)
qc = kiat®® (7)

where ge and g; are the amounts of radiocation adsorbed at equi-
librium (mg/g) and at time ¢, respectively, k; is the rate constant of
pseudo-firstorder kinetic (min—1), k; is the rate constant of pseudo-
second order kinetic (g/(mg x min)), and k;q is the intra-particle
diffusion rate constant (mg/(g x min%>)).

The theoretical gecyc values estimated from the pseudo-first
order model gave significantly different values compared to exper-
imental values, the correlation coefficients being also low (Table 1).
These results showed that the pseudo-first order kinetic model did
not describe well these sorption systems. The adsorption data were
also treated according to the pseudo-second order kinetics (Eq. (6)).
As Table 1 shows, the correlation factors are high for the adsorp-
tion of Th**and UO,2* radiocations onto the cross-linked CS and
CS/CPL composite. Moreover, the values of g, estimated from
the pseudo-second order model are close to those experimentally
found (Table 1). Therefore, it could be suggested that the adsorption
of Th**and UO,2* radiocations onto the cross-linked CS and CS/CPL
composite obeys pseudo-second order model better than pseudo-
first order model. The pseudo-second order kinetics supports the
chemisorption would be the rate-determining step controlling the
adsorption process of metal ion, in agreement with the results
reported by other groups [10,18,19,28].
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Table 1

Kinetic data for the adsorption of Th**and UO»?* on cross-linked CS and CS/CPL composite.

Sorbent Tons Geexp (ME[Z) Pseudo-first order constants Pseudo-second order constants Intra-particle diffusion constants
Ge calc (M/8) ki (min~')  R? Ge calc (Mg/E) ks (g/(mg x min) R kig (mgf(g x min®5) R
(& Th* 110.54 114.693 0.036 0.954 110.21 0.906 x 103 0.983 1.005 0.716
U0,2* 111.74 115.07 0.041 0.894 111.71 0.850 x 103 0.999 0.744 0.611
CS/CPL Th** 113.92 118.756 0.035 0.861 114.09 1.225x 1073 0.994 1.017 0.575
U0,2* 116.62 119.942 0.041 0.894 116.58 1.234x 1073 0.999 0.743 0.61

In order to assess the nature of the diffusion process for the
adsorption of metal ions onto the composite, the pore diffusion
coefficients were calculated, the values of intra-particle diffusion
rate constant, k;q, being also presented in Table 1. The deviation of
straight lines from the origin indicates that intra-particle transport
is not the rate-limiting step, in the adsorption process of Th**and
U0,2* radiocations onto the CS/CPL composite and cross-linked CS

(Fig. 4).

3.2. Effect of initial metal concentration and equilibrium
adsorption isotherms

The initial concentration of metal ions is a very important
parameter, which influences the sorption process. Therefore, the
initial concentration of radiocations in the adsorption process on
the cross-linked CS and CS/CPL composite was varied in the range
10-100mg/L, the other parameters being kept constant (pH 4
for UO,2*, and 5.5 for Th**, temperature 293.15K, contact time
180 min). The adsorption capacity (mg/g) and the removal effi-
ciency (%) as a function of the initial metal concentration are
presented in Fig. 5 for Th**, and in Fig. 6 for U0,2*.

It is clear that the removal efficiency of radiocations decreased
with increasing the initial metal concentration in the aqueous solu-
tion, because more mass of radiocations is put into the system with
increasing the initial metal concentration in the aqueous solution,
the amount of sorbent being the same. On the other hand, because
of the higher mobility of Th** and UO,2* radiocations in the diluted
solutions, the interaction of these ions with the sorbent increases.
As can be observed from Figs. 5 and 6, the adsorption capacity of
Th* and UO,2* radiocations onto the cross-linked CS and CS/CPL
composite increased with the increase of the initial metal concen-
tration. This result is similar to that reported by Wang et al. in
their study on the adsorption of U(VI) from aqueous solutions using
cross-linked CS [19].

It is known that the hydrolysis of uranyl ions plays significant
role in determining the equilibrium between U(VI) in solution and
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Fig. 5. Effect of initial metal concentration on the adsorption capacity (solid line)
and removal efficiency (dash line) of Th** radiocations onto cross-linked CS (opened
circle) and CS/CPL composite (closed circle).

on adsorbent [19]. In aqueous solution, uranium exists as U(III),
U(1V), U(V) and U(VI). The most important and stable ion in aque-
ous solution is UO,2*. The hydrolysis products occur, including
UO,(OH)*, (UO3)2(0H),2* and (UO3)3(0OH)s3*, (UO;),(OH),, their
concentrations depending on the value of pH and on the con-
centration of uranyl ion, which results in decline of adsorption
removal efficiency of U(VI) [29,30]. It was reported that the max-
imum removal efficiency of U(VI) by the cross-linked CS has been
located at pH 3-4.5, and after that a slow decline took place with
further increase of pH[19]. On the other hand, at pH < 3.0, more pro-
tons are available to protonate amine groups, the number of binding
sites available for the adsorption of UO,2* being thus decreased.
Th(IV) ions have the highest volume among the tetravalent ions of
actinides and are the least hydrolysable. Th(IV) ions can be stud-
ied in a large range of concentrations at pH>4 [30]. The higher
retention capacity against UO,2* compared with Th** ions could
be attributed to the higher level of hydration of Th** ions in solu-
tion, i.e., the adsorption increases with the decrease of the hydrated
radiocation radius [29,30].

Analysis of equilibrium data is fundamental in describing how
pollutants interact with sorbents, for predicting the adsorption
capacity of the adsorbent, which is one of the main parameters
required to design an optimized adsorption system [31]. Plot of
the solute adsorbed onto the solid surface (mg/g) as a function of
the solute concentration in the solution at equilibrium (mg/L), at
constant temperature, gives an adsorption isotherm, which can be
described by some adsorption models. Fig. 7 shows that the reten-
tion capacity of cross-linked CS and CS/CPL composite for Th** and
UO0,2* radiocations increased with the increase of the equilibrium
metal concentration resulting in a concave curve, i.e., an isotherm
of type L, according to the classification of Limousin et al. [32]. Three
isotherm equations have been tested in the present study, namely
the Freundlich, Langmuir and Sips isotherm models (Fig. 7).

Freundlich isotherm is the earliest known relationship that
describes the surface heterogeneity of the sorbent. It considers
multilayer adsorption with a heterogeneous energetic distribu-
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Fig.6. Effectofinitial metal concentration on the adsorption capacity (solid line) and
removal efficiency (dash line) of UO,2* radiocations onto cross-linked CS (opened
square) and CS/CPL composite (closed square).
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Table 2
Adsorption isotherm constants for Th** and UO,?* adsorption onto cross-linked CS and CS/CPL composite.
Sorbent  lons Freundlich model Langmuir model Sips model
Kr (mg/g) N R? x° Ki(L/mg) b(mg/g) R? R X dm (mgjg)  as N R> X
CS Th* 83.93 0.344 0.969 206.93 0.192 314.44 0.991 0.206 57.52 359.33 0.205 0.788 0.996 27.04
U0,%*  99.80 0.432 0.941 871.27  0.152 482.66 0.990 0.247 125.07 476.05 0.156  0.745 0.997 118.36
CS/CPL Th** 86.084 0.385 0.980  205.51 0.147 385.51 0.991 0.253 8442  438.55 0.135 0.875 0.993 27.81
u0o,%*  97.03 0.478  0.962 685.09 0.125 562.58 0.994  0.285 9594  536.35 0.122 0.921 0.994 116.72
tion of active sites, accompanied by interactions between adsorbed lowing equation:
molecules [32]. The non-linear form of Freundlich equation is:
gmasCy 10
) . . (10)
de = KeCl (8) 1+ asC}

where K, Freundlich constant, which predicts the quantity of metal
ion adsorbed per gram of sorbent at the equilibrium concentration,
ge; N, a measure of the nature and strength of the adsorption pro-
cess and of the distribution of active sites. If N<1, bond energies
increase with the surface density; if N> 1, bond energies decrease
with the surface density, and when N = 1, all surface sites are equiv-
alent.

Langmuir adsorption isotherm, originally developed to describe
gas—solid-phase adsorption onto activated carbon, has traditionally
been used to quantify the performance of different bio-sorbents
[17-19]. This model assumes monolayer coverage of adsorbate
onto a homogeneous adsorbent surface. The mathematical expres-
sion of Langmuir isotherm model is described by Eq. (9):

K bCe
%=1 xC 9)
where ge is the amount of metal ion adsorbed in mg/g, Ce is the con-
centration (mg/L) of metal ion in the solution at equilibrium; the
Langmuir constants K and b represent adsorption equilibrium con-

stant and saturated monolayer adsorption capacity, respectively.
Sips isotherm is a combination of the Langmuir and Freundlich
isotherm type models and expected to describe heterogeneous
surfaces much better. At low sorbate concentrations it reduces
to a Freundlich isotherm, while at high sorbate concentrations
it predicts a monolayer adsorption capacity characteristic of the
Langmuir isotherm [31]. The Sips isotherm is described by the fol-
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Fig. 7. Comparison of experimental and calculated data for three models for the
adsorption of UO,2* and Th** onto cross-linked CS and CS/CPL composite. The cal-
culated data were obtained with an Origin 7.5 program by applying Eq. (8) for the
Freundlich model, Eq. (9) for the Langmuir model, and Eq. (10) for the Sips model.

where gm, is monolayer adsorption capacity (mg/g) and as is Sips
constant related to energy of adsorption.

The constants corresponding to the adsorption models were
calculated with an Origin 7.5 program by applying Eq. (8) for the
Freundlich model, Eq. (9) for the Langmuir model and Eq. (10) for
Sips isotherm, and were collected in Table 2.

AsTable 2 shows, the experimental data obtained for the adsorp-
tion of Th*" and U0, 2" radiocations onto cross-linked CS and CS/CPL
composite well fitted in the Langmuir model with a maximum
theoretical adsorption capacity of 314.44 mg Th**/g CS, 482.66 mg
U0,%*/g CS, 385.51 mg Th*"/g CS/CPL composite and 562.58 mg
UO,2*/g CS/CPL composite. According to Sips model, the mono-
layer adsorption capacity values, gn,, are very close to the maximum
theoretical adsorption capacity values, estimated from the Lang-
muir model (Table 2). Furthermore, the exponent N values for
cross-linked CS and CS/CPL composite were closer to unity, which
shows that Th** and UO,2* radiocations adsorption data are bet-
ter described by the Langmuir isotherm than by the Freundlich
isotherm. The CS/CPL composite showed better retention capacity
for both radiocations compared with cross-linked CS. The ability
of a material to capture metals is controlled, in part at least, by
the number of available functional groups for metal binding [16].
The increase of the adsorption capacity of the CS/CPL composites
compared with cross-linked CS could be explained by a synergy of
both components, the presence of CPL microparticles leading to the
increase of the accessibility at the functional groups of CS network.

According to the values listed in Table 3, the adsorption capaci-
ties, found in this work for the radiocations under study, are higher
than those reported in literature, and this recommend the novel
composite as an alternative for the sorption of Th** and U0,2*
radiocations.

The essential features of a Langmuir isotherm can be expressed
in terms of a dimensionless constant separation factor or equilib-
rium parameter, R; (Eq. (11)), which is used to predict if a certain

Table 3
Comparison of theoretical adsorption capacities (gmax, mg/g) for Th** and U0,2* of
different sorbents.

Sorbent (max (Mg/g) Reference
Th4+ U022+
CS/poly(acrylamide) 118.32 72.9 [18]
composite
Cross-linked CS - 72.46 [19]
Cross-linked CS with - 330.2 [33]
3,4-dihydroxybenzoic
acid moiety
Poly(acrylamide)/apatite 294.64 186.3 [34]
composite
CS/perlite composite - 148.5 [35]
Cross-linked CS beads 359.33 476.05 This study
CS/CPL composite 438.55 536.35 This study
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sorbent is “favorable” or “unfavorable” [36].

1

Rl=—
L= 17K

(11)
where C; is the initial metal concentration. The value of R indicates
as the process to be: unfavorable (R > 1), linear (R = 1), favorable
(0<RL<1) or irreversible (R, =0). Herein, R; values obtained for
Th*" and UO,2* ions are listed in Table 2. The fact that all the R,
values for the adsorption of Th** and UO,2* radiocations onto the
cross-linked CS and CS/CPL composite are in the ranges of 0-1 for
20 mg/L initial metal concentration, confirmed that these sorbents
are favorable for the adsorption of Th** and UO,2* radiocations
under the selected conditions (Table 2).

3.3. Statistics analysis

Determining the best-fitting model is a key analysis to mathe-
matically describe the involved sorption system and, therefore, to
explore the related theoretical assumptions. Hence, several error
calculation functions have been widely used to estimate the error
deviations between experimental and theoretically predicted equi-
librium adsorption values, including the average relative error
deviation, the Marquardt’s percent standard error deviation, the
hybrid fractional error function, the non-linear Chi-square test ( x2),
the correlation coefficient of determination (R?), Spearman’s corre-
lation coefficient, the standard deviation of relative errors, etc. [31].
In this study, two statistical functions are analysed to investigate
their applicability as suitable tools to evaluate isotherm models fit-
ness, namely the correlation coefficient of determination (R?) and
the non-linear x? test. The x? test statistic is basically the sum of
the squares of the differences between the experimental data and
the data obtained by calculating from models, with each squared
difference divided by the corresponding data calculated using the
models. This can be represented mathematically as:

2
X2 _ Z (qe,exp Qe,cal) (12)

Ge,cal

where ¢, ) is the equilibrium capacity obtained by calculating from
the model (mg/g) and geexp is the experimental data of the equi-
librium capacity (mg/g). If data from a model are similar to the
experimental data, xZ will be a small number, and if they differ, x2
will be a big number [18,31].

The results of the application of correlation coefficients (R?) and
non-linear x? test on experimental data of the equilibrium capacity
for the three adsorption isotherms are shown in Table 2. The Sips
isotherm model appears to be the best fitting model for radioca-
tions adsorption onto the cross-linked CS and CS/CPL composite,
with the highest correlation coefficient (R?2=0.995) and the low-
est x2 value (Table 2). Even though the Langmuir isotherm model
has also high correlation coefficient (R%2=0.991) for radiocations
adsorption onto the cross-linked CS and CS/CPL composite, the high
%2 values (Table 2) indicate that adsorption of radiocations onto the
cross-linked CS and CS/CPL composite is not homogeneous. Table 2
shows that the Freundlich isotherm model has the lowest corre-
lation coefficients and the highest x2 values for all the adsorbents
used in this study.

3.4. Effect of sorbent mass

The effect of the sorbent amount on the distribution coefficient,
Kq4,was studied at a concentration of radiocation of 50 mg/L, and ata
temperature of 293.15K, pH being the same in all experiments (4.0
in the case of UD,2*, and 5.5 in the case of Th**). Fig. 8 shows that
K4 monotonously increased with the increase of the sorbent mass
from 0.01 up to 0.04 g, a higher mass of sorbent having a higher
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Fig. 8. Th** and UO,2* ions retention as a function of sorbent mass at an initial
radionuclide concentration of 50 mg/L, and a temperature of 293.15K.

number of active centres on the surface, available for the sorption
of metal ions.

3.5. Effect of temperature and thermodynamic data

The effect of temperature on the sorption of radioactive ions on
the cross-linked CS and CS/CPL composite has been investigated at
293.15, 303.15, 313.15, 323.15 and 333.15K, the values of K4 as a
function of temperature being plotted in Fig. 9.

As Fig. 9 shows the sorption capacities reinforced with the rise of
temperature indicating the process is endothermic, and this could
be attributed, mainly, to the increase of the nonelectrostatic inter-
actions. The increase of the sorption capacity of uranyl ions on the
chitosan/attapulgite composite, with the increase of temperature,
has been also reported [37].

The thermodynamic parameters, such as: standard enthalpy
(AH°) and standard entropy (AS°) were calculated from the slopes
and intercepts of the linear variation of In K4 vs. 1/T (Fig. 10), with
Eq. (13):

In Ky = ARSO - AR’;O (13)
80
J | |
" /;%8
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Fig.9. Effectof temperature on the adsorption of Th** and UO,2* by the cross-linked
CS and CS/CPL composite at an initial concentration of metal ions of 20 mg/L.
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Table 4
Thermodynamic parameters for the sorption of Th** and UO,%* onto cross-linked CS and CS/CPL composite.
Ions Sorbent AH° (J/mol) AS° (J/mol K) AG® (kJ/mol)
293.15K 303.15K 313.15K 323.15K 333.15K
Th** cs 8.81 34.75 -10.17 -10.52 -10.77 -11.22 -11.56
CS/CPL 8.88 35.08 -10.24 -10.62 -10.97 -11.32 -11.67
U0,2 s 9.06 35.58 -10.42 -10.77 -11.13 -11.48 -11.84
CS/CPL 9.67 35.91 -10.51 -11.87 -11.23 -11.59 -11.95
4.6 Table 6
" Effects of some eluents on Th** and U0,2* desorption.
—O—CS_Th 3 B B
4+ Radiocations Sorbent desorption (%)
4.4 —e—CS/CPL_Th
cs uo2* 0.1 M HCl 0.1 M HNO;3 0.1 M NayCO;3
[ ] —0—CS_
D\ % 24 Th** cs 82.64 68.79 62.4
e 4.2 8\' —m—CS/CPL_UG, CS/CPL 85.41 71.65 64.84
£ \D\
\.\- U0 cs 7652 82.63 89.54
o\m\ CS/CPL 78.25 88.25 92.43
4.0 \8\'
\D\
8\- . i . . . .
\D competitive conditions, i.e., using binary and quaternary mix-
381 ° tures of UO,%* or Th** with Cu?*, Fe?* and AI**. The obtained
@) results as adsorbed amount of each cation are summarized in
36 Table 5.
' 30 34 32 33 34 35 As Table 5 shows, the presence of AlI>* cations leads to the
1T x 16°. K" lowest sorption amounts, in binary systems, for both UO,2*
x 19 or Th** radiocations. It can be also observed that the reten-
Fig. 10. Relation between In K, and sorption temperature. tion capacity for all cations decreases in quaternary system. The

where Kj is the distribution coefficient, T is absolute temperature
(K), and R is the ideal gas constant (8.314 kJ/mol K).
The Gibbs free energy values were calculated by Eq. (14):

AG® = AH° — TAS® (14)

The obtained thermodynamic parameters from Eqs. (13) and
(14) are presented in Table 4.

The positive values of AH° indicates that the sorption process
is endotherm in nature [36,37]. The negative values of Gibbs free
energy indicates a spontaneous sorption process, and the decrease
of this parameter with the increase of temperature shows the sorp-
tion is more efficient at higher temperatures. The positive values
of AS° reflect the affinity of the CS/CPL beads for radiocations and
suggests the increased randomness at the solid-solution interface
during adsorption.

3.6. Competitive adsorption of uranyl and thorium cations

To check if the CS/CPL composite can be useful for selective sep-
aration of metal cations, sorption studies were performed under

Table 5
Adsorption capacity of metal ions under competitive conditions.

overall adsorption tendency of CS/CPL composite toward UO,2*
and Th*" radiocations, under competitive conditions, followed
the order: Cu?*>UO0,2*>Fe?*>AI3*, and Cu?*>Th*" >Fe?* > Al3",
respectively. The adsorption of uranyl ions under competitive con-
ditions, in presence of Pb(II), Cu(Il) and Ni(Il) on ACSD (alginate
coated sepiolite and calcined diatomite earth) showed the follow-
ing series: Pb2* > Cu2*>Ni2*>U0,2*, i.e., the lowest adsorption
capacity has been found for uranyl ions [38].

3.7. Desorption studies

The data obtained from the desorption experiments are pre-
sented in Table 6.

The desorption level of UO,2* from the composite CS/CPL, by
using 0.1 M Na,COs, was around 92%, and that of Th** ions, per-
formed by 0.1 M HCl, was around 85%, both values being higher
than the desorption level of radiocations from the cross-linked CS,
which were 89% and 83%, respectively. Thus, the results of desorp-
tion tests show that the sorption process is reversible and also the
possibility to reuse the composite sorbent taking into account the
high recovery level of both radiocations.

Metal lons Adsorbed metal (mg/g)
U022+_Cu2+ U022+_FEZ+ U022+_Al3+ U022+_Cu2+_FEZ+_A13+

u0o,%* 385.43 382.15 3734 358.35
Cu?* 425.21 - - 397.21
Fe* - 354.85 - 321.48
AP* - - 278.34 253.67

Th#* -Cu?* Th**-Fe?* Th* -AP* Th* -Cu?*-Fe?*-Al**
Th** 315.42 312.73 302.63 298.32
Cu? 393.72 - - 371.23
Fe* - 272.7 - 265.42
AlP* - - 257.3 250.43
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4. Conclusions

The sorption of U0,%* and Th** ions from simulated radioac-
tive solutions onto the CS/CPL composite and cross-linked CS has
been studied as a function of contact time, initial metal ion con-
centration, sorbent mass and temperature. The adsorption process
of both radiocations obeyed of the pseudo-second order kinetics,
supporting the chemisorption would be the rate-determining step.

The equilibrium data obtained for the adsorption of radioca-
tions onto the CS/CPL composite well fitted in the Sips model
with a maximum theoretical adsorption capacity of 438.55mg
Th**/g composite, and 536.35 mg UO,2*/g composite, the adsorp-
tion capacity being higher for both radiocations compared with
the cross-linked CS. The higher retention capacity against U0,2*
compared with Th** ions could be attributed to the higher level
of hydration of Th** ions in solution, i.e., the adsorption increas-
ing with the decrease of the hydrated radiocation radius. Under
competitive conditions, the adsorption tendency of CS/CPL com-
posite toward UO,2* and Th** radiocations followed the order:
Cu?*>U0,2* >Fe2* > AI**, and Cu?* > Th*" > Fe2* > AI3*.

The adsorption process was spontaneous (AG°<0) and
endothermic (AH° >0). The results obtained in the desorption pro-
cess indicated 0.1 M Na,COs as the best desorption agent for the
UO,2* ions, while for the desorption of the Th** ions, the best results
were obtained with 0.1 M HCl solution.
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