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A B S T R AC T

A novel hybrid adsorbent composite matrix, polymethacrylic acid-grafted chitosan/bentonite 
(PMAA-g-CTS/B) was prepared through graft copolymerization reaction of methacrylic acid 
and chitosan in the presence of bentonite and N,N’- methylenebisacrylamide as cross linker. The 
composite was characterized using FTIR, XRD, XPS, surface area analyzer and Zeta p otential 
measurements. Batch experiments were conducted to evaluate the effi ciency of PMAA-g-CTS/B 
for the removal of U(VI) and Th(IV) from aqueous solutions. The adsorption behavior of the 
composite towards U(VI) and Th(IV) from simulated nuclear industry wastewater and sea-
water was studied using batch process. The adsorption behavior of PMAA-g-CTS/B towards 
U(VI) and Th(IV) from water and sea water was studied under varying operating conditions of 
pH, concentration of U(VI) and Th(IV), contact time, and temperature. The effective range of pH 
for the removal of U(VI) and Th(IV) was 5.0−6.0. Kinetic data followed a pseudo-second-order 
model. The equilibrium data were correlated with the Langmuir isotherm model. The equilib-
rium sorption capacity was estimated to be 117.2 for U(VI) and 110.5 mg/g for Th(IV) at 30°C. 
Adsorption-desorption experiments over four cycles illustrate the feasibility of the repeated 
uses of this composite for the extraction of U(VI) and Th(IV) from aqueous solutions. The fi nd-
ing of the investigation showed that the composite exhibits high adsorption capacity for U(VI) 
as well as Th(IV) ions.
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1. Introduction

  Uranium and Thorium are the most valuable met-
als in sea water and wastewater. A number of techniques 
including chemical precipitation, coprecipitation, solvent 
extraction, ion exchange, membrane dialysis, chromato-
graphic extraction, and adsorption have been developed 
to recover U(VI) and Th(IV) from aqueous solutions [1−7]. 

 At low concentrations, the recovery of these metals is 
more effectively implemented by ion exchange or adsorp-
tion on solid adsorbent [8]. The composite ion exchang-
ers have been used in several studies for the treatment 
of low and medium level liquid radioactive wastes [9]. 
The adsorbent composites with eco-friendly property 
and biodegradability are developed in the world. Par-
ticularly, the natural materials, such as starch, cellulose 
and chitosan have attracted great attention due to their 
abundant resources and degradability [10,11].
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 The uranium and thorium concentrations in seawa-
ter were found to vary ranging from 1.80 to 4.1 and 0.14 
to 0.88 μg/l, respectively [12]. The concentration of ura-
nium in sediment samples was reported to range from 
3.00 to 6.60 μg/g while those of thorium were slightly 
lower ranging from 0.01 to 0.68 μg/g. The economic via-
bility of recovery of uranium and thorium from seawa-
ter still critically depends upon the kinetics of sorption 
in functionalized sorbents. It is desirable that the ura-
nium and thorium species present in seawater should 
be instantaneously sorbed when it comes in contact with 
the surface of a sorbent. Therefore, the major challenge 
for making these radionuclide recoveries economically 
viable is to develop a sorbent that has a very high sorp-
tion rate. In order to enhance the kinetics of metal sorp-
tion, carboxyl groups have been anchored in the variety 
of substrates with different co-monomers.

Chitosan (CTS) is a biopolymer obtained by deacety-
lation of naturally occurring biopolymer chitin, which is 
abundant in nature, principally in shells of crustaceans, 
terrestrial invertebrates and fungi [13,14]. Recently, there 
has been growing interest in the chemical modifi cation 
of CTS in water to improve its solubility and widen its 
applications. Graft copolymerization of vinyl monomers 
onto CTS using free radical initiator has attracted the 
interest of many scientists in the last decade. Bentonites 
are able to provide adequate particle dispersion which 
is necessary to obtain an uniform and stable system. The 
composite formation will lead to the increase in the sur-
face area and porosity of the material. The use of materi-
als with surface functional groups, such as amidoxime 
and carboxyl groups, shows improved selectivity for 
the adsorption of heavy metals in aqueous systems. The 
objective of this work is to determine the feasibility of 
using poly (methacrylicacid-grafted CTS/bentonite 
(PMAA-g-CTS/B) composite matrix as an adsorbent for 
the recovery of U(VI) and Th(IV) ions from water and 
nuclear industry wastewater. It was proposed to take 
advantage of the cation exchange capacity of the car-
boxyl group from the adsorbent surface to recover U(VI) 
and Th(IV) ions from aqueous solutions.

2. Experimental procedure

2.1. Materials and methods

Analytical grade chemicals were used throughout 
the investigation. Aqueous standard stock solution 
of U(VI) and Th(IV) were prepared by dissolving an 
accurate weighted amount of UO2 (NO3)3 · 6H2O and 
Th(NO3)4 · 5H2O (Fluka), respectively, in distilled water 
so as to yield a metal ion concentration of 1000 mg/l. 
All the required standard working solutions were pre-
pared by diluting the stock solution with distilled water. 

The methacrylic acid (MAA) and CTS were obtained 
from Fluka, Switzerland. Analytical grade potassium 
persulfate (KPS), N,N’-methylenebisacrylamide (MBA) 
and the chromogenic reagent Arsenazo-III were pro-
cured from E-Merck, India. Ltd. Clay used for this 
work is natural bentonite clay (B) obtained from M/S 
Ashapura Clay Mines, Gujarat, India. The commercial 
ion exchanger, Amberlite IRC-50 with carboxylate func-
tionalities was obtained from Fluka, Switzerland.

2.2. Preparation of adsorbent

Scheme 1 represents the general procedure adopted 
for the preparation of adsorbent. The persulphate initia-
tor decomposed on heating to generate sulfate anion rad-
ical 2

4SO − . This anionic radical abstracts hydrogen radical 
from hydroxyl group of the CTS to form active sites on 
the CTS backbone. These active sites interact with mono-
mer to form graft copolymer. Since a crosslinking agent 
(MBA) is in the system, a composite polymer matrix is 
formed with free COOH groups at the chain end. The 
inorganic bentonite particles in the composite acted as 
fi ller which enhances the mechanical strength. CTS was 
the starting material for the preparation of PMAA-g-
CTS/B composite. 5.0 g of CTS in 30 ml distilled water 
is taken in a three neck round bottom fl ask, and MAA 
(15 ml) was added to it. The content was stirred well 
using magnetic stirrer for 15 min. 2.5 g B entonite soaked 
into 15 ml water was added to it and then add 0.75 g 
MBA. To initiate the reaction add 0.5 g KPS and kept the 
mixture for 6 h at 60°C in N2 atmosphere. The polymer 
obtained was then washed with distilled water until it is 
free from homopolymer. The product was dried at 60°C 
and then sieved to obtain 80−230 mesh sizes.

2.3. Equipments and method of characterization

The IR spectra of the adsorbent materials were taken 
by using a Perkin Elmer 1800 model IR spectrophotom-
eter. pH measurements were made on a μ processor 
Systronic pH meter (model 361), XRD patterns of the 
adsorbent samples were obtained with a Siemens D 5005 
X-ray unit using Ni-fi ltered Cu Kα radiation. The electro-
phoretic mobility measurements, μE, were carried out 
using a Zeta Meter system 3.0 Plus (Zeta Meter Inc., USA). 
Residual concentrations of U(VI) and Th(IV) after adsorp-
tion were analyzed spectrophotometrically by monitor-
ing the absorbance using UV-Visible spectrophotometer 
(Jasco model V 530). The specifi c surface area of the CTS 
and PMAA-g-CTS/B was measured by BET N2 adsorp-
tion using a Quantasorb surface area analyzer (QS/7) at 
77 K and the data were interpreted using BET equation. 
A Labline temperature controlled water bath shaker with 
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a temperature tolerance of ±1.0°C was used in the equi-
librium studies. The X-ray photoelectron spectroscopy 
(XPS) analyses were carried out with an ESCALAB Mk 
II under the conditions of high vacuum (10–7 Pa) MgKα 
radiation with an energy of 1253.6 eV was a utilized. XPS 
peaks were decomposed into subcomponents using a 
Gaussian (80%) - Lorentzian (20%) curve fi tting program, 
XPS peak fi t, version 4.1 with a non linear background.

2.4. Adsorption experiments

Batch adsorption experiments were performed 
by shaking a known amount of PMAA-g-CTS/B to a 
series of Erlen meyer fl asks containing 50 ml solutions 
of desired U(VI) and Th(IV) concentrations to study the 
extent of U(VI) ad Th(IV) adsorption. In order to opti-
mize the removal conditions, the effects of pH, contact 
time, initial concentration, adsorbent dosage and reus-
ability of the adsorbent were comprehensively tested. 
The pH of solutions was adjusted by using 0.1 M HCl or 
0.1 M NaOH solutions before adsorption analysis. For 
the adsorption isotherm experiments, the initial solution 

pH was 5.5 for U(VI) and Th(IV), while the initial concen-
tration in the solution varied between 100 and 500 mg/l. 
The fl asks were shaken in a thermostatic shaker for 3 h 
with the mixing rate of 200 rpm and the solid phase was 
separated by centrifugation. The exact concentration of 
U(VI) and Th(IV) ion remaining in the supernatant was 
determined by using UV visible spectrophotometric 
method. The amount of metal ion sorbed at time t (qt), 
was calculated from the mass balance equation

0 e( )
e

C C V
q

m
−=

where C0 and Ce are the initial and equilibrium concen-
trations (mg/l) respectively, m is the mass of PMAA-g-
CTS/B (g) and V is the volume of the solution (l). The 
chance of sorption of both U(VI) and Th(IV) on the walls 
of the containers was taken into account by conducting 
adsorption experiments with and without adsorbent, 
C0 was measured by employing a blank test. From the 
results there is no signifi cant sorption of both metals on 
the walls of the container.
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 2.5. Desorption and regeneration

The Desorption and regeneration of adsorbent is a 
most important aspect of an economical technology. After 
performing adsorption experiments with 100 mg/l U(VI) 
and Th(IV) solutions, the resulting metal-loaded PMAA-
g-CTS/B composites were fi ltered and washed. The spent 
adsorbents were gently washed to remove the unad-
sorbed U(VI) and Th(IV) ions. The exhausted adsorbent 
was reintroduced to the desorption medium and agitated 
for 2 h. Qualitative estimation of metals in the desorption 
medium was done. A comparison of the value with those 
observed in the initial sorption step was used to compute 
the percentage recovery values, thereby checkout the 
long term adsorption performance of PMAA-g-CTS/B.

3. Results and discussion

3.1. Adsorbent characterization

The IR spectra of CTS, PMAA-g-CTS/B, U(VI) 
loaded-PMAA-g-CTS/B and Th(IV) loaded-PMAA-g-
CTS/B are shown in Fig. 1. The broad band in the region 

between 3000 and 3700 cm−1 is due to overlapping of the 
stretching frequencies of –OH and–NH2 groups and the 
peak at 1091.7 cm–1 corresponds to the symmetric stretch-
ing of –C-O-C- groups in CTS backbone. After CTS was 
grafted with MAA, the spectrum exhibits many alterna-
tions. The bands at 1695 cm–1 (νC–O) and 1450 cm−1 (νC–O) 
corresponds to the presence of −COOH group in the 
polymer composite. The peak at 1392.6 cm–1 corresponds 
to –C-N group. An obvious change in the peak position 
and intensity at 900−500 cm–1 region of the U(VI)-loaded 
PMAA-g-CTS/B and Th(IV)-loaded PMAA-g-CTS/B 
spectrum could be assigned to the formation of U–O, 
O-U-O, Th–O and O-Th-O bond. In metal loaded PMAA-
g-CTS/B distinct peaks at 918.1 cm–1 and changes in 
peak position and intensity around 550−1000 cm–1 can 
be assigned to asymmetric stretching vibration of metal-
oxygen and stretching vibration of weakly bonded oxy-
gen atom with U(VI) and Th(IV) [15].

The diffractograms of CTS, PMAA-g-CTS/B, U(VI)-
loaded PMAA-g-CTS/B and Th(IV)-loaded- PMAA-g-
CTS/B (Fig. 2) are compared to determine the change 
in crystallinity as a result of polymerization and sorp-
tion process. The XRD pattern of CTS shows two strong 
peaks at 2θ = 9.34° and 19.80° with their crystal lattice 
constant corresponding to 8.470 and 4.075. The peak 
at 19.8° is attributed to the allomorphic tendon form 
of CTS. However, the peaks around 9.34° of CTS dis-
appeared and the diffraction peak corresponding to 

Fig. 1. FTIR spectra of CTS, PMAA-g-CTS/B, U(VI) loaded-
PMAA-g-CTS/B and Th(IV) loaded- PMAA-g-CTS/B.

Fig. 2. XRD patterns of CTS, PMAA-g-CTS/B, U(VI)-loaded 
PMAA-g-CTS/B and Th(IV)-loaded- PMAA-g-CTS/B.
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2θ = 19.80° of CTS becomes gradually lowered in the 
XRD pattern of PMAA-g-CTS/B and the diffraction 
angle deviated farther and farther accordingly. It is 
obvious that the presence of interaction between MAA 
and CTS prevents or disturbs CTS from crystallization 
by comparison with the diffraction pattern of CTS with 
that of polymer blend. The intensity of peaks on the 
diffraction pattern of PMAA-g-CTS/B also indicates 
that the crystallinity decreases after functionalization. 
The change in width at 2θ = 16.48° shows that there is 
a substantial decrease in crystallinity and d spacing of 
PMAA-g-CTS/B due to polymerization.

After U(VI) loading, new peaks observed at 6.08°, 
12.16°, 16.32° and 20.9° are due to the metal complex-
ation which tends to increase the basal spacing in 
PMAA-g-CTS/B. Smaller refl ection at 2θ = 6.08° due 
to the increased basal spacing of CTS monolayers over 
the PMAA-g-CTS/B surface during metal complex-
ation. The broad peaks in PMAA-g-CTS/B observed at 
2θ = 29.54° and 36.36° were disappeared due to the rear-
rangement of polymer backbone over the exfoliated clay 
surface due to metal loading process.

To fully understand the adsorption mechanism of 
U(VI) onto PMAA-g-CTS/B, XPS spectra were obtained 
for PMAA-g-CTS/B before and after U(VI) adsorption. 
It has been well demonstrated that when an adsorbate 
was adsorbed on the adsorbent through chemical inter-
actions, the chemical state of the atoms involved on the 
surface of the adsorbent could be changed, resulting a 
subtle change in the xps spectra for the same atom before 
and after adsorption takes place [16]. Fig. 3 shows the 
wide scan and curve fi tted high resolution XPS spectrum 
of PMAA-g-CTS/B, U(VI)-loaded PMAA-g-CTS/B and 
Th(IV)-loaded PMAA-g-CTS/B. The C 1s spectrum of 
PMAA-g-CTS/B can be assigned to peaks at the binding 
energies of 286.01, 286.8, 287.1 and 290.6 eV for the car-
bon atoms in the C–N, C–O, methylene carbon attached 
to oxygen(–O–CH2–) and carboxyl group, respectively 
[17,18]. The peak appeared at 286.01 is not changed after 
U(VI) coordination with PMAA-g-CTS/B elucidate 
that the carbon from the amino group not involved in 
U(VI) coordination with PMAA-g-CTS/B. The PMAA-
g-CTS/B shows a peak at 286.8 eV which slightly shifted 
to a binding energy value of 286.9 eV, this indicates the 
declining of electron density of carbon in carboxyl group 
during metal complexation reaction. Apart from the 
other two peaks, U(VI)-loaded- PMAA-g-CTS/B shows 
a shoulder peak at 291.1 eV with high intensity and peak 
area. This also designate the decrease in electron density 
around the carbon in carbonyl group of carboxylic acid 
moieties due to U(VI) coordination [19,20].

The wide scan O 1s spectrum of PMAA-g-CTS/B 
shows peaks at the binding energies of 533.57, 
534.57, 534.72 and 536.08 eV, corresponding peaks for 

U(VI)-loaded- PMAA-g-CTS/B were at 533.80, 534.66, 
534.58 and 536.1 eV. All the peaks represent the carbonyl 
group from carboxylic acid and amide functionalities. 
According to the binding energies of fi rst three peaks of 
U(VI)-loaded-PMAA-g-CTS/B illustrates the decrease 
in electron density of oxygen in carbonyl group of car-
boxylic acid and amide functionalities. The peak at 536.1 
eV was attributed to the oxygen from uranyl groups. 
These results clearly indicate the metal electron trans-
fer existing between the oxygen from carboxylic acid in 
PMAA-g-CTS/B and U(VI).

Fig. 3 also contains U 4f5/2 and U 4f7/2 satellite peaks 
that are respectively centered at 394.03 and 383.17 eV 
with a splitting of about 10.8 eV. It designate the con-
tribution of U(VI) over the surface of PMAA-g-CTS/B 
[17]. The region around 336.0 eV to 346.0 eV is associ-
ated with a Th(IV) satellites for Th 4f5/2 and Th 4f7/2 and 
is positively correlated to the Th(IV) primary peaks. 
However the binding energy of O 1s increases slightly 
from 534.05 eV to 535.02 eV in Th(IV)-loaded-PMAA-
g-CTS/B, which indicates the electron transfer exists 
between the Th(IV) species and oxygen atom from car-
boxyl group.

The values of zeta potential (ζ) for CTS and PMAA-
g-CTS/B were determined and were found to be 9.0 and 
5.3, respectively. The decrease in ζ after modifi cation 
indicates that the surface becomes more negative and 
this helps to adsorb positively charged U(VI) and Th(IV) 
ions through electrostatic interaction. The surface area 
was found to be 13.4 m2/g for CTS and 29.7 m2/g for 
PMAA-g-CTS/B. The values of cation exchange capac-
ity of CTS and PMAA-g-CTS/B were found to be 1.54 
and 2.24 meq g–1 respectively. The density of CTS and 
PMAA-g-CTS/B was found to be 0.8 and 1.33 g/ml, 
respectively. The CTS is undergo surface modifi cation, 
the surface area of PMAA-g-CTS/B becomes consider-
ably high due to most of the pores and surface moieties 
and functionalized with acrylic groups and the clay par-
ticles are uniformly covered with functional groups.

3.2. Effect of pH on adsorption capacity

The initial pH value of the solution is an important 
factor that must be considered during sorption stud-
ies. Therefore, experiments were performed in order to 
investigate the effect of pH on U(VI) and Th(IV) removal 
by varying the pH from 2.0 to 9.0 using initial concentra-
tions of 100, 150 and 250 mg/l and an adsorbent dose of 
2 g/l (Fig. 4). The maximum adsorption of U(VI) and 
Th(IV) was observed at pH range 4.0−6.0. A maximum 
adsorption of 99.2% for U(VI) and 99.6% for Th(IV) 
occurs at an initial concentration of 100 mg/l. At this pH 
range various oligomeric and monomeric hydrolyzed 
species of U(VI) such as UO2(OH)+ and (UO2)2(OH)2

2+, 
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Fig. 3. XPS full scans for PMAA-g-CTS/B (A), U(VI)-loaded-PMAA-g-CTS/B (B) and Th(IV)-loaded-PMAA-g-CTS/B (C). 
Curve fi tted high resolution scans of C1s and O1s for PMAA-g-CTS/B (A) and C1s, O1s, U(VI) and for U(VI)-loaded PMAA-
g-CTS/B (B) and C1s, O1s, Th(IV) and for Th(IV)-loaded PMAA-g-CTS/B (C).
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and for Th(IV) hydrolysis species such as [Th(OH)2]
2+, 

[Th(OH)]3+, [Th(OH)3]
+ species coexist with one another 

[21]. The species complexed with carboxylate terminus 
on the adsorbent back bone after the replace of H+ ions 
from the adsorbent surface. The adsorption behavior of 
the carboxyl functionalized adsorbent towards metal 
ion removal depends on the protonation and deprot-
onation properties of acidic moieties, accordingly the 
adsorption behavior is greatly affected by pH values. 
The results present in Fig. 4 elucidate that at initial pH 
values (pH<4.0) the adsorption capacity was lower due 
to the competition between hydroxonium ions (H3O

+) 
with the uranyl and thorium cations for the adsorption 
sites of PMAA-g-CTS/B.

The point of zero charge (pHpzc) of PMAA-g-CTS 
is 4.3 which indicates that above pH 4.3, the PMAA-
g-CTS/B surface charge is negative and below 4.3, 
the surface is positive. Hence above pH 4.3, the U(VI) 
and Th(IV) ion adsorption on PMAA-g-CTS/B surface 
occurs through electrostatic interactions. When the pH 
is higher than 6.0,  in the solution will be precipitated 
and will change the existing state of  in the solution to 
form neutral,  and anionic form,of U(VI) species [22]. 
Therefore it seems that the pH of solution used for fur-
ther adsorption studies should be lower than 6.0 and 
initial pH of 5.5 was selected as optimum for all fur-
ther studies optimized. In the case of Th(IV) the maxi-
mum adsorption shown in the pH range 4.0−6.0, may 
be due to the formation of Thorium(IV) complexes with 
carboxyl groups, because of its stability constant with 
Th(IV) is high [23].

3.3. Effect of contact time and initial concentration

Batch kinetic experiments were performed to deter-
mine the time required for U(VI) and Th(IV) adsorption 
process to reach equilibrium and the kinetic results were 
presented in Fig. 5. The effect of contact time on adsorp-
tion of U(VI) and Th(IV) onto PMAA-g-CTS/B was 
studied over a time of 0−240 min using different initial 
concentrations (100−250 mg/l). Fig. 5 shows that the 
amount of U(VI) and Th(IV) adsorbed per unit mass of 
adsorbent increased rapidly within 30 min and slowly 
reaches the saturation at about 3 h respectively for U(VI) 
and Th(IV). After this equilibrium period, the amount 
of metal adsorbed did not change signifi cantly with 
time due to quick exhaustion of adsorbent. The amount 

Fig. 4. Effect of pH on the adsorption of U(VI) and Th(IV) 
ions onto PMAA-g-CTS/B.

Fig. 5. Effect of initial concentration and contact time on the 
adsorption of U(VI) onto PMAA-g-CTS/B (A) and Th(IV) 
onto PMAA-g-CTS/B (B) and comparison of observed data 
with pseudo-second-order and pseudo-fi rst-order kinetic 
model.



T.S. Anirudhan et al. / Desalination and Water Treatment 38 (2012) 79–8986

 of metal adsorbed versus times curves are smooth and 
continuous. The time profi le of Th(IV) uptake is a single, 
smooth and continuous curve leading to saturation, sug-
gesting the cooperativity of U(VI) and Th(IV) on the sur-
face of the adsorbent. The equilibrium time of 3 h can be 
considered very short, which is an economically favorable 
condition for the adsorbent described here. The removal 
effi ciency increased from 49.01 to 102.24 mg/g for U(VI) 
and 51.15 to 97.81 mg/g for Th(IV) as initial concentration 
increased from 100 to 250 mg/l, respectively.

The results show that an increase in the initial con-
centration leads to an increase in the U(VI) and Th(IV) 
uptake. The data indicate that the initial metal ion con-
centration determines the equilibrium concentration 
and also determines the uptake rate of U(VI) and Th(IV) 
and the kinetic character of metal uptake [24]. The rate 
parameters are depicted in Table 1. This might be due to 
the fact that increasing U(VI) and Th(IV) concentration 
increased the number of collision between the adsorbent 
and metal ion species, this leading an increased metal 
uploading [25]. Results clearly indicate that the rate of 
adsorption of U(VI) and Th(IV) onto PMAA-g-CTS/B 
depend on the initial concentration.

3.3.1. Adsorption kinetics

To interpret the experimental kinetic data properly, it 
is necessary to determine the steps in the adsorption pro-
cess, governing the overall removal rate for the system. 
Also, the rate-limiting step is important in the fi eld appli-
cation point of view. The rate-limiting step of the adsorp-
tion process can be calculated using the pseudo-fi rst-order 
and pseudo-second-order kinetic equations [26].

The non linear kinetic equations may be written as: 

Pseudo-fi rst-order: qt = qe(1 − e–k1t); 

Pseudo-second-order: 
2

2

21
e

e
e

k q t
q

k q t
=

+
 

where qe and qt (mg/g) are the adsorption capacities at 
equilibrium and at time t respectively. k1 (min–1) and 
k2 (g/mg/min) are pseudo-fi rst-order and pseudo-
second-order rate constants, respectively. The values 
of k1 and k2 were obtained from non linear regression 
analysis. The values of k1 were found to be increased 
from 9.1×10–2 to 16.2×10–2 min–1 for U(VI) and 0.1×10–2 to 
9.8×10–2 min–1 for Th(IV) while pseudo-second-order rate 
constants were found to be decreased from 1.43×10–3 to 
0.54×10–3 g/mg/min for U(VI) and 1.75×10–3 to 0.49×10–3 
g/mg/min for Th(IV) when initial U(VI) and Th(IV) 
concentration increased from 100 to 250 mg/l (Table 1). 
From Table 1 it can be seen that the values of χ2 for 
pseudo-fi rst-order kinetic model are very high and R2 
values are very less. However, there are large differ-
ences between the the experimental qe values(qe, exp) 
and the calculated qe values (qe, cal), which indicate 
that the pseudo-fi rst-order kinetic model was poor fi t 
for the adsorption process of PMAA-g-CTS/B polymer 
composite for U(VI) and Th(IV). It can also be found 
from Table 1 that χ2 and R2 for the pseudo-second-order 
kinetic model are more favourable, moreover the qe, cal 
values for the pseudo-second-order kinetic model are all 
consistent with qe, exp values. These results suggest that 
the adsorption processes of PMAA-g-CTS/B composite 
matrix for the recovery of U(VI) and Th(IV) from aque-
ous media can be well described by the pseudo-second-
order kinetic model.

3.4. Adsorption isotherm study

The results of the U(VI) and Th(IV) adsorption iso-
therm experiments are shown in Fig. 6. The adsorption 
capacity considerably increased with equilibrium con-
centration and temperature. In order to optimize the 
design of an adsorption system to remove U(VI) and 
Th(IV) from aqueous solutions using PMAA-g-CTS/B, 

Table 1
Kinetic parameters for the adsorption of U(VI) onto PMAA-g-CTS/B and Th(IV) onto PMAA-g-CTS/B at different 
concentrations

 

Pseudo-fi rst-order Pseudo-second-order

qe exp 
(mg/g)

k1 × 10–2 

(min–1)
qecal 
(mg/g)

R2 χ2 k2 × ω10–3 

(g/mg/min)
qe cal 
(mg/g)

R2 χ2

Conc. of U(VI) (mg/l)
100 49.01 0.1 36.68 0.88 40.0 1.75 47.18 0.99 1.77
150 68.21 5.3 56.72 0.96 24.8 0.73 64.96 0.98 10.30
200 86.03 6.7 70.03 0.92 80.6 0.65 84.08 0.99 11.50
250 102.24 4.8 90.02 0.98 20.43 0.49 99.87 0.99 14.20
Conc. of Th(IV) (mg/l)
100 51.15 9.8 36.78 0.81 60.62 1.43 53.18 0.99 3.1
150 73.91 8.4 48.68 0.89 110.61 0.85 72.32 0.98 7.5
200 82.31 10.4 53.28 0.85 168.2 0.69 84.08 0.99 5.6
250 97.81 16.2 59.21 0.88 211.1 0.54 94.51 0.99 6.3
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Th(IV) and U(VI) adsorption with rise in temperature 
from 20 to 50oC. The values of b increased from 0.24 to 
0.46 l/mg for U(VI) and 0.09 to 0.35 l/mg for Th(IV) 
with rise in temperature from 20 to 50oC. This indicates 
that adsorption rate increases with increase in tempera-
ture. It should be noted that β normally lying between 0 
and 1, indicated a favorable adsorption for the studied 
adsorbent. Among these adsorption models, the best 
correlations were observed for Langmuir model.

From the values of R2 and χ2 demonstrated the agree-
ment of the experimental data with the Langmuir model 
very well for the adsorption of U(VI) and Th(IV) onto 
PMAA-g-CTS/B. The fact that the Langmuir isotherm 
fi ts the experimental data very well may be due to 
homogeneous distribution of active sites on PMAA-g-
CTS/B, since the Langmuir equation assumes that the 
surface is homogeneous.

3.5. Effect of adsorbent dose with simulated nuclear industry 
wastewater and sea water

Batch equilibrium experiments were performed to 
test the effectiveness of PMAA-g-CTS/B composite to 
recover U(VI) from simulated nuclear industry waste-
water sample and Th(IV) from simulated seawater sam-
ple (Fig. 7). The amount of adsorbent concentration was 
varied from 1.0 to 10.0 g/l at a constant pH of 5.5 using 
simulated nuclear industry wastewater, having the com-
position: U(VI) (100 mg/l), 1.248 g Na2SO4, 0.278 g CaCl2, 
1.055 g Mg(NO3)2, 0.12 ml H3PO4, 0.967 g (NH4)2C2O4 
[28]. For the quantitative removal of from 100 mg/l 
U(VI) from simulated nuclear industry wastewater, a 
optimum adsorbent dose of 2 g PMAA-g-CTS/B was 
required, while the dose requirement of bentonite, CTS, 

it is important to establish the most appropriate correla-
tion for the equilibrium curves. The Langmuir, Freun-
dlich and Redlich-Peterson models are often used to 
describe equilibrium adsorption isotherms. Equilibrium 
data, commonly known as adsorption isotherms, are the 
basic requirements for the design of adsorption systems.

Obtaining equilibrium data for a specifi c adsorbate/
adsorbent system can be performed experimentally, 
with a time-consuming procedure that is incompatible 
with the growing need for sorption systems design. 
Analysis of equilibrium data is important for develop-
ing an equation that can be used to compare different 
sorbents under different operational conditions and to 
design and optimize an operating procedure [27].

Langmuir: 0

1
e

e
e

Q bC
q

bC
=

+
; 

Freundlich: 1/n
e F eq K C= ; 

Redlich–Peterson model: 
1

R e
e

e

K C
q

bC β=
+

where Ce is the equilibrium concentration of the uranium 
on adsorption in mg/l and qe is the amount adsorbed at 
equilibrium in mg/g. Q0 and b are the Langmuir constants 
related to adsorption capacity and energy of adsorption, 
respectively. KF and 1/n are Freundlich constants related 
to adsorption capacity and intensity of the adsorption 
respectively. KR, β and b are Redlich-peterson isotherm 
constants related to adsorption capacity, empirical expo-
nent and energy of adsorption, respectively. The values 
of isotherm constants were determined using nonlinear 
regression analysis. The adsorption capacity Q0 increases 
with increase in temperature. It has increased from 99.9 
to 126.6 mg/g and 111.9 to 130.3 mg/g respectively for 

Fig. 7. Effect of adsorbent dose on the adsorption of U(VI) 
and Th(IV) ions onto PMAA-g-CTS/B.

Fig. 6. Comparison of the experimental and model fi ts of 
Langmuir, Freundlich and Redlich-Peterson isotherm for the 
adsorption of U(VI) and Th(IV) onto PMAA-g-CTS/B at 30°C.
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 and Amberlite IRC-50 was 7.0, 8.0 and 2.5 g respectively. 
The results clearly show that PMAA-g-CTS/B is more 
effective than bentonite, CTS, and Amberlite IRC-50.

Batch equilibrium experiments were performed to 
test the effectiveness of PMAA-g-CTS/B composite 
to recover Th(IV) in sea water sample. Th(IV) contain-
ing (100 mg/l) simulated sea water sample having the 
composition NaCl (82.52 g/l), Na2SO4 (13.91 g/l), KCl 
(2.35 g/l), NaHCO3 (0.68 g/l), KBr (0.34 g/l), H3BO3 
(0.09 g/l), NaF (0.011 g/l), MgCl2 6H2O (37.60 g/l), CaCl2 
2H2O (5.26 g/l) SrCl2 2H2O (0.09 g/l) was used [29]. The 
effect of adsorbent dose on Th(IV) removal from sea 
water sample was studied at different adsorbent doses 
ranging between 2.0 and 10.0 g/l using chitosan and 
Bentonite while the dose level ranging from 0.25 to 2.75 g 
for PMAA-g-CTS/B and Amberlite IRC-50.

The percentage removal increases with increase of 
adsorbent dose. For the quantitative removal of 100 
mg/l Th(IV) from 1.0 l sea water, a minimum adsorbent 
dosage of 8.2 g CTS or 7.0 g bentonite was used. The 
dosage of 2.25 g Amberlite IRC-50 or 2.0 g PMAA-g-
CTS/B was required for the complete removal of Th(IV) 
from simulated sea water. The results clearly show that 
PMAA-g-CTS/B is about 4.1, 3.5 and 1.13 times more 
effective than CTS, Bentonite and Amberlite IRC-50 
respectively. It indicates the enhanced performance of 
PMAA-g-CTS/B over other adsorbents such as Benton-
ite, Amberlite IRC-50 and CTS.

3.6. Desorption and regeneration studies

The spent PMAA-g-CTS/B was regenerated by 
shaking the U(VI)-loaded PMAA-g-CTS/B and Th(IV)-
loaded PMAA-g-CTS/B using different types of 
desorbing agents such as 0.1 M NaOH, 0.1 M Na2SO4, 
0.1 M NaCl, 0.1 M NaNO3, 0.1 M HCl and 0.1 M HNO3 
at room temperature. The percentage desorption for 
corresponding desorbing agents were 55.4, 62.2, 64.5, 
68.2, 84.2, 99.4 and 56.3, 61.4, 62.9, 66.3, 82.1, 97.2%, 
respectively for U(VI)-loaded PMAA-g-CTS/B and 
Th(IV)-loaded PMAA-g-CTS/B. Among these, 0.1 M 
HNO3 was proved to be the most suitable desorbing 
agent. The synthesized PMAA-g-CTS/B was assessed 
for deterioration by subjecting to repeated adsorption-
desorption experiments with 0.1 M HNO3. After four 
cycles, the adsorption capacity is not signifi cantly 
reduced, the adsorption capacity of the PMAA-g-CTS/B 
decreased from 99.4% in the fi rst cycle to 87.1% in the 
fourth cycle in case of U(VI)-loaded PMAA-g-CTS/B 
and 97.2% in the fi rst cycle to 86.7% in the fourth cycle 
in case of Th(IV)-loaded PMAA-g-CTS/B. Apparently 
the performance of the adsorbent was not appreciably 
deteriorated after repeated use and regeneration for 
four cycles, indicating that the synthesized PMAA-g-
CTS/B was mechanically and chemically robust for the 

r ecovery of U(VI) and Th(IV) from nuclear industrial 
wastewater and sea water.

4. Conclusions

In the present study, a novel adsorbent, poly-
(methacrylic acid)-grafted chitosan/bentonite composite 
(PMAA-g-CTS/B) was synthesized and characterized. 
Its effi ciency in removing U(VI) and Th(IV) was tested 
by batch adsorption technique. The pH 5.5 was found 
to be optimum for the adsorption of U(VI) on PMAA-g-
CTS/B and pH 6.0 for Th(IV) on PMAA-g-CTS/B. The 
best kinetic correlation for the sorption of U(VI) and 
Th(IV) onto PMAA-g-CTS/B under the experimental 
conditions investigated was provided by the pseudo-
second-order kinetics. The equilibrium data could better 
be described by the Langmuir isotherm than Freundlich 
and Redlich-Peterson isotherm models. Attempts for 
quantitative removal of U(VI) from simulated nuclear 
industry wastewater and Th(IV) from simulated sea-
water using variable adsorbent doses were made and 
satisfactory results were obtained. The spent adsorbent 
could be effectively regenerated by desorption with 0.1 
M HNO3 and the adsorption capacity was not found 
to decrease after four cycles of adsorption-desorption 
experiments.
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