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1. Introduction 

There are a number of liquid processes and 
waste streams at nuclear facilities that require 
treatment for process chemistry control reasons 
and/or the removal of radioactive contaminants. 
Cesium, cobalt and strontium are the most abundant 
radionuclides in nuclear fission products that are 
routinely or accidentally released. They have 
relatively long half-life of about 30 years and are 
considered as hazardous elements for the 
environment. Different techniques such as chemical 
precipitation, ion exchange, and evaporation are used 
for the treatment of aqueous waste solutions 
containing these ions. Ion exchange technique has 
become one of the most commonly used treatment 
methods for hazardous and radioactive aqueous 
streams due to its simplicity, selectivity and 
efficiency. A wide range of materials having different 
chemical and physical properties, which can be 
naturally occurring or synthetic, is available for this 
technique. Inorganic ion exchange materials have 
emerged as an increasingly important replacement or 
complement for conventional organic ion exchange 
resins, particularly in liquid radioactive waste 
treatment due to their radiation stability and greater 
selectivity for certain radiological important species, 
such as cesium, cobalt and strontium. In the last 
decade, the natural clay minerals, such as 
montmorillonite (MMT), kaolinite(1), and palygorskite 
(attapulgite) (2), are widely used in catalysis(3,4), as 
adsorbents(5-14), in nanocomposites(15-20), in sensors(21), 
electrode(22,24), as antibacterial materials(25) and in 
nuclear waste treatment and storage(26-29). Nowadays, 
surface modification of clay minerals has become 
increasingly important for improving the practical 
applications of clays and clay minerals(30), Surface 
modification by polymers is found to be one of the 

most effective methods, as the surface properties can 
be widely changed by a variety of functional 
polymers. The present work deals with the 
preparation and characterization of Polyacrlamide- 
Bentonite and Polyacrlamide- Zeolite composites and 
a series of experiments to assess the utility of these 
prepared composites for the removal of Cs+ and Co2+ 
ions from aqueous solutions under batch conditions. 
The relevant data, with respect to kinetic and 
equilibrium of the sorption and exchange of Cs +and 
Co2+ ions, have been obtained using simple kinetic 
and thermodynamic models. 

 
2. Experimental 
2.1. Chemicals and reagents 
  All the reagents used in this work were of AR 
grade chemicals and were used without further 
purification. Cesium and Cobalt were supplied as 
cesium chloride and, Cobalt chloride, from 
Sigma–Aldrich Company. Stock solutions of the test 
reagents were prepared by dissolving CsCl and 
CoCl2.6H2O in distilled water.  
 
2.2. Preparation  

Includes the preparation of polyacrylamide, 
polyacrylamide- Bentonite and polyacrylamide- 
Zeolite composites. The preparation of 
polyacrylamide was carried out using Gamma 
radiation- initiated polymerization of acrylamide 
monomer in aqueous solution at a monomer 
concentration of 10% and a radiation does of 10 
KGy/hr. the prepared polyacrylamide gel was used to 
prepare the Bentonite and Zeolite composites at the 
same radiation does. 
 
2.3. Characterization 

The crystallinity and functional groups of the 
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prepared material were investigated using  X-Ray 
Diffraction (XRD), Fourier transformed infrared 
spectroscopy (FT-IR) and thermal analysis.  
 
2.4. Batch sorption studies 
   Batch experiments were performed under kinetic 
and equilibrium conditions. To determine the pH 
range at which the maximum uptake of Cs+ and Co2+ 
ions would take place on the prepared composites. A 
series of 50 mL test tubes each containing 0.1 g of 
composite was filled with 10 mL of a desired 
concentration (10-4M). The initial pH was adjusted to 
values ranging from 2.0 to 8.0 using dilute solution of 
hydrochloric acid or Ammonia solution. The tubes 
were shacked for three hours to attain equilibrium. 
Preliminary investigations showed that the sorption 
process of each studied ion was completed after two 
hours. The suspension obtained was centrifuged to 
separate the solid from the liquid phase. The clear 
liquid phases obtained were used for the elemental 
analysis using Atomic Absorption Spectrophotometer 
(Buck scientific model VGP 210). 
 
2.4.1. Kinetic studies 

Kinetic studies were performed at three different 
temperatures (298, 313 and 333º K) for Cs+ and Co2+ 
ions at an initial ion concentration of 0 .01 M. For 
these investigations, 0.1 g of polyacrylamide- 
bentonite and polyacrylamide- Zeoilte composite was 
contacted with 10 mL solution containing known 
concentration of Cs+ and Co2+ ions and the solution in 
the vial was kept stirred in a thermostat shaker 
adjusted at the desired temperature. A fixed volume 
(2 mL) of the aliquot was withdrawn as a function of 
time while the solution was being continuously 
stirred. Thus, the ratio of the volume of solution to 
the weight of the composite in the vial does not 
change from the original ratio. The withdrawn 
solution was centrifuged to separate the composite 
and a fixed volume  (1 mL) of the clear solution was 
pipetted out for the determination of the amount of 
unsorbed metal ion still present in solution. The 
percent uptake was calculated using: 
            (1) 
 
 
Where Co and Ct are the initial and equilibrium 
concentrations (mmol/L) of metal ion in solution. 
 
2.4.2. Sorption equilibrium studies 

In the experiments of sorption isotherm 
measurements, 10 mL of the metal ion solution of 
varying concentrations (10-4 to 5x10-2 M) were 
agitated with 0.1 g of the polyacrylamide- bentonite 
or Zeoilte composite at different temperatures (298,  
 

313, and 333º K) and at initial 
PH of 6.0. After the established contact time 

was reached, aliquots of supernatants were 
withdrawn and the amount of the metal ion retained 
in the composite phase (mg/g) was estimated. All 
batch experiments were carried out in duplicate and 
the mean values are presented. The metal 
concentration retained in the solid phase was 
calculated using the following equation:  

�� =
(�°���)�

�
                  (2) 

Where, Co and Ce are the initial and equilibrium 
concentrations of metal ion in solution (mg/l),  
V is the solution volume (l), and 
M is the weight of the solid (g). 

 
3. Results and Discussion 
3.1. Characterization of the prepared materials 

The FT-IR spectra of the composites were 
compared in Fig (1).Broad and sharp appearance at 
3200–3600 cm−1 in the FT-IR spectra were of the 
bonded and free O-H stretches. The band at 1000- 
1700 cm-1 and band at 400-700 cm-1 corresponding 
to silicates. Bands at 1700, 3200cm-1 are for C=O 
from amide group. Band at 2900 cm-1 related to C-H 
group. Bands at 800 and 2500 cm-1 are 
corresponding to Al-OH and Si-OH, respectively (31). 
It was found that, from the XRD pattern of 
polyacrylamide- zeolite and polyacrylamide- 
bentonite composites shown in fig (2), both of the 
composites are amorphous. Strong interaction 
between zeolite, bentonite and monomer in 
polymeric chains during synthesis takes place and 
leads to absence of diffraction peaks (32). TGA and 
DTA curves show that the composites are thermal 
stable at temperature greater than 300ºC. 
3.2. Effect of pH 
      The effect of pH on the sorption removal of 
Cs+ and Co2+ ions from aqueous chloride solutions 
using prepared polyacrylamide- bentonite and 
polyacrylamide- Zeoilte composite material was 
investigated over the pH range from 2.0 to 8.0. It was 
observed that each metal ion sorption process is 
dependent on the initial pH of the solution and the 
amount of metal ion sorbed increased with increase in 
the pH value. At lower values, the metal ion uptake 
was inhibited in this acidic medium and this can be 
attributed to the presence of H+ ions competing with 
the Cs+ and Co2+ ions f or the sorption sites. The 
uptake continuously increases with the increase in pH 
value and the highest uptake was observed at pH 
range from 6.0 to 8.0. Also the increasing of the pH 
value decreases the degree of protonation of the amid 
and amino groups cross linking between polymeric 
chains which leads to in an increase in the probability 
of interaction between composites and metal ions (32). 
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Fig (1): FTIR pattern of a) polyacrylamide- zeolite b) polyacrylamide- bentonite composite 
                       A                                             B         

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig (2): XRD pattern of a) polyacrylamide- zeolite b) polyacrylamide- bentonite composite 

 
3.3. Effect of contact time 

The variation of the amounts of Cs+ and Co2+ 
ions sorbed at different time intervals, for the fixed 
initial ion concentration of 0.01 M and at different 
sorption temperatures of 298, 313 and 333º K are 
represented in Figs (3, 4). From these figures it can 
be concluded that the amount of the sorbed Cs+ and 
Co2+ ions increases with the increase in temperature 
indicating an endothermic nature of the sorption 
processes, while the time required reaching 

equilibrium remained practically unaffected . 
3.4. Sorption kinetic 

To describe the changes in the sorption of metal 
ions with time, three simple kinetic models were 
tested. The rate constant of each metal ion removal 
from the solution by polyacrylamide- bentonite and 
polyacrylamide- Zeoilte composite was determined 
using pseudo first-order and pseudo second-order rate 
models. 
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A                                                   B 
Fig. (3): Effect of contact time on sorption of a) Cs+ and b) Co2+ ions onto PAM- Zeolite composite at different 

temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A                                       B 

Fig (4): Effect of contact time on sorption of (a) Cs+ and (b) Co2+ + ions onto PAM- Bentonite composite  
 
The pseudo first order model 

The sorption kinetics of metal ions from liquid 
phase to solid is considered as a reversible reaction 
with an equilibrium state being established between 
two phases. A simple pseudo first-order model (33) 
was therefore used to correlate the rate of reaction 

and expressed as follows:  

Log (qe-qt) = logqe-        (3) 

where qe and qt are the concentrations of ion in the 
adsorbent at equilibrium and at time t, respectively 
(mmol/g) and k1 is the pseudo first-order rate 
constant (min-1). The sorption of metal ions was 
tested using the pseudo first order model, although 
the linear correlation coefficients of the plots are so 
good, the qe (calculated) values are not in agreement 
with qe (experimental) for all studied sorption 
processes. So, it could suggest that the sorption of 
Cs+ and Co2+ metal ions onto polyacrylamide- Zeolite 
and polyacrylamide- bentonite composites is not a 
first-order reaction. (Figures were omitted because 

the model is not applicable). 
 
The pseudo second order model 

A pseudo second-order rate model (34) is also 
used to describe the kinetics of the sorption of ions 
onto adsorbent materials. 

             (4) 

Where k2 is the rate constant of pseudo 
second-order equation. The qe and K2 values of the 
pseudo second-order kinetic model can be determined 
from the slope and the intercept of the plots of t/q 
versus t, respectively. The compatibility of 
experimental data to the second-order kinetics model 
was evaluated. The kinetic plots of t/qt versus t for 
both Cs+ and Co2+ ions sorption at different 
temperatures are presented in Figs. (5, 6). The 
relation is linear, and the correlation coefficient (R2), 
suggests a strong correlation between the parameters 
and also explains that the sorption process of each ion 
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follows pseudo second-order kinetics. The product 
k2qe2 is the initial sorption rate represented as h = 
k2qe2. From Table (1), it can be shown that the values 
of the initial sorption rate (h) and rate constant (K2) 
were increased with the increase in temperature. The 
correlation coefficient R2 has an extremely high value 

(>0.99), and its calculated equilibrium sorption 
capacity (qe) is consistent with the experimental data. 
These results explain that the pseudo second order 
sorption mechanism is predominant and that the 
overall rate constant of each sorption process appears 
to be controlled by the chemical sorption process (35). 

 
 
 
 
 
 
 
 
 
 
 
 
 

A                                       B 
Fig.(5): Peseudo second order plots for a) Cs+ and b) Co2+ ions onto PAM- Zeolite  composite at different 

temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A                                       B) 
Fig.(6): Peseudo second order plots for a) Cs+ and b) Co2+ ions onto PAM- Bentonite composite at different 

temperatures. 
 
Table (1): The calculated parameters of the pseudo second-order kinetic model for Cs+and Co2+ ions sorbed onto 
PAM- Bentonite and PAM- Zeolite composites at diferent sorption temperatures 

Metal 
ion 

Temp., K 

PAM- Zeolite PAM- Bentonite 

K2, 
g/mmol.min 

qe, calc. 
mmol/kg 

qe exp mmol/kg. R2 
K2, 

g/mmol.
min 

qe, calc. 
mmol/kg 

qe exp 
mmol/kg. 

R2 

Cs+ 
298 0.02 8.9 8.6 0.996 0.021 7.7 7.2 0.996 
313 0.02 9.5 9.0 0.998 0.022 8.0 7.51 0.998 
333 0.03 9.9 9.5 0.998 0.023 8.3 8.0 0.998 

Co++ 
298 0.022 10.0 9.2 0.998 0.025 8.3 8.15 0.998 
313 0.023 10.1 9.56 0.998 0.02 9.1 8.31 0.997 
333 0.025 10.3 9.9 0.998 0.02 10.0 8.50 0.999 

 
3.5. Sorption isotherms 

Sorption equilibrium is usually described by an 
isotherm equation whose parameters express the 

surface properties and affinity of the sorbent, at a 
fixed temperature and pH. An adsorption isotherm 
describes the relationship between the amount of 
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adsorbate on the adsorbent and the concentration of 
dissolved adsorbate in the liquid at equilibrium. In 
this concern, the sorption isotherms for removal of 
Cs+ and Co2+ ions from aqueous solutions onto 
polymer composites at three different temperatures 
were determined as shown in Figures (7, 8). The 
isotherms are regular, positive. The convex isotherms 
at high concentrations indicated that sorption was 
reduced (36). The initial rapid sorption gives way to a 
slow approach to equilibrium at higher ion 
concentrations. These results reflect the efficiency of 
polymer for the removal of Cs+ and Co2+ ions from 
aqueous solution in a wide range of concentrations. 
The uptake of ions increased with the increase in 
temperature thereby indicating the process to be 
endothermic. 
3.6. Isotherm models 
Freundlich Isotherm model 

Freundlich equation is derived to model the 
multilayer sorption and for the sorption onto 
heterogeneous surfaces. The logarithmic form of 
Freundlich equation may be written as: 
  
                                (5) 
where, qe is the amount of metal ion sorbed per unit 
weight of sorbent (mmol/kg), Ce is the equilibrium 
concentration of the metal ion in the equilibrium 
solution (mmol/L), K is constant indicative of the 

relative sorption capacity (mmol/kg) and 1/n is the 
constant indicative of the intensity of the sorption 
process. The pictorial illustration of log qe vs. log Ce 
is shown in Figs. (9,10) which suggests that the 
sorption of Cs+ and Co2+ ions obeys Freundlich 
isotherm over the entire range of sorption 
concentration studied. The numerical values of the 
constants 1/n and Kf are computed from the slope and 
the intercepts, by means of a linear least square fitting 
method, and also given in Table (2). It can be seen 
from these data that the Freundlich intensity constant 
(n) are greater than unity for all studied ions. This has 
physicochemical significance with reference to the 
qualitative characteristics of the isotherms, as well as 
to the interactions between metal ions species and the 
composite. In our case, n > 1 for all ion species, the 
composite shows an increase tendency for sorption 
with increasing solid phase concentration. This 
should be attributed to the fact that with progressive 
surface coverage of adsorbent, the attractive forces 
between the metal ion species such as van der Waals 
forces, increases more rapidly than 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 active sites of the compo site 
(37). 

 
 
 
 
 
 
 
 
 
 
  

          A                                                     B 
Fig (7): Sorption isotherms for a) Cs+ and b) Co++onto PAM- Zeolite composite at different temperatures.    

 
 
 
 
 
 
 
 
 
 
 
 
                                                            A                                                                                             B 

Fig (8): Sorption isotherms for a) Cs+ and b) Co++onto PAM- Bentonite composite at different temperatures. 
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                                                     A                                                                                                B 
Fig.(9): Freundlich isotherm plots for the sorption of (a) Cs+and (b) Co2+ ions onto PAM- Zeolite  composite at 

different temperatures         
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                        A                                                                                                  B 
Fig. (10): Freundlich isotherm plots for the sorption of (a) Cs+ and (b) Co2+ ions onto PAM- Bentonite 

composite at different temperatures   
  
Langmuir Isotherm model 

Langmuir sorption isotherm models the 
monolayer coverage of sorption surfaces and assumes 
that sorption occurs on a structurally homogeneous 
adsorbent and all the sorption sites are energetically 
identical. The linearized form of the Langmuir 
equation is given by the following formula:   
                                        (6) 
 
Where, qe is the amount of metal ion sorbed per unit 
weight of adsorbent (mmol/g), Ce is the equilibrium 
concentration of the metal ion in the equilibrium 
solution (mmol/L), Qo is the monolayer adsorption 
capacity (mmol/g) and b is the constant related to the 
free energy of adsorption (b α e-ΔG/RT). Applying 
Langmiur isotherm by plotting Ce/qe vs. Ce as shown 
in Figs (11, 12) for Cs and Co respectively straight 
lines are obtained for the three ions, confirming that 
this expression is indeed a reasonable representation 
of chemisorption isotherm. The Langmuir constants 
Qo and b for sorption of ions onto polymer, as 
showed in table (3), increased with temperature 

showing that the sorption capacity and intensity of 
sorption are enhanced at higher temperatures. This 
increase in sorption capacity with temperature 
suggested that the active surfaces available for 
sorption have increased with temperature. One of the 
essential characteristics of the Langmuir model could 
be expressed by dimensionless constant called 
equilibrium parameters RL

 (38) 

RL=1/ (1+b Co)    (7) 
where, Co is the highest initial metal ion 
concentration (mmol/L). The value of RL indicates 
the type of isotherm to be irreversible (RL=0), 
favorable (0<RL<1), linear (RL=1), or unfavorable 
(RL>1). All the RL values were found to be less than 1 
and greater than 0 indicating the favorable sorption 
isotherms of all metal ions. High values of regression 
coeficients between the sorbate and sorbent systems 
for both Langmuir and Freundlich models (around 
0.99) indicated the applicability of this resin system 
for Cs+ and Co2+removal in both monolayer sorption 
and heterogeneous surface conditions.  
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Table (2): Freundlich parameters for sorption of Cs+ and Co2+ onto PAM- Bentonite and PAM- Zeolite composites 
Metal 

ion 
Temp.,k 

PAM- Bentonite PAM- Zeolite 
1/n K,mmol/kg R2 1/n K,mmol/kg R2 

Cs 
298 0.90 1.15 0.998 0.94 3.1 0.992 
313 0.94 1.58 0.998 0.95 3.8 0.992 
333 0.95 2.00 0.997 0.96 4.4 0.995 

 
Co 

298 0.82 1.12 0.991 0.97 1.66 0.996 
313 0.93 1.50 0.993 0.97 2.24 0.999 
333 0.95 2.57 0.998 0.98 2.9 0.998 

 
Table (3): Langmuir parameters for sorption of Cs+and Co2+ ions onto PAM- Bentonite and PAM- Zeolite 

composites. 

Metal 
ion 

Temp.,k 
PAM- Bentonite PAM- Zeolite 

Q0, 
mmol/kg 

b, l/mmol R2 RL 
Q0, 

mmol/kg 
b, l/mmol R2 RL 

Cs 
298 23.7 0.25 0.988 0.074 56.8 0.08 0.981 0.20 
313 27.1 0.44 0.988 0.043 76.9 0.16 0.982 0.11 
333 33.5 1.70 0.999 0.012 135.1 0.20 0.991 0.09 

 
Co 

298 44.8 0.50 0.991 0.040 104.2 0.09 0.979 0.18 
313 49.0 1.20 0.997 0.020 155.0 0.11 0.999 0.15 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                  A                                                                                                 B 
Fig (11): Langmiur isotherms for a) Cs+ and b) Co+ +onto PAM- Zeolite composite at different temperatures.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                A                                                                        B 
Fig (12): Langmiur isotherms for a) Cs+ and b) Co+ +onto PAM- Bentonite composite at different temperatures. 
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3.7. Thermodynamic studies 
To calculate the different thermodynamic parameters, 
Vant Hoff equation was used which is given as follow 

(39): 
ΔG= -2.303RT logKc    
therefore, logKc= - ΔG/2.303R (1/T) 
Therefore,      

      (8) 

ΔG: is the free energy, T: is the absolute 
temperature in Kelvin, R: is the general gas constant 
(R=8.314 J/mol. K), ΔH: is the enthalpy change, ΔS: 
is the entropy change and Kc is the equilibrium 

constant. The values of enthalpy change (ΔH) and 
entropy change (ΔS) calculated from the slope and 
intercept of the plot of log Kc versus 1/T, shown in 
Fig (15), are also given in Tables (5, 6).The change in 
ΔH for all ions were found to be positive confirming 
the endothermic nature of the sorption processes. ΔS 
values were found to be positive due to the exchange 
of the metal ions with more mobile ions present on 
polyacrylamide- Zeolite and polyacrylamide- 
Bentonite composites towards Cs+, Co2+ and Sr2+ ions, 
which would cause increase in the entropy during the 
sorption process. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          A                                                                                                             B 
Fig (13): Vant Hoff plots for sorption of Cs+ and Co++ ions onto a) PAM- Zeolite, b) PAM- Bentonite at three 

different temperatures 
 
Table (5): Values of the thermodynamic parameters for the sorption of Cs+ and Co2+ ions onto PAM- Zeolite 

composite.    

Temp,k 
kc ΔG,kj/mol ΔH, kj/mol ΔS, kj/mol 

Cs+ Co2+ Cs+ Co2+ Cs+ Co2+ Cs+ Co2+ 

298 2.71 1.50 -2.45 -1.03 
20.0 24.0 69.0 86.2 313 5.67 1.90 -4.49 -1.68 

333 11.43 2.20 -6.76 -2.17 

 
Table (6): Values of the thermodynamic parameters for the sorption of Cs+ and Co2+ ions onto PAM- Bentonite site 

Temp, k 
kc ΔG,kj/mol ΔH, kj/mol ΔS, kj/mol 

Cs+ Co2+ Cs+ Co2+ Cs+ Co2+ Cs+ Co2+ 

298 4.90 1.17 -3.94 -0.40 
63.40 71.40 226 243 313 15.60 7.70 -7.13 -5.33 

333 75.00 26.15 -12.00 -9.05 

 
4. Conclusion 

In this study, the preparation and characterization 
of PAM–Zeolite and Bentonite composites and its 
comparative adsorptive features with bare Zeolite and 
Bentonite were investigated for Cs+ and Co2+ removal. 
The FTIR and XRD analysis showed that PAM–Zeolite 
and Bentonite composites had a hybrid composition of 
PAM and Zeolite or Bentonite resembling colloidal 
dispersion of one solid phase in another. Sorption 
experiments were performed for the removal of cesium, 

cobalt and strontium ions from their aqueous solutions 
using the two composites. The kinetic modelings 
suggest that, the pseudo second-order mechanism is 
predominant and that the overall rate constant of ions 
appears to be controlled by the chemisorption 
mechanism. Experimentally obtained isotherms were 
well compatible to Langmuir and Freundlich models, 
from which the derived parameters were, confirmed 
each other. Measurements of ΔGo are a negative value 
confirmed the adsorption reactions occurred 
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spontaneously at a given temperature. 
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