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ABSTRACT 
In this work, Zn(II)polymethacrylates and poly(acrylamide-acrylic acid) were 
prepared by gamma irradiation polymerization technique of the corresponding 
monomer at 30kGy. The polymeric resins were mixed with Indium ions to 
determine its capacity in aqueous solutions using batch experiment. The 
adsorption efficiency of obtained polymeric resins toward In(III) and Cd(II) in 
different experimental conditions was established. Batch and column methods 
were applied for separation of indium and cadmium. The effects of various 
eluants such as H2SO4, NH4NO3, HNO3 and HCl on the recovery of both metal 
ions were studied. The polymeric resins may be regenerated using 3M HCl 
solutions. 

 
1. INTRODUCTION 

Polymer production using irradiation techniques presents the following 
advantages over traditional methods: the synthesis is carried out in the absence 
catalysts and initiators. Polymerization, and crosslinking may be occur 
simultaneously [1]. Furthermore, there is no need to add solvents to perform the 
polymerization. Thus, this technique could be considered as a clean way to 
obtain polymeric  materials. While various wavelengths are used in chemical 
reactions, gamma radiation is well suited for polymerizations since it interacts 
with alkene bonds [2,3].  

   Ion-exchangers are found not only in water purification processes, the 
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original major application, but also in analytical chemistry for the separation 
and isolation of elements, hydrometallurgy, inorganic chemistry and 
biochemistry, in food technology, and of course in many specialized fields 
related to the utilization of atomic energy [4]. Ion exchange resins operate on 
the same principles as solvent extraction. The resins contain functional groups 
capable of complexing or ion exchanging with metal ions. The resin is contacted 
with the contaminated solution, loaded with metal ions, and stripped with an 
appropriate Eluent [5,6]. Because the functional group interacting with the 
metal ion is covalently bound to an insoluble polymers, the resins can be 
regenerated and reused for continuous processes [7]. The separation of metal 
ions present as contaminants in water is complicated by the number of variable 
that must be considered, including the solution composition, the pH, and the 
presence organic substances [8].  

Indium is used in the field of electronics for semiconductors devices, 
thermistors, and optical  devices, electronic soldering (alloys); in the nuclear 
field it is being used for control rods in reactors [9,10]. Cyclotron produced 111In 
is widely used in nuclear medicines for labeling blood cell elements monoclonal 
antibodies. 111In was produced by the 111Cd (p,n) 111In and 112Cd(p,2n) 111In 
nuclear reactions at the MGC-20E Cyclotron [11]. In earlier studies, we have 
evaluated the separation of Indium(III) from Cadmium(II) using commercial 
resin (Dowex 50w-x8) [12]. 

Indium and cadmium are produced from cyclotron target where the 
solvent extraction represents an ordinary method for separation of indium and 
cadmium from its target. In the present work, More than chromatographic 
columns were successfully used for the separation and recovery of indium(III) 
and cadmium(II) ions from di-component system in aqueous solution using 
prepared polymeric resins. 

2.  Experimental Details 

2.1 Synthesis of Zn(II) polymethacrylates, (Zn(II)PMA)   

Scheme(1) shows that Zinc methacrylate was synthesized in the 
following steps: an aqueous solutions of NaHCO3 was treated with methacrylic 
acid and the mixture was stirred for 30 minutes [Equation (1)], then zinc 
chloride was added and stirred again for one hour at 40 0C [Equation (2)]. Once 
the reaction took place, the insoluble zinc methacrylate precipitate was filtered 
out, washed with deionized water and dried under vacuum [2,3]. The γ-ray 
induced polymerization of the monomer  was carried out in a gamma irradiation 
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unit , supplied with a Co-60 source at 30 kGy. The polymerization reactions for 
coordinate metals is shown in [Equation (3)]. For details about the 
characterization of obtained polymeric resin see ref. [2]. 

 
2.2. Synthesis of poly(acrylamide- acrylic acid) by template polymerization 
technique 

Polyacrylamide, p(AM) was prepared by two different methods; first, 
acrylamide monomer was polymerized at 60 oC in the presence of initiator. The 
initiator was used benzonyl peroxide. The second method, the investigated 10% 
acrylamide monomer was mixed with 90% volume of water and then irradiated 
by exposure to cobalt-60 gamma chamber [13]. 

Poly(acrylamide-acrylic acid), p(AM-AA) was prepared in our 
laboratories by template polymerization technique as shown in Scheme(2). 
DAM aqueous solution(1%), p(AM) gel (3%) and (1%) acrylic acid were mixed 
with this mixture. The mixture was stirred vigorously at room temperature for 
about 2 hours till it reached complete homogeneity. The solution was irradiated 
at radiation dose 30kGy [14,15]. For details about the characterization of 
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obtained polymeric resin see ref. [14]. 

 
2.3. Batch experiments: 

The sorption behavior of the metal ions of In(III), and Cd(II) towards 
the obtained polymeric resins was studied using the batch technique where, 
100mg of polymeric resins was equilibrated with 20ml aqueous solution 
containing the indium(III) and Cadmium(II) ions as a single component system. 
The uptake percentage of  the studied metal ions on the polymeric resins was 
determined using inductive coupled plasma "Jobin Yvon ICP-AES spectrometry 
model Ultima2", Made in France. The uptake percentage was determined using 
the following equation [16]: 

Uptake % = [1-A/Ao] X 100…………………………………… (1) 

Where A0, A are the concentration of the metal ion before and after 
addition the resin, respectively. 

The capacity (q)was calculated using the following equation[17]: 
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M
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X
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% Uptake

(q)Capacity  ………………….(2) 

Where C0 is the initial concentration of solution in mol/l, V is the volume of the 
solution in ml, m is the weight of the resin. 

2.4. Column studies for adsorbing and stripping metals 

For continuous separation, a glass column 4.6 diameter x 100 length 
mm was packed with prepared polymeric resins using the slurry-packing 
technique. A total of 1.2g of polymeric resin was introduced (packing depth 50 
mm). The columns were controlled by fraction collector of the flow rate 2 ml 
per 1 minute. Preliminary experiments were performed using single component 
solution at a concentration of 100ppm for each metal ions and pH of solution 
was controlled at the optimum pH for selective separation established in 
previous batch experiments. Eluant solutions of HCl, HNO3, NH4NO3 and 
H2SO4 were used for the recovery of metal ions from the column resins. All the 
experiments were carried out at ambient room temperature (25±1o C). 

2.5. The capacity of obtained organic resins    

The capacity of the obtained polymeric resins toward the indium ions as 
a test ion was studied using batch technique. The results show that the capacity 
of indium onto p(AM-AA) was higher than (Zn(II)PMA) due to the large  
numbers of free function groups in case of p(AM-AA). 
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3. RESULTS AND DISCUSSION 

3.1. Batch Experiments 

3.1.1. Effect of pH 

In this study, the knowledge of pH was important because the pH of 
solution influences the distribution of ion exchange properties of polymeric 
resins..  

To investigate the influence of the pH on the uptake percentage of 
In(III) and Cd(II) onto (Zn(II)PMA), and p(AM-AA) polymeric resins, 
adsorption studies were performed in mixture solution of In(III) and Cd(II) at 
100ppm for each one and resin weight 40mg. The effect of the pH values on the 
uptake percentage of In(III) and Cd(II) ions was investigated in the pH range of 
1–8. The variation of uptake percentage with the pH values of solution is shown 
in Figs.(1,2). 

Fig.(1): shows the effect of pH on the uptake percentage of In(III) and 
Cd(II)  by (Zn(II)PMA), which indicates that; both the metal ions show 
different extent of adsorption percentage at pH 1-6 values . at low pH values 
(pH=1) the uptake of cadmium was higher than indium but in the pH range 2-6 
the uptake percentage of In(III) higher than Cd(III). The uptake percentage of 
In(III) and Cd(II) ions increased with increasing pH values and reached 
maximum  at pH 4.5, 6 respectively.  

 
Fig.(1): The effect of pH on the adsorption of In(III) from Cd(II) by (Zn(II)PMA). 

Fig.(2): shows the effect of pH on the adsorption of In(III) and Cd(II)  
using p(AM-AA) resin, which indicates that the adsorption percentage of In(III) 
and Cd(II) increases with increasing pH values. From Fig.(2) it is clear that, this 
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p(AM-AA)  resin is more selective for In(III) than Cd(II) at the pH range 3-8. 
The adsorption percentage of In(III) reach maximum (100%) at  pH 5 but in 
case of cadmium the adsorption percentage (about 50%) and reach maximum at 
pH 6 . 

 

Fig.(2): The effect of pH on the adsorption of In(III) from Cd(II) by p(AM-AA) 

Generally, at higher pH, the OH- on the surface of polymeric resins 
provides the ability of binding cations. The decrease of pH leads to the 
neutralization of surface charge, and OH- is displaced from the surface. When 
the surface of polymeric resins carries positive charges, it begins to adsorb 
anions. The effect of pH on In(III) adsorption can be explained by the following 
reasons. The surface charge is neutral at isoelectric point (IEP). The surface of 
sorbent carries positive charges at pH value lower than IEP, which enhances the 
electrostatic force of attraction with InCl3 

(In the studied system, the main chemical species of indium in solutions 
is InCl4

-[18]). As a result, the process of sorption takes place more easily in pH 
2-6 in both cases of polymeric resins, so the adsorption percentage of In(III) and 
Cd(II) was higher. But in pH <2, there is a balance reaction: 

         H+ + InCl4 HInCl4, …………………………… (3) 

The main chemical species of In(III) is HInCl4 [19-21], so the uptake 
percentage of In(III) and Cd(II) was lower.  

3.1.2. Separation power 

The selectivity coefficient is usually determined using multi-component 
solutions and calculating the ratio between the distribution coefficients of each 
metal. In the present work, we used previous results (Uptake percentage vs pH 
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with matrix-component solutions) to get a separation power coefficient (SP %). 
This coefficient was calculated using the following equation [22]: 

SP = SEM1−SEM2  ………………………………………… (4) 

Where SEMi (%) is the extraction efficiency at selected pH for metal. 

The values of the distribution coefficients were extrapolated in order to 
obtain the corresponding values of the separation power. This parameter enables 
the optimum pH range for metal separation to be predetermined simply and 
quickly. Using the data of Figs. (1, 2), the separation power was calculated as 
shown in Fig.(3). The minus sign of the separation power means; the uptake 
percentage of Cd(II) more than In(III) at this pH range. From Fig.(3), it is clear 
that the optimum pH values for separation of In(III) and Cd(II) using 
(Zn(II)PMA) and p(AM-AA) were 3,5 respectively. 

 
Fig.(3): Influence of pH on separation power (SP) for the separation of In(III) from 

Cd(II) in aqueous solution by (Zn(II)PMA) and p(AM-AA). 

3.1.3. Thermodynamic Parameters 

The effect of temperature on the adsorption of In(III) ions on the P(AM-
AA)and Zn(II)PMA resins in aqueous solution has been examined at 298k, 
308k and 318k. Thermodynamic parameters such as standard free energy 
change (ΔG0), standard enthalpy change (ΔH0) and standard entropy change 
(ΔS0) were calculated by using the following equation [23,24]: 

 
ΔG o = Δ Ho – Δ So T               ……………..  (6) 
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where R is the gas constant (8.314 J (mol K)-1), and T is the absolute 
temperature. The plot of lgD versus 1/T gives the straight line (Fig.(4) from 
which ΔH0 and ΔS0 were calculated. Then the free energy variation, ΔG0 was 
obtained from equation (5). The free energy variation, ΔG0 is the fundamental 
criterion of spontaneity. As presented in the table, the negative ΔG0 values at 
given temperatures indicate the spontaneous nature of adsorption and confirm 
the feasibility of the adsorption process. The free energy variation (negative 
values) increase (from -13.61 to -14.73 kJ/mol) with an increase of temperature 
from 298k to 318k, which clearly shows that the process is favorable at higher 
temperature. The magnitude of adsorption free energy (ΔG0) ranging from -
13.61 to -14.73 kJ/mol, and -12.54 to 13.35  suggests that the adsorption can be 
considered as a physical one [25]. The positive value of ΔH0 reveals the 
endothermic type of the adsorption process. Positive ΔS0 value of In(III) 
adsorption process indicates an irregular increase of the randomness at the 
P(AM-AA) and Zn(II)PMA resins-solution interface during adsorption [26,27]. 

 
Fig.(4): Effect of temperature on the distribution coefficient of In(III) onto P(AM-

AA) and Zn(II)PMA. 

3.1.4. Adsorption isotherms 

Several models have been published in the literature to described 
adsorption isotherms. The Langmuir and Freundlich models are the most 
frequently used models. In this study, the Langmuir and Freundlich models 
were used to describe the relationship between the amount of In(III) ions 
adsorbed and its equilibrium concentration in solution. Basic assumption of the 
Langmuir adsorption model is that sorption take place at specific homogeneous 
sites within the adsorbent. Langmuir isotherm is represented by the following 
equation [28]: 
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where Qe (mg/g) is the amount of the adsorbed metal ions per unit weight of 
adsorbent at the final equilibrium concentration of the metal ion solution (Ce, 
mg/l). The Qmax signifies the maximum adsorption capacity (mg/g) and b is 
related to the energy of adsorption (1mg). The essential characteristic of the 
Langmuir equation can be expressed in terms of the dimensionless separation 
factor RL, which is defined by  

 

where C0 is the highest initial metal concentration (mg/l) and b is the Langmuir 
constant. The value of RL  indicates the type of the isotherm either to be 
unfavorable (RL> 1), linear (RL = 1), favorable (0<RL<1) or irreversible (RL = 0). 
The Freundlich isotherm model can be represented by the following equation 
[29]. 

 
where kf and n are Freundlich constants that are related to adsorption 

capacity and intensity of adsorption. 

The isotherm data were fitted with Langmuir isotherm model for In(III) 
using both polymeric resins. The Langmuir isotherms for the adsorption of 
In(III) ions onto P(AM-AA) and Zn(II)PMA are represented in Figs.(5,6). 
Langmuir constants. It seen from the table that the correlation coefficients of 
In(III) ions are 0.9886 and 0.985 using P(AM-AA) and Zn(II)PMA, 
respectively. The maximum adsorption capacities calculated from the equation 
are close to the experimental results. The low value of RL indicates a favorable 
adsorption. When the Freundlich isotherm model was applied to experimental 
data, a good fit was not obtained (correlation coefficients of In(III) ions are 
0.717 and 0.917 using P(AM-AA) and Zn(II)PMA, respectively) 
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Fig.(5): Langmuir adsorption plot for the adsorption of In(III) ions by P(AM-AA) 

 

Fig.(6): Langmuir adsorption plot for the adsorption of In(III) ions by Zn(II)PMA 

3.1.5. Effect of contact time 

The sorption behavior of In(III) and Cd(II) ions (at concentration of 
100ppm for each one and pH varied according to optimum pH value for each 
resin) from aqueous solution was studied with time onto (Zn(II)PMA), and 
p(AM-AA). The results are shown in Figs.(7,8).  
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Fig.(7): The effect of contact time on the adsorption of In(III) and Cd(II) by 
(Zn(II)PMA) 

From Figs.(7,8), In both cases, the uptake increases with increasing time. 
The uptake percentage of metal ions increased rapidly during the few first 
minutes, which may be the existence of greater number of resin sites available 
for metal ions adsorption, then increased slowly until the equilibrium state was 
reached within 150 minutes. As can be seen from Figs(7,8), the equilibrium 
time for complete adsorption of In(III) and Cd(II) by (Zn(II)PMA) was found to 
be (40, 90)min. respectively. While the equilibrium time for complete removal 
of In(III) and Cd(II) by p(AM-AA) was found to be (70, 140)min respectively.  
The higher equilibrium time value for In(III) relative to Cd(II) can be attributed 
the more positive charge on the In(III) that accelerate the reaction than Cd(II). 
However, the equilibrium time in all studies was set to 120 minutes for the sake 
simplicity as well as to ensure a complete process of adsorption. 

 

 

 

 

 

 

 

Fig.(8): The effect of contact time on the adsorption of In(III) and Cd(II) by  
P(AM-AA). 

3.1.6. Adsorption kinetics 

The adsorption kinetics of In(III) and Cd(II) ions (at concentration of 
100ppm for each one and pH varied according to optimum pH value for each 
resin) from aqueous solution was studied as a function of contact time onto 
(Zn(II)PMA), and p(AM-AA). The results are shown in Figs.(9,10).  

The maximum adsorption capacity of In(III) is 244.8 mg/g at 298K, 
274.2 mg/g at 308K and 302.9 mg/g at 318K, respectively.  

According to the Brykina method [30], the adsorption rate constant k 
can be calculated from the following equation: 
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Where F is the fractional attainment of equilibrium (F = Qt/Qe), Qt 
(mg/g) and Qe (mg/g) are the adsorption amounts at certain time and at 
equilibrium time, respectively. The experimental results accorded with the 
equation and a straight line was obtained by plotting –ln(1-F) vs t. Therefore, 
the adsorption rate constant (k) can be found from the slope of straight line 
Figs.(9,10). The correlation coefficient (R2) was obtained via linear fitting. The 
calculated adsorption rate constants (k) of In(III) onto p(AM-AA) are k298k = 
6.28 x 10-5 s-1, k308k = 8.36 x 10-5 s-1, k318k = 1.30 x 10-4. According to Boyd's 
liquid film spreading equation, it can be deduced from the linear relationship 
between –ln(1-F) and t, that liquid film spreading is the predominant step of 
sorption process [31]. 

 

 

 

 

 

 

 
Fig.(9): Linear plots of –ln(1-F) vs. t by application of Brykina method using 

P(AM-AA). 

 

 

 

 

 

 

Fig.(10): Linear plots of –ln(1-F) vs. t by application of Brykina method using 
Zn(II)PMA. 
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3.2. Chromatographic Separation 

3.2.1. Effect of flow-rate  

The effect of varying flow-rate from 0.25 to 3.5 ml/min. on the 
separation of In(III) and Cd(II) was investigated in the column procedure. The 
studies show that these ions can be adsorbed quantitatively by both polymeric 
resins at 0.5-2.5 ml/min. However, the increase in flow rate results incomplete 
sorption due to the insufficient contact period between the resin and the metal 
solutions 

3.2.2. Breakthrough Studies 

Batch experimental data are often difficult to apply directly to fixed-bed 
sorption because isotherms are unable to give accurate data for dynamically 
operated column thus, the breakthrough studies are more significant for 
chromatographic separation of metal ions than batch studies. From batch 
experiments, the optimum conditions for separation of In(III) from Cd(II) were 
obtained which have been used in the column experiments. The breakthrough 
curves for In(III) and Cd(II) at the flow rate 2ml/min. and bed depth 50mm on 
(Zn(II)PMA) and p(AM-AA) are shown in Figs. (11,12). 

 

 

 

 

 

 

 

 
Fig. (11): Breakthrough curves of In(III) and Cd(II) onto (Zn(II)PMA). 

From Fig.(11): the breakthrough curve shows that: In(III) was 
completely adsorbed onto (Zn(II)PMA) resin at 80ml. By increasing the volume 
up to 80ml the concentration of In(III) decreased, this due to disappearance the 
active site of (Zn(II)PMA) resin. While Cd(II) slightly adsorbed on resin 
specially after 35ml due to competition between In(III) and Cd(II) ions. 
Therefore, it is clear that the (Zn(II)PMA) resin is  more selective for In(III) 
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than Cd(II) ions. additionally, the affinity of (Zn(II)PMA) resin towards In(III), 
typically increases with an increasing charge on the exchanging cation  and  
increases with increasing atomic number of the exchanging cation. 

From Fig.(12): the breakthrough curves shows that: high percentage of 
In(III) and Cd(II) were adsorbed together onto p(AM-AA) resin due to the large 
numbers of exchange groups in this polymeric resin. In(III) ions are more 
adsorbed than Cd(II) ions this due to increasing the charge of In(III) ions than 
Cd(II) ions. Also, It was found that the adsorption percentage of the In(III) and 
Cd(II) ions more than 99%, 84% at pH 5.0 respectively.  

 

 

 

 

 

Fig. (12): Breakthrough cures of In(III) and Cd(II) onto p(AM-AA). 

3.2.3. Stability test  

The stability of (Zn(II)PMA) and p(AM-AA) was tested with 
hydrochloric acid, ammonium nitrate, sulfuric acid and nitric acid. The data 
show that, the (Zn(II)PMA) and p(AM-AA) are stable in all concentration of 
above eluants.. 

3.2.4. Effect of eluents 

A mixture of indium and cadmium (100ppm for each one) was passed 
through the column after adjusting the pH to 3 in case of Zn(II)PMA and pH 5 
in case of p(AM-AA). The elution of indium and cadmium onto (Zn(II)PMA), 
and p(AM-AA) resins from column by various eluents with different 
concentrations. 

Hydrochloric acid, ammonium nitrate and nitric acid  were used as the 
stripping agent of In(III) and Cd(II) from (Zn(II)PMA) resin. Hydrochloric acid 
and ammonium nitrate as stripping agents is better than nitric acid. A slightly 
higher concentration of  hydrochloric acid (1M HCl) was required for the for 
elution of In(III) from the resin column better than other eluents. But in case of 
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Cd(II) slightly concentrated solution of ammonium nitrate (0.01M NH4NO3) 
was sufficient to eluent of Cd(II) from resin column. The recovery percentage of 
In(III) and Cd(II) from column resins by above eluents was (99.2%, 99%) 
respectively. This means that indium(III) and cadmium(II) were adsorbed on the 
same resin column and could be separated by two steps using  hydrochloric acid 
and ammonium nitrate  as the best eluent from (Zn(II)PMA) column. 

Hydrochloric acid, sulphuric acid and nitric acid  with different 
concentrations were used for the elution of indium(III) and cadmium(II) from 
p(AM-AA) resin. The data shows that, in case of indium ions, the percentage of 
elution using sulphuric acid and nitric acid was low but the elution percentage 
using hydrochloric acid, is high. Therefore, the different concentration of 
hydrochloric acid is consider best eluent for stripping of indium(III) and 
cadmium(II) The recovery percentage of In(III) and Cd(II) from column resins 
using different concentrations of hydrochloric acid (1M, 0.05M HCL)  as the 
best eluent was (98.6%, 98.5%) respectively.  

The following flow sheets are summarize the separation of indium and 
cadmium using Zn(II)PMA and p(AM-AA) resins as shown in Figs. (13,14).  

 

Fig.(13): Flow sheet for separation of In(III) from Cd(II) using (Zn(II)PMA) resin. 
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Fig.(14): Flow sheet for separation of In(III) from Cd(II) using p(AM-AA) resin. 

4. CONCLUSIONS 

The aim of this work was investigation the sorption properties of 
prepared polymeric resins toward indium and cadmium ions in aqueous 
solutions. The adsorption behaviors obeyed the Langmuir isotherm. 
Thermodynamic parameters, ΔG0,  ΔH0 and ΔS0 on the adsorption for In(III) 
indicated that the adsorption process was spontaneous, endothermic. In 
conclusion, the adsorption capacity of both polymeric resins for indium and 
cadmium is high and the operation is simple and convenient. Overall, both 
polymeric resins show great potential of removing and separation of indium and 
cadmium in the aqueous media.   

Acknowledgements 

The authors are grateful to the Cyclotron Project, Nuclear 

Research Center, Atomic Energy Authority and Faculty of Science, 

Zagazig University for financial support.  



F. Abou El-Nour et al., J. Rad. Res. Appl. Sci., Vol. 5, No. 2(2012) 315 

REFERENCES 

[1] Takács, E.; Wojnárovits, L.; Borsa, J., Papp, J.; Hargittai, P.; Korecz, L. 
Modification of cotton-cellulose by preirradiation grafting Nucl. Instr. 
Meth. In Phys. Res. B, (2005), 236- 259. 

 [2] F. Urena-Nun ez, C. Barrera-Diaz, and Bryan Bilyeu, Ind. Eng. Chem. 
Res., Vol. 46, (2007), 3382-3389. 

 [3] Bryan Bilyeu, Carlos Barrera-Diaz, and Fernando Urena-Nunez, In 
New Membranes and Advanced Materials for Wastewater; Mueller,A., 
et al.; ACS Symposium Series; American Chemical Society: 
Washington, DC, (2010). 

[4] A. Mushtaq, Review article, Journal of Radioanalytical and Nuclear 
Chemistry, Vol. 262, No. 3 (2004), 79-810. 

 [5] C.J. Lewis, in: N.N. Li (Ed.), Recent Developments in Separation 
Science, Vol. 2. CRC Press, Cleveland, (1972), P. 47. 

 [6] Robert A. Beauvais, Spiro D. Alexandros, Reactive & Functional 
Polymers 36 (1998) 113-123. 

[7] Q. Zhao, R.A.J. Bartsch, Appl. Polym. Sci. 57 (1995) 1465. 

[8] Proceeding of  the Symposium on metal Speciation, Separation and 
Recovery. Industerial Waste Elimination Research Center (Illionois 
Institute of Technology) and Water Research Institute (Italian National 
Research Council), (1986). 

[9] R.E. Kirk, D.F. Othmer, Encyclopedia of Chemical Technology, 2nd 
edition, (Juterscience, New York, 10, (1966), 581. 

[10] B. Gupta, A. Deep, P. Malik, Anlytica Chemica Acta, 513, (2004), 463. 

[11] X.Y. Zhang, X.D. Lou, G.Y. Yin, Y.J. Zhang, Rare Metals, 23(1), 
(2004), 6. 

[12] A. Massoud, F. Abou El-Nour, H. Killa, U. Seddik, Cent. Eur. J. 
Chem. 8(3), (2010), 696-701. 

[13] T. Siyam,; Review article on; Development of acrylamide polymers for 
treatment of waste water, Designed Monomers and Polymers, 4(2), 
(2001), 107. 

[14] H.M.Abdel-Aziz, PhD. thesis, Faculty of Science, Ain Shams 
University, (2007). 



F. Abou El-Nour et al., J. Rad. Res. Appl. Sci., Vol. 5, No. 2(2012) 316 

[15] A. Massoud, 10th Arab Intern. Conf. on Polymer Science and 
Technology, Dec. 14-18, El-Ain Elsokhna, Egypt, 1, (2009), 21. 

[16] A. A. EL-Zahhar, H. M. Abdel-Aziz, and T. Siyam, Journal of 
Macromolecular Science w, Part A: Pure and Applied Chemistry,  44, 
(2007), 215–222. 

[17] Khaled F. Hassan, Shaban A. Kandil, HossamM. Abdel-Aziz, and 
Tharwat Siyam, Chromatography Research International,1, (2011), 6-
12. 

[18] Ngyen Huu Chung, Jun Nishimoto, Osmu Kato, Masaaki Tabata., J. 
Analtical Chimica, 447, (2003), 243-249. 

[19] Yuko Hasegawa, Toshiaki Shimada, Masaru Niitsu. J. Inorg. Nucl. 
Chem, 42, (1980), 1487-1489. 

[20] Mehmet Akçay,. Journal of Colloid and Interface Science 280, (2004), 
299–304. 

[21] Zhang L., Wang X. Guo,Z Yuan, Z. Zhao, Hydrometallurgy,. 95, 
(2009), 92-95. 

[22] J.S. Liu ., H. Chen, X.Y. Chen, Z.L. Guo, Y.C. Hu, C.P. Liu, Y.Z. Sun, 
Hydrometallurgy 82, (2006), 137. 

[23] Lyubchik, S.I., Lyubchik, A.I., Galushko, O.L., Tikhonova, L.P. Vital, 
J., Fonseca, I.M. and Lyubchik, S.B. ‘Kinetics and thermodynamics of 
the Cr(III) adsorption on the activated carbon from co-mingled wastes’, 
Colloids and Surfaces A-Physicochemical and Engineering Aspects, 
Vol. 242, (2004), pp.151-158. 

[24] Xiong, C.H. and Yao, C.P. ‘Preparation and application of acrylic acid 
grafted polytetrafluoroe- thylene fiber as a weak acid cation exchanger 
for adsorption of Er(III)’, Journal of Hazardous Materials, Vol. 170, 
(2009), pp.1125–1132. 

[25] El-Dessouky, S.I., El-Sofany, E.A. and Daoud, J.A. ‘Studies on the 
sorption of praseodymium (III), holmium (III) and cobalt (II) from 
nitrate medium using TVEX–PHOR resin’, Journal of Hazardous 
Materials, Vol. 143, (2007), pp.17–23. 

[26] Jing, X.S., Liu, F.Q., Yang, X., Ling, P.P., Li, L.J., Long, C. and Li, 
A.M. ‘Adsorption performances and mechanisms of the newly 
synthesized N,N′-di (carboxymethyl) dithiocarbamate chelating resin 



F. Abou El-Nour et al., J. Rad. Res. Appl. Sci., Vol. 5, No. 2(2012) 317 

toward divalent heavy metal ions from aqueous media’, Journal of 
Hazardous Materials, Vol. 167, (2009), pp. 589-596. 

[27] Xiong, C.H., Yao, C.P., Wang, L. and Ke, J.J. ‘Adsorption behavior of 
Cd(II) from aqueous solutions onto gel-type weak acid resin’, 
Hydrometallurgy, Vol. 98, (2009), pp. 318-324. 

[28] Langmuir, I. ‘Adsorption of gases on plain surface of glass mica 
platinum’, Journal of the American Chemical Society, Vol. 40, (1918), 
pp. 1361-1403. 

[29] Freundlich, H.M.F. ‘Über die adsorption in lösungen’, Zeitschrift fur 
Physikalische Chemie, Vol. 57, (1906), pp.385-470. 

[30] Brykina, G.D., Marchak, T.V. and Krysina, L.S. ‘Sorption-photometric 
determination of copper by using AV-17 anion exchanger modified 
with 1-(2-thiazolyl-azo)-2-naphthol-3,6-disulphonic acid’, Zhurnal 
Analiticheskoi Khimii, Vol. 35, (1980), pp.2294–2299. 

[31] Boyd, G.E., Adamson, A.W. and Myers, L.S. ‘The exchange 
adsorption of ions from aqueous solutions by organic zeolites. II. 
Kinetics’, Journal of the American Chemical Society, Vol. 69, (1947), 
pp.2836–2848. 

 
 



 
 

  
 
 
 
 
 

  


