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ABSTRACT 

Polyaniline titanotungstate (PATiW) was synthesized by the sol-gel method. Adsorption isotherm studies of Cs+ from 
aqueous solution are described. Elemental Composition, chemical solubility, ion-exchange capacity (IEC) and pH titra-
tion are studied. Distribution coefficients (Kd) for ten metal ions have been determined. It was found that the polyaniline 
titanotungstate has high affinity and high selectivity for Cs+. The material was high separation of Cs+ from other metal 
ions. The adsorbent capacity was determined using the Freundlich and Langmuir adsorption isotherm models. The Cs+ 
adsorption isotherm data fit best to the Freundlich isotherm model. The maximum Cs+ uptake of polyaniline titanotung-
state was found 217 mg/g. A column tests were performed to determine the breakthrough curves with varying bed 
depths and flow rates in different solutions. The results show that the half breakthrough time increases proportionally 
with increasing bed depths. Kinetic studies for removal cesium from milk were investigated. 
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1. Introduction 

Radioactive waste is an inevitable residue from the use of 
radioactive materials in industry, research and medicine, 
as well as from the use of nuclear power to generate 
electricity. The management and disposal of such waste 
is, therefore, an issue relevant to almost all countries. 
The ever increasing pressure to reduce the release of ra-
dioactive and other toxic substances into the environment 
requires constant improvement/upgrading of processes 
and technologies for treatment and conditioning of liquid 
radioactive waste. Treatment of liquid radioactive waste 
quite often involves the application of several steps such 
as filtration, precipitation, sorption, ion exchange, evapo- 
ration and/or membrane separation to meet the require-
ments both for the release of decontaminated effluents 
into the environment and the conditioning of waste con-
centrates for disposal. New materials and processes are 
under consideration and development in various coun-
tries [1]. Most of the combined radioactivity in liquid 
nuclearwaste is a result of the fission products 137Cs and 
90Sr. 137Cs is an important radiocontaminant with its long 
half life (t1/2 = 30.17 years) and represents a serious ra-
diological hazard because as an alkaline element, it is 
easily assimilable by living organisms [2]. The ion ex-
change is the most important method for the selective 

adsorption and safe storage of 137Cs. Although a number 
of organic exchangers exist, which are selective towards 
cesium, they are easily decomposed when exposed to 
highly ionizing radiation. Inorganic ion exchangers have 
several superior qualities required for the treatment of 
nuclear waste effluents compared to organic resins. In 
order to obtain a combination of these advantages asso-
ciated with polymeric and inorganic materials as ion- 
exchangers, attempts have been made to develop poly-
meric-inorganic composite ion-exchangers by incorpora-
tion of organic monomers in the inorganic matrix [3]. 
Few such excellent ion-exchange materials have been 
developed in our laboratory and successfully being used 
in chromatographic techniques [4-6]. An inorganic pre-
cipitate ion-exchanger based on organic polymeric ma-
trix must be an interesting material, as it should possess 
the mechanical stability due to the presence of organic 
polymeric species and the basic characteristics of an in-
organic ion-exchanger regarding its selectivity for some 
particular metal ions [7-10]. It was therefore considered 
to synthesize such hybrid ion-exchangers with a good 
ion-exchange capacity, high stability, reproducibility and 
selectivity for metal ions, indicating its useful environ-
mental application. 

Efforts have been made to improve the chemical, 
thermal and mechanical stabilities of ion exchangers and 
to make them highly selective for certain metal ions. Sil-*Corresponding author. 
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ica potassium cobalt hexacyanoferrate composite ion 
exchanger has excellent exchange properties of cesium 
[11]. Polyaniline Ce(IV) molybdate has high selectivity 
to Cd(II) [12]. Poly-o-methoxyaniline Zr(IV) molybdate 
has high selectivity to Cd(II) [13]. Acrylonitrile stan-
nic(IV) tungstate has high selectivity to Pb(II) [14]. Co-
balt ferrocyanide impregnated organic anion exchanger 
was found to be highly selective for cesium [15]. 

In the following parts of this contribution, composite 
absorbers, titanotungstate with polyaniline binding ma-
trix was prepared and its properties and technological 
application are evaluated. Ion exchange capacity and 
distribution coefficient were determined towards cesium. 
Isotherm and column studies were applied at different 
conditions for removal cesium. It is found high selectiv-
ity for cesium from other metal ions from radioactive 
waste, aqueous solution and applied for removal cesium 
from milk. 

2. Experimental 

2.1. Chemicals and Reagents 

All chemicals and reagents used in this work were of 
analytical grade purity and used without further purifica-
tion. Cesium chloride, titanium tetrachloride, TiCl4. H2O, 
potassium persulphate (K2S2O8) were obtained from Pro-
labo (England). Sodium tungstate Na2WO22H2O, aniline 
(C6H5NH2), nitric acid and hydrochloric acid were pur-
chased from Adwic (Egypt). 

All samples and chemicals used in this work were 
weighted using an analytical balance of Bosch type hav-
ing maximum sensitivity of 105 g and accuracy ±0.001/y. 
For the equilibrium experiments, a good mixing for the 
two phases was achieved using thermostatic shaker water 
bath of the type Julabo SW-20C obtained from West 
Germany.  

2.2. Preparation of Polyaniline Titanotungstate 
(PATiW) 

Polyaniline gels were prepared by mixing aqua volumes 
of the solutions of 10% aniline (C6H5NH2) and 0.1 M 
potassium persulphate with continuous stirring by a 
magnetic stirrer. Green colored polyaniline gels were 
obtained by keeping the solutions below 10˚C for half an 
hour [16]. A precipitate of titanium tungstate was pre-
pared at (65˚C ± 1˚C) by adding 1 M titanium chloride 
solution to an aqueous solution of 1 M sodium tungstate 
(Na2WO22H2O) in equal volume ratio. The white pre-
cipitates were obtained, when the pH of the mixtures was 
adjusted to 6.5 by adding aqueous ammonia with con-
stant stirring. The gels of polyaniline were added to the 
white inorganic precipitate of titanium and mixed thor-
oughly with constant stirring. The resultant green colored 

gels were kept for 24 h at room temperature (25˚C ± 1˚C) 
for digestion. The supernatant liquid was decanted and 
the gel was rewashed with bidistilled water in order to 
remove fine adherent particles and was filtered by center 
fission. The excess acid was removed by washing with 
DMW and the material was dried in an air oven at 50˚C. 
The dried products were immersed in DMW to obtain 
small granules. They were converted to H-form by treat-
ing with 0.01 M HNO3 for 24 h with occasional shaking 
intermittently replacing the supernatant liquid with fresh 
acid. The excess acid was removed after several wash-
ings with DMW and then dried at 50˚C. Several particles 
size of materials were obtained by sieving and kept in 
desiccators [16]. 

2.3. Instrumentation 

The applied adsorbents were thermally characterized by 
DTA-60 Shimadzu. and by FTIR analysis using BOMEM 
FTIR model MB 147, Canada. An elemental analyzer 
using atomic absorption spectrophotometer, AA6701F, 
Shimadzu. All samples and chemicals used in this work 
were weighted using an analytical balance of Bosch type 
having maximum sensitivity of 105 g and accuracy ±0.001/y. 
For the equilibrium experiments, a good mixing for the 
two phases was achieved using thermostatic shaker water 
bath of the type Julabo SW-20C, west Germany. All the 
pH values of different solutions were measured using an 
Orion digital pH meter research model 610A with mi-
croprocessor and have accuracy of ±0.02 units.  

2.4. Elemental Composition  

To determine the elemental composition of PATiW, the 
material was analyzed for Ti and W by X-ray fluores-
cence. Carbon, hydrogen and nitrogen contents of the 
material were determined by elemental analysis. 

2.5. Chemical Solubility 

The chemical solubility also plays an important role in 
the elucidation of properties of the ion-exchangers. Por-
tions of 50 mg of composite and inorganic titanotung-
state in the H+ form were treated with 50 ml of varying 
concentration of acids, NaOH, and also in distilled water 
for 3 weeks with occasional shaking. 

2.6. Ion-Exchange Capacity (IEC) 

The IEC of polyaniline was determined by the repeated 
batch technique, by equilibrating 50 mg solid with 5 ml 
of 0.1 M cesium chloride solution on a shaker thermostat 
adjusted at 25˚C ± 1˚C and attain for equilibrium, then 
decontamination of solution was took place and satura-
tion process was repeated until no further sorption. The 
solution was analyzed using atomic absorption in order 
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 to determine the amount of Cs+ sorbet. The sorption (P) 
was calculated from the expressions: 

0

0

100tC C

C

 
  
 

P  

where C0 is the initial concentration (mg/L) and Ct is the 
concentration at time t (mg/L) of metal ion in solution, V 
the volume (L) and m is the weight (g) of the adsorbent.   

The sorption capacity was calculated using the fol-
lowing equation: 
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where, C0 is the initial concentration of solution, Z is the 
charge of adsorbed metal ion, V is the solution volume 
(ml), and m is the weight of the exchanger (g). 

2.7. pH Titration 

The Topp and Pepper method [17] was employed for pH 
titration studies of PATiW in solutions of alkali metal 
chlorides and their hydroxides. 200 mg was placed in a 
column that was fitted with glass wool at its bottom. A 
glass bottle containing 20 mL of 0.001 M HCl was 
placed below the column, and for determination of pH, a 
glass electrode was placed in the solution, then 75 mL of 
0.1 M of NaOH was poured into the column. Titration 
was carried out, by passing the NaOH solution at a drop 
rate of about 1 mL/min. The pH of the solution was re-
corded until equilibrium was attained. 

2.8. Distribution Studies 

The distribution behavior of metal ions plays an impor-
tant role in the determination of the material’s selectivity. 
In certain practical applications, equilibrium is most 
conveniently expressed in terms of the distribution coef-
ficients of the counter ions. The distribution coefficients 
(Kd) for different metal ions (Cs+, Va5+, Cr3+, Zr4+, As5+, 
Mo6+, Co2+, Zn2+, Cu2+ and Cd2+) were determined by 
batch method as a function of pH. The Kd values of Cs+ 
were determined by shaking 20 mg of each PATiW in H+ 
form with 10 mL of HNO3 solutions containing 10–4 
mol·L–1 cesium ion solutions as chloride, where Kd val-
ues of other metal ions were determined by shaking 50 
mg samples of PATiW in H+ form with 5 mL of HNO3 
solutions containing 10–5 molL–1 metal ions as chloride 
in order to rise the sorption of this ions. After 24 h with 
intermittent shaking or continuous shaking for 6 h in a 
shaker at 25˚C ± 1˚C to attain equilibrium. The solutions 
were then filtered and metal ions were determined using 
AAS or ICP. The Kd values were calculated by the fol-
lowing equation; 
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where I is the initial amount of metal ion in the aqueous 
phase (mgL−1), F is the final amount of metal ion in the 
aqueous phase (mgL−1), V is the volume of the initial 
solution in ml and m is the dry mass of the ion exchanger 
in g. 

2.9. Separation Factor 

For the preferential uptake of the metal ion, the separa-
tion factor is determined in the separation of two metal 
ions. Separation factor B  can be calculated as:  
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where Kd(A) and Kd(B) are the distribution coefficient for 
the two competing species A and B in the ion-exchange 
system. 

2.10. Sorption Isotherm 

Batch adsorption studies of cesium ions was performed 
at different temperatures and neutral pH to obtain the 
equilibrium isotherms. A series of experiments were car-
ried out by contacting a fixed amount of adsorbent 50 mg 
with 2.5 mL of Cs ion solution and have varying concen-
trations cover the range of 13 to 13290 mgL−1 and agi-
tated for a sufficiently time (~24 h) required to reach 
equilibrium. Then, adsorbent was decantation and the 
amount of metal ion retained in the adsorbent, q, was 
calculated using: 

0 e
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where C0 and Ce are the initial and equilibrium concen-
tration of Cs in aqueous solution.  

2.11. Column Operation 

A glass column of 1 cm diameter was used in this study. 
The column was packed of a fixed amount the composite 
and washed with distilled water and then all column 
studies were performed. The breakthrough curves (C/C0 
vs. volume) obtained for Cs+ sorption onto PATiW at 
different bed depths 3.0 and 4.0 cm of 2.5 mLmin–1 flow 
rate and at 140 mgL−1 of aqueous cesium solution. Also 
the breakthrough curves were carried out from acidic 
simulant (0.5 M HNO3 + 0.1 M NaNO3) and alkaline 
simulant (0.5 M NaOH + 0.1 M NaNO3) solutions. The 
concentration of cesium in the feed solution was fixed at 
13 mgL–1 with 0.7 mlmin–1 flow rate and bed depth 1.0 
cm.  

The break-through percentage was calculated as 
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where C and C0 are the concentrations of cesium in the 
effluent and feed solution respectively. 

The sorption capacity (q) of the PATiW was calcu-
lated by 

50 0V C
q

W


  mLg–1 

where V50 is the effluent volume corresponding to 50% 
breakthrough, C0 is the concentration of cesium in the 
feed solution (mgg–1) and W is the mass of composite 
absorber (g). 

2.12. Recover Cesium from Milk 

Milk with 3%-fat solution was prepared with 10–2 M of 
cesium, this solution labeled with 134Cs active. Kinetic 
studies are carried with added 5 ml of milk solution to 50 
mg of PATiW and shaking in thermostated shaker water 
bath at 25˚C, at interval time stopped shaker and with-
drawn 1ml of milk solution for counting using a scintilla-
tion detector head (NaI) connected to scalar of the type 
SR-7 obtained by Nuclear Enterprises, USA and/or by 
Multichannel Analyzer Genie-200, spectroscopy system 
CANBERRA Industries INC (USA) allowed to equili-
brate at room temperature. The Cs γ-ray activity in the 
tested milk was larger than background by at least 3 
times. 

3. Results and Discussion 

Titanium tungstate was found to be high stable, but have 
poor capacity for metal ions [18]. In an attempt to obtain 
materials with improved ion exchange properties and 
selective ion exchangers for the treatment of nuclear 
waste. So, PATiW has been synthesized by using this 
advanced class of inorganic ion-exchanger, which pro-
vided high selective andseparation for 134Cs from metal 
ions. It was also noticed that the Cs+ ion-exchange ca-
pacity of the composite material (1.82 meqg–1) [16].  

Polyaniline can be easily synthesized chemically from 
acidic aqueous solutions. In this study, polyaniline gel 
was prepared by oxidative coupling using K2 S2 O8 in an 
acidic aqueous medium at below 10˚C as given below 
[19]: 

 

The effect of temperature on the reaction seems to be 
very pronounced. Aniline underwent oxidative coupling 
only below 10˚C very effectively, leading to a good 
quantity of polyaniline with fairly good yield. The bind-
ing of polyaniline into the matrix of titanotungstate can 
be considered as: 

 

 
 

The formation of inorganic precipitate TiW (X–) was 
significantly affected by the pH of the mixture, and the 
most favorable pH of the mixture was 6.5. The prepara-
tion of the inorganic precipitate at pH lower or higher 
than 6.5 lead to decrease in yield and in ion-exchange 
capacity of the material. 

The weight percent composition of the material was 
found to be Ti, 15.15%; W, 44.6%; C, 19.1%; H, 2.3%; 
N, 3.7%; and O, 15.0%. The corresponding molar ratio 
of Ti, W, C, H, N, and O in the material was estimated as 
1.34:1.0:6.19:9.1:1.015:3.6, which can suggest the fol-
lowing formula of the material: 

[(TiO2)(WO3)(-C6H4NH-)]·nH2O. 

Assuming that only the external water molecules (n) 
are lost at 130˚C, the 10% weight loss of mass repre-
sented by TGA curve must be due to the loss of nH2O 
from the above structure. The value of (n) can be calcu-
lated using Alberti’s equation: 

 18 18 100n X M n   

where X is the percent weight loss (10%) of the ex-
changer by heating up to 130˚C and (M + 18n) is the 
molecular weight of the material. The calculations indi-
cated that ~2.46 per molecule of the cation-exchanger. 
Based on the literature data [19,20] the structural water 
molecules may play an important rule as exchange sites. 

The solubility experiments showed that the composite 
and inorganic ion exchangers have good chemical stabil-
ity (Table 1). As the results indicated that the materials 
were resistant to 6 M HNO3 and 6 M HCl. The solubility 
in the HNO3 is higher than in the HCl and very feeble 
dissolution was observed in the alkaline medium. There 
is no chemical dissolution in DMW. It was observed that 
the chemical solubility of composite is slightly increased  
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Table 1. Chemical solubilty of TiW and PATiW in various 
solvent. 

Amount dissolved (mg/L) 

HCl HNO3 
Concentrations of  

Solvent used (50 ml) 

TiW PATiW TiW PATiW

0.1 M HCl 4.0 6.0 12.0 20.0 

0.5 M HCl 10.0 16.0 18.0 24.0 

1 M HCl 24.0 34.0 30.0 38.0 

2 M HCl 30.0 38.0 40.0 46.0 

3 M HCl 40.0 44.0 62.0 96.0 

4 M HCl 56.0 82.0 86.0 114.0 

5 M HCl 72.0 94.0 102.0 124.0 

6 M HCl 80.0 98.0 118.0 140 

water 0.00 0.00 - - 

0.1 M NaOH 0.2 0.4 - - 

1 M NaOH 6.0 10.0 - - 

 
than the inorganic material, due to the presence of poly-
aniline which can dissolute into the solution [16]. Despite 
this increased in chemical solubility of PATiW than TiW 
but the mechanical and granular properties of PATiW are 
higher than TiW [19]. 

The pH-titration curve of the PATiW shows only one 
inflexion point indicating that the PATiW behaves as 
monofunctional. The pH-titration curve (Figure 1) showed 
slow increase when NaOH was added 0.30 - 1.00 mmol 
and rabid increase when NaOH added 1.00 - 1.95 mmol. 
This composite exchanger may be a strong acid cation- 
exchanger because the pH-titration curve usually showed 
a step edge at 1.95 mmol·g–1. This means that the H+ ions 
on the hybrid cation-exchanger were depleted and re-
placed with Na+ ions at that point and the number of H+ 
sites were equivalent to the same amount of NaOH, i.e. 
the strong acidic groups (H+) of the composite cation- 
exchanger are completely converted to the Na+ form [16]. 
Thus, theoretical ion-exchange capacity of this hybrid 
cation-exchanger may be considered as 1.95 mmol·g–1. 
After that point, in the region when more NaOH added, 
the equilibrium pH further increases but more slowly. 
This slow increase of pH-titration curve after 1.95 
mmol·g–1 implies due to surface precipitation other than 
conventional ion exchange or surface adsorption. 

The ability of PATiW composite for exchange of ce-
sium is significantly affected by the composition ratio of 
TiW. The preparation of PATiW with ratio (1:1:1) of 
poly aniline:titanium:tungstate give the percent absorp-
tion (99%, 2.6%, 2.6%) for Cs+, Co2+ and Eu3+ respec-
tively at 10–4 M where, The preparation of PATiW with  

 

Figure 1. The pH-titration curve of PATiW with 0.1 M 
NaOH. 
 
ratio (2:1:1) of polyaniline:titanate:tungstate give the 
percent sorption (78%, 7%, 17%) for Cs+, Co2+ and Eu3+ 
respectively this means that the selectivity is decreased 
than the first ratio, this characterization is showing as in 
Table 2. 

Also the characterization and ability of PATiW for 
sorption of cesium ions is significantly affected by the 
concentration of the composition of TiW where by pre-
paring PATiW by adding polyaniline to 0.1 M for each 
of titanate and tungastate, the results of the product is not 
selectivity for cesium and soluble in dilute acids.  

However, TiW exhibited high granulometric and me-
chanical properties, showing a good reproducible behav-
ior as is evident from the fact that these materials ob-
tained from various batches did not show any appreciable 
deviation in their ion-exchange capacities. 

Figure 2 shows the ion exchange capacity of PATiW 
for Cs+ as a function of pH. It was found that the capacity 
increase by increasing the pH value. This is may be at-
tributed to, with increasing the pH of the solution the 
[H]+ in solution is decrease which facilitate the released 
of H+ from the exchanger to solution. So the % uptake 
values were increased and thus the capacity was in-
creased [16]. 

Titanium tungstate was found to be high stable, but 
have poor capacity for metal ions [21]. In this work, an 
attempt to obtain materials with improved ion exchange 
properties and have high efficiency for the treatment of 
nuclear waste. So, PATiW has been synthesized to rep-
resent this advanced class o  inorganic ion-exchanger,  f   
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Table 2. Factors affecting on preparation of PATiW. 

Mixing volume ratio (v/v) Percent Sorption 
Sample 

TiCl4 Na2Wo2 

Mixing volume ratio 
(v/v) of aniline 

% Aniline Appearance after drying 
Cs+ Co2+ Eu3+ 

PATiW-1 1(1 M) 1(1 M) 1 10 Black shiny granules 99 2.6 2.6 

PATiW-2 1(0.1 M) 1(0.1 M) 2 10 Black shiny granules 78 7 17 

 

 

 
 
where the negative charge of groups is compensated by 
Cs+. Possible associations between Cs+ and amine groups 
are indicated by dash-lines ovals.  

Characterization of PATiWare described in details us-
ing IR, XRD spectrum and TGA-DTA analysis [26].  

The distribution coefficient is often a proper quantity 
to express the distribution of an ion between the ex-
changer and the solution phase. This is especially true 
when the exchanging ion is present in the trace concen-
tration, since the ionic composition does not practically 
change at macro levels in trace ion exchange. So the Kd 

values of Cs+ were determined by shaking 40 mg of 
PATiW sample with 20 mL of HNO3 solutions contain-
ing 10–4 mol·L–1 cesium ion to give different pH at dif-
ferent reaction temperatures (25˚C, 45˚C and 60˚C ± 1˚C). 

Figure 2. Plots of capacity against pH for exchange of Cs+ 
on PATiW at 0.1 M and 25˚C ± 1˚C. 
 
which provided high selective and separation perform-
ance for cesium ions of nuclear waste. It was also noticed 
that the Cs+ ion-exchange capacity of the composite ma-
terial PATiW (1.82 meqg–1) is higher as compared to 
inorganic ion-exchanger TiW (0.6 meqg–1) [22], mag-
neso-silicate (0.57 meqg–1) and magnesium aluminosili-
cate (0.77 meqg–1) [23]. Also it higher than the satura-
tion capacity (meqg–1) which decrease in the order; Gd3+ 
(1.63) > Eu3+ (1.41) > Ce3+ (1.34) meqg–1 on titanium 
(IV) antimonite [24]. The obtained ion-exchange capacity 
of Cs+ on PATiW is higher than the ion-exchange capac-
ity of Cs+ on lithium zirconium silicate [25]. The ob-
tained ion-exchange capacity of Cs+ on PATiW is higher 
than the ion-exchange capacity of Cs+ on lithium zirco-
nium silicate [24]. The ion exchange capacity on PATiW 
is higher than that for Cs+ on magnesium and cerium 
titano-antimonates in aqueous (0.7 meqg–1), in 25% 
methnol (0.74 meqg–1) and in 25% ethanol (0.8 meqg–1) 
[25]. 

The log Kd for Cs+ on PATiW were determined at 
25˚C, 45˚C and 60˚C ± 1˚C as afunction of pH using 
different concentrations of HNO3 as shown in Figure 3. 
The preliminary studies indicated that, the time of equi-
librium for the exchange of Cs+ with H+ form PATiW 
was attained within 24 h (sufficient to attain the equilib-
rium). From the results shown in Figure 3, it can be 
found that the distribution coefficients for Cs+ on PATiW 
was increased with increasing the pH of solutions, this 
trend is an obvious phenomenon and was observed 
[24,25]. A linear relationship with a slope smaller than 
the valences of the Cs+ was obtained. Analysis the data 
shown in Figure 3 indicated that the ion exchange reac-
tion deviated from the ideal process. In addition, it was 
found that the Kd values increased with increasing the 
temperature. The non-ideality may due to a different me- 
chanism such as physical adsorption, chemical reaction 
or other effects, which takes place besides the ion ex-
change process [16, 27]. 

The mechanism of the exchange of Cs+ with PATiW 
can be considered as the following scheme: 

Copyright © 2012 SciRes.    

Exchanger phase Solution phase Exchanger pha Solution phasese
R H Cs R Cs H       

The work was directed towards the PATiW as a more  



I. M. EL-NAGGAR  ET  AL. 172 

 

Figure 3. Plots of log Kd against pH for exchange of Cs+ on 
PATiW at different reaction temperatures. 
 
efficient exchange material for Cs+ separation. In order to 
find out the potentiality of the composite cation exch- 
anger in the separation of metal ions, distribution studies 
for 10 metal ions were performed at different pH and the 
values obtained for distribution coefficients are given in 
Table 3. The distribution coefficients (Kd) for different 
metal ions (Cs+, Va5+, Cr3+, Zr4+, As5+, Mo6+, Co2+, Zn2+, 
Cu2+ and Cd2+) on PATiW were determined by batch 
method as a function of pH. In this metal ions the Kd 
values were determined by shaking 50 mg of PATiW 
with 5 mL of HNO3 solutions containing 10–5 molL–1 
metal ions. 

The distribution studies showed that the PATiW was 
found to be the highly selective for cesium while the 
other metal ions (Va5+, Cr3+, Zr4+, As5+, Mo6+, Co2+, Zn2+, 
Cu2+ and Cd2+) were poorly sorbed on PATiW as in Fig-
ure 4. The high uptake of Cs+ demonstrates not only the 
ion-exchange properties but also the adsorption and ion- 
sieve characteristics of the cation-exchanger.  

The effect of the size and charge of the exchanging 
ions on Kd values was also observed on PATiW. The Kd 
values show a decreasing trend in this order Cs+ >>> Zr4+ 
> Mo6+ > Va5+> As3+ > Cr3+ > Co2+ > Cu2+> Zn2+ > Cd2+ 
as in Figure 4.  

This sequence is in accordance with the unhydrated 
radii of the exchanging ions. Ions with the smaller unhy-
drated radii easily enter the pores of the exchanger, which 
results in higher adsorption [16]. According to [28] the 
attraction between cations and anions in ionic crystals 

obey Coulomb’s law on the demands for ions of equal 
charge, a small ion will be attracted either to a greater 
force or held more tightly than a larger ion as in Table 3. 

Therefore, the Kd value should increase with decreas-
ing unhydrated radii and increase with electricpotential. 
On the basis of distribution studies, the most promising 
property of the material was found to be the high selec-
tivity towards Cs+, which is a major polluting metal in 
the fission products in radioactive wastes and thus is due 
to the spacing of the lattice is believed to correspond 
very closely to the ionic radius of unhydrated Cs+ [28] 
and, thus, is responsible for its selectivity. The selectivity 
order; Cs+ > Eu3+> Co2+ onto phosphoric acid activated 
silico-antimonate, the unhydrated ionic radius was re-
garded to play a major role affecting on many of these 
selectivity behavior [29]. The same behavior sequence is 
similar on resorcinol-formaldehyde (R-F) and zirconyl- 
molybdopyrophosphate (ZMPP) [30], where the sele- 
ctivity order on R-F and ZMPP samples is Cs+ > Co2+ > 
Eu3+ > Zn2+. 

The distribution coefficient for Cs+ is 14,000 at pH 8.5 
on PATiW is greater than the values of Kd for Cs+ on 
stannic molybdophosphate ion exchanger at the same pH 
[31] and on zirconium vanadate at the same pH [32]. The 
Kd values for Co2+ and Zn2+ on PATiW are lower than 
the Kd values for Co2+ and Zn2+ on Polyaniline Sn(IV) 
arsenophosphate and Nylon-6,6, Zr(IV) phosphate [33]. 
On the reverse of that, the Kd values for Cd2+ on PATiW 
are lower than the Kd values for Cd2+ on polyaniline 
Ce(IV) molybdate [34]. The Kd values for Cu2+ on 
PATiW are lower than the Kd values for Cu2+ on acryla-
mide stannic silicomolybdate [35]. 

Return to the previous results, regarding that, the stud-
ied systems offer very good selectivity for cesium ion. 
The separation capability of the material has been dem-
onstrated by achieving some important binary separa-
tions such as Cs-Co, Cs-Zn, Cs-Cd, Cs-Cu, Cs-Cr, Cs-AS, 
Cs-Zr, Cs-V, and Cs-Mo as in Table 3.  

In order to evaluate the maximum metal sorption ca-
pacity of PATiW, the sorbent was contacted with varying 
concentrations of Cs+ (13 - 13,290 mgg–1) until equilib-
rium was reached. Cs+ removing on PATiW was increase 
with increasing ion concentration in solution until it 
reached the maximum capacity of PATiW at different 
reaction temperatures. Equations often used to describe 
the experimental isotherm data are those developed by 
Freundlich [36] and by Langmuir [37].  

The empirical model of Freundlich equation can be 
applied to non-ideal sorption on heterogeneous surfaces 
as well as multilayer sorption and is expresses by the 
following equation: 

1/n
e f eq K C  

where qe is the amount of metal ions sorbed per unit    
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Figure 4. Plots of Kd against pH for exchange of Cs+, Co2+, Zn2+, Cd2+, Cu2+, Cr3+ , As5+, Zr4+, Va5+ and Mo6+ at 25˚C ± 1˚C on 
PATiW at 10–4 M of Cs+ and 10–5 M for other ions. 
 

+CsTable 3. Kd values of Cs+, Co2+, Zn2+, Cd2+, Cu2+, Cr3+, As5+, Zr4+, Va5+, Mo6+ and separation factors (B ) of Cs+ from other 
metal ions at different concentrations of HNO3 on PATiW 25˚C ± 1˚C. 

Metal ions 
HNO3, M 

Cs+ Co2+ Zn2+ Cd2+ Cu2+ Cr3+ As5+ Zr4+ V5+ Mo6+ 

Water 1256.2 
199.4 

6.3 
91.9 
13.6 

69.9 
17.97 

163.5 
7.68 

199.4 
6.3 

201.2 
6.2 

733 
1.7 

324.1 
3.87 

572 
2.2 

10–3 M 907.65 
119.6 

7.5 
35.7 
25.4 

42.3 
21.45 

105.3 
8.6 

91.5 
9.9 

190.5 
4.76 

415 
2.18 

207 
4.38 

312 
2.9 

10–2 M 750.31 
139.8 

5.4 
10.5 
71.4 

15.9 
47.18 

11.5 
65.24 

7.1 
105.7 

184.9 
4.05 

340.5 
2.2 

74.8 
10.0 

115.5 
6.5 

10–1 M 661.17 
11.11 
59.51 

3.9 
169.5 

7.6 
86.99 

3.6 
183.7 

4.2 
157.4 

157.8 
4.2 

46.4 
14.24 

7.6 
86.9 

19.9 
33.22 

 
weight of PATiWin equilibrium (mg/g), Ce is the equi-
librium liquid phase concentration (mg/L), KF the Fre- 
undlich constant indicative of the relative sorption capac-
ity (mg/L) and 1/n is the heterogeneity factor indicative 
of the intensity of the sorption process. A linear form of 
the Freundlich expression can be obtained by: 

1
ln lne f eq K C

n
 ln  

The Freundlich constants are empirical constants which 

depend on several environmental factors. The magnitude 
of the exponent 1/n gives an indication of the adequacy 
and capacity of the adsorbent/adsorbate system [38]. In 
most cases, an exponent between 1 and 10 shows benefi-
cial adsorption. The value of n ranges between 0 and 1, 
and indicates the degree of non-linearity between solu-
tion concentration and adsorption as follows [39]: if the 
value of n is equal to unity, the adsorption is linear; if the 
value is below unity, this implies that the adsorption 
process is chemical; if the value is above unity, adsorp-
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tion is a favorable physical process; the more heteroge-
neous the surface, the closer n value is to 0 [40].  

The fit of data to Freundlich isotherm indicates the 
heterogeneity of the sorbent surface. The linear plot of 
lnqe versus lnCe (Figure 5) for polyaniline titanotungstste 
shows that the adsorption obeys to the Freundlich model.  

Figure 5 for PATiW show the sorption of Cs+ obey 
Freundlich isotherm over the entire range of sorption 
concentration studied. Similar results is found for sorp-
tion of Cs+ with Freundlich isotherm onto polyacylamide 
cerium titanate [41]. The numerical values of the con-
stants n and Kf are computed from the slope and the in-
tercepts, by means of a linear least square fitting method, 
and also given in Table 4. It can be seen from these data 
that the Freundlich intensity constants (n) are greater 
than unity for PATiW. This has physicochemical sig-
nificance with reference to the qualitative characteristics 
of the isotherms, as well as to the interactions between 
metal ions and both adsorbents. In our case, n > 1 for Cs+, 
the PATiW shows an increase tendency for sorption with 
increasing solid phase concentration. This should be at-
tributed to the fact that with progressive surface coverage 
of adsorbent, the attractive forces between the metal ions 
such as Vander Waals forces, increases more rapidly than 
the repulsiveforces, exemplified by short-range electronic 
or long range Coulombic dipole repulsion, and conse-
quently, the metal ions manifest a stronger tendency to 
bind to the adsorbent site [42]. 

Langmuir sorption isotherm model described the mo- 
nolayer coverage of the sorption surfaces and assumes 
that sorption occurs on a structurally homogeneous ad-
sorbent and all the sorption sites are energetically identi-
cal. 

The Langmuir model is probably the best known and 
most widely applied sorption isotherm. It may be repre-
sented as follows: 

1e e

e o o

C C

q q b q
   

where qe is the amount of cesium ions sorbed per unit 
weight of PATiW (mg/g), Ce the equilibrium concentra-
tion of the cesium ions in the equilibrium solution (mg/L), 
qo the maximum adsorption capacity corresponding to 
complete monolayer coverage on the surface (mg/g), and b 
is the Langmuir constant (L/mg) related to the (bαe–ΔG/RT) 
free energy of adsorption. 

The linear plot of (Ce/qe) versus Ce give straight lines 
for Cs+ sorbed onto both adsorbent, as presented in Fig-
ure 6, confirming that this expression is indeed a rea-
sonable representation of chemisorptions isotherm. 

The numerical value of constants qo and b evaluated 
form the slopes and intercepts of each plot are given in 
Table 4. The value of saturation capacity qo corresponds  

 

Figure 5. Freundlich isotherm plots for sorption of Cs+ onto 
PATiW at diffrent reaction temperatures. 
 

 

Figure 6. Langmiur isotherm plots for sorption of Cs+ onto 
PATiW at diffrent reaction temperatures. 
 
to the monolayer coverage and defines the total capacity 
of the adsorbent for a specific metal ion. As it can be 
seen from Table 4, the monolayer sorption capacity (qo) 
values of composite towards Cs+ at 25 45 and 60 ± 1 are 
227.79, 292.39 and 332.23 respectively. The Langmuir 
constants qo and b for Cs+ sorbed onto both adsorbent, 
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 he active surface available  t   

Copyright © 2012 SciRes.                                                                                ACES 



I. M. EL-NAGGAR  ET  AL. 

                                                                            ACES 

175

  
Table 4. Freundlich and Langmuir isotherm parameters for the sorption of Cs+ onto PATiW. 

Freundlish model parameters Langmiur model parameters 
Adsorbent Temperature 

n Kf (mg/g) R2
 qo (mg/g) b (L/mg) × 10–3 R2 RL 

25˚C 1.56 0.96 0.993 227.79 1.07 0.992 0.067 

45˚C 1.57 1.55 0.997 292.39 1.09 0.968 0.069 PATiW 

60˚C 1.58 2.29 0.997 332.23 1.26 0.953 0.058 

 
for sorption has increased with temperature and that ad-
sorption capacity (qo) increases with the increase in tem-
perature, this indicating that the process was endothermic 
in nature. 

It was observed that the equilibrium adsorption data 
indicating the favorable Langmuir’s sorption isotherms 
of Cs+ onto adsorbent. Conformation of the experimental 
data into Langmuir isotherm model indicates the homo-
geneous nature of PATiW as surface, i.e. each Cs+/ 
PATiW adsorption has equal adsorption activation en-
ergy and demonstrates the formation of mono layer cov-
erage of Cs+ on the outer surface of PATiW.  

One of the essential characteristics of the Langmuir 
model could be expressed by dimensionless constant 
called equilibrium parameters RL [43]:  

Copyright © 2012 SciRes.    
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where C0 is the highest initial concentration of adsorbate 
(mg/L) and b (L/mg) is Langmuir constant. The parame-
ter RL indicates the nature of shape of the isotherm ac-
cordingly: RL > 1 unfavorable adsorption; 0 < RL < 1 fa-
vorable adsorption; RL = 0 irreversible adsorption; RL = 1 
linear adsorption  

Figure 7. Plots of separation factor, RL, against initial con-
centration, Co, for sorption of Cs+ onto PATiW at different 
reaction temperatures. 
 
tween the adsorbed molecules. The same result was 
found for physically sorbed of Cs+ on magneso-silicate 
and magnesium aluminosilicate [45]. The theoretical ca- 
pacity (qo) of Cs+ on PATiW were calculated as 227.8 
and 181.8 mgg−1, respectively, against 205.9 and 156.15 
mgg−1 found experimentally indicating that this sorption 
is not completely match with Langmiure isotherm. 

All the RL values (Table 4) were found to be less than 
1 and greater than 0 indicating the favorable sorption 
isotherms of adsorbent Cs+ onto PATiW and the used 
these adsorbents are optimum for removal of Cs+ from 
waste solutions. The values of RL were determined at 
different temperatures 25˚C, 45˚C and 60˚C ± 1˚C over 
the broad concentration range and the results are shown 
in Figure 7 for PATiW. All the RL values were found to 
be less than one and greater than zero indicating the fa-
vourable adsorption of Cs+ onto PATiW.  

Breakthrough curves of PATiW for the conditions 
stated previously are shown in Figures 8 and 9. Batch 
experimental data are often difficult to apply directly to 
the fixed bed sorption column because isotherms are un-
able to give accurate data for scale up since a flow in the 
column is not at equilibrium. Fixed bed column sorption 
experiments were carried out to study the sorption dy-
namics. The fixed bed column operation allows more 
efficient utilization of the sorption capacity than the 
batch process. The shape of the breakthrough curve and 
the time for the breakthrough appearance are the pre-
dominant factors for determining the operation and the 
dynamic response of the sorption column [16]. The gen-
eral position of the breakthrough curve along the vol-
ume/time axis depends on the capacity of the column  

The detailed analysis of the R2 values showed that the 
Freundlich model fit the adsorption data better than the 
Langmuir model at different temperatures. Freundlich 
sorption isotherm does not predict any saturation of the 
solid surface thus envisages infinite surface coverage 
mathematically [44]. Which indicates that Cs+ sorbed on 
PATiW as a monolayer deposition of adsorbate on local-
ized sites followed by a multilayer sorption with interac-
tion between sorbed molecules that having heterogene- 
ous energy distribution, accompanied by interaction be-  
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Figure 8. Performance of PATiW column of cesium sepera-
tion from neutral solutions at different bed depth, 140 
mgL–1 and flow rate 2.5 mlmin–1. 
 

 

Figure 9. Performance of PATiW column of cesium separa-
tion from alkaline and acidic simulant solutions at bed 
depth 1 cm, 13 mgL–1 and flow rate 0.7 mlmin–1. 
 
with respect to bed height, the feed concentration and 
flow rate [46]. 

The breakthrough curves (C/C0 vs volume) obtained 

for Cs+ sorption onto PATiW at different bed depths ( 3.0, 
and 4.0 cm) for a constant linear flow rate of 2.5 mL/min 
and at 140 mg/L of neutral aqueous cesium concentration 
are shown in Figure 8.  

It can be observed a similar behavior in each curve and 
a tendency to follow an S shape which is characteristic of 
an ideal sorption. The results indicate that the volume of 
breakthrough varies with bed depth. The bed capacity 
and the percent removal (column performance) for Cs+ 
increased with increasing bed height, as more binding 
sites were available for sorption. The increase in the ion 
sorption with bed depth was due to the increase in the 
sorbent doses in larger beds, which provided greater 
sorption sites for Cs+. It was found that the break-through 
capacities for Cs+ onto PATiW at different bed depths 
3.0 and 4.0 cm are 5.1 and 6.5 mgg–1 respectively. 
Which there are more than the breakthrough capacity 
0.67 mgg–1 for Cs+ onto phosphoric acid activated silico- 
antimonate [47].  

The rate determining step can be inferred from a stop- 
flow test, in which the flow is halted and restarted during 
column loading. The behavior of C/C0 after the column is 
restarted provides information about the mass transfer 
mechanism. If the exchange rate is controlled by diffu-
sion in the particle phase, diffusion of Cs+ within the 
particles continues even after flow is stopped. Highly 
concentrated cesium on the outer layers of the particles 
will diffuse toward particle centers, there by leveling the 
concentration gradient in the particle and reducing the 
C/C0 on the surface. The result is a decrease in C/C0 
when the column is restarted. As the run continues, the 
concentration gradients in the particles are reestablished 
and the breakthrough curve will slowly approach the 
shape it would have had without interruption [48]. 

In each of the PATiW column test where flow was in-
terrupted (Figure 8) there was a significant decrease in 
C/C0 when the operation was restarted and it took ap-
proximately 50 - 150 bed volumes for the curve shape to 
be re-established. This phenomenon is indicative of a 
particle diffusion controlled system. This stop flow test is 
also analogous to the batch interruption test reported by 
[49] in which the sorbent particles are removed from the 
solution for a brief period of time and then re-immersed 
[16]. The interruption gives time for concentration gra-
dients in the solid phase to level out. Then, when the par-
ticles are re-immersed, the exchange rate is temporarily 
faster. This can be seen as a momentary increase in the 
fractional attainment of equilibrium in the time following 
re-immersion. 

The breakthrough curves for the separation of cesium 
from acid solution (0.5 M HNO3 + 0.1 M NaNO3) and 
from alkaline simulant solution (0.5 M NaOH + 0.1 M 
NaNO3) using PATiW columns at bed depth 1 cm, flow 
rate of 0.7 mlmin–1 and 13 mgg–1 of cesium chloride  
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Figure 10. Partitioning of cesium-134 as a function of mix-
ing time. 
 
were represented in Figure 9. In this figure the break- 
through of cesium begins earlier with respect acid stimu- 
lant solution (at 22 ml) than with respect to alkaline solu-
tion begin very early (at 10 ml) and the sorption capacity 
was found to be 2.32 and 0.66 mgg–1 for acid and alka-
line columns, respectively. This means that PATiW can 
be applied to remove radiocesium from acidic solutions 
where most of the inorganic ion exchangers [50,51] such 
as lithium titanate, tin silicate and titanium-ferrocyanides, 
exhibit very low ion exchange efficiency in the high 
acidic media. Where for alkaline solution the break-
through begins very early with capacity very small. 

This system offer very good selectivity for cesium 
sorption, since if the break-through was studied where 
the feed solution is a simulated active waste solution 
containing different elements of various valence states 
such as Cs+, Va5+, Cr3+, Zr4+, As5+, Mo6+, Co2+, Zn2+, 
Cu2+ and Cd2+. So all these elements could be separated 
in the first few milliliters of the effluent solution while 
cesium is retained completely on the column beds.  

The milk cesium-134 activity was measured over a 3-h 
period to determine the equilibrium time. Fat separation 
was not observed except for long mixing time (>3 h) [52]. 
The uptake of cesium-134 and the decaying of cesium 
activity are shown as a function of mixing time in Figure 
10. The reaction half-life was 30 min, and by 60 min the 
reaction was 80% complete. The reaction reached at 
equilibrium at 2 h [16]. 

4. Conclusions 

A cesium selective composite cation exchanger PATi-
Whaving good ion-exchange capacity (1.8) have been 
prepared successfully. Cesium ion sorption was fit best to 
the Freundlich isotherm model. The breakthrough capac-
ity was different with the bed depths and the solution that 
used. The PATiWcan be used to removal cesium ion 
from aqueous, high acid solutions and milk.  
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