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Abstract An organic–inorganic ion exchanger namely

sodium titanosilicate-polyacrylonitrile (STS-PAN) com-

posite was synthesized and used for the adsorption of 137Cs

from a typical aqueous solution. The physicochemical

behavior of the ion exchanger was specified with different

techniques including Fourier Transform Infrared Spec-

troscopy (FT-IR), X-ray powder diffraction (XRD), spe-

cific surface analysis (BET), thermogravimetry-differential

scanning calorimetry (TG-DSC), scanning election

microscopy (SEM), X-Ray Fluorescence spectroscopy

(XRF) and CHN elemental analysis. The thermal and

gamma irradiation stability of the synthesized ion

exchanger was investigated. It was observed that the ion

exchanger is stable up to 275 �C and against gamma irra-

diation up to 200 KGy. The effects of pH, contact time,

ambient temperature, and presence of various cations on

adsorption rate of STS-PAN were also studied and the

optimum conditions obtained. In addition, thermodynamic

parameters were evaluated during the adsorption. The

values of the enthalpy and the Gibbs free energy suggest an

endothermic and spontaneous process. Adsorption isotherm

in batch experiment showed that the sorption data were

successfully fitted with Langmuir model. Finally the

adsorption dynamic capacity of the synthesized composite

in a columnar experiment as well as its elution was eval-

uated. The complete breakthrough curve was generated at a

feed rate of 15 bed volume per hour and sorbent capacities

were obtained at 5 and 100% breakthrough.

Keywords 137Cs � Ion exchanger � Adsorption �
Sodium titanosilicate � Polyacrylonitrile

Introduction

There are a number of liquid processes and waste streams

at nuclear facilities that require treatment and/or the

removal of radioactive contaminants. Cesium and stron-

tium 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. Ion

exchange technique has become one of the most commonly

used treatment methods for such aqueous streams due to its

simplicity, selectivity and efficiency. A wide range of

materials having different chemical and physical proper-

ties, which can be naturally occurring or synthetic, is

available for this technique [1–11].

Several inorganic ion exchangers such as zeolites,

sodium titanates, silicotitanates, metal oxides and hexacy-

anoferrates are in use in nuclear sites for the treatment of

nuclear wastes. However, the slow mass-transfer rate in

column operation has been the impeding factor for extensive

applications. On the other hand, the application of organic

ion exchange resins to the wastes treatment has been

decreased because they possibly release the radionuclides by

decomposition of organic binding matrix when disposed

underground. These reasons have recently expedited the
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study on the preparation and the application of organic–

inorganic composite ion exchangers for the treatment of

various radioactive and industrial waste waters. In composite

ion exchanger, inorganic materials are active components to

which all the radionuclides are bound and organic materials

are simply inert binders. Therefore, contrary to the organic

ion exchange resins, even in the case of decomposition

of organic binding matrix, no radionuclides are released

[12, 13].

Polyacrylonitrile (PAN) is reportedly one of the most

favorable organic binders, due to its characteristic features

such as excellent pelletizing property, good solubility for

organic solvents, strong adhesive forces with inorganic

materials and chemical stability [14]. PAN beads are highly

porous and can accommodate very high loadings of ion

exchange material (5–95%) into the PAN matrix. These

highly porous PAN beads exhibit a number of advantages

over other granular sorbents. These advantages include

significantly improved kinetics and sorbent capacity owing

to the increased availability of the sorbent material, easy

modification of physico-chemical properties (hydrophilic-

ity, porosity, mechanical strength) and simplified produc-

tion. Several authors published papers on the use of PAN as

a binding polymer for granulating different inorganic cat-

ion exchangers [15–18]. Todd et al. used PAN-AMP con-

taining ammonium molybdophosphate granulated with

PAN to study the uptake of cesium from concentrated

acidic wastes [19]. Also Zn and Cu hexacyanocobaltates

was supported on PAN and used successfully for removal

of the radioactive cesium from different aqueous solutions

[20].

This paper presents the preparative conditions, adsorp-

tion properties and analytical applications of sodium tita-

nosilicate-polyacrylonitrile polymeric-inorganic composite

material used as a cation exchanger for removal of 137Cs

from aqueous solutions.

Experimental

Reagents and apparatus

All the reagents and chemical used were of analytical grade

obtained from Merck, Fluka, and Aldrich. Radioactive

tracer 137Cs was supplied by Nuclear Science and tech-

nology Research Institute of Iran and subsequently used to

label the Cs? solutions of desired concentrations prepared

by dilution of 0.1 mol/L Cs? stock solution.

The infrared spectra was recorded using a Brucker-

Vector 22 spectrophotometer; X-ray powder diffractometry

was carried out using an 1800 PW Philips diffractometer

with CuKa beam in order to determine the structure of the

adsorbers. The X-ray source was a rotating anode operating

at 40 kV and 30 mA with a copper target and the data were

collected between 5 and 70� in 2h; Brunauer–Emmett–

Teller (BET) specific surface area was determined through

nitrogen adsorption isotherms using Quantachrome

NOVA 2200e system; Scanning electron microscope

(SEM) imaging was performed by means of a Philips

XL30; thermogravimetry-differential scanning calorimetry

(TG-DSC) were carried out on heating the sample up to

800 �C at a heating rate of 10 �C/min in the Argon atmo-

sphere using a DuPont model 951; carbon, hydrogen and

nitrogen contents of the composite was determined using

an Elementar-Vario ELIII, CHN elemental analyzer; the

amount of Na?, K?, Ca2? and Mg2? cations was measured

by a Perkin Elmer atomic absorption spectrometer (AAS)

model 843; The X-Ray Fluorescence Unit (Oxford ED

2000) which is used to determine the amount of titanium

and silicon, the radioactivity was counted using a high

purity germanium detector gamma spectrometer Ortec

model GMX-15185-5 and finally the pH measurement

were made with a Schott pH-meter model CG841.

Preparation of composite adsorbent

For sodium titanosilicate preparation, 39 mL of 6 mol/L

NaOH solution was added to 6.8 g of tetraethyl orthoti-

tanate 97% and 5.0 g of tetraethyl orthosilicate 99%. The

synthesis was carried out under hydrothermal conditions at

temperature 150 �C for 5 days. The precipitate was filtered

and washed with distilled water then ethanol. The solid was

then dried at 100 �C and sieved to size of 224–400 lm.

For composite beads preparation; the weighed amount

of sodium titanosilicate powder was mixed with the solvent

dimethylsulfoxide (DMSO) and a few drops of Tween-80

surfactant and stirred at 50 �C for 3 h. Then, 2.4 g of

polyacrylonitrile powder were added to this solution with

stirring at 50 �C for 4 h to obtain homogeneous solution of

the composite dope. The dissolved air in the dope was

removed by vacuum pump, and the air-free composite dope

as described in previous study, was passed through inside

the dual nozzle while the compressed air was ejected

through the outside annulus of the dual nozzle to adjust the

size of the composite beads [21]. The ejected composite

beads were then dropped in distilled water, which was used

as a gelation agent. Finally, the beads were washed using

demineralized water and dried at 50 �C. The bead sizes

were varied in the range of 2–3 mm with the air pressure

variation.

Experimental procedure

The adsorption experiments have been studied by batch

technique. 0.1 g of the prepared composite ion exchanger

and 10 mL of the labeled 10-4 mol/L cesium solution of
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desired pH were shaken with uniform speed using a

thermostated shaker bath. pH of the adsorptive solutions

was adjusted with the suitable quantity of NaOH and HCl,

monitored with a digital pH meter. All experiments were

carried out at 25 �C except for the temperature dependence

studies where temperature varied from 25–65 �C. Before

adding the adsorbent, an aliquot of the bulk solution was

withdrawn for the measurement of the initial radioactivity.

For the evaluations of distribution coefficient (Kd) of

cesium as a function of contact time, from 5 to 120 min

time intervals were applied. At the end of each time

interval, the solution was filtered for phase separation and

the radioactivity of supernatant solutions was measured,

then Kd for adsorbed cesium on the composite was deter-

mined from the following equation:

Kd ¼
Ro � Re

Re

� V

m
mL=gð Þ ð1Þ

where Ro and Re are radioactivity in the initial and equi-

librium stages, V the solution volume (mL) and m is the

mass of sorbent (g).

Also the same experimental conditions were applied in

order to investigate the influence of Na?, K?, Ca2? and

Mg2? cations on the distribution coefficient (Kd) of cesium.

The sorption isotherm experiments were conducted at the

temperature of 25 �C and pH 6.0 (±0.1) by batch sorption

procedure. 0.1 g of adsorbent was mixed with 10 mL sam-

ples of different initial concentration of Cs? solution and

were shaken in order an equilibrium could be achieved.

Results and discussion

Synthesized composit characteristics

Figure 1 depicts XRD patterns of three synthesized mate-

rials: (a) Polyacrylonitrile, (b) STS, and (c) STS-PAN. The

analysis of X-ray patterns revealed that the XRD data

corresponding to the synthetic STS agreed well with pre-

viously reported papers [22, 23]. It was also observed that

no diffraction peaks can be seen in the pattern of polyac-

rylonitrile which indicates an amorphous structure but the

2h values at the peak points of STS-PAN are the same as

those in STS, and hence their crystalline structure is very

similar. Using the above facts, it was determined that STS-

PAN composition has been accurately synthesized.

The IR spectrum of STS-PAN composite is recorded in

Fig. 2. The broad band in the region of 2800–3650 cm-1 is

due to interstitial water and hydroxyl groups and the sharp

peak at 1650 cm-1 corresponds to the bending vibration of

water molecules. Absorption peak at 495 cm-1 can be

assigned to the bending vibration of Ti–O. The spectrum of

the sample shows the characteristic band for –CH2 at

1465 cm-1. The band at 950 cm-1 is assigned to the Si–O–

Ti bond stretching vibration in exchanger structure. The

bands in the 750 cm-1 region are due to the Si–O vibration

in the synthesized composite. Finally, the sharp peak in

2250 cm-1 can be assigned to the nitrile group.

The nitrogen adsorption–desorption studies showed that

the BET surface area of sodium titanosilicate—polyacry-

lonitrile composite is 96.66 m2/g.

Scanning electron microscope (SEM) imaging of the

prepared STS-PAN composite bead is shown in Fig. 3. To

take SEM photographs, electrons are usually accelerated

within a range of 1–30 keV. This image indicates that the

pore size of the inner part of the particles was larger than

that near the surface. The kinetic of sorption on these

adsorber beads must be very fast, since the STS powder

which is the active material for adsorption, is found to be

dispersed throughout the binding matrix. In other word, this

image indicates the structure of synthesized STS is tunnel-

shaped with a high adsorption level.

Using a CHN unit, elements of carbon, hydrogen and

nitrogen contained in the composite were measured, and XRF

spectroscopy was used to determine the amount of titanium

and silicon. The results achieved are shown in Table 1.
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Fig. 1 XRD patterns of synthesized materials: (a) Polyacrylonitrile,
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Fig. 2 IR spectrum of STS-PAN composite
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The TGA-DSC thermal analysis of STS-PAN composite is

shown in Fig. 4 which shows decomposition steps. This

Figure demonstrates that weight reduction up to 275 �C

occurs due to elimination of free water molecules; and above

this temperature (275–370 �C); structural collapse of poly-

mers contained in the composite will cause reduction of

adsorbent weight. Finally, in temperatures between 370–

655 �C, weight reduction is due to release of space lattice

water molecules outward and emission of hydrogen cyanide

(HCN) gas from the synthesized compound. Therefore,

sodium titanosilicate-polyacrylonitrile is stable up to 275 �C.

Stability of STS-PAN against gamma irradiation

Through assessment of IR spectrum of STS-PAN com-

posite, probable variations in the exchanger structure as a

result of gamma rays can be predicted. IR spectra of the

sample prior to gamma irradiation (100 and 200 KGy

doses) and after that were compared.

As it can be seen in Fig. 5, no change is observed among IR

spectra of all three samples (a-unpredicted by gamma,

b- gamma-irradiated up to 100 KGy, c-gamma-irradiated up

to 200 KGy); in the other words, the synthesized composite

will be stable against gamma irradiation up to 200 KGy under

which no change occurs through the composite’s structure.

Adsorption characteristics

Effect of contact time

Pursuant to the assessment of factors having impact on

cesium adsorption, the influence of contact time between

cesium solution and STS-PAN on distribution coefficient

of cesium was investigated. As it can be seen in Fig. 6, the

adsorption rate soars with time increase, and equilibrium is

maintained between two phases after about 130 min. In the

subsequent experiments, the contact time of 130 min was

selected for sorption equilibration of Cs? on STS-PAN.

Effect of solution initial pH

The effect of pH on the sorption of Cs? ions from aqueous

solutions using the prepared composite material was inves-

tigated over the pH range of 1.0–9.0 (Fig. 7). It was observed

that the distribution coefficient of cesium continuously

increases with increasing pH and the optimum pH value at

which the maximum adsorption could be achieved was 6.0.

Low distribution coefficient in acidic environments can be

attributed to competition of H? cations with cesium ions for

the exchange sites in the adsorbent.

Fig. 3 Three dimensional scanning electron microscopic photograph

of STS-PAN composite cross-section

Table 1 Analytical results of

the synthesized composite

elements

Element Weight (%)

Ti 34.50

Si 13.60

C 32.78

H 3.78

N 6.54

Fig. 4 TGA-DSC curves of synthesized composite

0

10

20

30

40

50

60

70

80

90

40080012001600200024002800320036004000

Wavenumber (cm-1)

T
ra

ns
m

itt
an

ce
% c

b

a

Fig. 5 IR spectra comparison over modes of (a) unpredicted (b)

irradiated up to 100 KGy and (c) irradiated up to 200 KGy
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Effect of other cations

Change of distribution coefficient values of Cs? cation

along with the tracer was evaluated in the presence of Na?,

K?, Ca2? and Mg2? cations at 10-4 mol/L concentration

added in the form of their nitrates at 298 K. The results

(Table 2) indicate that the distribution coefficient of

cesium has decreased in the presence of added cations.

Effect of solution temperature

The effect of medium temperature of distribution coeffi-

cient with regard to Cs? cation was examined, while other

parameters were kept constant (adsorptive concentration

for Cs? 10-4 mol/L and pH 6.0).

The results obtained in Table 3 reveal that rising of the

medium temperature from 298 K to 338 K (from 25 �C to

65 �C), in steps of 10 K (10 �C), brings about positive

impact on the magnitude of distribution coefficient. As

temperature goes up, the required energy for precipitation

of hydrated cations layers is provided, and it also leads to

enhancement of cations motion existing in exchanging

network and facilitates the interaction. Therefore, the

above exchanging process is endothermic.

Process thermodynamic parameters

Variation of standard thermodynamic parameters during

the adsorption process was evaluated using the following

equations [24]:

ln Kd ¼
�DH�

RT
þ DS�

R
ð2Þ

where DH�, DS� and T are the standard enthalpy, standard

entropy, and temperature in Kelvin, respectively, and R is

the gas constant. Considering the above equation and by

drawing Ln Kd diagram in terms of 1/T, values of DH� and

DS� are determined. The values of enthalpy and entropy

can be obtained from the slope and intercept of linear

variation of ln Kd with reciprocal temperature (Fig. 8). The

standard Gibbs free energy, DG�, of specific adsorption

was calculated from the well-known equation:

DG� ¼ DH� � TDS� ð3Þ
The values of DH̊ and DG� are presented in Table 4.

Table 4 reveals that the value of DH̊ is positive and the

value of DG� is negative which show that the sorption of

cesium on synthesized composite is an endothermic and a

spontaneous ion-exchanging process.

Adsorption isotherms

The adsorption isotherm is the equilibrium relationship

between the concentration in the fluid phase and the
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Fig. 6 Variation of distribution coefficient of cesium with contact

time
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Fig. 7 Variation of distribution coefficient of cesium with PH of the

solution

Table 2 The effect of the

added cations in the solution on

the distribution coefficient of

cesium ions on STS-PAN

Added cation Kd (mL/g)

Nil 8406

Na? 1836

K? 1287

Ca2? 2406

Mg2? 2721

Table 3 The effect of solution

temperature on the distribution

coefficient of cesium ions on

STS-PAN

Temperature (K) Kd (mL/g)

298 8406

308 8649

318 8952

328 9801

338 10362
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concentration in the adsorbent particles at a given temperature

and pH. The adsorption isotherm parameters show actually

the surface properties and affinity of the sorbent. Some typical

isotherm shapes are shown in the literature as arithmetic

graphs. In this paper Langmuir and Freundlich models are

applied to calculate the sorption data of Cs? on STS-PAN.

The Langmuir sorption isotherm has been widely used

to characterize the adsorption phenomena from solution.

The isotherm is valid for monolayer adsorption onto a

surface containing a finite number of identical sites. The

form of Langmuir isotherm can be represented by the

following equation [25]:

Ce

qe

¼ 1

Q�b
þ Ce

Q�
ð4Þ

where qe is the amount of metal ion sorbed per unit weight

of adsorbent (mol/g), Ce the equilibrium concentration of

the metal ion in the equilibrium solution (mol/L), Q� the

monolayer adsorption capacity and b is the constant that

relates to the heat of adsorption.

Freundlich isotherm model stipulate that the ratio of

solute adsorbed to the solute concentration is a function of

the solution. This model allows for several kinds of sorp-

tion sites on the solid and represents properly the sorption

data at low and intermediate concentrations on heteroge-

neous surfaces. The model has the following form [26]:

log qe ¼ log KF þ
1

n
log Ce ð5Þ

where KF represents the sorption capacity when metal ion

equilibrium concentration equals to 1, and 1/n represents

the degree of dependence of sorption with equilibrium

concentration.

Figure 9 represents the experimental adsorption iso-

therm of the intended composite and Figs. 10 and 11

demonstrate the fitted resulting diagrams based on Lang-

muir and Freundlich equations at 25 �C (298 K). The

parameters calculated from the slopes and the intercepts,

by means of a linear least square fitting method, are sum-

marized in Table 5. Higher correlation coefficient indicates

that the cesium adsorption on the synthesized STS-PAN

composite is monolayer and the Langmuir model fits the

9
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Fig. 8 The effect of solution temperature on the distribution

coefficient of cesium ions on STS-PAN

Table 4 Thermodynamic

parameters for cesium

adsorption on the synthesized

STS-PAN

DH̊ (kJ/mol) 4.5177

DS̊ (kJ/K mol) 0.0809

DG̊ (kJ/mol)

298 K 19.6165

308 K 20.4264

318 K 21.2363

328 K 22.0462

338 K 22.8560
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Fig. 9 Adsorption isotherm of cesium on STS-PAN composite at

298 K
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Fig. 10 Langmuir adsorption isotherm of cesium on STS-PAN

composite at 298 K
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adsorption data better than the Freundlich model over the

entire range of adsorptive concentration studied.

Columnar experiments

Breakthrough diagram

In column fixed bed adsorption, the concentrations in the

fluid phase and the solid phase change with time as well as

with position in the bed. At first time, most of the mass

transfer takes place near the inlet of the bed, where the fluid

contact fresh adsorbent. If the solid contains no adsorbate

at the start, the concentration in fluid drops exponentially

with distance essentially to zero before the end of the bed is

reached. After a few minutes, the solid near the inlet is

nearly saturated, and most of mass transfer takes place

further from the inlet.

In this stage also 0.2 g of STS-PAN composite was put

in glass tubes with 0.8 cm diameter and 60 cm long. Then

200 mL of effluent containing Cs? together with tracer,

with 50 ppm concentration was passed through the tube.

The concentration gradient, Ai/Af, becomes S-shaped ver-

sus time, where Ai is Cs effluent activity (Bq/mL) and Af is

Cs feed activity (Bq/mL). Cesium breakthrough curve was

generated from columnar test Ai/Af, by plotting the number

of bed volumes (BV) of feed processed against the percent

breakthrough Ai/Af 9 100%. The region where most of the

change in concentration occurs is called the mass transfer

zone, and the limits are often taken as Ai/Af, equal to 0.95

to 0.05.

Solutions were made using water sample taken from

river near capital city of Iran, Tehran. Table 6 represents

the analytical results of its water. It is noteworthy that this

river is seasonal, so during the other seasons has little water

or is even dry.

Figure 12 shows breakthrough curve on STS-PAN

composite. To provide an estimate of dynamic capacity, a

second order kinetic equation was fit to the data set to

obtain a relationship for Cs effluent concentration as

function of throughput volume. This equation for Cs con-

centration was then substituted into following relationship

for dynamic capacity (DC):

DC ¼
R t

0
Af � Aið Þdt

M
ð6Þ

where t is volume at specified breakthrough, and M is mass

of STS-PAN sorbent (g dry). Dynamic capacity estimated

was then obtained by evaluating the integral numerically

with upper limit values corresponding to approximately 5

and 100% Cs breakthrough. Adsorption dynamic capacity of

the synthesized composite in 5 and 100% breakthrough

conditions, as well as efficiency of the adsorbent column are

presented in the following Table 7. Though the structure of

synthesized adsorbent is tunnel-shaped with a very high

adsorption level, it is observed that cesium adsorption rate is
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Fig. 11 Freundlich adsorption isotherm of cesium on STS-PAN

composite at 298 K

Table 5 The parameters of Langmuir and Freundlich isotherms STS-

PAN composite at 298 K

Langmuir constants Q� (mmol/g) 0.440

b (L/mmol) 0.020

R2 0.990

Freundlich constants KF (mmol/g)(L/mmol)1/n 0.009

1/n 0.960

R2 0.953

Table 6 Water characteristics of sample water

TDS

(mg/L)

E �C

(lS/Cm)

pH K?

(mg/L)

Na?

(mg/L)

Mg2?

(mg/L)

Ca2?

(mg/L)

200 34 8.36 1.17 10.35 10.56 50.2

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200

Effluent Volume

A
i/A

f

Fig. 12 Breakthrough diagram of cesium on STS-PAN composite for

a sample river water
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not so high on the synthesized adsorbent, which this

phenomenon is due to high reluctance of sodium ion

contained in the adsorbent structure to interact with cesium

ion contained in the solution. Due to high contamination of
137Cs ion, practically higher than 5% saturation is used.

Sorbent capacities at a flow rate of 15 BV/hr were

determined to 9.80 and 22.06 mg Cs/g STS-PAN 5 and

100% Cs breakthrough, respectively. The efficiency formula

of adsorbent column is:

E ¼ Area 1

Area 1þ Area 2
� 100 ð7Þ

where area 1 is the area above the curve from Af/Ai = 0%

till Af/Ai = 5%, and area 2 is the area above the curve from

Af/Ai = 5% to Af/Ai = 100%, the obtained efficiency is

approximately about 44.42%.

Elution diagram

For elution studies, a glass column containing 0.2 g of the

prepared composite on a glass wool support was loaded

with a solution of 10-4 mol/L containing 137Cs tracer.

Desorption with 0.1 mol/L HCl solution was carried out at

a flow rate of 0.5 mL/min at 25 �C. Fractions of 10 mL

were analyzed for 137Cs activity. Figures 13 shows elution

curve of cesium from STS-PAN composite with 0.1 normal

HCL solution. As it can be seen about 85% of the adsorbed

Cs was eluted with 50 mL eluent. This confirms the

difficulties are not encountered in eluting cesium from

STS-PAN composite.

Conclusions

The studies showed that the synthesized composite have

crystalline structure and was thermally stable, resistant to

gamma irradiation of up to 200 KGy. The adsorption

properties showed that the adsorption of cesium is directly

depended upon the contact time, temperature and pH of the

media used, and as these controlling parameters increase,

the adsorption of cesium ions for the ion exchanger,

increase. The equilibrium data obtained in this study

accorded excellently with the Langmuir adsorption iso-

therm over the entire concentration range investigated. The

values of DG̊, DH̊ and DS̊ prove that the sorption of cesium

on STS-PAN is an endothermic and a spontaneous process.

The overall results indicate the possibility of using the

synthesized composite for efficient removal of 137Cs from

aqueous solutions. Furthermore, its spherical shape allows

it to be used successfully in column separation processes.

Complete breakthrough curve was generated at feed rate of

15 BV/hr and sorbent capacities were determined to be

approximately 9.80 and 22.06 mg Cs/g STS-PAN, 5 and

100% Cs breakthrough, respectively. In this case the col-

umn efficiency was 44.42%. Finally, the elution result

confirms that the STS-PAN has good elution characteristic.
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