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Abstract A polyacrylonitrile–potassium nickel hexacy-

anoferrates composite adsorbent was prepared to remove

cesium ion in aqueous solution. The dual nozzle technique

was applied to prepare a composite sphere. The physico-

chemical behavior of the ion exchanger was specified with

different techniques including Fourier transform infrared

spectroscopy, X-ray powder diffraction, specific surface

analysis, scanning electron microscopy, and X-ray fluo-

rescence spectroscopy analysis. The effects of contact time,

solution initial pH, presence of various cations and initial

cesium concentration on the adsorption was also investi-

gated and the optimum conditions for separation of cesium

were determined. In addition, adsorption kinetics and

adsorption mechanism were studied by modeling the

experimental data and related parameters were also eval-

uated, which showed that sorption data fitted to pseudo-

second-order and film diffusion models. Adsorption iso-

therm in batch experiments showed that the sorption data

were successfully fitted with Langmuir model. Finally the

adsorption dynamic capacities of the synthesized compos-

ite in column experiments were evaluated at 139.925 and

119.539 mg/g for flow rate of 1 and 3 BV/min, respectively.

Keywords Cesium � Potassium nickel

hexacyanoferrate (II) � Polyacrylonitrile � Sphere �
Ion exchange � Adsorption

Introduction

During the operation of nuclear power plants, reprocessing

plants and research facilities, as well as the use of radio-

isotopes in industry and diagnostic medicine, a wide vari-

ety of liquid radioactive waste (LRW) have been produced.

These wastes have to be treated to reduce the radioactivity

to an acceptable level for discharge into the environment

[1, 2]. All of these LRW types differ in chemical and

radiochemical composition. The radiochemical composi-

tion changes significantly over time because of the decay of

the short-lived radionuclides. In this process, the fraction of

long-lived 137Cs (T1/2 = 32y), a major constituent of the

fission products, increases continuously [3]. Consequently,

many treatment schemes involve removing this isotope

from the bulk waste in order to facilitate handling and

storage at the repository.

Among various treatment schemes, insoluble hexacy-

anoferrates studied show very high affinity and selectivity

for cesium ions [4]. But insoluble hexacyanoferrates

exhibit a great variety of compositions and structures. Even

with the same transition metal, different compositions and

different structural arrangements may be observed, which

depends on the method of preparation [5]. Meanwhile,

insoluble hexacyanoferrates powders, if used as is, can cause

operational problems such as pressure drop and filtration,

which are not suitable for column application [6]. To avoid

their disadvantages, insoluble hexacyanoferrates powders,

as in most inorganic adsorbent powders, have to be palletized

or immobilized to the other supporting materials. Among

them, 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 [7, 8]. Several authors
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reviewed the studies on PAN-based hexacyanoferrates

composite adsorbent [9, 10]. Especially, Someda et al. [10]

supported Cu, Zn hexacyanoferrates on PAN and applied

them to the removal of cesium ions in aqueous solution. In

spite of some successful results on the preparation of PAN-

based hexacyanoferrates composite adsorbent, there are few

papers on the preparation of spherical PAN-based potassium

nickel hexacyanoferrates (KNiCF) composite adsorbent, and

even fewer on its adsorption characteristic for cesium ions.

Therefore, this study was focused on the preparation of

spherical PAN-KNiCF composite adsorbent and the eval-

uation of its adsorption behaviors for cesium ions.

Experimental

Reagents and apparatus

All the chemicals used in this investigation were of ana-

lytical grade purity and used without further purifications.

X-ray powder diffractometry was carried out using a

model D/MAX-RB produced by RIGAKU Corporation and

data were collected between 5� and 79.98� in 2h. The

infrared spectroscopy was recorded using a NICOLET

5700 FT-IR spectrophotometer from Thermo Electron

Corporation. The specific surface analysis (BET) surface

area and pore volume of studied adsorbents were deter-

mined using the nitrogen adsorption/desorption method by

means of a surface area analyzer 3H-2000PS2. Scanning

electron microscope (SEM) of the samples of the com-

posite adsorbents synthesized was carried out using a

model JSM-5610LV SEM produced by JEOL Ltd. The

Axios advanced X-ray fluorescence unit is used to deter-

mine the amount of potassium, nickel and iron. The amount

of Cs? was measured by an atomic adsorption spectrometer

(AAS) model TAS-986F and finally the pH measurement

was made with a pH-meter model PHS-3D.

Synthesis of composite adsorbent

Firstly the KNiCF was prepared by combination between

K4[Fe(CN)6] and NiSO4 solution. The precipitate was filtered

and then washed several times with deionized water and dried

at 60�C for 48 h. The resulting granulates were ground to fine

powder, and finally stored at room temperature.

A weighed amount of KNiCF which had been synthe-

sized as above was measured in a weight ratio of 4:1 to

PAN. The weighed amount of PAN was dissolved in sol-

vent dimethylsulfoxide (DMSO) with gentle heat and

continuous stirring, till a viscous solution was obtained.

Then, the measured KNiCF was added to the mixture, and

finally 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 spheres

[11]. The ejected composite spheres were then dropped in a

deionized water bath and the PAN-KNiCF composite

spheres were formed instantly to desired sphere size

between 0.5 and 0.9 mm. These were washed with deion-

ized water and dried at 60�C in an oven for 24 h. Finally,

spherical PAN-KNiCF composite adsorbent consisting of

approximately 80 wt% KNiCF loaded on a porous PAN

support was synthesized.

Batch experiments

The adsorption experiments have been studied by batch

technique. 0.02 g of the prepared composite adsorbent and

140 mL of the 20 mg/L cesium solution of 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. All experi-

ments were carried out at 30 �C and pH 6.32 (±0.1).

Before adding the adsorbent, an aliquot of the bulk solution

was withdrawn for the measurement of the initial cesium

concentration. For the evaluations of distribution coeffi-

cient (Kd) of cesium as a function of contact time, from 30

to 240 min time intervals were applied. At the end of each

time interval, the cesium concentration of supernatant

solutions was measured, and then Kd for adsorbed cesium

on the composite was determined from the following

equation:

Kd ¼
C0 � C

C
� V

m
ð1Þ

where C0 and C are the aqueous concentrations (mg/L) of

the ion before and after treatment, m is the mass of

adsorbent (g), V is the volume of waste solution (mL).

Also the same experimental conditions were applied in

order to investigate the influence of solution initial pH,

other cations (K?, Na?, NH4
?, Ca2? and Mg2?) and initial

cesium concentration on the distribution coefficient (Kd) of

cesium. The adsorption isotherm experiments were con-

ducted at the above experimental conditions by batch

sorption procedure.

Column experiments

Column experiments were performed to investigate dynamic

removal of cesium in aqueous solutions through adsorption.

Total 0.5 g of PAN-KNiCF was packed in glass columns

with a length of 410 mm and internal diameter of 6.5 mm.

The cesium solution (20 mg/L) at pH 6.32 (±0.1) was

pumped downward through the top of the column at a flow

rate of 2.2 mL/min (1 BV/min) or 6.6 mL/min (3 BV/min).
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Effluent samples were collected from the exit of the column

at regular time intervals and then analyzed for residual

cesium concentration using AAS.

Results and discussions

Characterization of the prepared composite adsorbents

Figure 1 shows XRD pattern for PAN-KNiCF, which

clarifies the presence of some characteristic signals at dif-

ferent diffracting angels confirming the presence of crystal

structure for PAN-KNiCF. In XRD pattern of PAN-

KNiCF, a rather high crystallinity and narrow width of

reflections which corresponds to the larger size of crystals

are observed, and there are sharp peaks corresponding to

2h = 17.54�, 24.88�, 35.42�, 39.68�, 43.86�, 50.96� and

57.74�.

The IR spectrum of PAN and PAN-KNiCF are recorded in

Fig. 2. By comparing the data and IR spectrum of PAN and

PAN-KNiCF, it was observed that the values of wavenum-

bers at the peak points of KCFC–PAN are close to those in

KCFC, and their patterns almost match one another. In IR

spectrum of PAN-KNiCF, the first peak around 3,408 cm-1

is due to interstitial water and hydroxyl groups. The sharp

and strong absorption peak at 2,095 cm-1 corresponds to

cyanide stretching region, and the peak at 1,612 cm-1 is due

to the deformation vibration of the free water molecules.

Furthermore, the adsorption peak at 450–600 cm-1 region is

due to the Fe–C stretching.

Nitrogen adsorption–desorption isotherm of PAN-

KNiCF is shown in Fig. 3. Surface area of PAN-KNiCF is

low, 29.63 m2/g calculated by BET method. Pore analysis

of PAN-KNiCF was determined by BJH method based on

nitrogen desorption isotherm. Cumulative pore volume and

the average pore diameter of the adsorbent were deter-

mined as 0.16 mL/g and 26.43 nm, respectively.

The scanning electron microscopic photographs of

PAN-KNiCF composite adsorbent are shown in Fig. 4. The

images revealed that the particles are not homogeneous.

The finely divided particles of the active components are

embedded into the binding matrix. Many holes and cracks

were observed on the surface of the adsorbent, which can

cause fast kinetics of sorption on these adsorbents.

Using XRF spectroscopy, elements of potassium, nickel

and iron were measured. The results achieved are shown in

Table 1. According to Table 1 and the structure of hexa-

cyanoferrate (II), the composition of KNiCF may be found

as K1.16Ni1.37[Fe(CN)6]�nH2O.
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Fig. 3 Nitrogen adsorption–desorption isotherm of PAN-KNiCF
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Batch experiments

Effect of contact time

The effect of contact time on cesium adsorption is given in

Fig. 5, which shows that the adsorption rate soars with time

increase, and equilibrium attained in about 24 h, showing

the usual trend exhibited by ion exchangers: a fast initial

adsorption followed by an almost constant value. In the

subsequent experiments, the contact time of 24 h was

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

Effect of solution initial pH

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

solutions using the prepared adsorbent was investigated

over the pH range of 1.78–10.52. The results are shown in

Fig. 6. The distribution coefficient of cesium on the PAN-

KNiCF declines with increasing pH to a minimum value

(pH 3.85) and then increases with further increase in pH.

On the whole, low distribution coefficient in acidic envi-

ronment was obtained, compared with alkali environment,

which can be attributed to competition of H? with Cs? for

the exchange sites in the adsorbent.

Effect of other cations

Various cations, often present in nuclear liquids, are likely

to compete for the ion exchange sites in any sorbent and

reduce the uptake efficiency of the sorbent. Hence, exper-

iments were carried out to assess the adsorption behavior of

Fig. 4 a, b SEM photographs of PAN-KNiCF

Table 1 Analytical results of the prepared composite adsorbent

Element Weight (%)

K 13.24

Fe 16.32

Ni 23.46
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Fig. 5 Variation of distribution coefficient of cesium with contact

time

1 2 3 4 5 6 7 8 9 10 11
15000

20000

25000

30000

35000

40000

45000

50000

55000

K
d 

(m
L

/g
)

pH

Fig. 6 Variation of distribution coefficient of cesium with pH of the

solution

170 J Radioanal Nucl Chem (2013) 298:167–177

123



the prepared adsorbent for Cs? in presence and absence of

K?, Na?, NH4
?, Ca2? and Mg2?, while keeping constant

the Cs? concentration (20 mg/L), pH (6.32 ± 0.1), and

temperature (303 K). The concentration of the added cat-

ions varied from 1 to 200 mg/L. In absence of added cat-

ions, the value of Kd was 25,941 mL/g and the results

under competition of added cations were returned in Fig. 7.

The results indicate that the distribution coefficient of

cesium decreased in the presence of K? and NH4
? and

increased in presence of Na?, Ca2? and Mg2?. Distribution

coefficient of cesium decreased as the concentration of

either K? or NH4
? increased and increased with increasing

concentration of Na?, but varied little as the concentration

of Ca2? or Mg2? increased.

Effect of initial cesium concentration

Initial cesium concentration is an important factor that

should be considered for effective adsorption. The distri-

bution coefficient of cesium is presented in Fig. 8. The

initial cesium concentration were increased from 20 to

250 mg/L, the distribution coefficient of cesium was rap-

idly decreased from 23,009 to 664 mL/g. This may be due

to the saturation of active adsorption sites on PAN-KNiCF

composite adsorbent.

Adsorption kinetics

The kinetics of adsorption describes the rate of cesium

uptake on the PAN-KNiCF, which determines the equi-

librium time. The kinetics of sorbate uptake is required for

selecting optimum operating conditions for the full-scale

batch process, and the kinetic parameters can reflect

important information for designing and modeling the

processes [12]. Thus, different kinetic models such as

pseudo-first-order and pseudo-second-order models were

used to analyze the kinetics of the sorption data.

Lagergren pseudo-first-order equation is the most pop-

ular kinetics equation and used only for the rapid initial

phase. The pseudo-first-order equation is given by [13]

ln ðqe � qtÞ ¼ ln qe � k1t ð2Þ

where qt (mg/g) is the adsorption capacity at time t and k1

(h-1) is the first order rate constant. The value of k1 can be

obtained from the slope of the plot ln (qe - qt) versus t

(Fig. 9). The estimated reaction rate and the correlation

coefficient (R2) values of fitting the first order rate model

are reported in Table 2.

Pseudo-second-order equation may be expressed in the

form [14]:
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t

qt

¼ 1

k2q2
e

þ t

qe

ð3Þ

where k2 (g/(mg h)) is the second order rate constant. The

second order rate constant can be used to calculate the

initial sorption rate, at t?0 as follows [15]:

h ¼ k2q2
e ð4Þ

where h (mg/(g h)) is initial sorption rate. Figure 10 shows

a plot of t/qt against t and related parameters are shown in

Table 2. From Table 2, it was noticed that correlation

coefficient values of pseudo-first-order model was slightly

higher than that of pseudo-second-order model. However,

the qe calculated value was found to be closer to qe

experimental value in pseudo-second-order kinetic model

when compared to the pseudo-first-order kinetic model.

Therefore, the sorption data fit pseudo-second-order model

better.

Adsorption mechanism

From a mechanistic viewpoint, to interpret the experi-

mental data, it is necessary to identify the steps involved

during adsorption. It consists of the following three main

steps [16]:

(1) Transport of the solute from bulk solution through

liquid film to the adsorbent exterior surface (film

diffusion);

(2) Transport of the sorbate within the pores of the

adsorbent (intraparticle diffusion);

(3) Adsorption of the sorbate on the exterior surface of

the adsorbent.

The last step is very rapid for most of the adsorption

processes, and its corresponding resistance can be negli-

gible. However, the rate limiting step is the slowest one.

Hence, the rate limiting step might be determined between

film and intraparticle diffusion, viz., film diffusion, or

intraparticle diffusion, or both during the process of solid–

liquid adsorption. The possibility of film or intraparticle

diffusion was explored by using the Weber–Morris model

[17]:

qt ¼ I þ kit
1=2 ð5Þ

where ki (mg/(g h0.5)) is the intraparticle diffusion rate

constant, t (h) is time and I (mg/g) is the intercept of the

vertical axis and it gives information about the thickness of

boundary layer. This intercept could be employed to

examine the effect of diffusion mechanisms of the solute

i.e. film and intraparticle diffusion. If the Weber–Morris

plot of qt versus t0.5 gives a straight line trough the origin,

I = 0, intraparticle diffusion is considered as the rate

limiting step, while, at I [ 0 both film and intraparticle

diffusion are considered as rate limiting steps. The qt val-

ues were plotted against t0.5 as shown in Fig. 11. From

Fig. 11, the straight line did not pass through the origin and

this indicated that the intraparticle diffusion was not only

the rate-controlling step.

The plot of qt versus t0.5 can also be divided into a multi-

linearity correlation (Fig. 11), which indicates that three

steps occur during adsorption process. For the first sharper

portion, i.e. from 0 to 8 h, it is postulated that cesium was

transported to the external surface of the adsorbent through

film diffusion and its rate, ki1 = 27.062 mg/(g h0.5) shows

this adsorption process is very fast. The second portion is

the relatively gradual adsorption stage where the intrapar-

ticle diffusion with ki2 = 20.506 mg/(g h0.5) can be rate

controlling. The third portion (after 12 h) ki3 = 5.385 mg/

(g h0.5) is the final equilibrium stage where the intraparticle

diffusion starts to slow down due to the extremely low

solute concentration in solution [18]. From the above

analysis, it can be concluded that both film and intraparticle

diffusion were simultaneously operating during the process

of the adsorption of cesium on the PAN-KNiCF.

Table 2 Pseudo first and second order model parameters for the sorption of cesium

Pseudo-first-order model Pseudo-second-order model qe experimental (mg/g)

qe (mg/g) k1 (h-1) R2 qe (mg/g) k2 (g/(mg h)) h (mg/(g h)) R2

93.652 0.191 0.990 124.224 0.00267 41.202 0.984 110.250
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Fig. 10 Pseudo-second-order model plot for cesium adsorption on

PAN-KNiCF
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In addition, intraparticle diffusion coefficient can be

calculated from intraparticle diffusion rate constant by the

following equation:

Di ¼
5p
12

dpki

qe

� �2

ð6Þ

where Di (m2/h) is the intraparticle diffusion coefficient, dp

(m) is particle diameter. The parameters related to Weber–

Morris model are summarized in Table 3.

To determine the actual rate limiting step of adsorption

process, the adsorption data were further analyzed by the

Boyd model, which is presented by the following equations

[16]:

F ¼ qt

qe

ð7Þ

and

F ¼ 1� 6

p2
exp(� BtÞ; ð8Þ

i.e.

Bt ¼ �0:4977� lnð1� FÞ; ð9Þ

where F is the fractional attainment of equilibrium at time

t and Bt is a mathematical function of F.

The value of Bt can be calculated from each value of

F and the values are plotted against t as shown in Fig. 12.

The linearity of this plot can be used to distinguish between

film diffusion and intraparticle diffusion mechanism [19].

From Fig. 12, it was observed that the plot were linear but

did not pass through the origin, indicating that, for the

studied solute concentration, film diffusion mainly governs

the rate-limiting process [20].

The calculated B value was used to calculate the

effective diffusion coefficient by the following equation

[21]:

B ¼ p2Deff

r2
ð10Þ

where Deff (m2/h) is the effective diffusion coefficient of

sorbates in the adsorbent phase and r (m) is the radius of

adsorbent particle.

Adsorption isotherms

The adsorption of Cs? on the adsorbent at different con-

centrations was investigated at constant temperature, i.e.,

303 K. The results obtained are shown in Fig. 13. The

amount of cesium taken by PAN-KNiCF exhibited a fast

initial increase followed by a slight increase with increas-

ing adsorptive concentration.

Langmuir, Freundlich and Dubinin-Radushkevich models

were applied to further analyze adsorption data in order to

reveal the equilibrium relationship between the concen-

tration in the aqueous phase and the concentration in the

adsorbent particles.

The Langmuir isotherm is one of the simplest and most

useful isotherm models proposed by Langmuir. The iso-

therm is valid for monolayer adsorption onto a surface

containing a finite number of identical sites. The Langmuir

equation is of the form [22]:

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

30

40

50

60

70

80

90

100

110

120

t0.5

q t

Fig. 11 Weber–Morris plots for cesium adsorption on PAN-KNiCF

Table 3 Weber–Morris and Boyd model parameters for the sorption

of cesium

Weber–Morris model Boyd model

ki (mg/

(g h0.5)

Di 9 108

(m2/h)

I

(mg/g)

R2 Deff 9 109

(m2/h)

R2

22.868 2.760 16.974 0.955 9.400 0.990
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Fig. 12 Bt versus t plot for cesium adsorption onto PAN-KNiCF
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Ce

qe

¼ 1

Q0KL

þ Ce

Q0

ð11Þ

where qe (mg/g) is equilibrium solid phase sorbate con-

centration, Ce (mg/L) is equilibrium aqueous phase sorbate

concentration, Q0 (mg/g) is asymptotic maximum solid

phase sorbate concentration, KL is equilibrium constant

(L/mg). A plot of Ce/qe versus Ce would result in a straight

line with a slope of 1/Q0 and intercept of 1/Q0KL as seen in

Fig. 14. Langmuir parameters are given in Table 4.

The affinity between the sorbate and sorbent can be

predicted by the Langmuir parameters using the dimen-

sionless separation factor RL:

RL ¼
1

1þ KLC0

ð12Þ

where KL is equilibrium constant and C0 is initial con-

centration of the sorbate in solution.

The values of RL indicate the type of isotherm to be

irreversible (RL = 0), favorable (0 \ RL \ 1), linear

(RL = 1) or unfavorable (RL [ 1). The calculated RL val-

ues versus initial cesium concentration were represented in

Fig. 15. From this figure, it was observed that values of RL

were in the range of 0–1 at all initial cesium concentrations

and adsorption of cesium was found more favorable at

higher concentrations.

Freundlich isotherm model allows for several kinds of

sorption sites on the solid and represents properly the

sorption data at low and intermediate concentrations on

heterogeneous surfaces. The model is given by the fol-

lowing equation [23]:

log qe ¼ log KF þ
1

n
log Ce ð13Þ

where KF represents the sorption capacity when sorbate

equilibrium concentration equals to 1. 1/n represents the
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Fig. 13 Experimental adsorption isotherm of cesium on the PAN-

KNiCF at 303 K
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Fig. 14 Langmuir adsorption isotherm of cesium on PAN-KNiCF at

303 K

Table 4 Langmuir, Freundlich and Dubinin-Radushkevich model

parameters for cesium adsorption isotherms at 303 K

Langmuir isotherm Q0 (mg/g) 157.729

KL (L/mg) 0.146

R2 0.996

Freundlich isotherm KF (mg/g)(L/mg)1/n 86.391

n 9.164

R2 0.954

Dubinin-Radushkevich isotherm KD (kJ2/mol2) 0.00103

qm (mol/g) 0.00152

E (kJ/mol) 22.033

R2 0.965
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Fig. 15 Separation factor RL of cesium on PAN-KNiCF
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degree of dependence of sorption with equilibrium con-

centration and n is a measure of the deviation from line-

arity of adsorption. A plot of log qe versus log Ce would

result in a straight line with a slope of 1/n and intercept of

log KF as seen in Fig. 16. Freundlich parameters are given

in Table 4.

The Dubinin-Radushkevich isotherm does not assume a

homogeneous surface or constant sorption potential and is

more general than the Langmuir isotherm. The Dubinin-

Radushkevich model is given by the equation [24]:

ln qe ¼ ln qm � KDe2 ð14Þ

where qe (mol/g) is equilibrium solid phase sorbate

concentration, qm (mol/g) is the theoretical saturation

capacity, KD (mol2/kJ2) is Dubinin-Radushkevich model

constant, and e is the Polanyi potential which is in the form

of:

e ¼ RT ln 1þ 1

Ce

� �
ð15Þ

where R (8.314 J/(mol K)) is the gas constant, Ce (mol/g) is

equilibrium aqueous phase sorbate concentration and T is

the absolute temperature (K).

The values of qm and KD can be obtained by plotting ln

qe versus e2 (Fig. 17). The KD is related to the adsorption

energy, E (kJ/mol), which may be calculated by the fol-

lowing equation:

E ¼ 1ffiffiffiffiffiffiffiffiffi
2KD

p ð16Þ

The values of qm, KD and E are given in Table 4.

From a comparison of the correlation coefficient values

of Freundlich, Langmuir, and Dubinin–Radushkevich

models, it can be concluded that Langmuir model is the

most suitable and the adsorption of cesium on the PAN-

KNiCF is monolayer over the entire range of adsorptive

concentration studied. The maximum exchange capacity

is approximate to 1.19 mmol/g, which suggests that

only about 1.19 mmol K? associated with KNiCF is

exchangeable for a gram of PAN-KNiCF.

Column experiments

Generally, breakthrough curve is used to describe the

performance of packed beds. The breakthrough curve

shows the loading behavior of cesium to be removed from

solution in a fixed bed and is usually defined as the ratio of

effluent cesium concentration to influent cesium concen-

tration (C/C0) as a function of time or volume of effluent

for a given bed height. Moreover, the Thomas model was

used to further analyze data obtained from column exper-

iments in order to predict the breakthrough curves and

to determine maximum adsorption capacity and column

kinetic parameters.

The Thomas model has the following form [25]:

C

C0

¼ 1

1þ exp kTh

v
ðq0M � C0VÞ

� � ð17Þ

where C0 and C are cesium ion concentrations (mg/L) in

the influent and effluent, respectively, kTh (mL/(min mg))

is the Thomas rate constant, v (mL/min) is the flow rate, q0

(mg/g) is the maximum adsorption capacity, M (g) is the

amount of adsorbent in the column and V (L) is the volume

of metal solution passed through the column.

Experimental and Thomas model breakthrough curves

for flow rate of 1 and 3 BV/min were given in Figs. 18 and

19. The kinetic coefficient kTh and the maximum adsorp-

tion capacity q0 given in Table 5 were determined from

Thomas model breakthrough curves.
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Fig. 16 Freundlich adsorption isotherm of cesium on PAN-KNiCF at

303 K
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Fig. 17 Dubinin-Radushkevich adsorption isotherm of cesium on

PAN-KNiCF at 303 K
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The Thomas model parameters are given in Table 5.

The Thomas model gave a good fit of the experimental

data, at both the flow rates examined, with correlation

coefficients greater than 0.990, which would indicate that

the external and internal diffusions were not the rate lim-

iting step [26]. The maximum adsorption capacity (q0)

decreased with increasing flow rate. However, the rate

constant (kTh) increased with increasing flow rate which

indicates that the mass transport resistance decreases. The

reason is that the driving force for adsorption is the cesium

concentration difference between PAN-KNiCF and

solution.

Conclusion

The experimental findings in this work showed that the

synthesized composite have crystalline structure and KNiCF

have a chemical formulation of K1.16Ni1.37[Fe(CN)6]�nH2O.

The batch experiments showed that the adsorption of cesium

is directly depended upon the contact time, solution initial

pH, other cations and initial cesium concentration. The PAN-

KNiCF showed high selectivity for cesium removal and the

order of Kd of cesium in the presence of coexisting ions up to

100 mg/L concentration was found to be Na? [ Mg2? [
Ca2? [ K? [ NH4

?. The equilibrium data obtained in this

study accorded excellently with the Langmuir adsorption

isotherm and pseudo-second-order kinetic model over the

entire concentration range investigated. From the equilib-

rium data, it can be also concluded that film diffusion mainly

governs the rate-limiting process. The overall results indi-

cate the possibility of using the synthesized composite for

efficient removal of cesium from aqueous solutions. Fur-

thermore, its spherical shape allows it to be used successfully

in column separation processes. Complete breakthrough

curves were generated at feed rate of 1 and 3 BV/min and

sorbent capacities were determined to be approximately

139.925 and 119.539 mg Cs/g PAN-KNiCF, respectively.
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