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To improve the mechanical properties, the cobalt ferrocyanide precipitation was carried out
on clinoptilolite as an inorganic polymer. In this work the combination of two important fac-
tors, stability (zeolite) and high adsorption capacity (cobalt ferrocyanide) were considered to
improve the ions uptake ability of adsorbent. The modification was approved by X-ray diffrac-
tion, Scanning electronic microscopy and Fourier transform infrared spectroscopy. The mod-
ified zeolite was applied to remove Sr(II) and Cs(I) ions from aqueous solution in a batch sys-
tem. The adsorption capacities of modified zeolite for Cs(I) and Sr(II) improved to 90 and
130 mgg1, respectively. The Sr(IT) and Cs(I) removal were investigated as a function of shak-
ing time, pH, Sr(II), and Cs(I) initial concentration and temperature. The experimental data
were fitted well to Langmuir isotherm model for two sorbet metal ions. The time dependence
sorption data showed that the uptakes of Cs(I) and Sr(II) were very rapid and apparent sorp-
tion equilibriums were achieved within 100 min of contact time. The kinetic experimental
data were fitted to the pseudo-first order, pseudo-second order, the double exponential,
Elovich and intraparticle diffusion models. The sorption rates and capacities as well as rate
constants were evaluated.
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Synthetic and natural nanomaterials have been
widely used as adsorbents, ion exchangers, molecular
sieves and membranes [1-7]. Clinoptilolite, a widely
available natural zeolite is crystalline, hydrated alkali
and alkaline earth-aluminosilicate having an infinite,
three dimensional, open structure [8]. The natural
clinoptilolite with developed system of micro-pores
aluminosilicate channels has a three-dimensional
structure in which the channels are occupied by ex-
changeable ions and water [8, 9]. Based on the charac-
ters of alumino-silicate structure, three channel could
be indicated in its framework. Two of the them are ar-
ranged in parallel to ¢ axis and each other; a 10-mem-
ber ring channel (tetrahedron) with size about of
4.4-72 A (1 A=10""m), and an 8-member ring chan-
nel with the size of 4.1-4.7 A. Another channel with
the size of 4.0-5.5 A is a axis parallel channel consist-
ing of an 8-member ring [9]. Zeolite's properties such
as high surface area (due to larger channels), thermal,
mechanical and chemical stability have attracted more
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Radionuclides of Cs(I) and Sr(II), with great yield in
the nuclear process and longer half-lives, are two of
the most hazardous radioisotopes in the nuclear waste
[11, 12]. Clinoptilolite has high affinity for removal of
cation ions such as Cs(I) and Sr(II), however its capac-
ity and selectivity can be improved by correct modifi-
cation of zeolite surface by anchoring active func-
tional groups on it [13-15]. For example, the cobalt
ferrocyanide has a nanoporous framework with great
guest-host interaction ability. The nanopores are occu-
pied by alkaline cations (K", Na*, etc.) and water mol-
ecules and they can be exchanged by other ions such as
Cs(I), Sr(I) [16-18]. In other words cobalt
ferrocyanides have shown a high selectivity for some
metal ions and a large capacity. Moreover, they are ef-
fective over a wide pH range [16-19]. The major draw-
back of the ferrocyanides is associated which their
nanometer or micrometer size that makes them avail-
able as fine powder, with low chemical and mechani-
cal stability [16-19]. The metal hexacyanoferrates in
the tiny powder form tend to aggregate, which reduces
the high surface area to volume and causes high pres-
sure drop or head loss in fixed-bed column operation.
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These are not suitable for any flow-through systems
and subsequently reduce their effectiveness [16-19].

For this reason, many techniques have been de-
signed for immobilizing of these adsorbent on suitable
matrices that can be organic (mainly polymers and
biopolymers) or inorganic (mineral) supports: In other
words, to improve the mechanical properties of
ferrocyanides, they are prepared by precipitation on
solid inert supports such as mineral (zeolites and silica
gels) and organic carbon-based matrices [19]. This im-
mobilization may proceed by in situ entrapment/en-
capsulation. The inorganic matrices are more suitable
for corrosive and radioactive materials [9]. Natural
clinoptilolite, with micro-pores can be used as a carrier
of metal ferrocyanides nanoparticles as a mineral sup-
porter [8-10]. As mentioned above clinoptilolite is a
selective ion-exchanger for alkali and rare alkali metal
ions and has a relatively large sorption capacity, and
cobalt ferrocyanide has a nanoporous framework with
great guest-host interaction ability for alkali and rare
alkali metal ions [special Cs(I)]. In this work, the strat-
egy was the synthesis of an adsorbent with high stabil-
ity and capacity, therefore, the cobalt cyanoferrates
nanoparticles were synthesized on an inorganic sup-
porter, namely natural clinoptilolite zeolite. In fact, the
combination of the two important factors: stability (ze-
olite) and high adsorption capacity (cobalt ferro-
cyanide) was considered to improve the metal ions ad-
sorption ability of the adsorbent.

EXPERIMENTAL
Materials and characterization

The materials such as hydrochloric acid,
CoCl,.6H,0, K;Fe(CN);,, Cs(NO;) and Sr(NOs;),
were obtained from Merck and used without further
purification. The solutions were prepared by distilled
water. Iranian natural zeolite used in this study, was
supplied from mining companies. Ball milling of the
zeolites was performed by means of a planetary ball
mill NARYA MPM 4*250, Amin Asia Fanavar Pars,
IRAN). The characterization of natural and modified
zeolite was done by scanning electron microscopy
(SEM), (LEO 1455VP), X-ray diffraction (XRD,
Phillips, PW-1800) equipped with monochromatized
Cu Ka radiation (k = 0.154 nm, 40 kV, and 30 mA),
Fourier Transform Infrared of samples were recorded
with a KBr pellet on a VECTOR-22 (Bruker) spec-
trometer ranging from 400 to 4000 cm ™.

Zeolite modifying
The natural zeolite was modified in the presence of

potassium hexacyanoferrate and cobalt nitrate respec-
tively. 5 g of the powdered clinoptilolite dried at 150 °C

was added to a 100 mL solution of 0.1 M Co(NOs), un-
der continuous string condition at 25 °C for 2 hours.
After filtering, the zeolite was washed with deionized
water and mixed with a 100 mL of 0.1 M K,Fe(CN); so-
lution to form CoHCF precipitates in the micropores of
clinoptilolite. The loaded zeolite was then washed with
deionized water and dried at 60 °C (Behdad Drying
Oven, 01 145, IRAN) for 2 hours.

Cs(I) and Sr(II) sorption

The Cs(I) and Sr(II) ions uptake was determined
in batch adsorption mode using 0.1 g of adsorbent with
20 ml of solutions with continuous stirring. After the
enough mixing time, the filtration was performed and
AAS and ICP techniques were used to determine the
remained Cs* and St?* in the filtered solution. The up-
take degree is defined as

. =(C; —Co )~ (1)
w

where Ci (mg L™") and Ce (mg L") are the initial and
final metal ions concentrations in solution respec-
tively, w [g] is the solid phase mass and V'[L] is the vol-
ume.
The uptake percentage was determined as follows
. ¢ —c¢
Adsorption =——2-100 [%] (2)

1

The influences of contact time, initial concentra-
tion, pH and temperature parameters were studied to
evaluate the modified zeolite characteristics and the
adsorption thermodynamic parameters.

RESULTS AND DISCUSSION
Zeolite modification

Our investigation revolves around natural
clinoptilolite, with micro-pores which was used as a
carrier of metal ferrocyanides nanoparticles as a min-
eral support [20]. Potassium cobalt hexacyanoferrate
particles were incorporated in the porous matrix of
zeolites by successive impregnation with Co(NO5),
and K, Fe (CN),. In fact, mechanical stability and high
surface area of clinoptilolite are combined with high
adsorption capacity and selectivity of cobalt ferro-
cyanide to obtain an improved adsorbent.

The replacement of Si*' by AI** in tetrahedral
positions of crystal produces non-compensated nega-
tive charges that this non-compensated negative
charge and the surface functional groups in the zeolite
are responsible of ion exchange property of zeolite
[21-23]. It is well known that cobalt ferrocyanide crys-
talincludes K*, Na* or Ca?" ions, which play an impor-
tant role in the uptake of the metal ions.
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Fourier transform infrared spectroscopy
and X-ray diffraction

The Fourier transform infrared spectroscopy
(FT-IR) spectra of the bare and modified zeolites were
investigated in the 4000- 400 c m~' region, fig. 1(a).
Peaks at 1060 cm™!, 794 cm™!, and 609 cm! were
characteristic of clinoptilolite [24]. The strongest band
observed at 1060 cm™! was assigned to the asymmetric
internal tetrahedral bending. The second strongest
band at465 cm™! corresponded to the internal bending.
The band observed at 609 cm™! was related to the pres-
ence of double rings in the framework structure Other
bands at 1208 cm™!, 790 cm™, and 711 cm™! were as-
signed to the asymmetrlc stretching modes of internal
tetrahedra, symmetric stretching of external tetrahedra
and symmetric stretching of internal tetrahedra, re-
spectively. The 670 cm™! band arises from symmetric
tetrahedral stretching [25]. In modified zeolite, a sharp
peak at 2090 cm™, is a characteristic of the C = N
group and it confirms the presence of cobalt ferro-
cyanide in the zeolite [26]. The X-ray diffraction
(XRD) patterns of bare zeolite and cobalt ferrocyanide
loaded zeolite are shown in fig. 1(b). The XRD pattern
showed the characteristic reflection peaks at Bragg an-
gle (20) = 10°, 11.3°, 13.2°, 22.5°, 27°, 30.02°, and
32°, respectively. The pattern indicates that the natural
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Figure 1. FT-IR spectra (a) and XRD patterns (b) of bare
and CoHCF loaded zeolites

zeolite used in this study was classified into
clinoptilolite [25]. Clinoptilolite with the ideal for-
mula of (Na, K)¢ Si;,Al;O5,.0H,0 is the most com-
mon natural zeolite found mainly in sedimentary rocks
of volcanic origin [24]. The XRD pattern of CoHCF
modified zeolite in addition to the characteristic peaks
of clinoptilolite shows characteristic peaks at 260 =40°,
50°, and 55° correspond to 420, 422, and 440 plane of
the crystal structure of cobalt hexacyanoferrate
(JCPDS card no: 46907) [27].

Scanning electron microscopy

To determine the surface morphology and parti-
cle size of the natural and modified zeolites, the scan-
ning electronic microscopy (SEM) analysis was per-
formed. Figure 2 shows the SEM images of the
samples in two different magnifications. As can be
seen the SEM images reveal that the morphology of
the samples is approximately the same and the product
comprises large clusters formed from the sub-grain ir-
regular particles with the average size of about 50 nm.
However, a careful and detailed look at the images of
modified zeolite indicates that the fine nano structures
are interconnected to each other giving a porous and
rod-like (diameter about 15 nm) appearance to the
morphology.

750 nm

730nm

Figure 2. SEM images of (a) bare zeolite,
(b) modified zeolites
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SrI) and Cs(I) uptake
Effect of temperature and initial concentration

The Sr(IT) and Cs(I) sorptions at different initial
concentrations of 10, 25, 75, 50, 100, 250, 500, 750,
1000, 1500, and 2000 mgL~" and different tempera-
tures of 298, 313, and 333 °C in contact time of 120
min and pH = 6.5 were studied to realize the relation
between the uptake amount vs. concentration and tem-
perature, (fig. 3). As shown, in concentration range of
10 to 1000 ppm, the removal (sorption) increased by
the increasing the metal ion concentration, but the
sorption became constant at higher concentration.
Mass transfer at the aqueous and the solid interfaces
and probability of collision between ions and the ad-
sorbent active sites are important factors which in-
crease the adsorption capacity at higher concentration.
The higher ions concentration supplied a driving force
to vanquish the mass transfer wall at solid and aqueous
interfaces and a higher probability of collision be-
tween each investigated ion and the adsorbent parti-
cles [13, 19]. Initially, all active sites of the adsorbent
are vacant and the metal ion concentration gradient is
relatively high, causing high sorption. With increasing
ion concentration, the saturation of the active sites
leads to a decrease in the available position for interac-
tion with metal ions (plateau represents). These results
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Figure 3. Effect of initial Sr(II) and Cs(I) ion
concentrations on the amount of sorption

indicate that energetically less favorable sites become
involved in increasing metal concentration in the
aqueous solution. The obtained results shows that the
uptake capacities of unmodified zeolite were about 58
and 109 mgg! which they reached to about 90 and
130 mgg ™! after modification for Cs(I) and Sr(II) re-
spectively.

Effect of the temperature can also be seen in fig.
3. The results show that the increase in temperature
has a positive effect on the uptake of Cs(I) ions and a
negative uptake effect of Sr(I) ions. The metal ion up-
take process can be affected by temperature through
diverse ways. Higher sorption capacity can be
achieved by increasing of temperature through de-
creasing of solution viscosity and increasing of diffu-
sion coefficient of ions in boundary layer of the adsor-
bent. The equilibrium sorption capacity of the
adsorbent would be effected by the change of tempera-
ture. For instance, the adsorption capacity will de-
crease upon increasing the temperature for an exother-
mic reaction and will increase for an endothermic one.
Furthermore, the adsorbent sites will be more active at
higher temperatures. In fact, the ions kinetic energy in-
creases at elevated temperatures, thus, the probability
the effective contact between ions and the active site
increases, and adsorption efficiency increases conse-
quently. Three thermodynamic parameters including
free energy (AG®), enthalpy (AH®), and entropy (AS°®)
were determined by considering the thermodynamic
equilibrium constants. The AG® was determined
through the following equation.

AG°=-RTInK 3)

where AG® is the standard free energy change, R — the
gas constant (8.314 Jmol 'K ™), T — the temperature,
and K — the equilibrium constant of the sorption pro-
cess. The values of K were obtained according to the
following equation
. Ce, qe

K =limg,_,, Ce, or K Co “4)
where Cejand Ce,[mgL '] are the equilibrium concen-
tration of the ions in the liquid and the solid phase re-
spectively.

The slope and intercept of Van't Hoff graph (In K
vs. 1/T) were used for determination of enthalpy (AH®)
and entropy (AS®) changes (fig. 4), by the following
equation [22, 23]

mg =25 _AH 1 )
R R T

The calculated thermodynamic parameters are
listed in tab. 1. As shown in fig. 4 and from the R? val-
ues, the linearity of the In K vs. 1/Tplot s satisfactory.

The negative value of standard free energy
(AG®) showed that the uptake processes of Sr(II) and
Cs(I) are thermodynamically spontaneous. The de-
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thermodynamic parameter

Table 1. Thermodynamic parameters for adsorption of
Sr(II) and Cs(I)

AHP AS® AG® [kJmol ']
[kimol '] |Jmol 'K™']| 298K [ 313K | 333K
Sr(Il) | 10.4648 46.526 | —3.3999 |-4.0978 |-5.0283
Cs(I) | —5.7266 | —4.1229 | —4.4980 |—4.4362|-4.3537

Metal

crease in AG® values with an increase in temperatures
for Sr(Il) indicates desirable uptake (sorption) at
higher temperatures. For Cs(I) sorption process the
standard free energy (AG®) increase with an increase
in temperatures shows an undesirable sorption at
higher temperatures. Table 1 indicates that the uptake
of Cs+ by the modified zeolite is an exothermic nature
(the negative values of AH®). In other word the nega-
tive value of the AH® shows a strong binding between
the adsorbate ions and the modified zeolite and high
affinity of modified zeolite to Cs™ ions.

The sorption capacity decreases with increasing
of temperature due to exothermic behavior of sorption
process [19, 28]. The negative value of AS indicates
the intercalation of Cs* inside cobalt ferrocyanide
cage leading to more stabilization of the Cs" ions. In
other words, immobilization of cesium ions contrib-
utes to a decrease in the freedom of the adsorbate ions
and thus negative entropy. The enthalpy (AH®) value
of the Sr?* uptake is positive which indicates the Sr>*
adsorption is endothermic and increases with increas-
ing of temperature.

The immobilization of Sr?>* ions on the surface of
the modified zeolite led to liberation of more ions (K*)
and positive entropy value. In addition, the positive
value of entropy can be attributed to increasing of ran-
domness at the solid-liquid interface during the sorp-
tion of Sr?* ion on the active sites of the modified zeo-
lite [13-19].

Effect of pH

The pH in solutions can either suppress or pro-
mote the adsorption of metal ions with altering the
metal ion forms in solution and the adsorbent surface
properties. Figure 5 shows the effect of pH upon the

Figure 5. Effect of pH on Sr(II) and Cs(I) sorption on
modified zeolite

removal of Cs(I) and Sr(II) at initial concentration of
Co(Sr) = Co(Cs) = 150 mgg™! by modified zeolite at
pHof2.5,5.5,7.5,11,and 12 (in 120 min contact time
and 298 K). Evidently, the Cs(I) removal by the adsor-
bent does not show any important change in 2-11 pH
range but a serious decrease in the uptake with increas-
ing pH to 12.0. At alkaline pH, hydrolysis (slightly) of
cesium and strontium ions and the dissolution
(mainly) of sorbent are responsible for the decrease in
the uptake capacity [29-31]. When the pH is low (pH
2), the adsorbent barely shows any affinity with Sr(II)
ions. Thus, the strong acidity results in replacing the
adsorbed Sr(II) ions by the H™, consequently decreas-
ing the adsorption capacity of Sr(II) ions [29, 30].

Time effect

The sorption kinetics parameters can be deter-
mined by varying the contact time between the sorbent
and metal ions, fig. 6. The time-dependent behaviors
of Sr(IT) and Cs(I) ions adsorption, were measured by
varying the equilibrium time (15, 30, 60, 120, 240, and
480 min) at initial concentration of C (Sr)150 mgg™!
and Co(Cs)100 mgg ™!, pH= 6.5 and 298 K. The results
showed that the ions removal process is characterized
by a fast adsorption in the initial contact time and equi-
librium in the next 100 min. Firstly, large metal ions
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Figure 6. Effect of contact time on Sr(II) and Cs(I)
adsorptions on modified zeolite
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concentration gradient between sorbent and the solu-
tion led to fastuptake of ions and achievement of90 %
the equilibrium capacity [13, 19]. Later, the adsorption
slowed down possibly because more sorption sites
were occupied [13, 19]. Then, the equilibrium was
achieved and no change in sorption capacity was
shown. The kinetic factors, give significant informa-
tion for modeling and designing the adsorption pro-
cesses. The kinetic parameters were extracted from fit-
ting of obtained experimental data with kinetic
models. Thus, the pseudo first-order, pseudo-sec-
ond-order model, the double exponential model,
Elovich model and intraparticle diffusion were the
equations used to fit the experimental data (fig. 7). The
correlation coefficients (R%) were used to determine
adaptation between the experimental data and the
models (tab. 1). In order to describe the rate-limiting
steps of the removal process and to determine
intraparticle diffusion coefficients for the modified ze-
olite, the sorption kinetics data were fitted to a diffu-
sion model.

The earliest equation describing the adsorption rate
of an adsorbate from a liquid phase is the pseudo-first-or-
der rate expression. It is represented as [19]

dq

7:1{1 (qc_q) (6)

dt
where ¢. [mgg '] is the value of the adsorbed ions in
equilibrium condition and ¢[mgg '] is the value of the
adsorbed ions at time ¢ on the modified zeolite, and K
[min '] is rate constant of the adsorption. Integrating
(eq. 4) under the special (boundary) conditions of
g.=0atr=0and g,=q,att=¢, gives

In(¢q. —q,)=Ing, —K;t @)

,/”’/.

qlmgg™]
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Figure 7. Kinetic models plots for the sorption of (a) Cs(I)
and (b) Sr(II) ions from aqueous solutions onto modified
zeolite

Table 2. Kinetic parameters for Cs(I) sorption by
modified zeolite

Parameter Value
ky [min™] 0.3211
e [mgg '] 44.77
R’ 0.8129
Ky[gmg'] | 0.04388
e [mgg '] 45.16
h [mgg 'min] | 89.49
R? 0.917
D; [mgL™"] 20.2
D, [mgL™] 0.1313
Kpy [min™'] 0.9997
Kpo [min'] | 0.07427
e [mgg™] 44.89
R’ 0.9995
ki [mgg 'min®*]| 0.2304
Intercept [C] 42.71
R* 0.8542
a [mgg 'min']| 0.7813

Jij [mgg’]] 4143
R’ 0.9245

Kinetic models

The pseudo first-order model

The pseudo second-order model

Double exponential model

Intraparticle diffusion

Elovich model

or
g, =q.(1-e75") (8)

From the intercept and slope of the In(g, —g,) vs.
time (¢) graph of the g, and K, can be determined (eq.
7)

The pseudo second-order rate kinetic model was
used to explain the sorption of Sr(II) and Cs(I) ions
onto the modified zeolite. The second-order rate ki-
netic model is as [13, 19]

dq,
de
The integrated form of eq. (9) under the special

conditions (boundary condition: t=0to¢=tand g, =0
to g, = q,) is as

=ky(q.-q,) 9)

L (10)
qe =4+ q+
o 12 L (11)
g+ kzqe qe

The k, [gmg™! min] is the rate constant of the
pseudo—second—order model.
The h [mgL~']; initial sorption rate # (mgL " h) is

as
h=kyq; (12)

then egs. (11) and (12) become
LA S (13)

q h qe

The kinetic parameters were extracted from the
graph of the #/g, vs. t. The correlation coefficient (R?)
determines conformity between the parameters and
experimental data.
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The mathematical equation of intraparticle dif-
fusion kinetic model is as [24]

g, =k t"*+c (14)

where k,q is the rate constant of intraparticle transport
[mgg ' min'?], and ¢ — the boundary layer diffusion.
Pursuant to the intraparticle diffusion kinetic model,
plotting of ¢, vs. 1'%, in shadow of the straight line with
intercept ¢, confirms that the involved mechanism is a
diffusion of the species. The Elovich model which ex-
plains the sorption rate decreases exponentially with
increases of sorbent amount is as [32]

dg _ ae™* (15)

dt
where g represents the amount of ions adsorbed at time
t, the desorption constant, and « the initial adsorption
rate. The Elovich equation has been used to describe
the adsorption process of pollutants from aqueous so-
lutions. Another model which was used to describe
Sr(IT) and Cs(I) adsorptions was double-exponential.
The double-exponential model is as

4. =4. —( b ]eXp(—KDIt)—[DZjeXP(—KDZt)

ads Mygs
(16)

The D,[mgL"'] and D,[mgL"] coefficients are
the rapidly and slowly adsorbed fractions value of ion,
respectively. The K, [min~']and K, [min™'] are rate
constants of the rapid and slow steps. The slow and
rapid steps extracted parameters (from the experimen-
tal data) are given in tabs. 2 and 3. The extracted ki-
netic parameters of five kinetic models and the corre-
spond correlation coefficients (R?) are presented in
tabs. 2 and 3. These data, evidently disclose, that the
correlation coefficient (R?) has a high value and is
closer to unity for the double-exponential kinetic
model than the other kinetic model for Cs(I) and Sr(IT),
thus clarifying the matching of the experimental data
by the double-exponential kinetic model. Based on
this model, the uptake process of ions could be
adopted in two steps, first namely a rapid phase in-
volving external and internal diffusions, and second
namely a slow phase controlled by the intraparticle
diffusion. As can be seen D; =20.2 and D, =0.1313
are the amounts of rapidly and slowly adsorbed frac-
tions of Cs(I) ion [mgL™'], respectively, and K D=
=0.9997 and K,, = 0.07427 are rapid and slow rate
constants [min ™! of Cs(I). Also for Sr(I) ions these
constants are: D;=18.82 and D, = 0.0001 and K, =
=0.9997 and K, = 0.07427. As can be seen, D and
K p, are greater than D, and K, , respectively. Rapidly
and slowly adsorbed fractions [%], RF and SF, can be
calculated as

D
RF =100 ——— | RF,, =993 RF, =99.99
D, +D,
Dl
SF =100 ——— | SF, =07 SF, =001
D, +D,

Table 3. Kinetic parameters for Sr(II) sorption by
modified zeolite

Parameter Value
ki [min] 0.1733
g [mgg '] 14.25
R’ 0.6709
The pseudo second-order model| &', [gmg '] 0.02465
gelmgg'] | 1476
h [mgg 'min] | 5.3701
R’ 0.9258

D, [mgL '] 18.82
D, [mgL™] 0.0001

Kinetic models
The pseudo first-order model

Double exponential model

Kp; [min '] 2

Kpp [min'] | 0.02387

g [mgg '] 14.8
R’ 0.9947

kig [mgg 'min®*]| 0.1466
Intercept [C] 12.23
)is 0.7803

a [mgg 'min']| 0.8162

B [mgg'] 10.25
R 0.9295

Intraparticle diffusion

Elovich model

The obtained data indicated that the metal ions
sorption onto the sorbent initially occurred within a
fast removal rate stage, followed by a second slower
removal rate stage, until reaching equilibrium. In
other words in sorption process, more than 90 % of
the total process completed was achieved in initial
stage, and in the second stage, equilibrium attained
in the second stage. It was also suggested that in the
first stage which was faster than the second stage,
the metal ions were accumulated in the large avail-
able surface of sorbent. The sorption process was
slowed down with the gradual occupation of surface
binding sites [33].

The best fitted kinetic models determined by
correlation coefficients (R%) are found to be in the or-
der of: Double exponential model > Elovich model =
= Pseudo second-order model. Adsorption isotherms
explain the relation between the adsorbate concentra-
tion in the bulk solution and the adsorbed amount at
the solid/liquid interface. The Langmuir, Freundlich,
Dubinin-Radushkevich, and Temkin isotherm models
are the most used models to explanation equilibrium
adsorption isotherms and calculation of adsorption pa-
rameters [34]. The Sr(II) and Cs(I) solutions with dif-
ferent concentrations were utilized for the adsorption
isotherm investigation. A valid model for monolayer
adsorption on a surface with a finite number of identi-
cal sites, is Langmuir model, which can be expressed
as [35, 36]

& — L + & (17)
de 4uK qn

where ¢, [mgg'] is the maximum removal capacity
(monolayer), Ce — the equilibrium concentration of the
metal ion in the equilibrium solution [mgL™], and K
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[Lmg '] — the Langmuir constant related to the free en-
ergy of adsorption (b o ¢*“%"). The non-ideal and revers-
ible adsorption in multilayer would be described by
Freundlich isotherm, and the linear form of the equation
[37) |
In(g.)=In(K )J{r) In(C,) (18)

where C, [mgL '] is the equilibrium concentration of
jons, ¢. [mgg '] — the amount of adsorbed ions, n and
Kr[mgg '] —the Freundlich constants related to the in-
tensity of the adsorption and the sorption capacity re-
spectively. In the Temkin isotherm, the interactions
between the adsorbed species are not ignored and
enthalpy of all the adsorbed molecules in solution is
accomplished [38]. The Temkin isotherm is as

go.=BInA;+BInC, 19)

where B [Jmol '] and A7 [Lg '] are, the constants re-
lated to the sorption heat and Temkin isotherm equilib-
rium binding respectively. From the slope and inter-
cept of g. vs. InCe curve the constants could be
determined. The extremely high and low concentra-
tion values are ignored in the Temkin isotherm. This
model considers linear of decrease of the molecules
adsorption heat rather than logarithmic coverage.

The Dubinin-Radushkevich (D-R) isotherm is
similar to Langmuir isotherm, but it does not assume a
homogeneous surface or constant sorption potential
[39-41]. This empirical model is useful to understand
the pore-filling mechanism in high and intermediate
concentration ranges (it deviates at lower concentra-
tion). The D-R isotherm is as the following

In qe :lnqm _BDR‘I:’:2 (20)

where ¢, is the maximum of sorpbed ion by adsorbent
[mmolkg’l], Bpr — a constant related to the sorption en-
ergy [mol’kJ 2], and & — the Polanyi potential (R7In(1 +
1/Ce)), where R and Tare the gas constant [kJmol 'K '],
the absolute temperature respectively. The ¢ is equal to

eq. (21)

1
g—RTln(HCJ (21)

€

where C, is the adsorbate equilibrium concentration
[mgL™].

Figure 8(a-h) shows the adsorption isotherms of
Sr(IT) and Cs(I) ions on the modified zeolite. Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich con-
stants and the coefficients, are listed in tab. 4.

Evidently, the data fit well with Langmuir and
Dubinin-Radushkevich (D-R) isotherms. Langmuir
model can give an insight to the maximum uptake ca-
pacity and indicate whether the sorption is favorable
or not. The ¢,,, and K were determined from the slope
and intercept of the Ce/qe vs. Ce curve in Langmuir

model. Table 4, indicates that the R? value approaches
one as the temperature value is increased, and it means
that the adsorption of Cs(I) and Sr(II) ions onto modi-
fied zeolite is more compatible with these models at
high temperature of the solution. According to the re-
sults, acceptable agreement between the calculated
(obtained from the Langmuir equation) and experi-
mental values of adsorption capacity can be seen.

The Dubinin-Radushkevich data in tab. 4, would
be used to determine nature of sorption process. By is
a constant related to the sorption energy [mol’kJ 2],
and E, is free energy of sorption per molecule of the
sorbate when it is transferred to the surface of the solid
from infinity in solution

1

VZKad

where K,41s denoted as the isotherm constant. £, value
can be used to determine the sorption mechanism of
ions removal.

E=

CONCLUSION

The most common natural zeolite is
clinoptilolite. Clinoptilolite is characterized by
cage-like structures, high surface areas and cation ex-
change property. Treatment of clinoptilolite with co-
balt ferrocyanide dramatically alters its surface
chemistries and improves its cation uptake capacity.
The present study focuses on modification of
clinoptilolite with cobalt ferrocyanide and adsorp-
tion of Cs(I) and Sr(I) from aqueous solutions using
the obtained modified zeolite as a low-cost sorbent.
The modification process was approved by XRD,
FTIR, and SEM analyses and then tested as an adsor-
bent for the uptake of Cs(I) and Sr(II) ions from aque-
ous solutions. The ion uptake characteristic has been
examined by the variations in the parameters of con-
centration of the metal ions, pH, contact time, and
temperature. The SEM images of the product showed
that it consists of particles with sizes ranging from
10 to 90 nm. The adsorption capacities of bare zeo-
lite for Cs(I) and Sr(IT) removal were about 58 and
109 mgg™!, respectively, and the adsorption capaci-
ties of modified zeolite for Cs(I) and Sr(Il) removal
were about 90 and 130 mgg™!, respectively. The ki-
netic results demonstrated that the uptake of Cs(I)
and Sr(II) ions from the solution by modified zeolite
reached equilibrium within 100 min and was gov-
erned by double-exponential kinetic model. Obvi-
ously, this adsorbent has effective removal properties
for the adsorption of Cs(I) Sr(II) from the radioactive
waste compared with other adsorbents.
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Figure 8. (a) Langmuir, (b) Freundlich, (¢) Temkin and (d) D-R isotherms for adsorption Cs(I), and (e) Langmuir,
(f) Freundlich, (g) Temkin and (h) D-R isotherms for adsorption od Sr(II) ions at 298,313, and 333 K on modified zeolite



34

T. Yousefi, et al.: Anchoring of CoOHFC Nanoparticles on Clinoptilolite for ...
Nuclear Technology & Radiation Protection: Year 2017, Vol. 32, No. 1, pp. 25-36

Table 4. Sorption isotherm parameters of Cs(I) and Sr(I)

298 K 313K 333K
D-R (Sr) Gmax[mmolg '] 0.8197 0.8727 0.9639
Bpg [mol’J] 6.20E-07 5.28E-07 3.75E-07
E, [kImol '] 0.898 0.972 1.155
R 0.8838 0.8931 0.905
D-R (Cs) Gmax[mmolg '] 0.908 0.853 0.8057
Bpr [mol’J 7] 5.06E-08 4.75E-08 4.54E-08
E, [kJmol ] 3.143 3.2420 3.320
R 0.9872 0.9867 0.9861
Temkin (Sr) br [Jmol™] 289.6 287.8 286.9
Kr[Lmg™] 0.5601 0.5884 0.8263
R 0.8935 0.8939 0.9097
Temkin (Cs) br [(Jmol™] 110.7 124.9 139.6
Kr[Lmg™] 0.339 0.3375 0.3086
R 0.9462 0.9331 0.9244
Freundlich (Sr) K¢ [mgg™] 4.938 5.289 6.831
n 0.3602 0.3599 0.3396
R 0.9725 0.9724 0.9728
Freundlich (Cs) Ky [mgg ™ 24.78 23.86 22.21
n 0.2394 0.2339 0.2346
R 0.8499 0.835 0.8286
Langmuir (Sr) Gm [mgg '] 130.8 122.2 83.94
Ki [Lmg™'] 0.005339 0.005468 0.006675
R 0.9836 0.9866 0.9925
Langmuir (Cs) Gm [mgg '] 73.22 77.81 115.3
Ki [Lmg™'] 0.02067 0.02063 0.01945
R 0.996 0.9936 0.9961
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Taxep JYCE®U, Xamup Peza MAXMYIUJAH, Mejcam TOPAB-MOCTAEIU,
Moxamag Ann MYCABUJAH, Peza JABAPKAX

YUYBPIIHRABAIBBE CoHFC HAHOYECTULA HA
KIIMHONTWIOINUT PAINU CMAIBEBA HYKIIEAPHOT OTITAA

M3BpieHo je Tanoxeme KoOanT epourjanuia Ha KIMHONTUIONNT Y CBOjCTBY HEOPraHCKOT
noJMMepa Kako 0u ce nodoJblIaje leroBe Mexannuke ocoounne. Pagu nosehama MmorybHocTr npuxBaTama
joHa amcopOeHTa, pa3MOTpeHa Cy [Ba BaxkHA (PaKTOpa: CTAGMIIHOCT (3COJIMT) W BEJIUKM KaMaluTeT
amcopriumje (kobant ¢epormjanu). [IpoBepa moGosbiama U3BpIICHA je AUPPAKIHjOM UKC-3paveHha,
CKeHUpajyhuM eNeKTPOHCKMM MUKpOcKonoM u Pypuje-TpaHcpOpMHUCAaHOM CHEKTPOCKONHUjOM Y
uHppanpeeHoj obaactu. [ToGospn1anu 3e0auT ynoTpedibeH je 3a ykaamwame joHa Sr(1) u Cs(I) u3 BogeHor
pactBopa y cMetn. KananureT agcopnuuje no6osbianor seonuta 3a Cs(I) u Sr(Il) nosehan je Ha 90 mgg ' n
130 mgg !, pecnekTuBHo. YKnamame Sr(Il) u Cs(I) HCIUTUBAHO je y 3aBUCHOCTH Off BpeMeHa Meliama, pH,
noueTHe KoHeHTpanuje Sr(Il) u Cs(I) m remnepaTtype. ExciepuMenTanam moganym 1o06po ce moKJjamnajy ca
JIaHrMMpPOBUM HM30TEPMHUM MOJEJIOM 32 [iBa COpOEHT joHa MeTana. [loganu 0 BpeMeHCKOj 3aBUCHOCTH
copmyje nokasyjy aaje npuxsatame Cs (I) u Sr(II) Beoma 6p30 1 1a ce BU/bUBa paBHOTE KA MOCTIKE ITOCIIE
100 mMunyTa of TpeHyTKa KOHTaKTa. KMHETHUYKM eKcnepuMeHTalIHu nojauy (PUTOBAHU Cy MOJENIHMMA
¢yHKIMja IIceyo NPBOT U APYror pesa, AyIUINM €KCIIOHEHIjaTHUM MOofiesioM, EnoBuueBuM MofesioM u
UHTpAYEeCTUYHUM Audy3MoHUM MojesoM. YpabeHa je u mpoleHa Op3WHa copluyja, KamauuTeTa U
BPEHOCTH KOHCTAHTH.

Kmyune peuu: ipupoonu 3eoauini, kaunotitiusoauii, Cs(I), Sr(Il), adcoptiyuja, kobaaiti pepoyujaruo,
Hanovecuiuya




