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Abstract In this research, the natural zeolite named
clinoptilolite (NCp) was considered as an applicable base
structure for subsequent preparation and modification by
pre-selected chemical agents to use for removal/adsorption
goals in progress. To make Na-clinoptilolite form, the
mentioned zeolite undergoes variations by treating with
NaCl salt. Ton exchange procedure was utilized to imprint
silver ions (Ag+) from silver (I) nitrate solution as silver
precursor on the modified clinoptilolite zeolite structure to
attain Ag-clinoptilolite zeolite. Tenorite (CuO) NPs have
been then dispersed and deposited on the external surface
of the pre-prepared Ag-clinoptilolite zeolite through
impregnation method to prepare the CuO NPs/Ag-clinop-
tilolite zeolite as a novel composite adsorbent. A series of
analyses techniques including SEM-EDAX, XRD and FT-
IR were applied for characterization and identification of
crystal structure, morphology and elemental composition
of the synthesized samples. The removal and adsorption
process of radioactive strontium-90 (*’Sr) by CuO NPs/Ag-
clinoptilolite zeolite composite adsorbent was exploited
under various experimental conditions including pH,
amount of adsorbent and the contact time at room tem-
perature and the final optimized procedure used for
removal of probable presence of *°Sr in water sample of
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Bushehr city. Adsorption isotherm models including
Langmuir, Freundlich, Temkin, D-R, H-J and Hasley have
been applied and equilibrium adsorption data was better
fitted to the Freundlich, Temkin, H-J and Halsey isotherms.
The reaction kinetic information was studied by utilizing
pseudo first and second orders, Elovich and Intra particle
diffusion kinetic models. The adsorption kinetics is finely
described by the pseudo second-order model. The energy
of activation E, calculated using the Arrhenius equation
was found to be 44.75 kJ/mol. Further, the evaluation of
the thermodynamic parameters such as AG®, AH? and AS°,
denoted that adsorption process of *°Sr was spontaneous
and illustrates a chemical adsorption properties and
exothermic nature of the adsorption. The obtained results
revealed that “Sr ions were removed by CuO NPs/Ag-
clinoptilolite zeolite composite under optimized conditions
after 6 h with a yield more than 97 %.

Keywords Radioactive *’Sr - CuO NPs/Ag-clinoptilolite
zeolite - Removal and adsorption - Isotherm

Introduction

Liquid radioactive wastes (LRWs) are known as by-prod-
ucts of nuclear activities around the world including;
nuclear power plants (NPPs) developments and activities,
applications of nuclear fission or nuclear technology,
nuclear weapon testing, and other world threatening
researches. The entrance and existence of these radioactive
wastes into the environment always has recognized as a
serious threat for human being and other alive creatures.
Radioactive contamination is seriously hazardous and if it
comes about to an area, it can cause a real disaster not only
for the main area but also for the other parts around its
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district depending on the amount of leaked or released
radioactive wastes. Despite the other sorts of pollutants
which can be removed or handled entirely in a certain
period of time, the radioactive wastes cannot be handled in
the same way. Because these radioactive wastes can spread
widely in any possible way (air, soil, water, alive tissues)
and large number of radioactive elements have years and
years of half-life which means they are not going to be
neutralized in easy way. Standing still and disintegration
for years will go on till complete neutralization comes
about. However, due to the wide spread of nuclear power
plants and public raised concerns over nuclear safety, the
new methods and regulations for monitoring and protection
against these wastes are developing by researchers and
governments.

For instance after the explosion took place in Fukushima
in Japan, power plants accident, the enormous amounts of
radioactive hazardous elements found their way to the
natural environment and finding the best way to bring the
best protection and monitoring service was of great con-
cern [1]. For nuclear facilities, it can be very hazardous if
such wastes are not well treated before discharged to the
environment. Strontium-90 (°°Sr) is an important compo-
nent of many nuclear wastes and is a high yield fusion
product of uranium-235 (**°U) [2]. It is relatively short-
lived with a half-life of 28.8 years. Its decay product that
so called daughter of “°Sr, is yttrium-90 (°°Y) isotope
which is B~ emitter with half-life of 64 h and decay energy
of 2.28 MeV distributed to an electron, an antineutrino and
zirconium-90 (QOZr) that is stable [3, 4]. Strontium isotope
%Sr is treated as one of the most dangerous products of
nuclear fission for human beings [5, 6].

Radioactive strontium can be replaced instead of cal-
cium in biosphere known as a bone seeker and it can also
transfer to human body through food chain in which it has
long retention time. *°Sr is taken up via gastrointestinal
system and aggregate in the body turning to a part of the
bone marrow tissue and hurting blood-producing cells [7].
Also, it can be a cause of leukemia or skeletal cancer. This
is because of its chemical propinquity and alkaline earth
metallic characteristics. For this reason, its characteristics
and migration in the environment are widely studied.
Drinking waters and fresh waters usually contain many
natural radionuclides; Strontium, tritium, radon, radium
and uranium isotopes, etc. In recent years, there has been
an increase in the usage of zeolites in different composi-
tions to remove and bury different radio-contaminations
[8-12]. Zeolites are porous crystalline structurally—
hydrated alumina silicates of group IA and IIA elements
such as sodium, potassium, barium, magnesium and cal-
cium. One of the most significant properties of zeolites is
their ability to exchange cations. Clinoptilolite (Cp) is one
of a very cheap, available and the most abundant natural
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zeolites is in the chemical class of family of Heulandite
(HEU-type), easily obtained from mines, appropriate as a
sorbent due to its natural characteristics [13, 14].

The crystal structure of clinoptilolite has 3-dimensional
aluminosilicate framework, which specific structure causes
the developed system of micropores and channels occupied
by water molecules and exchangeable cations. The com-
bination of zeolites and metal oxide nanoparticles renders
solid catalysts in which the high surface area of nanopar-
ticles and the absorbent capacity provided by zeolites
cooperate to increase the efficiency of the catalytic process
[15]. As reported in previous researches, the natural
clinoptilolite zeolite shows a high adsorbent capacity for
the removal of non-radioactive strontium ions [16, 17]. The
procedures for modifying zeolites are usually done by
impregnation [18] and ion-exchange [17]. Also, the dis-
persion of metal oxide nanoparticles onto zeolite depends
on the type of metal precursor used and its action during
the preparation method. Among metal oxides, tenorite or
copper oxide (CuO) nanoparticles actuated our attention
due to its low cost and availability of the starting materials
and also high certainty and purity compared with other
applied metal oxides are the advantages of mentioned
reagent [19-21].

Tenorite nanoparticles (NPs) as a p-type semiconductor
exhibiting narrow band gap (Eg = 1.2 eV), have attracted
a great scope of research interest in this decade. These
nanoparticles are also utilized in a wide range of applica-
tions such nano devices such as degradation, bactericidal
properties, etc. [22-24]. Herein, we will report the com-
bination of Ag-clinoptilolite zeolite as host and CuO
nanoparticles as guest materials to synthesize CuO NPs/
Ag-clinoptilolite zeolite composite an adsorbent catalyst in
which the high surface area of nanoparticles and the
absorbent capacity provided by the zeolite cooperation to
increase the efficiency of the removal process of radioac-
tive “Sr from water sample of Bushehr city. Ag™ is the
only noble mono-positive cation that forms mononuclear
species with appreciable stability in aqueous solution.
Besides, silver is known to have strong influence on the
absorption properties of zeolites. To the best of our
knowledge, there is no report on the application of CuO
NPs/Ag-clinoptilolite zeolite composite catalyst used for
the removal of radioactive “°Sr.

Experimental
Materials and reagents
The natural clinoptilolite (NCp) zeolite employed in our

research was obtained from the region of the West Semnan,
Central Alborz Mountains, Iran and its structural properties
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is as (Na, K, Ca)e(Si, Al)3607,.20H,0. Sodium chloride
(NaCl), silver nitrate (AgNOs), hydrochloric acid (HCI),
copper nitrate trihydrate (Cu(NO;),.3H,0), acetone,
sodium hydroxide (NaOH) and nitric acid (HNO3) were
purchased from Merck (Merck, Darmstadt, Germany). The
high-capacity cocktail OptiPhase HiSafe-3 (Wallac Oy,
Turku, Finland) and deionized water were used throughout
the work.

Instrumentation

The morphology, particle sizes and elemental composition
of the prepared adsorbents were surveyed using a scanning
electron microscope coupled with energy dispersive X-ray
spectrometer (SEM-EDAX, HITACHI S-300 N). The
powder X-ray diffraction (XRD) patterns were recorded
using a Philips X’pert Pro diffractometer equipped with
CuKo radiation at wavelength 1.54056 A (30 mA and
40 kV) at room temperature. Data were collected over the
range 4-80° in 20 with a scanning speed of 2° min~'. The
IR spectra were scanned on a PerkinElmer model 2000 FT-
IR spectrometer (USA) in the wavelength range of
400-4000 cm™" using KBr pellets. An ultra low-level
Quantulus 1220 liquid scintillation counter has been used
for all measurements. A shaker Heidolph Vibramax 100
(Heidolph Co., Schwabach, Germany) was utilized for
mixing of cocktail and sample. The samples and cocktail
were mixed in 20 mL polyethylene vials, Polyvial (Zinsser
Analytik Co., Frankfurt, Germany).

Preparation of Na-clinoptilolite zeolite

First, 5 g of the clinoptilolite zeolite before processing was
calcined at 300 °C for 2 h in a furnace for excluding
moister and impurities from the surface. Then, to obtain the
Na-clinoptilolite form, the calcined clinoptilolite was
chemically treated with 250 ml of 1 M sodium chloride
(NaCl) at 90 °C for overnight and was washed with
deionized water several times until chloride ions were
removed. Finally, treated clinoptilolite (sodium-clinop-
tilolite) was dried at 85 °C for 5 h [25].

Preparation of Ag-clinoptilolite zeolite

Silver ions were loaded into the zeolite framework by ion
exchange method. In a typical experimental procedure,
4.5 g of the prepared Na-clinoptilolite zeolite in the pre-
vious step was added to a 50 mL of a 0.1 M silver nitrate
(AgNO3) solution and the mixture was magnetically stirred
at 60 °C for 5 h to perform ion exchange process in which
Ag* ions were replaced with Na® ions. The synthesized
product (Ag-clinoptilolite zeolite) was then filtered and
washed with deionized water and 0.1 M HCI solution, to

remove the excess and unreacted silver ions from the
zeolite framework, sequentially and then dried at 110 °C
for 16 h. At last, the clean and dry Ag-clinoptilolite zeolite
was calcined at 400 °C for 4 h [26]. This process was
repeated for three times to reach significant ion exchange.

Preparation of CuO NPs/Ag-clinoptilolite zeolite
composite

Preparation of CuO NPs/Ag-clinoptilolite zeolite compos-
ite has been achieved using impregnation method. Typi-
cally, 3.5 g of the Ag-clinoptilolite zeolite powder was
added to a solution of 0.5 M of copper nitrate trihydrate
(Cu(NO3),.3H,0) reagent in 250 mL deionized water,
meanwhile, the suspension was vigorously stirred at room
temperature for 6 h. When the reaction was completed, the
green powders were filtered, washed with distilled water
and dried overnight at 110 °C. Finally, the obtained pow-
der was revealed as the CuO NPs/Ag-clinoptilolite zeolite
composite after calcination at 500 °C in the air for 6 h [27].
On the other hand, pure CuO NPs was prepared but without
the presence of zeolite under similar conditions.

Removal of radioactive *’Sr from water sample
by CuO NPs/Ag-clinoptilolite composite

The measuring of probable presence of radioactive *’Sr in
water sample needs another independent chemical experi-
ment and the polluted water sample can be examined and
monitored before and after removal process via Ultra Low-
Level Liquid Scintillation Counting (LSC) technique. To
study the removal and adsorption of radioactive °°Sr,
amounts of 0.5-3 g of the CuO NPs/Ag-clinoptilolite
zeolite composite was added to 500 ml of the water sam-
ple. A tracer amount of *°Sr*" containing 533 pL amount
of it (equal to 112.3 Bq(Becquerel)/L) as the optimized
activity was added to the above solution samples. Next, the
mixture was stirred in different pH ranges 2—12 and time
intervals 1-12 h via varying the adsorption temperature at
298-323 K, respectively. After filtration of the mixture,
5 mL of supernatant solutions were analyzed by liquid
scintillation spectrometry (LSC) instrument. In LSC, an
aliquot of the sample is put into a vial and mixed homo-
geneously with 15 mL of scintillation cocktail. A shaker
was utilized for mixing of cocktail and sample. The sam-
ples and cocktail were mixed together in 20 mL poly-
ethylene vials, Poly vial. The outside of the vials was
cleaned with acetone. In the next step, all the polyethylene
vials were stored in a cool, dark shield (about 7 °C) for 2 h
to eliminate the scintillation cocktail fluorescence. Finally,
all samples were counted by LSC for 5 h. The relative error
of radioactivity measurements did not exceed 2 %. The
initial source activity was 210.8 Bq/L.
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Results and discussion
SEM-EDAX analysis

To establish the morphology and crystalline size of the as-
synthesized clinoptilolite zeolite, Ag-clinoptilolite zeolite,
CuO NPs/Ag-clinoptilolite zeolite composite and pure CuO
NPs, SEM analysis were utilized as depicted in Fig. 1. The
SEM images explain homogenous morphology of the
structures of clinoptilolite (la) and Ag-clinoptilolite (1b
and lc) zeolites and quasi-spherical CuO nanoparticles
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dispersed and deposited on the external surface of Ag-
clinoptilolite zeolite (1d and le) and also specify that these
morphologies and the crystallinity of the structures are
maintained with Ag ion exchange and CuO NPs loading
processes which are indicated by SEM images in Fig. 1b—e.
The average crystalline size of CuO NPs in the composite
was illustrated to have nanometric dimensions (less than
100 nm). It also denote that CuO NPs loaded on the zeolite
has lower crystalline size than that of pure CuO NPs.
Figure 2 give the composition elements present in clinop-
tilolite, ~Ag-clinoptilolite  zeolites, CuO  NPs/Ag-
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Fig. 1 SEM images of the: a clinoptilolite, b, ¢ Ag-clinoptilolite, d, e CuO NPs/Ag-clinoptilolite, and f pure CuO NPs
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Fig. 2 EDAX analysis of the a clinoptilolite, b Ag-clinoptilolite, ¢ CuO NPs/Ag-clinoptilolite, and d pure CuO NPs

clinoptilolite zeolite and CuO NPs were investigated by
energy dispersive X-rays (EDAX) analysis. In the EDAX
spectra, the appeared peaks in the regions of approximately
0.55, 1.15, 1.50 and 1.75 are corresponded to the binding
energies of oxygen (O), sodium (Na), aluminum (Al) and
silicon (Si), respectively, that are related to the major
elements of the clinoptilolite zeolite (Fig. 2a). On the other
hand, in spectra (Fig. 2b, c), the appeared two peaks in the
regions of 2.92 and 3.21 keV referred to the binding
energies of silver (Ag) and three peaks in the regions of
0.93, 8.04 and 9.03 keV are related to the binding energies
of copper (Cu) which reveals the presence of Cu in the
composite. These results confirm coexistence of 6.4 and
19.7 wt% silver and copper in the prepared composite
network, respectively.

X-ray diffraction (XRD) patterns
In Fig. 3, XRD patterns of the understudy clinoptilolite

zeolite, CuO NPs/Ag-clinoptilolite zeolite composite and
pure CuO NPs are given, respectively. As seen from the

patterns, the sharp peaks referring to clinoptilolite zeolite
occurred at (260) of 11.3993°-74.1895° (Fig. 3a) and are in
good agreement with those of the clinoptilolite zeolite with
Joint Committee on Powder Diffraction Standards:
(JCPDS: 00-025-1349). Clinoptilolite zeolite structure was
retained even after silver cation exchange in the Ag-
clinoptilolite (Fig. 3b). Meanwhile, synthesized CuO NPs
(as guest material) loaded as a 19.7 wt% of unit onto Ag-
clinoptilolite zeolite as the host material, possesses a series
of new peaks which were obtained at 20 of 41.5762°,
45.3174°, and 57.2960° corresponding to the diffraction
planes of (002), (111) and (202), respectively [27-30]. No
characteristic peaks related to the presence of impurities
were observed in the patterns during CuO species loading.
These peaks which are illustrated as purple points in
Fig. 3b reveal that CuO NPs have been dispersed and
deposited onto Ag-clinoptilolite and also indicate a host—
guest interaction between Ag-clinoptilolite framework and
CuO NPs. A definite line broadening of the scattering
pattern in Fig. 3b is a demonstration upon which the syn-
thesized CuO particles are in nanoscale range. However, a
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Fig. 3 XRD patterns of the Canks
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small loss of crystallinity is observed in Fig. 3b associated
with the lower intensity of the peaks at 20 of 11.630° and
18.318°. This may be due to the dealumination process of
Ag-clinoptilolite zeolite and CuO NPs/Ag-clinoptilolite
zeolite composite and associated with the location of sub-
stituted silver and impregnated copper cations. The Cu?*
ions within the zeolite framework can interact with the
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aluminate sites more strongly than that of Na* or Ag™ ions.
Totally, it can be concluded that with silver ion exchange
in clinoptilolite zeolite and subsequent loading of CuO NPs
onto Ag-clinoptilolite, the structure of the zeolites did not
change and can be stable after the above processing. On the
other hand, the capacity of the clinoptilolite zeolite to keep
the guest species is certainly limited. Consequently, the
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adsorption of the host cations (Si, Al and Na) will stop if
the capacity is saturated. In contrast, the amount of the host
species in the Ag-clinoptilolite increases as the copper
oxide content increases. The introduced CuO NPs were
dispersed and deposited on the external surface of Ag-
clinoptilolite, however, due to the relative aggregation
during processing of the composite, some particles are too
large to perch inside the structure. Hence, high CuO NPs
loading will cause structural damage to the zeolite frame-
work. The size of the prepared CuO NPs deposited onto
Ag-clinoptilolite was also investigated via XRD measure-
ment and line broadening of the peak at 20 = 0°-80° using
Debye—Scherrer Eq. (1) [31]:

0.94/

:ﬂcosﬁ’ (1)

where d is the crystal size, 4 is the wavelength of X-ray
source, f3 is the full width at half maximum (FWHM) and 0
is Bragg diffraction angle. The peaks referring to the pure
CuO NPs (Fig. 3c) occurred at scattering angles (260) of
37.9379°, 41.5859°, 45.3296°, 57.3058°, 62.9655°,
68.9326°, 72.9516° and 78.8583° corresponding to
diffraction planes of (100), (002), (111), (202), (113),
(220), (311), and (222), respectively, that have been crys-
tallized in the monoclinic phase and are in good agreement
with those of CuO NPs with JCPDS = 01-072-0629. Using
this equation, the average particle size for CuO NPs in the
CuO NPs/Ag-clinoptilolite zeolite composite and pure CuO
NPs are estimated to be 8.3 nm and 37.6 nm, respectively.
The particle size obtained from XRD measurement is
consistent with the results from the SEM study.

FTIR study

The characterization of the prepared adsorbents along with
the clinoptilolite zeolite precursors were further surveyed by
FT-IR spectra as plotted in Fig. 4. Peak positions are nearly
identical for three samples. All of the three as-synthesized
typical samples, namely clinoptilolite zeolite and CuO NPs/
Ag-clinoptilolite zeolite composite have peaks around
465 cm™ ' and 524 cm™! which are assigned to the bending
vibrations of the insensitive internal TO, (T = Si or Al)
tetrahedral units and double six rings (D6R) external linkage
within the clinoptilolite zeolite structure, respectively. The
peaks around 674 cm ™" and 797 cm ™" are attributed to the
external linkage and internal tetrahedral symmetrical
stretching vibrations, respectively. Furthermore, the peaks
around 1034 cm ™" are corresponded to the external linkage
and internal tetrahedral asymmetrical stretching vibrations,
and peaks around 1635 cm™!, 3437 cm™! and 3623 cm !
are attributed to H-O-H bending O-H bonding (hydroxyl
groups) vibrations and discrete water absorption bands of the
clinoptilolite, respectively. Surveying Fig. 4a, b confirms

that no changes has occurred in the bands of Ag-clinoptilolite
zeolite and CuO NPs/Ag-clinoptilolite zeolite composite
compared with the original clinoptilolite zeolite, which tends
to lend further support to the idea that the ion exchange
modification of clinoptilolite zeolite by silver ion and copper
oxide has a very little influence on the chemical structure of
the zeolite framework. On the other hand, Fig. 4b illustrates
two new peaks related to the synthesized loaded CuO NPs.
The absorption bands in the 1467 cm™ ' region is referred to
C—C bonding of probable trivial impurities existing in the
applied stock materials. The absorption peak at 967 cm ™" is
also corresponded to Cu—O-Si and Cu-O-Al bonds and
revealed the entrapped copper in the structure of zeolite
[26-28]. Also, Fig. 4c reveals the FT-IR spectrum of pure
CuO NPs. The broad at absorption peak around 3441 and
1632 cm™' were caused via the adsorbed water molecules.
The absorption bands in the 1461 cm™" region is probably
related to C—C bonding of trivial impurities existing in the
applied stock materials as implied above. Three peaks at 487,
523 and 580 cm ™ were related to the stretching vibrations of
Cu—-O bonding.

Adsorption reaction isotherms

Several adsorption isotherm models were developed via
analyzing solutions in contact with CuO NPs/Ag-clinop-
tilolite zeolite composite to find out the relation between
the equilibrium concentrations before and after experi-
mental in the liquid and solid phases. The Langmuir, Fre-
undlich, Temkin, Dubinin—Radushkevich (D-R), Harkins—
Jura (H-J) and Hasley models are used to describe equi-
librium adsorption isotherms. The sorption isotherms were
studied in water sample of Bushehr city as pH = 8.5,
temperature (25 °C), and different initial solution concen-
trations related to the seven various activity of *°Sr from
112.3 Bg/L to 180.6 Bg/L. As can be seen in Fig. 5, by
increasing the activity of solution, the removal efficiency
of “°Sr is decreased. Thus, activity equal to 112.3 Bg/L as
optimized activity for the adsorption reaction was chosen.

This model supposes that the adsorption takes place at a
specific adsorption surface. The attraction between mole-
cules decreases as they are getting further from the
adsorption surface. The Langmuir adsorption isotherm is
often utilized to describe the maximum adsorption capacity
of an adsorbent and also show single coating layer on
adsorption surface. Langmuir isotherm can be defined
according to the following Eq. (2) [32].

1 1 1 1

ge B Kigm C. q_m

(2)
where ¢, and g, are the maximum and equilibrium uptake

of ®°Sr per unit mass of adsorbent (mg/g), respectively.
Also K; and C,. refer to the Langmuir constant and the
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Fig. 4 FTIR spectra of the 3
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equilibrium concentration of the adsorbent, respectively. The Freundlich isotherm is often used for modeling the

The plot corresponded to qi Versus CL was depicted and all ~ multilayer adsorption on heterogeneous surfaces and also

affiliated data applied in Table 1. Moreover, the plot of g. ~ applied for the very low concentration. It suggests that
versus C, is shown in Fig. 6 in below. sorption is not restricted to one specific class of the sites
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‘_g‘ 60 where ¢, and K are Dubinin—Radushkevich adsorption
E constants that were calculated from the intercept and slope
x @ of the plot. K is the adsorption energy. g, is the theoretical
20 saturation capacity and ¢ is the polanyi potential. The plot
o of this isotherm gives a straight line of slope In g, versus In
100 120 140 160 180 200 C..The Harkins—Jura (H-J) isotherm can be defined to the

Activity of solution (Bq/L)

Fig. 5 The effect of solution activity on the removal efficiency of
%Sr by CuO NPs/Ag-clinoptilolite zeolite (T = 25 °C, pH: 8.5,
amount of adsorbent: 1.5 g, contact time: 6 h)

and assumes surface heterogeneity. This isotherm can be
explained by the following Eqgs. 3 and 4 [33]:

1
ge = K¢ Ce (3)
1
Ing. = InK; +-InC, (4)
n

where Ky (mg/g) and n are Freundlich adsorption constants
that were determined from the intercept and slope of the
plot. The plot of this isotherm gives a straight line of slope
In g, versus In C..

The Temkin isotherm suggests a linear decease of
sorption energy and can be expressed via the following
Eq. (5) [34]:

ge =P Ino+ fInC, (5)

Here o and f§ are Temkin adsorption constants. The plot
of this isotherm shows a straight line of slope g. versus In
Ce.

The Dubinin—Radushkevich (D-R) can be simplified to
the following equations below (6 and 7) [35]:

following Eq. (8) [35]:

1 BH]> ( 1 >
— = () () mc. 8
q2 <AHJ Apy ®

where Apj is the Harkins—Jura isotherm parameter which
accounts for multilayer adsorption and explains the exis-
tence of heterogeneous pore distribution in which Byj is the
isotherm constant. The plot of this isotherm gives a straight
line of slope In g. versus In C..

The Hasley isotherm model can be utilized to evaluate the
multilayer adsorption for the adsorption of “’Sr at a relatively
large distance from the surface. Herein we discuss this iso-
therm model with equilibrium equation below (9) [36]:

o] -Gl o

ny and Ky parameters are Hasley isotherm constants and
were calculated from the slope and intercept of the linear

plot based on In g, versus In (clc) respectively.

The conformity between experimental data and the
model predicated values was expressed by the correlation
coefficient (R?). A relatively high R? value reveals that the
model successfully describes the adsorption isotherm. It is
obvious that the Langmuir and D-R isotherm models
cannot correlate the experimental data well. Based on the

Table 1 Various adsorption

. Isotherm type
isotherm model parameters P

Isotherm parameters

Plot equation

results for removal and Langmuir K, = 6x10' (L/mg) R® = 0.8662 1 x 107 + 6x107
adsorption of ~Sr by CuO NPs/ s
Ag-clinoptilolite zeolite m = 0.1667 x 107" (mg/g)
composite (T = 25 °C, pH: 8.5, Freundlich Kr=12.62 x 10° (mg/g) (L/mg) R? =0.9783 0.1175 x —14.781
amount of adsorbent: 1.5 g, n=28510
contact time: 6 h) Temkin %= 1586 x 10'° (¢/mg) R = 0.9737 2% 107° x 42 x 10°%
B = 2x107° (mol/KJ?)
D-R K =2x107"° (L/mg) R? = 0.8256 2 x 10719 x —17.174
gm = 2.87 x 107 (mg/g)
H-J Ay = 111 x 107" (L/mg) R* =0.9759 -9 x 10" x =2 x 10'°
By = 2220
Hasley ny = 8.510 R*=0.9783 —0.1175 x —14.781

Ky = 4.26 x 10°* (L/mg)
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Fig. 6 The plot for the adsorption of °°Sr by CuO NPs/Ag-
clinoptilolite zeolite composite (7= 25 °C, pH: 8.5, amount of
adsorbent: 1.5 g, contact time: 6 h)

R? value, high regression correlation coefficient was found
in good straight linear with the Freundlich (R* = 0.9783),
Hasley (R* = 0.9783), H-J (R* = 0.9759) and Temkin
(R* = 0.9737) isotherms as compared to the Langmuir
(R*> = 0.8662) and D-R (R*> = 0.8256) isotherm models.
The obtained data from these models are summarized in
Table 1.

Removal and adsorptive properties study

Various radiometric methods such as gas flow GM (Geiger—
Miiller) counting and liquid scintillation counting are usually
used for direct measurement of “°Sr and its daughter *°Y
subsequently. Ultra low-level liquid scintillation counting
(LSC) can be successfully utilized for counting alpha and
beta activity derived from alpha, beta emitters to monitor the
natural radioactivity, contamination related to nuclear fall-
outs, contaminants branched from nuclear power stations or
fuel reprocessing plants. Reduced equipment requirements
and relative readiness of radiochemical procedures make
LSC an attractive technique which can be applied also by
laboratories lacking specific radiochemistry facilities and
experience. The determination of radiostrontium by this
technique is based on the high counting efficiency for high-
energy B-particles in aqueous solutions [37]. To evaluate the
removal of radioactive 90Sr, the adsorption behavior of CuO
NPs/Ag-clinoptilolite zeolite composite was assessed and
those progresses were monitored by LSC instrument. The
effects of several operational parameters such as pH, amount
of adsorbent and contact time, and also kinetics and ther-
modynamic reactions were considered.

Effect of pH
The effect of initial pH parameter on the removal and
adsorption of radioactive Sr*" ions by CuO NPs/Ag-

clinoptilolite zeolite composite has been investigated. The
role of pH on the removal and adsorption yield of CuO

’r @ Springer

NPs/Ag-clinoptilolite zeolite adsorbent was surveyed via
utilizing 28r solution of 112.3 Bg/L at optimized tem-
perature (25 °C) for 6 h. As represented in Fig. 5, the
adsorption characteristics of *°Sr were investigated in pH
ranges 2—-12 on the removal of gy by CuO NPs/Ag-
clinoptilolite zeolite composite. As pH was increased
above pH 2, the percentage removal process of strontium
increased in an approximately linear fashion up to a max-
imum value at about pH 8.5. Therefore, in the pH range of
2-8.5 strontium exists in the form of Sr** and in high pHs
(above 10) it can be found as Sr(OH)". Plus, when pH is
low (pH 2 or less) no more affinity between the adsorbent
and Sr*" ions can be observed. Besides, high acidity will
lead to replacement of adsorbed Sr*™ by H' from the
solution and decrease the adsorption/removal efficiency as
a result [38]. To gain the most selectivity and removal
efficiency, pH of 8.5 was considered for the further mod-
ifications and more than 97 % adsorption yield. The solu-
tion pH was adjusted via 1 M solutions of NaOH and
HNOj;. Moreover, the sorption equilibrium was achieved,
the supernatant solution of “’Sr were brought out and
introduced to the Ultra Low-Level Liquid Scintillation
Counter (LSC). Subsequently, the removal and adsorption
value percentage of “’Sr by composite adsorbent was cal-
culated. The interaction of hydrogen ions with an oxygen
radical of the CuO NPs/Ag-clinoptilolite zeolite composite
body generates hydroxyl groups and lowers the charge of
the matrix, which is accompanied by a decrease in the
sorption ability of CuO NPs/Ag-clinoptilolite zeolite
composite in relation to *°Sr. Besides, a higher sorption of
the radioactive due to increasing pH shows that in the
solution they are in an ionic state.

Effect of amount of adsorbent

Selecting the desirable amounts of adsorbent is a key
parameter which obviously affects the whole removal
procedure. The adsorption characteristic of “°Sr was
investigated at scope of 0.5-3 g of composite adsorbent to
recognize the best and optimized amount of adsorbent for
the removal of *’Sr. The obtained results revealed that the
more the adsorbent amount, the better the removal effi-
ciency, until the point after which no more significant
variations is seen and the curve slope tend to a linear form
which means constant values. Hence, the value of 1.5 g
was chosen as the appropriate mass for CuO NPs/Ag-
clinoptilolite zeolite composite to fulfill high yield removal
and adsorption.

Effect of contact time

To provide a perspicuous comparison between removal and
adsorption capability of CuO NPs/Ag-clinoptilolite zeolite
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composite and reaction time, the effect of different contact
time intervals on the adsorption process of “°Sr was
accomplished. The spectra of *°Sr/”°Y and related results
have been presented in Figs. 7, 8, and Table 2, respec-
tively. The variation of adsorption value (%) with shaking
time has been shown in Fig. 8. Figure 8 represents the
reliability of adsorption yield of °’Sr on the composite
adsorbent to the contact time. As the reaction time
increases, the adsorption will increase scarcely. On the
other hand, rate of counts per minutes (CPM) from 45,065
and 3959 decreases up to 1272 and 118 counts per minutes
(CPM), respectively. The similar results are seen in pre-
vious researches [39, 40]. The adsorption time was inves-
tigated in the scope of 1-12 h, and LSC spectra analysis
revealed that the removal first enhanced up to 6 h and then
remained in constant value. Thereupon, to reach a shorter
analysis period of time 6 h was considered as optimum
value. The obtained results from designed experiment
revealed that the sorption procedure was rapid and
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Fig. 8 The effect of contact time on the removal efficiency of **Sr by
CuO NPs/Ag-clinoptilolite zeolite (7' = 25 °C, pH: 8.5, amount of
adsorbent: 1.5 g)

equilibrium attained quickly after roiling the composite
adsorbent with target containing solution. *°Sr uptake on
the CuO NPs/Ag-clinoptilolite zeolite composite may be
the cause of vicissitude of target metallic ion with the other
ions presented on the adsorbent surface area. The Deter-
mination of the activity of *°Sr was accomplished using the
double-energetic windows method. The energetic window
A (150-760) contains all the *°Sr spectrum and low energy
region of *°Y spectrum. The window B (760-940) contains
the high-energy region of the *°Y spectrum. *°Sr analysis
of natural water sample from the Bushehr city of Iran was
considered. The removal efficiency was also computed
using the following Eq. (10):

R(%) = <A°_Ae> % 100 (10)

Ae
where A is the initial radioactivity and A, is the radioac-
tivity of “’Sr at equilibrium after sorption process. The
minimum detectable activity (MDA) was evaluated using
Currie formula (11) and (12) as can be seen in below [41]:

MDA <Bq) = Ly(eTQ) "

= (1)

(12)
where ¢ is the detection efficiency; T is the counting time
(s); Q is the sample quantity (kg); B is the background
count rate (sfl).
The following formula can be used for the conversation
of strontium-90 activity it’s mass in gram (13):
A X T x Ay 5
~ In2xA° (13)

where A is the *°Sr a activity (Bg), Ty, is the half-life
(second), In 2 is constant number, A, and A® are the mass

Lqg(counts) = 2.71 + 4.65(BT)'?
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Table 2 Liquid scintillation

. Time (h) CPM (A) CPM (B) Activity Count time MDA
counting (LSC) resu!ts for w0 (Bg/Sample) min. (mBg/sample)
removal and adsorption of ~Sr
by CuO NPs/Ag-clinoptilolite 0 45065.045 3959.91 110.5 60 6.92
zeolite composite under
optimized conditions 1 9632.90 846.45 23.62
(pH = 8.5, temperature 3 3474.69 317.15 8.52
(T' =25 °C) and amount of 6 1272.42 118.8 3.12
adsorbent (1.5 g)) 9 1488.57 130.8 3.65

12 1345.83 118.25 3.30
number of Sr (A, = 90) and Avogadro’s number (g). M is (Co— C)V
the mass of strontium-90 activity (g). 9= (16)

Kinetics of adsorption reaction

The adsorption kinetics is a significant factor for designing
adsorption systems and is required for selecting optimum
operating conditions for adsorption reaction study. To
investigate the adsorption kinetics of removal of *°Sr by
CuO NPs/Ag-clinoptilolite zeolite composite, four differ-
ent kinetics including models, pseudo first order, pseudo
second order, Elovich and intra particle diffusion kinetic,
were applied in this study. The pseudo first order Lagergren
[42] model presumes that the rate of variation of solute
uptake by reaction time is certainly related to versatility in
glut concentration and solid uptake value via reaction time
(14).

log(qe — q;) = log ge — 2.303k;t (14)

where ¢g. and g, parameters, are considered as the values of
%9Sr which are adsorbed per mass unit of the composite
adsorbent (mg-g~") at the equilibrium and time ¢, respec-
tively. k; is recognized as the rate constant of the adsorp-
tion reaction (min~"). log(g. — g;) was also plotted versus
time interval, a straight line should be obtained with a slope
of ki, if the first order kinetics is credible. Ho and McKay
[43] proposed a pseudo second order model for the
adsorption of divalent metal ions onto sorbent particles that
following below Eq. (15):

t t 1
— = 15
a 4 kg ( )

where g, and g, parameters, represent the amount of *°Sr
(g-mg ') at equilibrium and other time intervals. k, is the
rate constant of the pseudo second order equation (g-mg ™"
min~'). When the second order model is a suitable ex-
pression, a pattern of é against time (f) will gain a linear
result with a slope of ; and an excise of ;. The adsorbed
amounts (q) of Sr*™ were calculated using the following
Eq. (16):

’r @ Springer

m

where Cy and C. are the initial and equilibrium concen-
trations of Sr** (g:mg™") in the liquid phase, respectively,
V is the volume of solution (L) and also m is the mass of
adsorbent (g). The rate constant of pseudo first order and
pseudo second order of the adsorption and correlation
coefficient (R*) were determined from the pattern among
log(ge — g versus time t and the pattern of t/g versus
time 7.

Elovich Kinetic model

The Elovich equation is represented as it can be observed
below (17) [44]:

49: _ par

” (17)

where o and f§ are considered as the initial sorption rate and
the desorption constant both (mg.g™ "), respectively. The
Elovich equation can be simplified if it is presumed that
ofit > 1. At the boundary conditions gt = 0 at r = 0, the
above mentioned equation changes to (18) [45]. Plot of
Elovich kinetics is given.

q: = Blog(af) + flogt (18)

Intra particle diffusion model

Each adsorption procedure includes different surface dif-
fusion followed by intra particle diffusion. Generally, the
liquid phase mass transport managed the adsorption pro-
cess. Also the mass transport rate can be imparted as a
function of the square root of time (f). As clarified above,
the intra particle diffusion model was stated by formula

below (19) [45]:
g =kit'?+C (19)

At the above mentioned formula, ¢, is the amount of the
adsorbed *°Sr on the CuO NPs/Ag-clinoptilolite. Also t and
C, are time and intra particle diffusion rate constant,
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Table 3 The different kinetics model rate constants for the removal and adsorption of °°Sr on the CuO NPs/Ag-clinoptilolite zeolite composite

C o p Plot equation

(mmol.mg™ " min~")

Kinetic model R k ks ki
(min~") (g.mgfl.minfl)
First order 0.7729 0.1103 - -
Second order 0.9996 - 7 x 107 -
Elovich 0.8864 - - -
Intra particle 0.6854 — -
diffusion

4 x107°

—0.1103 x —8.3238
7 x 107 x +9x10°
2x 107 x +1x107%
4 x 107° x +4x107°

- 1.1413 2 x 10°°
4x107° - -

respectively. Plus, the amount of correlation coefficient
(R* was calculated from the slope and intercept of the
drawing of ¢, versus . By drawing the plot of ¢, versus #;,
,, it can be obviously inferred that the Sr> adsorption
includes three main steps. First, the analyte ions diffuse
among the particles in liquid phase and a rapid adsorption
takes place which refers to the Sr*™ transfers on the surface
active sites of zeolite and then into the porous structure of
adsorbent so-called intra particle diffusion. Afterwards, the
gradual occupation of active sites slowed down the
adsorption of analyte and maintained at a constant value
when these active sites were thoroughly saturated. The
slight indicated deviations of these lines from the origin
specify that the intra particle transportations are not the
only rate limiting operative.

The kinetic model along with upper correlation coeffi-
cient R? was considered as the most appropriate model.
Table 3 shows the kinetic factors of the *°Sr adsorption on
the CuO NPs/Ag-clinoptilolite. The obtained results illus-
trates that the R* value of pseudo second order kinetic
compared to the R? value, other kinetics models is higher,
thus the *°Sr adsorption on CuO NPs/Ag-clinoptilolite is
followed via pseudo second order. The energy of activation
E, calculated by the Arrhenius equation was found to be
44.75 kJ/mol and is expressed as below (20 and 21).

E,
k=-A —— 20
exo (1) (20)
E,
Ink=——+LnA 21
k= —Eo o)

where k is the chemical reaction rate, R is the gas constant
(8.314 Tmol™' K™"), T is the absolute temperature in
kelvin (°K) and A is the pre-exponential factor.

Thermodynamic of removal reaction
Effect of temperature

The temperature in which the experiment fulfills is an
important factor that cannot be over looked. In this study,
the removal and adsorption of “°Sr on the CuO NPs/Ag-
clinoptilolite zeolite composite was surveyed in the tem-
perature scope of 25-50 °C under certain optimized

conditions. The spectra of “°Sr/*°Y and its results are
shown in Figs. 9 and 10. Figure 9 illustrates the effect of
temperature on the removal of °°Sr on the composite
adsorbent surface. As can be seen, the adsorption of 20Sr on
the CuO NPs/Ag-clinoptilolite zeolite composite decreases
as the temperature increases gradually. The removal reac-
tion efficiency for the temperatures of 25, 30, 35, 40, 45
and 50 °C were 97.17, 90.24, 82.19, 73.72, 60.52 and
41.98 %, respectively. This is why in raised temperatures
the formed bonds between “°Sr and active sites of
nanoparticles adsorbent will be weaken and broken even-
tually. The behavior study of the adsorption of *°Sr ions by
CuO NPs/Ag-clinoptilolite zeolite composite was investi-
gated as a function of temperature. To determine the pro-
cess of spontaneous reaction, both important energy and
entropy factors should be considered. Moreover, the
dependence of distribution ratios on the temperature was
evaluated. The relationship between K, and Gibbs free
energy AG® variation in sorption has been shown below
(22):

AG = —RTIn(55.5K,) (22)

R is the universal gas constant (8.314 J mol ™! K™Y, T'is
the absolute temperature in kelvin (°K) and Kj is the dis-
tribution coefficient. To gain a correct value of AGP, the K4
value in Eq. (21) must be dimensionless. If the adsorption
process was evaluated from an aqueous solution and Kj is
considered in dm? mol_l, then the parameter Ky can be
simply recalculated as dimensionless by multiplying it by
55.5 which refers to the number of moles of water per liter
of solution. Therefore, the correct value for AG® can be
gained from the Eq. (21). Thus, the term 55.5 Ky (dm3
mol~! mol dm*3) is dimensionless [46]. The distribution
coefficient was determined at equilibrium in the radioactive
solution by the following Eq. (23) [47, 48]:

qe AO_Ae 1%
Ki=—=(—— — 2
d C. ( Ae )Xm (23)

where Ag (Bg/L) (or Cy pmol/L) parameter is the initial
strontium activity (or concentration) in solution, A, (Bq/L)
(or C. umol/L) parameter is the strontium activity (or
concentration) in solution at equilibrium, V (mL) is the
solution volume, and m (g) is the adsorbent mass [49].
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Fig. 10 Plot of 908 removal % versus temperature (°C)

Gibbs free energy variation can also be introduced in
terms of enthalpy variation, AH?, entropy variation, AS?, as
stated in below (24):

AG® = AH" — TAS® (24)

Besides, by mixing the two above mentioned Eqgs. (21—
23) a new exposition is attained as is seen in following
(Vans Hoff Eq. (25)):

0 0
and:—HFx%—i—ATS (25)

The enthalpy (AH®) of adsorption and the entropy (AS®)
of adsorption can be specified from the slope and the
intercept of the linear fits which are gained by drawing In
K, against % respectively. Also the negative amounts AG®
show that the adsorption procedure is spontaneous with
affinity of °°Sr to the composite. Two significant types of
adsorption process namely pure physical and pure chemi-

cal. During the pure physical adsorption, AH? values are
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Fig. 11 A plot of vans Hoff (In K; versus 1/7T) for the removal and
adsorption of *°Sr on the CuO NPs/Ag-clinoptilolite zeolite compos-
ite at different temperature

from 2.1 to 20.9 kJ/mol, while AH? values corresponded to
the pure chemical adsorption are in a ranges 80-
200 kJ/mol. AH® values between 20.9 and 80 kJ/mol
related to the physic-chemical adsorption process. The
values are well under those related to chemical bond con-
stitution, showing the chemical property of the adsorption
process and means that the adsorption of *°Sr on the CuO
NPs/Ag-clinoptilolite zeolite composite would be attrib-
uted to a chemical adsorption process (AH? =
—182.550 kJ/mol) comparing with above implied infor-
mation and ranges. Forby, the enthalpy variation AH®
following adsorption is negative in all cases representing
the exothermic nature of adsorption that is the removal of
20Sr is decreased as the temperature increases. The entropy
variations AS° of the system along with the adsorption of
%OSr ions on the CuO NPs/Ag-clinoptilolite zeolite com-
posite is positive in all cases showing that more discovery
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Table 4 Thermodynamic Temperature (°K)  AG® (KJ/mol)  AH® (KJ/mol) AS° J/mol K) R? Plot equation
function values for the removal
. 90

and adsorption of Sr on the 298 ~35.816 —182.550 _488514 09523 219578 x —58.758
CuO NPs/Ag-clinoptilolite
zeolite composite 303 —34.553

308 —32.895

313 —31.061

318 —27.803

323 —22.896

is generated following adsorption and reflects that no
specific change occurs in the internal structure of com-
posite during adsorption of “’Sr. According to the plots
data of In K,; versus 1/T in Fig. 11, the results as shown in
Table 4.

The mechanism of Sr** adsorption on the CuO
NPs/Ag-clinoptilolite zeolite composite

The properties such as porosity, presence of alkaline and
earth alkaline metallic cations in zeolites structure along
with high mechanical and chemical resistance provide
good adsorptive, cation exchange, and catalytic character-
istics and make them desirable for wide variant of analyt-
ical purposes [50, 51]. According to the results reported in
this study, the adsorption mechanism of strontium ions on
the pre-synthesized CuO NPs/Ag-clinoptilolite zeolite
composite adsorbent can be demonstrated by three major
possible theories including: (1) the formation of electro-
static or van-der-waals forces of Sr*" with negative
charged oxygen and hydroxyl groups originated from
zeolite structure on its surface area, (2) the ion exchange
process between Sr*t and exchangeable cations (Ag™,
Cu®" and etc.) with negative charge balance of aluminum
atoms and (3) the intra porosity diffusion of analyte into the
zeolite structure which refers to the above mentioned
binding potentials of Sr*™ with active sites of zeolite.

Conclusions

This research is focused on the preparation of CuO NPs/
Ag-clinoptilolite zeolite composite adsorbent through two
facile routes ion exchange and impregnation methods and
applied for effective removal of radioactive *’Sr ions from
water sample of Bushehr city. The prepared adsorbents
were characterized by SEM-EDAX, XRD and FT-IR
analyses and the removal process followed via Ultra Low-
Level Liquid Scintillation Counting (LSC) as a rapid and
suitable analytical technique. Also, different conditions
such as pH, amount of adsorbent, the contact time and
temperature were investigated and optimized to approach

the highest adsorption/removal efficiency of strontium-90.
Moreover, Adsorption isotherms including Langmuir,
Freundlich, Temkin, D-R, H-J and Hasley have been ana-
lyzed to the equilibrium data. The Freundlich, Temkin, H-J
and Hasley isotherms were found good to represent the
measured adsorption data. The parameters including:
pH = 8.5, amount of adsorbent (1.5 g), contact time (6 h)
and temperature (25 °C) were considered as optimized
conditions for this process. The experimental results
denoted that CuO NPs/Ag-clinoptilolite zeolite composite
leads to maximum removal and adsorption of *°Sr from
water sample. On the other hand, the reaction kinetic
information was surveyed utilizing pseudo first and second
orders, Elovich and Intra particle diffusion kinetic models.
Besides, the adsorption kinetics of “’Sr was matched nicely
with the pseudo second order kinetic model. Then, ther-
modynamic study for the adsorption reactions was evalu-
ated and the results showed that by increasing the
temperature, efficiency reaction decreased. It was empha-
sized that CuO NPs/Ag-clinoptilolite zeolite composite has
a high capacity and potential for the removal of radioactive
%Sr from water sample. It should be noted that the pre-
sented composite adsorbent as a potentially applicable
adsorbent can be considered for further analytical proce-
dures in future.
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