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Abstract For the first time, effects of CuO nanoparticles
concentration (from 1 to 24.2 wt%) in CuO/NaX nano-
composite and replacing various cations (Ag", K, Ca®*,
and Mg?") with Na™ ions in NaX zeolite on removal of
uranium ions from drinking water are reported. The
removal of uranium was performed under natural condi-
tions of pH, laboratory temperature and the presence of
competing cations and anions that are available in tap
water of Isfahan city. Characterization of parent NaX
zeolite and modified samples were investigated using
X-ray fluorescence, X-ray powder diffraction patterns,
scanning electron microscopy, and atomic absorption
spectroscopy methods. Using Langmuir, Freundlich, and
C-models, isotherms of equilibrium adsorption were stud-
ied. Results show the removal efficiency and distribution
coefficient of NaX zeolite decrease in the presence of other
competing anions and cations that exist in drinking water.
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But, modification of NaX zeolite with various cations and
CuO nanoparticles might enhance the ability of X zeolite in
removing uranium from drinking water.
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Introduction

Since ancient times uranium has been applied as a colorant
in ceramic glazes and then in the glassmaking industry.
Today enriched uranium is used in the nuclear industry as
fuel elements. Depleted uranium (DU) (the by-product of
the enrichment process) is used in the military branches for
armour plating and armour piercing ammunition [1]. But,
uranium is one of the most dangerous heavy metals in the
environment because its chemical toxicity and radioactiv-
ity. Uranium contamination poses a threat both to surface
and ground waters [2]. Uranium might enter the water from
naturally occurring deposits or human activities. Uranium
come from mill tailings, emissions from the nuclear
industry, combusting coal and other fuels, and phosphate
fertilizers that contain uranium [3] and growing use of DU
as military munitions [4-6]. The inhalation of uranium
compounds results in its deposition in the lungs, which
reach kidneys through the blood stream resulting in pro-
gressive or irreversible renal injury and in acute cases
leading to kidney failure and death. The tolerable daily
intake of uranium established by WHO based on Gilman’s
studies is 0.6 pg/kg of body weight/day. The WHO, Health
Canada, Australian, and USEPA drinking water guidelines
fixed the maximum uranium concentration in drinking
water should be less than 9, 20, 20 and 30 pg/L respec-
tively [7].
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So, the removal of uranium from drinking water is a
serious issue. There are several methods for removal of
uranium ions from aqueous solutions such as chemical
membrane [8], precipitation [9], biological treatment [10],
solvent extraction [11], and ion exchange/adsorption [12—
15]. But, ion exchange is the most efficient removal
method because it might remove about 98 % of uranium
from water [16]. Zeolites constitute an important class of
aluminosilicate crystalline microporous materials com-
prising natural and synthetic species. Zeolites represent
special physicochemical properties because of their sin-
gular structure and have been widely used as molecular
sieves, ion-exchangers, absorbents, catalysts, and so on
[17-20].

In this research, we have studied the sorption of uranium
from tap water of Isfahan city using X zeolites. Parent NaX
zeolite was synthesized. To raise the ability of uranium
removing from samples, parent zeolite was modified using
a coating with CuO nanoparticles with different concen-
trations and using exchange of various cation ions such as
Ag, Mg, Ca, and K studied. Effects of CuO nanoparticles
concentration in CuO/NaX nanocomposite and replacing
various cations with Na ions in NaX zeolite on removal of
uranium in water samples were studied. However to the
best of our knowledge, such study there has been not
reported in any previous work.

Experimental
Synthesis of NaX zeolite

4.2 g AI(OH); was dissolved in 8.4 mL NaOH aqueous
solution (50 % w/v) at 100 °C then 8.5 mL water was
added. Then 15.1 g NaOH was added to the mixture and
again 60 mL water was added and heated at 50 °C (solu-
tion 1). 45.2 g Na,SiO3 was dissolved by mixing with
250 mL water and 15.2 g NaOH (solution 2). Solutions 1
and 2 were mixed quickly and the final solution was heated
at 70 °C in oven. The white powder product washed with
water and dried at 80 °C (parent NaX sample).

Preparation of cation ions exchanged in NaX zeolite

To prepare the exchanged form of NaX, 10 g of the parent
zeolite was shaken with 300 mL solution of 1 M NH,(-
NOs) at the 60 °C for 6 h. The solution was decanted and
fresh solution was added. This procedure was repeated
three times. The solid was filtered, washed and dried at
110 °C. This solid is NH,-form of NaX. The H-form of
NaX was prepared by heating the NH4-form at 450 °C for
2 h to remove ammonia molecule. (Ag", K*, Ca**, and
Mg*")—exchanged forms that denominated as AgX, KX,
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Table 1 preparation of CuO/NaX samples with different CuO
concentration

Samples Cu(Nos), (aq) (M) CuO loading (wt%)
CuO/NaX 1 0.01 1.0
CuO/NaX 2 0.05 6.8
CuO/NaX 3 0.1 8.4
CuO/NaX 4 0.2 9.7
CuO/NaX 5 0.5 12.5
CuO/NaX 6 1 242

Table 2 Various parameters of drinking water of Isfahan city

Parameter Unit Value
PH - 7.63
Total dissolved solids mg/L 250
Turbidity NTU 0.6
Hardness mg/L 166.5
Conductivity uS/Cm 393
Methylorange basicity mg/L 130
Aluminium mg/L 0.08
Lead mg/L 0.00261
Zinc mg/L <0.04
Chloride mg/L 23.04
Fluoride mg/L 0.15
Sulfate mg/L 35.32
Nitrate mg/L 8.72
Magnesium mg/L 17.99
Sodium mg/L 15.7
Potassium mg/L 0.81
Calcium mg/L 37.07
Bicarbonate mg/L 158.6
Uranium ppb <20

CaX, and MgX zeolites were prepared by shaking 2.5 g of
an H-form of zeolite with 100 mL of 0.1 M solution of
AgNO3, KNO3, Ca(NO3), and Mg(NOs), at 60 °C for 24 h
respectively. For each sample, the solution was decanted
and fresh solution was added. This procedure was repeated
three times. The solid was separated, washed with distilled
water, dried at 110 °C overnight, and stored in the desic-
cator until use.

Preparation of CuO/NaX nanocomposite

The samples of CuO/NaX with different CuO concentra-
tions were synthesized: Cu(NOs), solutions with different
molars (Table 1) were prepared at first, then 1 g NaX
powder was added into each solution meanwhile the sus-
pension was stirred strongly at ambient temperature for



J Radioanal Nucl Chem (2014) 300:1217-1225

1219

__

10 20 30 40 50 60 70 80

26(°)

Fig. 1 XRD pattern of synthesized NaX zeolite

6 h. The green powders were filtered, washed with distilled
water and dried overnight at 110 °C. The obtained products
were calcined at 500 °C in the air for 6 h [21].

Uranium removal from tap water

1,000 mL of drinking water of Isfahan (tap water) was
analyzed (Table 2). The standard uranium feed solution
was prepared by dissolving a proper quantity of uranyl
nitrate hexahydrate (UO,(NO3),-6H,0) in 500 mL of this
water.

The working solutions were prepared from the stock
solution. Batch experiments using the aforementioned
solutions were done at laboratory temperature by stirring of
a 20 mL uranium solution with 0.2 g of the added absor-
bent. No additional operations for adjusting of the pH were
done.

Characterization

Synthesized materials were characterized using different tech-
niques of X-ray diffraction (XRD) (Bruker, DSADVANCE)
with Cu-K,, radiation, X-ray fluorescence (XRF) (Bruker, S4
PIONEER), scanning electron microscopy (SEM) (TESCAN,
VEGA 1II). The concentration of uranium in solutions was
measured by inductively coupled plasma atomic emission
spectroscopy. The amount of copper in the samples was mea-
sured using an atomic absorption spectrometer (AAS) (Shi-
madzu, AA 470).

Results and discussion

Characterization of samples

Figure 1 shows the XRD pattern of the synthetic parent
NaX sample. In this figure the characteristic peaks at 26
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Fig. 2 XRD patterns of parent NaX zeolite and ion exchange
modified parent NaX zeolite

values of 7.054, 11.615, 13.447, 17.930, 21.435, 23.335,
26.17, 27.08, 27.827, 31.068, 31.880, 34.062, 35.351,
36.178, 37.357, 39.254, 39.973, 41.120, 43.650, 45.336,
47.888, and 48.449° are corresponded to the Miller indices
(hkDof (111),(220),311),(331),(511),(440),(6
20),(533),(622),(642),(731),(733),(660),(555),
(480),(664),(931),(844),(1022),(864),(880),and
(9 5 5) respectively that are in good agreement with those
of the Face-centered cubic crystal structures of NaX zeolite
(molecular formula: CsH40,-Na,0-Al,05-3.3Si0,-7H,0)
with lattice parameter of a = 24.96000 A (pdf No.
41-118).

XRD patterns of AgX, KX, MgX, and CaX zeolites are
shown in Fig. 2. This figure shows that the structures of
these zeolites are retained even after the metal cation
exchange. This indicates the absence of any structural
damage of NaX zeolite during ion exchange and calcina-
tion processes.

However, the XRD patterns of the metal ions exchanged
zeolite showed lowering of the peak intensity. This
observed decrease could be caused by structural deforma-
tion occurring during exchange of Ag™, K*, Ca®", and
Mg*" cations into the zeolite structure or interaction of
these cations with the framework oxygen of zeolite [22].
The region at 20 values among 10° and 20° have been
considered to be correlated with the locations of cations in
the zeolite framework. From all zeolites one can see the
reduction of the characteristic peaks, indicating a redistri-
bution of intra zeolite charge balancing cations [23].

Major element compositions of the parent NaX zeolite
and other exchanged form samples that determined by XRF
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Table 3 Elemental analysis of parent NaX zeolite and CaX, KX,
AgX, and MgX zeolites

Compound Concentration (wWt%)

NaX CaX MgX AgX KX
SiO, 47.04 50.08 51.31 41.99 50.12
Al,O3 30.55 34.11 33.83 28.51 33.88
Na,O 9.51 1.28 1.54 0.351 1.19
SO; 0.673 0.042 0.046 - 0.050
K,O 0.574 0.274 0.285 0.175 5.63
Fe, 05 0.509 0.521 0.551 0.541 0.540
CaO 0.128 2.97 0.432 0.099 0.125
TiO, 0.035 0.037 0.041 0.039 0.042
Cl 0.034 0.016 0.016 0.035 -
CuO 0.015 0.013 0.013 0.029 0.012
P,05 - 0.015 0.022 - 0.015
BaO - 0.021 0.022 - 0.022
ZnO - 0.005 0.007 0.014 0.008
Cr,05 - - - 0.013 -
AgO - - - 19.46 -
MnO - - 0.021 - -
MgO - - 0.855 - -
Lo 10.77 10.58 11.01 8.75 8.36
Total 99.84 99.96 100.00 100.00 99.99

* Loss on ignition (1000 °C, 2 h)

analysis are summarized in Table 3. These data show that
interested elements (Ca, K, Mg, and Ag) replaced in the
parent zeolite during the ion exchange process in each
sample. The important parameter that determines the
ability of zeolites as an efficient absorbent material is a
Si/Al ratio. This parameter has a value below 1.6 in all
samples.

The copper in the CuO/NaX nanocomposites was mea-
sured using an AAS and results are shown in Table 1.
Figure 3 shows the XRD patterns of the CuO/NaX nano-
composites with different CuO nanoparticles concentration
from 1 to 24.2 wt%. This figure indicates that the structure
of zeolites remains intact after loading low CuO over NaX.
No peak of copper oxide founded on CuO loaded material
upto 9.7 wt% which indicated that in low CuO concen-
tration samples there was no new phase formation during
heat treatment and CuO loading. This confirms that copper
oxide in porous NaX might automatically be dispersed
[24]. CuO nanoparticles are included inside the channels of
the zeolite and are too small to give the corresponding
diffraction pattern. Depending on CuO contents the inten-
sities of some peaks were varied. The higher intensity was
observed in the parent zeolite. The intensities of some
diffraction peaks decrease or disappear with a raise of CuO
loading. The decrease in the intensities might be because of
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Fig. 3 XRD patterns of parent NaX zeolite and CuO/NaX
nanocomposites

the high absorption coefficient of CuO nanoparticles. Dif-
fraction peaks of CuO nanoparticles could be observed for
samples with above 9.7 wt% CuO. In these cases, it is
believed that CuO nanoparticles have grown on the exter-
nal surface of the zeolites and covered the entire surface
with them [25, 26].

The spectra of these samples show three broad peaks at
20 37.949, 45.294, and 54.336 positions. These peaks are in
good agreement with those of the monoclinic crystal
structures of CuO (Tenorite), which were consistent with
values of standard card (pdf No. 5-661).

The three diffraction peaks correspond to (1 1 0), (1 1 1),
and (—1 1 0) planes, respectively. The broadening of XRD
lines is attributed to nanocrystalline characteristics of the
sample, which indicates that the particle sizes are in the
nanometer range.

From the width of the XRD peak (f8) broadening ((1 1 0)
plan), the average crystalline size has been calculated using
Scherer’s equation [27]:

LK
~ BcosO

(1)

where D is the diameter of the particles, K is a geometric
factor taken to be 0.9, 4 is the X-ray wavelength, 0 is the
diffraction angle and f is the full width at half maximum of
the diffraction peak at 20. The mean crystal size of CuO
particles resulted to be 30 nm.

In Fig. 4 SEM images of samples are given. Comparison
of NaX zeolite morphology with AgX zeolite and CuO/
NaX nanocomposite shows that cubic morphology and
crystallite size are retained on samples.
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Fig. 4 SEM images of a NaX, b AgX, and ¢ CuO/NaX zeolites

Adsorption experiments

The effects of various parameters such as initial uranium
concentration, cation ion exchange, and CuO nanoparticles
concentration were investigated. The effects of contact
time on the adsorption of uranium ions on NaX zeolite
which studied by Olguin and et al. [19] and Akyil and et al.
[20] show that equilibrium was gained before 15 min.
Hence, in all experiments, contact time was chosen as 1 h.

The removal efficiency was calculated using the fol-
lowing equation [28]:

R(%) = {eo=ce) 199 (2)
Co
where Cy and C, are the uranium ion concentrations in the
aqueous phase before and after sorption.
Amount of uranium adsorbed per unit mass of NaX
zeolite at equilibrium was calculated according to fallow-
ing equation [29]:

ge(mg/g) = (Co— Co) (3)

where v is the batch volume (L) and m is the adsorbent
mass(g).
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Fig. 5 Removal efficiency and distribution coefficient (must be
multiplied by 10™) of uranium on the parent NaX zeolite

The distribution coefficient Ky is defined as the ratio of
the concentration of the uranium in the sorbent and in the
solution at equilibrium [30]:

KilL/®) = & )
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Effect of uranium concentration

One of the most important parameter which can influence
the sorption behavior of uranium is the initial uranium
concentration. By calculating the distribution coefficient
and the removal efficiency at different initial concentra-
tions, the effect of initial concentration on the adsorption of
uranium by NaX zeolite was studied. Variations of removal
efficiency and distribution coefficient as a function of ini-
tial uranium concentration from 2 to 200 mg/L are shown
in Fig. 5.

It is clear that removal efficiency and distribution
coefficient raise with increasing initial uranium concen-
tration in the solution. In higher uranium concentration
solutions, uranium ions have more chance to adsorb onto
active sites of zeolite in the presence of other competing
cations and anions in tap water which listed in Table 2.
Upto 40 mg/L initial uranium concentration, removal
efficiency rapidly raises and then smoothly increases.

This might be due to saturation of active sites available
for uranium adsorption, and the presence of competing
cations and anions, that significantly affect the uranium
adsorption process. On the other hand, removal efficiency
and distribution coefficient of NaX zeolite generally are
reduced in the presence of other competing ions available
in tap water [19, 20].

Adsorption isotherms

The adsorption isotherms were studied by analyzing solu-
tions in contact with parent NaX zeolite before and after
equilibrium. The sorption isotherms were studied at tap
water normal pH, laboratory temperature (28-30 °C), and
initial solution concentrations from 2 to 200 mg/L.

Freundlich isotherm is used for modeling the adsorption
on heterogeneous surfaces. It suggests that sorption is not
restricted to one specific class of the sites and assumes
surface heterogeneity. This isotherm can be explained by
the following equation [31]:

ge = KrCL\" (5)

where K; (mg/g) and n are constant.

Langmuir isotherm models the single coating layer on
adsorption surface. This model supposes that the adsorp-
tion takes place at a specific adsorption surface. The
attraction between molecules decreases as they are getting
further from the adsorption surface. Langmuir isotherm can
be defined according to the following equation [32]:

_ KagmCe

=— 6
qe 1 +K,C, (6)
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Fig. 6 Sorption isotherms of U ions on NaX zeolite

where K, (L/mg) and ¢, (mg/g) are Langmuir constant and
maximum monolayer adsorption capacity respectively.

Also, the C-isotherm was tested. In this model, ratio
between the concentration of the compound remaining in
solution and adsorbed on the solid is the same at any
concentration. This ratio is usually named distribution
coefficient or Ky (L/g) [33]. The C-isotherm can be
expressed by the following equation:

ge = Kq x C (7)

Figure 6 shows the plots of Freundlich, Langmuir, and
C models. The sorption constants of these three models and
their correlation coefficients (R*) were calculated and
presented in Table 4. Due to negative slope and intercept,
the experimental data from Table 4 did not fit to the
Langmuir isotherm. Therefore, the adsorption behavior of
the tested system does not follow the assumption on which
the Langmuir approach is based. Also, the experimental
data did not fit to the Freundlich isotherm properly. The
calculated value of n for Freundlich isotherm from Table 4
is lower than 1. Reed and Matsumoto [34] have pointed out
that the situation n > 1 is most common and may be due to
a distribution of surface sites or any factor that cause a
decrease in adsorbent—adsorbate interaction with increasing
surface density. According to McKay et al. [35] the values
of n in the range of 2-10 represent good adsorption [36].
However, the C-isotherm plot shows good fit to the
experimental adsorption data with relatively high correla-
tion coefficients (R* = 0.9479), which supports that the
adsorption of uranium ions onto NaX zeolite follows the
C-isotherm. The K, calculated from the slope of the
regression line is 0.08045 L/g which is in good agreement
with actual average experimental distribution coefficient
(0.06 L/g) for NaX. Because the tolerance of the
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Table 4 Various adsorption isotherm model parameters

Isotherm Freundlich isotherm Langmuir isotherm C-isotherm
Parameter Kg 1/n Gm K, K4
Value 0.00386 + 0.00344 1.65724 £ 0.19637 —6.77177 £ 1.4473 —0.00541 £ 5.408E-4 0.08045 + 0.00627
R? 0.9767 0.98588 0.9479
Fig. 7 a Removal efficiencies 99.25% 13.23
and b distribution coefficients of 13] b '
uranium on NaX, AgX, KX, 121
CaX, and MgX zeolites = 114
X
= 10
2 9]
.0
Q = 8
W 574
© 3 64
8 X 5]
S
5] 4]
o 3]
2 1.156
141 0.06 0.65 0.51
0 -
NaX AgX KX MgX cax NaX AgX KX MgX Cax

experimental data, the curve of C-isotherm is not a line of
zero-origin and has an intercept with —0.54881 value.

Effect of cation exchange

The removal efficiency and distribution coefficient for the
adsorption of uranium ions of silver, potassium, magne-
sium, and calcium exchanged forms of NaX zeolite have
been determined and shown in Fig. 7.

The differences in the adsorption properties of various
kinds of X zeolite might be understood in terms of their
framework structure and the location of the cations that
balance the charges on the zeolite framework. The uranium
(VI) species with the smallest ionic radius that occurs in the
aqueous solution is the uranyl ion, Uo3™, which is present
in aqueous solutions in its hydrated state [16]. The radius of
the hydrated uranyl cation is comparable with pore size of
NaX zeolite. On the other hand, the surface area and pore
volume of the NaX decease of univalent ion (Ag* and K™)
exchanged forms because the size of Agt and K™ ions is
more than exchangeable sodium cation. Therefore, the
radius of hydrated uranyl cation is greater than the mean
dimension of the zeolite channels indicating that the U (VI)
species in the solution have no access to the exchangeable
sites of the AgX and KX zeolites.

However, positively and negatively charged sites exist
on the surface of the zeolite. These charged sites are
directly accessible to uranium ions present in aqueous
solutions and thus can contribute to uranium removal from
the solution through a typical adsorption mechanism [14].

Therefore the major interaction of uranium ions with AgX
and KX zeolites is electrostatic interaction which is directly
proportional to charge density of cations. Ag™ and K*
cations have a lower charge density than Na* which causes
decreased the repulsion and raising the attraction electro-
static forces between uranium ions and zeolite surface
(improve basicity). Ionic radius of K* is larger than Ag™
which causes its lower charge density. But in AgX zeolite,
the weight percent of silver is 19.46 % whereas in KX
zeolite weight percent of potassium is only 5.63 %
(Table 3) which caused the removal parameters of AgX
zeolite are more than KX zeolite.

When divalent cations (Mg®", Ca’") replaced with
sodium ions in NaX zeolite, one divalent cation replaces
two sodium ions; therefore, half the cations are present in
the framework of zeolite. This causes an enhancement in
basicity of zeolite which led to an increasing in removal
efficiency and distribution coefficient in MgX and CaX
zeolites compared with NaX zeolite [22, 37-39].

Effect of CuO nanoparticles concentration

CuO is a semiconductor which has been widely used as a
photocatalyst, catalyst for the oxidation of alcohols and
aromatic hydrocarbons, and removal of heavy metals from
aqueous solutions. In this study CuO/NaX nanocomposite
is used for removal of uranium ions from tap water. Effects
of various concentrations of CuO nanoparticles on removal
efficiency and distribution coefficient were investigated
and are shown in Fig. 8. As in this figure, removal

@ Springer
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Fig. 8 Effects of CuO nanoparticles concentration on removal
efficiency and distribution coefficient of uranium on CuO/NaX
nanocomposite

efficiency and distribution coefficient raise by increasing
the CuO concentration up 12.5 wt% and then drop off. All
zeolites have acidity in Bronsted and Lewis acid sites. It
has been reported that the Bronsted/Lewis ratio decreases
with the loading of CuO on zeolites. Because the acidity
strength of Lewis acid sites is weaker than that of Bronsted
acid sites, the acidity strength of zeolites is weakened when
CuO nanoparticles are added to them [21, 39, 40].
Reduction in the acidity strength of CuO/NaX absorbent
led to increase the electrostatic interaction between the
uranium cations in solution and surface the absorbent. Both
capabilities of CuO nanoparticles [41] and NaX zeolite
provide a dual active sites system for removal of uranium
ions from tap water. Therefore with increasing the con-
centration of CuO nanoparticles removal efficiency and
distribution coefficient increase as shown in Fig. 8. How-
ever in sample with above 12.5 wt% CuO concentration,
the zeolite structure was collapsing and then only CuO
phase was existed which causes a reduction in removal
efficiency and distribution coefficient of absorbent.

Conclusion

NaX zeolite and silver, potassium, magnesium, and cal-
cium exchanged forms of NaX zeolite, and CuO/NaX
nanocomposite synthesized and used for removal of ura-
nium ions from drinking water of Isfahan city. Results
show that although removal properties such as removal
efficiency and distribution coefficient of parent NaX zeolite
were decreased in the presence of other competing anions
and cations which exist in tap water but modification of
parent NaX zeolite with various cations through ion
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exchange method and loading of CuO nanoparticles over
parent NaX zeolite can significantly enhance the ability of
NaX zeolite for removal of uranium ions from tap water.
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