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Abstract: Dependence of zirconium adsorption value on agitation time, solution acidity, equilibrium
concentrations of zirconium cations, and zeolite NaX particle size was investigated. The two most
common adsorption theories Langmuir and Freundlich, were used to analyzing equilibrium adsorption
data. Nonlinear approximation shows that the Freundlich adsorption theory provides higher R? and
lower y* for zirconium adsorption by NaX than the Langmuir adsorption theory. Experimental
maximum adsorption values of NaX toward zirconium and strontium cations are 75 mg'g™ and 156
mg'g™" respectively. The desorption studies of zirconium ions from the surface of NaX by 1% oxalic
acid and 10% HNO; were performed. Degradation of the adsorbent in nitric acid was studied in a batch
mode. The recovered suspended particles filter cake was investigated by X-ray fluorescence analysis.
Alumina oxide (Al2Os3) fraction decreases, and MgO is completely washed out from the adsorbent
matrix in concentrated HNO:s.
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1. Introduction

Radioactive materials and radionuclides are widely used in science, education,
medicine, atomic energy, etc. Radioactive contamination can be a result not only of NPP
facility but also of nuclear weapons testing. Over the last 50 years, several inorganic adsorption
materials are used to purify water solutions from radionuclides, for example, from %°Sr or ¢°Co
[1-9]. Zeolites are crystalline hydrated aluminosilicates. Synthetic and natural aluminosilicates
occupy an essential place among other silicon-based adsorbents such as titanium silicate [10],
nano-sized stannic silicomolybdate [11], or fumed silica [12, 13], which are offered for
adsorption of heavy metals cations and radionuclides from aqueous solutions. The unique
structure of zeolites makes them attractive for various practical applications, including gas and
vapor separations, membrane reactors, chemically selective adsorption, and slow-release
fertilizers in agriculture [14]. *Sr adsorption onto modified zeolites over the past 10 years is
described in publication [4]. The structure of zeolites can be modified with heavy metal cations,
such as Cu?*, to enhance the adsorption and catalytic properties [15]. Many natural, synthetic,
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and modified zeolites were proposed for the adsorption of heavy metal cations such as Pb?*,
Cd?*, Cu?*, Mn?*, Ni?*, Pb?*, Zn?*, and NH4* [1-5, 16-22]. The high adsorption capacity of
zeolites, relative to strontium cations, and high radiation resistance, have led to the use of
zeolite NaX as a carrier for %Sr [1].

On the other hand, among the many scientific papers on zeolites, few works are devoted
to the adsorption of zirconium ions by zeolites. Zirconium is a well-known radiation resistance
metal dopant because of its small neutron capture cross-section. It is widely used in alloys from
which the core of nuclear reactor housings are made. Zirconium has several isotopes. Some of
them are being used for medical purposes; for example, 3Zr is used as a positron emitter in
PET diagnostic. Isotopes of %%5Zr can be produced as fission radionuclides during uranium
nuclear fission. Therefore, isotopes of %2%Zr, along with °Sr, can be found in radioactive
waste. lon exchange resins DOWEX 50WX4 is usually proposed for the adsorption of
zirconium ions, as well as compounds based on silicon or biowaste rice bran. Extraction,
chelation, or adsorption of zirconium ions by hydroxamate resin is offered to isolate zirconium
for medical purposes [23-26].

Our research reviews zirconium adsorption by zeolite NaX compares obtained results
versus strontium adsorption in similar conditions and studies zirconium desorption and NaX
degradation in acid medium.

2. Materials and Methods

In the present work, commercial synthetic NaX zeolite was used. Zeolite NaX relates
to the faujasite topology (FAU). The main source material for NaX is kaolin [27-30]. NaX
lattices have a network of pores with a diameter of nearly 7,4 -8 A. In NaX, 'X' means that
Si/Al ratio in zeolite equals 1-1,4. According to [31], the zeolite Si/Al ratio plays a universal
role in the acid medium's zeolite's stability. All chemical compounds, including ZrOClz, NaX,
NH4OH, HNOs, SrCl2* 6H20, and oxalic acid (H2C204 x2H20), were of reagent grade and used
without further purification. Distilled and deionized water was obtained using a three-stage
water purification system.

2.1. XRF analysis.

The chemical composition of zeolite NaX and Si/Al ratio were confirmed by
fluorescent X-ray analysis using S2Ranger ©2010 Bruker AXS (Karlshrue, Germany). The
XRF analysis was provided with voltage 50kV; tube current 1000 pA; pressure 1000 mBar;
filter 250 mm Cu. The spectrometer records a "number of count™ N versus 20, the position of
the detector. This 20 position can be converted in the wavelength A with the Bragg's low, end
photon E's energy (the energy of photons and the wavelength of the radiation are linked by the
Plank's constant). The content of corresponding elements, was determined by KA1 lines with
energy of 1,041 keV (Na); 1,25keV ( Mg); 1,74keV (Si); 1,48 keV (Al); 3,69keV (Ca); 4,511
keV (Ti); 14,166 keV (Sr); 15,6 keV (Zr).

2.2. Determination of the point of zero charges.

The point of zero charges of the NaX surface was determined using the drift method.
100 mg of NaX was added to 15 ml 0,1 M NaCl solution and the ionic strength was kept
constant in all experiments. The initial pH value was adjusted from 2,0 to 11,0 by adding 0,1M
HCI or KOH solutions. The solutions were kept for 24 hours. The final pH value was measured
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using pH meter with a glass electrode. The point of zero charges was considered at a straight-
line pHfinat = pHinitiar cross with the experimental curve pHsinal Versus pHinitial. Point of zero
charge of NaX surface has pH=11,5.

2.3. Adsorption and desorption sudies.

Adsorption investigations were performed in a batch mode with the liquid: solid (L: S)
phase ratio equal to 50 (mads = 0,1 g; Vsot =5 ml). To investigate desorption efficiency, the
adsorption study was performed at standard conditions. After adsorption, the samples of NaX
were washed with deionized distilled water. Then it was dried at room temperature. For the
desorption study, a given mass (approximately 0,1g) of NaX was washed in 10 ml of various
desorbing agents. This study's desorbing agents included 10% HNOs, concentrated HNOs, and
1% oxalic acid.

The initial and residual concentration of stable isotopes of zirconium was determined
using direct complexometric titration in a strong acid medium with Xylenol Orange as an
indicator. XRF analysis of zeolite samples before and after adsorption was performed, as well.
The amounts of adsorbed zirconium ions were calculated using equation (1) according to [8,
32-35]:

g, = [(co;nce)VJ (1)
Where ge — is the amount of zirconium uptake, mg/g; Co and Ce — are initial and residual

concentrations of zirconium, mg; V- is solution volume, L; and m- is mass adsorbent, g.
Experimental data of adsorption kinetics were analyzed using models based on pseudo-
first and pseudo-second-order equations, Elovich chemisorption kinetic model, and the Weber-
Morris intra-particle diffusion kinetic model. Corresponding equations (2-5) are given in Table
1.
Table 1. Linear analytical equations of kinetic models (2)-(5).

Kinetic model Linear equation
Elovih qe =7 In(ab) +31n (£) (2)
— D 1/2
Diffusion qe = Dipd X 77 + ko (3)
Pseudo - first order log(qo — q:) = logqe — k1t/2.303 (4)
Pseudo-second order = =1/k2 g3 +t/qo(5)

qt
o and q: (mg/g ) - adsorption capacity at equilibrium and time t, respectively; ki(min?), kz (g'mg™* min) rate
coefficients of pseudo-first order equation and pseudo-second order equation. Dips (Mg/g min®®) — coefficient of
intra-particle diffusion; p (mg/g)- desorption constant, a (mg/g min) — rate coefficients of Elovich equation.

The equilibrium adsorption studies were performed under agitation times not less than
120 minutes. Nonlinear approximation of the experimental results was carried out by the
Langmuir and Freundlich theories using the "Solver add-in" application to Microsoft Excel
office program, according to [34, 35]. The equations for both theories are given below:

AooKC,
de = Tixe, (©)

qe = Kf x Cgt (7)
where, A — maximal adsorption value, which corresponds of fill in the whole adsorption
centers, mg/g; K. — Langmuir equation's constant, L/mg; C. — adsorbate equilibrium

concentration, mg/L; ge— the amount of adsorbate uptake at equilibrium, mg/g; Kf — Freundlich
mg/g.

)
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Arithmetic mean and error of arithmetic mean were calculated using program [36], with
the confidence level of 99%. Values of R? and y?were calculated by equations (8) and (9).

Y (qeexp—lecaic)?
R? = 1 — Zeerpde, 8
Z(Qe,exp_Qe,mean)z ( )

XZ — Z (Qe,exp_Qe,calc)z (9)
de,calc

The effect of solution acidity on adsorption processes was investigated using a certain
amount of HNOs or NH4OH. The acidity of solutions was controlled by the pH-meter "Belarus'
2003".

3. Results and Discussion

3.1. Dependence of zirconium ion adsorption on interaction time and the equilibrium
concentration of zirconium ions in a neutral medium.

It has been shown that adsorption values increase with the increased duration of
interactions. Equilibrium establishes after 100 minutes of contact between the zeolites surface
and zirconium ions (Figure 1). The experimental data of zirconium adsorption by NaX fits well
in the Lagergren pseudo-second-order kinetic model (R?=0,999) and the Elovich kinetic model
(R?=0,898). If the principal adsorption mechanism is chemical interaction, the ge = f (Int) plot
is a straight line, whose slope and intercept determine rate coefficient o (mg/g min) and
desorption constant B (mg/g) in Elovich kinetic model. Application of the pseudo-first kinetic
model or intra-particle diffusion model gives lower correlation coefficients (R?=0,800; and
R?=0,669 respectively (Table 2).

16
1 »
14 4
o
o
£ 124 »
o
10 ) .
—Pp— Zirconium
84
0 100 200 300
t (min)

Figure.1. The effect of time interaction on zirconium ions adsorption by NaX (L: S=50, pH=7). The initial
concentration of zirconium ions is 0,005M.

Table 2. Applying kinetic models to experimental results of zirconium adsorption by NaX.

Kinetic model Adsorption equation Relate coefficients R?
Diffusion q: = 0,41t>° +9,3 Dipa = 0,41 0,6689
. B B=0,66

Elovich q: = 1,5Int+7,1 o= 16,44 0,898

Pseudo-first order log  (qq —q¢) = —0,0091¢t + 0,75 ki= 0,009 0,8003
t

Pseudo-second order q_ = 0,066t + 0,32 ko= 0,066 0,9992
t

The influence of zirconium equilibrium concentrations on its adsorption values by NaX
is shown in Figure 2. Zirconium adsorption by zeolite NaX grows in the range of zirconium
equilibrium concentrations 27 - 3000 mg/L. This process is well described by the Freundlich
adsorption theory.
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Figure.2. (a) Isotherm of adsorption of zirconium ions by NaX (L: S=50, pH=7), a nonlinear approximation of
experimental adsorption isotherm by Langmuir and Freundlich adsorption theories; (b) Isotherm of strontium

adsorption by NaX from aqueous solution in neutral medium.

Table 3. Nonlinear approximation of equilibrium adsorptions of Zr** and Sr?* by NaX.

Cation Theories Parameters of equation R? x 2
Zr4+ : Amax:113,96

r Langmuir KL=0 000593 0,9839 4,964
Qexp=15 n=0,611
mg/g Freundlich Kfzé 561 0,9947 2,114
Srz+ Langmuir ﬁ':ixoz %)33361 0,9077 10,19
Qexp:156 n=0 5188
mg/g Freundlich Kf:i 39 0,8669 15,38

Applying the Freundlich adsorption theory to the experimental results of zirconium
adsorption by NaX gives higher R? values than the Langmuir adsorption theory. R? close to a
unit (0,9947) indicates an adequate description of the zirconium adsorption onto NaX by the
Freundlich adsorption theory (which is used to describe the experimental data of adsorption on
heterogeneous surface, i.e., a surface with different types of adsorption centers [34]). This
conclusion confirms a low chi-squared value (y* = 2,114) (Table 3). Experimental results of
strontium adsorption, in contrast, are well described by Langmuir adsorption theory, which
indicates that strontium is involved in adsorption centers of essentially the same type.

3.2. The effect of solution acidity and size of zeolite particles on zirconium ions adsorption.

The dependence of the adsorption value of the zirconium ions by NaX from solution
acidity is shown in Figure 3. Adsorption values of zirconium by zeolite grows with the pH
increase. The error of arithmetic mean decreases with increasing pH value. This fact shows that

zirconium ions' dominant adsorption occurs in a neutral medium, in the chemical states of
ZrO% or HZrO2" [26].
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Figure 3. The dependence of the adsorption value of the zirconium ions by NaX from solution acidity (initial
concentrations of zirconium ions were 0,001M. Error of arithmetic mean (percentage) of adsorption values
calculated with a confidence level of 99%).

According to literature data, zirconium exists in the form of ZrO?" in the range of pH
values 2-7,5. Hydrated Zr(IV) exists as multiple monomeric and polynuclear oxy- and
hydroxy-bridged species in solution at low pH due to its high charge and small radius [37].
Beyond pH =7,5 ZrO2 precipitates in an insoluble form. Zirconium hydroxide does not interact
with the surface of NaX because it has Lawis acid sites (accepted electrons) on the surface [38].
At the same time, NaX has acid sites of Brgnsted acid sites (donated protons) and Lewis acid
sites [30].

The dependence of adsorption values of zirconium ions on the size of zeolite particles
is shown in Figure 4. Adsorption of zirconium ions is inversely proportional to the size of

zeolite particles. Thus the maximum zirconium adsorption occurs where zeolite is in a powder
form.
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Figure 4. Dependence of zirconium adsorption values on particle size of NaX (mm), initial concentrations of
zirconium ions is 0,001M, pH = 7.

3.3. Desorption of zirconium from zeolite surface. NaX dissolution in nitric acid.

The fluorescent X-ray analysis confirmed the presence of adsorbed zirconium (or
strontium) on the NaX surface (Figures 5, 6, and 7, Table 4).
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Figure 5. XRF spectrum of NaX with adsorbed zirconium on the surface.

Table 4. Relative content of oxides % (wt.) in NaX structure after adsorption of Zr** and Sr?* ions.

% (wt.) Na20 MgO Al203 SiO2 Ca0 TiO2 Fe203 Zr+ Sr
1 55,7 13,5 11,2 10,7 1,05 0,374 0,319 0,28 0
2 53,7 8,31 6,18 12,3 2,71 0,298 0,708 <0,1 2,17

1. After zirconium adsorption; 2.-After strontium adsorption.

=
[=1

(a) 100 - (b)
100 -
1 3

g 5 5 ‘n

E g 8

2 H i/
o ;

= |

a

wh
: WPV, ST | P g o il v | . FIEPLISE = i
11 13 15 17T 19 20 23 25 31 1 13 15 17 19 21 93 25 3
keV keV
Figure 6. Part of XRF spectrum of NaX after desorption of zirconium ions: (a) by 10 % HNOg; (b) by 10 ml 1%
oxalic acid.
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Figure 7. (a) Part of XRF spectrum of NaX samples with adsorbed strontium on the surface; (b) Part of XRF
spectrum of NaX samples after 5 min of interaction with 10% HNOs.
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Figures 6 (a) and (b) show the nitric and oxalic acids' effectiveness in terms of
zirconium desorption from the zeolite surface. 80 % of the total amount of adsorbed zirconium
was eluted by 10 ml 1% H2C204 and 94,67% - by 10 ml 10 % HNOs. Meanwhile, nitric acid
dilutes some elements of the zeolite structure together with zirconium.

Partial dissolution of NaX in nitric acid is described in Table 5.

Table 5. The changes of relative content % (wt.) of oxides in zeolite's structure under dissolution in nitric acid
(t, min — duration of the interaction of NaX with concentrate HNO3).

% (wt.) / Na2O MgO Al203 SiO2 CaO TiO2 Fe203
T, min

0 53,7 8,31 11,2 12,3 2,71 0,298 0,708

15 38,4 5,83 12,8 31,3 0,818 1,34 0,658

30 34,5 5,99 6,96 419 0,733 1,2 0,526

215 19,9 3,31 4,93 63,3 0,486 1,69 0,592

1440 23,5 0 2,66 63 0,66 2,27 0,724

The proportion of the SiO2, TiOz, and Fe203 oxides insoluble in nitric acid increases,
the Al2Os fraction decreases, and MgO is thoroughly washed out from the adsorbent matrix, as
NaX zeolite degrades in concentrated HNOs (Table 5). Together with zirconium cations, Mg?*,
AP and Na* cations are recovered from the zeolite structure. Point of zero charges of NaX
surface (pHpzc) is shifting from pH=11,5 to pH=2,3 after degradation NaX in acid medium,
which lead to a decrease of zirconium adsorption. The decrease in zirconium adsorption may
also be induced by the decrease in the number of sodium cations, some of which were
exchangeable cations and were responsible for cation-exchange properties [38].

It is well known that the structure of faujasite is built of silicon layers (Si2Os) attached
to similar aluminum hydroxide layers (AI(OH)a4), called Gibbsite layers by relatively weak
bonds. Sometimes, zeolite works as a molecular sieve. Faujasite possesses super cages with a
diameter near 10-13 A. Their basic building block consists of a Si or Al atom in the tetrahedron
center. This tetrahedron has oxygen in the four corners. Strontium, as a divalent cation, enters
the inner sphere of zeolite [39-42] (Figure 8). This explains increased strontium adsorption by
NaX. In contrast with strontium, the hydrated zirconium ions are very large in size [41, 42] and
do not penetrate the inner NaX sphere. Under normal conditions, zirconium ions are adsorbed
only by zeolite's surface in a neutral medium. When zirconium results from - decay of
radioactive *Sr, or 9Sr adsorbed by NaX (Figure 8), its interaction with NaX depends on the
previous interaction of °2Sr with the zeolite.

92 92 92
Sr=="Y = “Zr
2,7h 3,54min stable (a)

(®)

Figure 8. (a) Part of B-decay chain of radionuclides with Ar=92; (b) strontium interaction with NaX. A
schematic image of a zeolite supercage was build according to the literature [43].
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If 92Zr results from 92Sr g decay, it remains in the inner zeolite sphere. However, like
strontium, it will be easily desorbed by concentrated HNOs since the acid destroys the zeolite
itself.

4. Conclusions

The equilibrium in adsorption of zirconium ions by zeolite NaX establishes after 100
minutes of contact between zeolite surface and zirconium ions. Zirconium adsorption by zeolite
NaX grows in the range of zirconium equilibrium concentrations of 27-3000 mg/L. The
maximum experimental adsorption values of NaX toward zirconium and strontium cations are
75 mg-gtand 156 mg g™ respectively. The process of zirconium adsorption is well described
by the Freundlich adsorption theory, while strontium adsorption is well described by Langmuir
adsorption theory.

Zeolite NaX becomes chemically unstable at pH less than 4. The proportion of the SiOz,
TiO2, and Fe203 oxides insoluble in nitric acid increases, the Al2Os fraction decreases, and
MgO is wholly removed from the adsorbent matrix, with the degradation of NaX in
concentrated HNOs. The adsorbed radionuclides can be desorbed and re-released into the
environment in an acid medium. If we suppose to use zeolite NaX as a carrier for radionuclides,
special attention should be paid to this.
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