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Abstract

Hydrous zirconium nano-particles (HZN) were prepared by combining two suggested methods, hydrolysis from emulsion
solutions followed by hydrothermal treatment to obtain the samples in powder form. Characterization of the prepared
nano-particles was performed. According to XRF analysis, ZrO, represents 99.5 wt % as the major component of the
prepared samples. The particle size of the prepared nano-particle ranged from 40 to 100 nm determined by TEM analysis.
DLS analysis shows the average hydrodynamic diameter is 48.3 nm and 72.06 nm for HZN-1 and HZN-2, respectively.
The sorption characteristics of Mo on hydrous zirconia nano-particles were investigated using a batch experiment
technique. The pseudo-second-order kinetic model showed excellent kinetic data fitting (R* = 0.99873 and 0.99961 for
HZN-1 and HZN-2 nanoparticles, respectively). According to Arrhenius plots, the activation energy of Mo(VI) sorption
onto HZN-1 and HZN-2 was found to be 31.8 kJ/mol and 32.5 kJ/mol, respectively. From the Langmuir adsorption
isotherm, the maximum sorption capacity is 275.5 and 270.3 mg g™ for HZN-1 and HZN-2, respectively. Thermodynamic
functions, the change of free energy (4G°), enthalpy (4H"), and entropy (4S°) of sorption were also calculated. These

parameters show that the sorption process is spontaneous and endothermic at 25-50 °C.

Keywords: hydrothermal, hydrous Zirconium oxide Nano powder, Thermodynamic functions, Kinetic models, Adsorption isotherms,

Activation energy, Molybdenum (VI)-"’Mo

1. Introduction

The continuously growing demand for 99mTe
in many countries is a permanent challenge to
develop procedures suited for large-scale production
of *Mo, the parent nuclide of Mg, by using
conventional research reactors [1]. There are two
routes for Mo production in nuclear reactors; fission
(via the reaction ***U(n,f)’Mo) and activation (via
the reaction 98Mo(n,y)ggMo] [2]. The adsorption of
Mo radionuclide on a chromatographic column
filled with alumina resin is still the most commonly
type of 99mTc-generator used [3]. One of the great
disadvantages of the alumina column is its low
adsorption capacity for Mo [4]. The adsorption
capacity of alumina is 20 mg Mo/g alumina at a pH
lower than 4.5 and decreases to 2.0 mg Mo/g alumina
at pH 4.5-5.0 [5]. Therefore, it is necessary to use
high specific activity Mo radionuclide, obtained

either by irradiation of enriched %Mo or as a fission
product of 5U. Enforce attempts in the development
of high capacity sorbents capable of adsorbing much
larger quantities of Mo carrying out in progress,
such as the poly zirconium compound (PZC) [6],
poly titanium oxychloride [7], functionalized
alumina, nano alumina, nano zirconia, and nano
mixed oxides of tetra valent metals (mixed nano
crystalline zirconia and titanium) [8]. This strategy is
promising to prepare column-based generators using
the (n,y)ggMo. field of nano-sized materials has most
the attention of scientists in several fields in recent
years. Due to the high surface area and notable
surface reactivity, nano materials-based sorbents have
higher sorption capacity and selectivity compared to
conventional adsorbents such as alumina and similar
oxide species. The high surface area is advantageous
for realizing high capacity facilitating enhanced
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loading of *’Mo and allowing the use of low specific
activity *’Mo. Several nanomaterial-based sorbents
have been reported for the preparation of
chromatographic radionuclide generators using
(n,y)”’Mo [9]-[11].

Zirconium dioxide, commonly known as
zirconia, iS an interesting inorganic material and is
receiving more attention in recent years due to its
excellent mechanical and chemical [12], stability, and
extraordinary range of chemical and physical
properties, including the properties of bulk and
surface layer [13]. Several techniques are available
for the preparation of zirconium dioxide
nanoparticles, such as sol/gel [14], vapor phase [15],
pyrolysis [16], spray pyrolysis [17], hydrolysis [18],
hydrothermal 1[19], and microwave plasma [20].
However, many limitation factors, such as
complications, high reaction temperature, long
reaction time, toxic reagents, and high cost of
production, are faced with these methods making a
difficulty to the preparation of zirconia nanoparticles
on a large-scale [21]. Researchers, materials
scientists, and engineers have made significant
developments to ease and improve the methods of
preparation of zirconia nanoparticles [22].

This work aims to the preparation of hydrous
zirconia nano particles gel by combining two
suggested methods, hydrolysis from emulsion
solutions followed by hydrothermal treatment. Then,
study the Mo sorption behavior from aqueous
solution on the obtained zirconia nano particle by
static methods to elucidate the kinetics and
thermodynamics parameters of Mo sorption.

2. EXPERIMENTAL

2.1. Chemical reagents and instruments

All the chemicals used in this work were of
AR grade. Distilled water was used for the
preparation of all solutions and washing purposes.
Molybdenum trioxide (Sigma- Aldrish), zirconyl
chloride (Sigma- Aldrish), isoamyl alcohol, 95%
(oxford) ammonia solution, 28-30% (BDH), and
hydrochloric acid, 37% (BDH) were used without
further purification.

Gas-tight hydrothermal reactors made of S316
stainless steel with 200-mL PTFE (Teflon) inner
chambers (autoclaves), were used for hydrothermal
preparation processes.

A y-ray spectrometer composed of a
multichannel analyzer (MCA) of the Inspector 2000
model (Canberra Series, USA), coupled with high-
purity germanium (HPGe) coaxial detector of the
GX2518 model, was used for the y-radioactivity
identification and measurement.
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The FT-IR spectra were recorded by using an
FT-IR spectrometer (MB157S model, Bomem,
Canada) from 4000 to 400 cm™".

Thermal analysis for the prepared sample,
including simultaneous TGA and DTA, was carried
out using a thermal analyzer instrument (DTG-60H
model, Shimadzu, Japan).

Zetasizer (Zetasizer Nano ZS/ ZEN3600,
Malvern Instruments Ltd., UK) was used to
determine hydrodynamic diameter distribution, via
dynamic light scattering (DLS), and Zeta potential,
via electrophoretic light scattering (ELS), of the
nanoparticles of the synthesized gel materials.

The morphology of the prepared material was
characterized using a field emission scanning electron
microscope (FESEM) (JSM-6510A, Japan).

X-ray diffraction patterns (XRD) were
performed with an 18 kV diffractometer (Bruker, D8
Advance model, USA) with monochromatic Cu Ka
radiation (A=1.542 A).

Elemental analysis was carried out using an X-ray
fluorescence spectrometer (Philips XRF, BW-1200
sequential spectrometer, Netherlands).

2.2. Radioactive *’Mo tracer solutions

The stock solution of molybdenum labeled
with Mo was prepared by dissolving the inactive
MoO; in NaOH solution containing 1.0 ml of carrier-
free Mo radiotracer (Fission Mo as Na,””’MoO, in
0.1 M NaOH solution obtained from Radioisotope
Production Facility, ETRR-II, Egyptian Atomic
Energy Authority).

2.3. Preparation of hydrous zirconium oxide
nanoparticles (HZN-1 and HZN-2).

8.125 g of zirconium oxychloride was
dissolved in 100 mL 80% isoamyl alcohol (for HZN-
1)) and 100 ml 80% propanol alcohol (for HZN-2) as
a capping agent, to prevent aggregates and finally
obtained a nano-sized particle [22], [23]. 20%
ammonia solution was added as a pore-forming
agent, to obtain a porous material with a large surface
area [24], drop by drop with vigorous stirring by a
magnetic stirrer till the pH of the final mixture
solution reached 7.0-8.0. The solution and precipitate
mixture was placed in Teflon chambers of
hydrothermal reactors (autoclaves). Then, the mixture
fractions were autoclaved at 160 = 1.0 °C for 4 h in
the case of HZN-1 and 100 = 1.0 °C for 24 h in the
case of HZN-2. After digestion in an autoclave,
separation was carried out by centrifugation at speed
of 3.0x10’ rpm for 10 £ 0.1 min. The obtained
precipitate was thoroughly washed with distilled
water and re-centrifuged for phase separation. Then,
the precipitate was dried at 50 + 1.0 °C for 24 h,
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washed three times with distilled water, and then re-
dried at 50 + 1.0 °C until constant weight.

2.4. Batch experiments

Batch experiments were carried out by mixing
in closed vials 10.0 mL fractions of **Mo solutions of
different concentrations (1x107, 5x10°7, 1x107%, 5x10
’M) and 0.1g of the prepared samples (hydrous
zirconium oxide nanoparticles, HZN-1 or HZN-2) at
pH~ 2.0, HCI acid solution, in a thermostatic water
bath at different temperatures (25, 40, and 50 + 1.0
°C). Percent uptake of %Mo was followed at different
time intervals using the following Equation:

- (1)
U % Z%XIOO

0

were, U is percent uptake of Mo, Cpand C, are the
count rates (cpm) of 740-keV peak of *’Mo in 1.0 ml
of the aqueous solution before contact with hydrous
zirconium oxide nanoparticles sample and after
attainment of equilibrium, respectively [25].

2.5. Kinetic studies

Isothermal batch adsorption studies5x10™° M
molybdate-’Mo (CI” medium at pH2) batch
adsorption ontoHZN-1 and HZN-2 at 25, 40, and
50°C to determine the best kinetic model(s)
representing the adsorption process and to determine
activation energy.

2.6. Adsorption isothermal studies

Isothermal batch adsorption studies of 1x10°
. 5x10% M molybdate (VI) (CI” medium at pH2)
onto HZN-1 and HZN-2 at 25°C were concluded to
determine the best adsorption isothermal process and
determine the thermodynamic (A H', AS", AG").

3. RESULTS AND DISCUSSION

3.1. Characterization of hydrous zirconium oxide
nanoparticles

The prepared hydrous zirconium oxide
nanoparticles (HZN-1 and HZN-2) are in the form of
white fine particle in which ZrO, represent 99.5 wt %
as the major component of the prepared samples,
determined by X-ray fluorescence (XRF) analysis.

According to dynamic light scattering data
(Figures 1, a, and b), it was found that the average
hydrodynamic diameter is 48.3 nm (95.3 % of the
particle) and 72.06 nm (96.3 % of the particle) for
HZN-1 and HZN-2, respectively.
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Figure (1): Hydrodynamic size distribution of the prepared
hydrous zirconium oxide nanoparticles

Figure (2) shows FT-IR spectra of the
prepared HZN-1 and HZN-2 nanoparticles dried at 50
+ 1.0 °C. The absorption bands around 3400 cm™ and
1630 cm™ correspond to stretching and bending
frequencies of the O-H group present in the prepared
samples, which means the presence of water
molecules in the two samples. The spectra show an
absorption band around 1350 (1342 for HZN-1 and
1378 for HZN-2) which may be related to adsorbed
CO, from the atmosphere [26]. The absorption bands
in the range of 500-700 cm™ may be attributed to the
Zr-O vibration mode [27].
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Figure 2: FT-IR spectra of the prepared hydrous zirconium oxide
nanoparticles

Figure (3) shows thermo-gravimetric
analysis (TGA) and differential thermal analysis
(DTA) curves for HZN-1 and HZN-2 nanoparticles.
The thermo-gravimetric curves show continuous
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irreversible total weight loss in the order of 21.7 and
17.8% with increasing the heating temperature from
50 up to 1000 °C, for HZN-1 and HZN-2,
respectively. Also, the total weight loss decreased in
the case of propanol media (i.e. HZN-2) than iso-
amyl media (HZN-1) which is compatible with IR
data mentioned before. Differential thermal analysis
curves show that the two samples exhibited initial
weight loss in the temperature range from ~ 80 to 200
°C due to loss of free water [28] in the form of two
broad endothermic peaks corresponding to 16.5 and
12% for HZN-land HZN-2, respectively. The
weights losses from 200 to 450 were assigned to
losses of water of hydration and water of
crystallization [28]. The DTA curves show
exothermic peaks around 450 °C (450 for HZN-1and
440 for HZN-2). This peak may be assigned to the
transformation of hydrous zirconium oxide powder
from an amorphous shape to a crystalline shape [28].

100 HIN2 1
154 §

T
5 \ e q
[

135

1
=1
=i
1t
i

105

100

Temperatue, C

ST 0TIy T

T T
mo® W om
Temperatre, G

Figure 3: TGA and DTA curves of the prepared hydrous

zirconium oxide nanoparticles

As shown in FESEM surface images (Figure
4), the prepared hydrous zirconium oxide
nanoparticle appeared mainly in the form of a
mixture of distorted circular plates randomly
distributed among big-sized rocky piles. The plates
appear in the form of undistorted variable particles
size. The two images show meanders and cavities.
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Figure 4: FESEM surface images of the prepared hydrous
zirconium oxide nanoparticles

According to Figure 5, X-ray diffraction patterns of
the HZN-1 and HZN-2 nanoparticles indicate the
completely amorphous nature of the obtained
particles independently of the method of preparation
used.
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Figure 5: X-ray diffraction patterns of the prepared hydrous
zirconium oxide nanoparticles



KINETIC AND THERMODYNAMIC PARAMETERS OF * MO SORPTION ON ZIRCONIA... 191

According to Figures (6 a and b), the zeta
potential (mV) of the prepared hydrous zirconia
nanoparticles in water as a dispersed phase was found
to be +26.6 mV and +32.9 mV for HZN-1 and HZN-
2, respectively.

Tt Pt Dt L Pt Ditutin

Ll

Figure 6: Zeta potential (mV) of the prepared hydrous zirconium
oxide nanoparticles (a) HZN-1 and (b) HZN-2

TEM micrographs of the prepared HZN-1 and HZN-
2 nanoparticles are shown in Figure (7). Microscopic
examinations of the prepared HZN-1 and HZN-2
zirconia nanoparticles show semispherical
nanoparticles and most of these particles have a
slightly irregular form with particles size ranging
from 40 to 100 nm. The range is consistent with the
particle sizes determined by the DLS, as shown in
Figure (1).

HZN-1
-

Figure 7: TEM images of the prepared hydrous
zirconium oxide nanoparticles
3.2. Sorption studies of Mo onto the prepared
hydrous zirconium oxides
3.2.1. Effect of pH values

The M-OH functional groups contained in these
structure of hydrous zirconium oxide nano- particles
show amphoteric reactions depending on the pH value
of the solution and give rise to anion exchange in the
acid medium or cation exchange in the basic
medium[29]. A comparison of the sorption behavior of
HZN-1 and HZN-2 seemed a practical way to find a
suitable HZN for sorption of various molybdate ions
built in the acidified solutions depending on pH value
and Mo concentration[30], [31]

Egypt. J. Chem. 66, No. SI: 13 (2023)

pH 6 pH 1.5 pH 0.9 H*
[MoO.J” _, M0:02:] . [MogOs|* _pMoOsH:0 __y [MoO,]"?

The influence of pH on the sorption of 5x10™
3M *Mo ions onto HZN-1 and HZN-2 nanoparticles
is shown in Figure (8). HZN-land HZN-2
nanoparticles exhibited a high sorption affinity for
%Mo ions, especially in an acidic medium. For HZN-
land HZN-2 nanoparticles, the uptake percent of
Mo ions attained the maximum value at pH of 1.0 —
4.0. Then the uptake percent of Mo ions decreases
by increasing the pH value till reaches the minimum
value at pH 9.0 as shown in figure 8. After contacting
the molybdate solutions with the HZN-1 and HZN-2,
the pH changed to a higher pH value than the original
one in the case of pH value from 1-4, while the pH
value was changed to a lower value in the case of pH
> 4.0. This may be due to the liberation of the OH
group in acid media to change with molybdate ions.
The Mo-sorption on HZN may be explained by anion
exchange and electrostatic mechanism.
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Figure 8: Influence of equilibrium pH on the sorption of 5x10° M
“Mo onto hydrous zirconium oxide, HZN-1 and HZN-2, nano
particles at ambient room temperature, ~ 25C

3.2.2. Effect of contact time

The influence of contact time in 5x10° M
*Mo sorption onto HZN-1 and HZN-2 nanoparticles
is shown in Figure (9). It can be seen that, the
sorption efficiency of *’Mo increases with increasing
shaking time. The percent uptake of Mo reaches the
maximum value of 96.5 % and 95.3 % after a contact
time of 24 h for HZN-1 and HZN-2, respectively.

3.4 Effect of temperature

The effect of temperature on the sorption of
5x10° M molybdenum on HZN-1 and HZN-2
zirconium oxide nanoparticles was also investigated
using the optimized conditions. The sorption of *’Mo
at 293, 313, and 323 was found to be 96.45, 97.4, and
98.48% for HZN-1 and 95.3, 97.49, and 98.31% for
HZN-2, respectively. The increase in the amount of
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sorbed molybdenum with the increasing temperature
may be due to the increase in the mobility of the ionic
species present in the solution at higher temperatures.

T T T T 1 T T T T T T T 1
0 PO AN (R N (N ] 0 20 40 60 w00 20 40 160

Time, min. Time, min.

Figure 9: uptake of *’Mo onto hydrous zirconium oxide, (a) HZN-1 and

(b) HZN-2, with an initial Mo concentration of 5x10 M at different
temperatures

3.5 Sorption kinetics

To investigate the controlling mechanism of

the adsorption process such as mass transfer and
chemical reaction, the pseudo-first-order and pseudo-
second-order equations are applied to model the
kinetics of molybdenum sorption on hydrous
zirconium nano particles.
Lagergren’s equation for first-order kinetics can be
written as follows [32] :
log(qe — q¢) = log g,
Kt @
2.303

Where
adsorbate adsorbed (mg g”) at equilibrium and at
time t, respectively. K, is the rate constant (min™").
Pseudo-first-order kinetic for two prepared gels
(HZN-1 and HZN-2) plotted at 25 ‘C is given in
Figure (10).

" 2|

4 5|

Log (g q)
Log (g, q)

‘Time, min. Time, min.

Figure (10): Pseudo-first-order model for sorption of 5x10° Mo
onto hydrous zirconium oxide (a: HZN-1 and b: HZN-2) at
different temperatures °C

The rate constant k;

q. and q; are the amount of

and correlation
coefficient for molybdenum adsorption at different
temperatures were calculated from linear plots of
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log(qe-q) versus t Figures (10 (a) and (b)) and are
listed in Table (1). The correlation for the pseudo-
first-order kinetic model is low. Moreover, a large
difference in equilibrium adsorption capacity (qe)
between the experimental and calculation was
observed, indicating a poor pseudo-first order fit to
the experimental data.

Pseudo-second-order reactions are described
by the following equation [25], [33] :

1

i ! +—t 5)
4 k298 4q.

Where q, andq,: are the sorption capacities
of molybdenum (VI) at equilibrium and at time t (mg
g!), respectively. k,q2: is the initial sorption rate of
molybdenum (VI) in the pseudo-second-order model
(mg g'1 h™). For the plot #/g, against ¢, the slope of the
obtained line (equals (1/g,), while the intercept equals
(I/Kgqu). Pseudo-second-order kinetic for two
prepared gels (HZN-1 and HZN-2) plotted at 25 °C is
given in Figures (11 (a) and (b)).

The correlation coefficients and q. values
calculated from pseudo 2" order kinetic model plots
at 25, 40, and 50 °C, were close to the experimental
value, as shown in table Table (1).

At all temperatures studied, straight lines
with high extremely high correlation coefficient ( >
0.998) were obtained. In addition, the calculated q.
values are also in agreement with the experimental
data. in the case of pseudo-second-order kinetics.
These suggest that the adsorption data are well
represented by pseudo-second-order kinetics [25].

b
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Figure (11): Pseudo-second-order model for sorption of 5x10~ Mo
onto hydrous zirconium oxide (a: HZN-1and b: HZN-2) at different
temperatures "C
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Table (1)

Calculated parameters of pseudo-first-order and second-order kinetic models and activation energy data for Mo (VI) ion

sorbed onto hydrous zirconium oxide nano-particle

Sample Tem. First-order kinetic parameter Second-order kinetic parameter qe,
, Kelvin experimental,
mg/g
K, qge.cal., R? K, q ecal, | R?
mg/g mg/g
298 0.0047 51.4 0.73 0.00021 48.1 0.997 46.29
HZN-1 313 0.0050 31.9 0.88 0.00030 48.7 0.996 46.35
323 0.0042 24.1 0.88 0.00049 48.4 0.998 47.27
298 0.0046 50.7 0.73 0.000202 48.05 0.996 43.92
HZN-2 313 0.0056 34.9 0.94 0.000336 49.06 0.999 46.35
323 0.0040 23.8 0.87 0.000569 48.05 0.998 47.2
Arrhenius plots | Slope Intercept Ea, kJ/mol Adsorption limits, kJ/mol
HZN-1 HZN-2 HZN-1 HZN-2 Determined <24 24:40 > 40
HZN-1 HZN-2 physical Ton chemical
exchange
-1654.6 -1697.4 1.83 1.97 31.6 325

At all temperatures studied, straight lines
with high extremely high correlation coefficient (>
0.998) were obtained. In addition, the calculated g
values are also in agreement with the experimental
data. in the case of pseudo-second-order kinetics.
These suggest that the adsorption data are well
represented by pseudo-second-order kinetics [25].

Figure (12) shows Arrhenius plots of the
pseudo-second-order sorption of 5x10° M Mo (VI),
which are plots of the sorption rate constant, ks,
against the reciprocal of sorption temperature, 1/T (K
'), The sorption rate constant can be related to the
activation energy, Ea (kJ/mol), as indicated by the
Arrhenius equation[33]. The linear form of the
Arrhenius equation can be represented as:

log ky =log ko - 2.3E0:RT (6)
According to Arrhenius plots activation
energy of Mo(VI) sorption onto HZN-1 and HZN-2
was found to be 31.8 kJ/mol and 32.5 kJ/mol,
respectively (Table 1), indicating the ion exchange

mechanism of the adsorption process [34].
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Figure (12): Arrhenius plots of the pseudo-second-order model of
adsorption of 5x10° M Mo on HZN-1 and HZN-2.
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3.6 Sorption isotherm models.

For thermodynamic considerations in terms
of sorption, two commonly used models, namely
Langmuir and Freundlich isotherms were tested using
the initial concentration dependence data.

The Langmuir equation was tested in the
following form[35]:

C. 1 C,

qe KL Qmax - Qmax (7)

Where, C,is the equilibrium concentration
of molybdenum (VI)in solution (mg 'y and g, is the
amount of molybdenum sorbed at equilibrium (mg g
Y, Qmar is the maximum adsorbed amount of
individual molybdenum (VI) ions onto the adsorbent
surfaces (mg g') and K is the Langmuir constant
related to the sorption energy coefficient (L mg™),

As shown in Figure (13), the linear plot of
Langmuir adsorption isotherm of *’Mo onto hydrous
zirconium oxide nanoparticles( HZN-1 and HZN-2),
the correlation coefficient value of the linear plot is
satisfactory (R* = 0.99601 and 0.99864 for HZN-1
and HZN-2, respectively). The maximum sorption
capacity was 275.5 and 270.3 mg g for HZN-1 and
HZN-2, respectively, and the sorption energy
coefficient (4.0 x10” and 2.0x10° L mg"' for HZN-1
and HZN-2 nanoparticles, respectively) were
calculated from the slope and the intercept of the
linear plot, respectively.
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The sorption data were also tested using

Freundlich isotherm equation following:[36].

log qe = 1/5log C, ®)

+ log K¢

Where q. is the amount of molybdenum sorbed at
equilibrium (mg g"'), C, is the equilibrium
concentration of molybdenum in solution (mg LY, K¢
is the Freundlich constant (mg/g), the measure of the
sorption capacity of the adsorbent, and 1/n is the
heterogeneity factor, a constant relating to sorption
intensity or surface heterogeneity. Figure (14) shows
the linear plot of Freundlich isotherm of Mo-99
sorption on HZN-1 and HZN-2 hydrous zirconium
oxide nanoparticles [37], [38]. As shown in table (2),
Compared with the correlation coefficient value of
the linear plot of Langmuir and Freundlich isotherms,
the Freundlich model was found less satisfactory (R*
= 0911 and 0.77 for HZN-1 and HZN-2,
respectively).

= " HN
= o HN2

0

T T T T T T T 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Ce, mg/l

Figure (13): linear plot of Langmuir isotherm of 5x10° M *’Mo
onto hydrous zirconium oxide, HZN-1, and HZN-2

3.7 Sorption thermodynamics

Thermodynamic parameters such as changes
in the standard free energy (AGY), enthalpy (AH),
and entropy (AS®) can be calculated using the
following equations [39]:

C 8
Kc — Ae ( )
CSe
| A4St aH )
e ="~ "7
AG® = AH® — TAS® (10)

Where K¢ is the equilibrium constant, C,. is the
amount of adsorbate on the adsorbent at equilibrium
(mg/g), and Cg. is the equilibrium concentration of
adsorbate in the solution (mg/L).

The amount of Mo-99 adsorbed at
equilibrium at different temperatures for 25, 40, and
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50 °C was wused to calculate and obtain
thermodynamic parameters. Based on Egs. (8)—(10),
AH’ and AS° were calculated from the slope and
intercept of the linear plot of In K¢ versus 1/T as
shown in Figure (15). The values of Kc, AG®, AH”
and AS° parameters were summarized in Table (3).
The change in the standard free energy AG® with
negative values at all the experimental temperatures
indicates that *’Mo sorption on hydrous zirconium

oxide nanoparticles, HZN-1 and HZN-2, is
spontaneous over the temperature range.
Furthermore, ~ *’Mo sorption  has  physical

characteristics since the free energy change is
between 0 kJ/mol and —20 kJ/mol [40]. The positive
value for enthalpy (AH") indicates the endothermic
nature of sorption. The positive value of enthalpy
(ASO) indicates that the degree of freedom of ions is
increased by sorption and also is an indication of the
stability of surface sorption.
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Figure (14): Frindlish isotherm of 5x10° M *Mo onto hydrous
zirconium oxide, HZN-1, and HZN-2, at 25 °C
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Figure 15: Variation of equilibrium constant (Kc) as a function
of temperature
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Ez?t:Zr(rfl)models constants and correlation coefficient for adsorption of molybdenum onto hydrous zirconium oxide nano-particle at 25 ‘C
Sample Longmuir kinetic parameter Frindlish kinetic parameter
KyLmg")  Qu cal(mg/g) R Kr (mg/g) n R?
HZN-1 0.004 275 4 0.99 8.5 2.47 0.91
HZN-2 0.002 270.3 0.99 72 2.51 0.77
Table (3)
Calculated parameters of thermodynamic properties of the Mo(IV) ion sorption onto hydrous zirconium oxide nano-particle
Temperature, | HZN-1 HZN-2
K
R’ AH’ AS° AG° R’ AH° AS° AG®
KJmol KJmol KJmol” KJmol KJmol” KImol
298 -2.24 -1.06
313 0.995 36.5 0.13 -4.19 091 34.7 0.12 -2.86
323 -5.49 -4.06

4. CONCLUSION

Zirconia nanoparticles (HZN-1 and HZN-2)
were prepared by combining two suggested methods,
hydrolysis from emulsion solutions in alkaline 20 %
ammonia solution followed by hydrothermal
treatment in a hydrothermal reactor. The prepared
materials were characterized through different
characteristic techniques and the results showed that
the prepared zirconia nanoparticles (HZN-1 and
HZN-2) are in the form of white fine particle in
which ZrO, represent 99.5 wt% as the major
component, the average hydrodynamic diameter is
48.3 nm for the HZN-1 and 72.06 nm for the HZN-2
and both HZN-1 and HZN-2 is amorphous in
structure. The *’Mo sorption was favored at higher
temperatures and slightly initial acid pH values in the
equilibrium. The kinetics of Mo sorption from
aqueous solution on the prepared HZN-1 and HZN-2
follows the pseudo-second-order rate law and obeys
the Langmuir isotherms. According to the
thermodynamic data and the negative or positive
values and magnitudes of AH®, AS® and AG® we
conclude that the sorption process was endothermic
and stable, spontaneous, and Mo sorption has
physical characteristics. The prepared HZN-1 and
HZN-2 can be effectively used as the base material
for the sorption of *’Mo for the preparation of
9Mo/”™Tc generators. Further studies will concern

Egypt. J. Chem. 66, No. SI: 13 (2023)

the preparation of *’Mo/”"Tc generators based on
HZN-1 and HZN-2 as adsorbent materials.
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