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ABSTRACT

A novel inorganic silico vanadate (SiV) was synthesized via a sol-gel technique. The granulom-
etry, morphology, and structure of the prepared exchanger were studied using different analyti-
cal tools such as X-ray fluorescence, Fourier-transform infrared, scanning electron microscopy,
X-ray diffraction, transmission electron microscopy, and thermogravimetric analysis-differential
thermal analysis. The structure of SiV exchanger may be composed as (H,V,0,)(HSiO,),'1.5H,0.
Batch tests were done to examine the sorption behavior of SiV towards Eu(IIl) and Tb(III) consid-
ering the influence of independent parameters including pH of the solution, contact time, sorbent
weight, and initial metal ions concentration. The sorption efficiency values of 95.40% and 88.70%
were respectively obtained for Eu(Ill) and Tb(IIl) at optimum conditions (pH = 5.5, C, = 50 mg/L,
weight = 0.03 g, and time = 200 min). The equilibrium data fitted well to the non-linear Freundlich
and Langmuir isotherm models and the maximum adsorption capacity (g,) of SiV for Eu(IlI) and
Tb(III) get from the non-linear Langmuir model was 44.23 and 34.39 mg/g, respectively. Kinetic stud-
ies showed that the sorption of Eu(Ill) and Tb(III) followed both pseudo-second-order and intra-
particle diffusion models. The thermodynamic studies showed an endothermic and spontaneous
sorption process. The sorbent material can also be reactivated by utilizing the solution of 0.4 mol/L
HNO, and re-used again effectively.

Keywords: Inorganic ion-exchanger; Silico vanadate; Sorption; Europium; Terbium; Decontamination

factor; Isotherm; Kinetic; Thermodynamic; Liquid radioactive waste

1. Introduction

Rare earth metals (REMs) are turning out to be pro-
gressively significant because of their unique chemical and
physical properties and their applications in the field of
compound designing, metallurgy, nuclear energy, optical,
magnetic, luminescence, and laser materials, high-tem-
perature superconductors, and secondary batteries, etc
[1,2]. REMs for the most part fall into two classes, viz. light
rare earth metals and heavy rare earth metals, with chang-
ing degrees of employments and request. Light rare earth

* Corresponding author.

metals include lanthanum (La), cerium (Ce), praseodym-
ium (Pr), neodymium (Nd), samarium (Sm) and heavy rare
earths include europium (Eu), gadolinium (Gd), terbium
(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium
(Tm), ytterbium (Yb), lutetium (Lu), yttrium (Y) which are
less common and more significant [3].

Terbium is a special element since it is needed to make
cathode ray tubes, optical computers, and various alloys
[4]. Terbium offers radioisotopes suitable for PET, SPECT
diagnosis, and a and (3~ therapy as well. **Tb seems to be
an ideal nuclide for diagnostic imaging [5]. Its half-life of
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5.3 d is long enough to observe even slower metabolic pro-
cesses. The characteristic y-rays at 87 and 105 keV are ideal
for most SPECT cameras. *Tb seems to be promising for
quantitative imaging with PET [6]. The positron intensity
of 17% and the mean positron energy of 1.1 MeV are suit-
able. For targeted particle therapy both the *Tb (T, ,=4.1h,
1,=17%) and "'Tb (T, ,= 6.9 d, I,= 100%) seems to be prom-
ising [7]. These isotopes can be formed with particle accel-
erator [5,6,8-10] or in nuclear reactors [7,11] depending on
which isotope is necessary for the given application.

Europium represents in the medical field as a new
paramagnetic agent in the magnetic resonance imaging
domain [12]. It is also used on various clinical diagnoses
to determine some renal and cardiac diseases [12,13], as a
test to determine the blood hormone levels [14]. ©*Eu
isotopes are produced primarily as fission products [15]. It
can also be produced by neutron activation of nuclear reac-
tor control rods [16]. Therefore, it is found in certain places,
around nuclear reactors and facilities that process spent
nuclear fuel. Europium-154 (T, = 8.592 y) emits multiple
Y-photons and is a co-produced radionuclide during the
formation of Sm [17] as described below:

125m (1,y) 'Sm (B-,46:284 h) — Eu (1,y) *Eu

Therefore, it has become necessary to develop a suit-
able technology for the recovery of rare earth metals.
Various techniques have been proposed for the recovery
of REMs, for example, co-precipitation, solvent extraction,
ion-exchange, solid-phase extraction, etc [18-22]. Solvent
extraction and ion-exchange are the two most common
methodologies for the recovery of REMs from various
matrices. Solvent extraction is inefficient because of the
requirement of a large volume of solvent, which may cre-
ate health problems [23]. The researchers directed their
interest in using the ion exchange technique for the recov-
ery of REMs. Synthetic inorganic ion-exchanger has been
used more extensively in the past two decades owing to
their thermal stability at elevated temperatures, resistance
to high radiation fields, and their selectivity to certain
ions [24]. The selectivity and ion-exchange properties of
a material depend considerably on its chemical composi-
tion. It is, therefore, always interesting to synthesize new
materials and to study their ion-exchange behavior [24].
In addition, various attempts have been made to examine
the cation sorption behavior of insoluble solids. In the case
of our systematic studies on inorganic ion-exchangers, we
found that silico vanadate (SiV) has a selective behavior for
Eu(Ill) and Tb(III) ions. The few studies on the vanadates as
ion-exchangers have been summed up as of late.

The current paper is concerned with the synthesis of
SiV as an inorganic ion exchanger via the sol-gel method.
Physicochemical properties of this ion exchange material
were determined utilizing some instrumental examinations
viz. Fourier-transform infrared spectroscopy (FI-IR), X-ray
diffraction (XRD), thermogravimetric analysis (TGA), dif-
ferential thermal analysis (DTA), scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and
elemental analysis. Its sorption ability was considered
for Eu(II) and Tb(III) removal from aqueous solutions using

the batch sorption method. Some factors influencing sorp-
tion, for example, contact time, initial pH of the solution,
sorbent weight, as well as initial concentration of Eu(III)
and Tb(III), were examined. Kinetic and isotherm sorption
tests were studied. Thermodynamic parameters for sorption
of Eu(lll) and Tb(III) ions were determined. Adsorption,
desorption, and regeneration studies of SiV were likewise
done.

2. Experimental
2.1. Reagents and chemicals

The main reagents used for the synthesis of inorganic sil-
ico vanadate (SiV) were sodium metasilicate (Na,O,Si-9H,0)
and sodium metavanadate (NaVO, and were obtained
from Loba Chemie (India). Chemicals such as HCI, euro-
pium(III) chloride hexahydrate (EuCl;-6H,O), and terbi-
um(III) chloride hexahydrate (TbCl,-6H,0) were bought
from Merck (Germany) as analytical-grade reagents, and
double-distilled water (DDW) was used. Other reagents and
synthetic substances were of analytical grade. Measurements
of the initial pH of Eu(Ill) and Tb(III) ions solutions were
done utilizing a lab pH-meter, model pH 601A (USA). A
preliminary calibration is systematically carried out using
suitable buffer solutions.

2.2. Radioisotopes

Radioisotopes *'3*Eu and '“Tb have been obtained by
neutron activation of their metal chloride salts in front of
the neutron flux produced in the core of the Egyptian sec-
ond research reactor (ETRR-II). The activated salts have been
dissolved in DDW to form the aqueous solution considering
the radiation protection rules.

2.3. Radiometric assay

The radionuclides of "“*Eu and Tb have been
assessed by measuring their emitted y-rays using a high
resolution P-type coaxial High Purity Germanium Detector
HPGe-GX2518 Model, Canberra, USA, with lead shield
casing. The HPGe detector is coupled with a multi-chan-
nel analyzer having 16,384 channels ADC, power supply,
and amplifier in one unit (Inspector, 2000 Model, Canberra
Series, USA).

2.4. Synthesis of silico vanadate

Fabrication of SiV exchanger was achieved by adding
0.5 mol/L sodium metasilicate into 0.5 mol/L sodium meta-
vanadate by volume/volume ratio of 1:1 on a magnetic
stirrer with constant stirring at 25°C + 1°C for 1 h. The
pH of the mixture solution was estimated and discovered
to be 11.70. The pH was adjusted to be 0.75 by adding
HCI. The color of the mixture converted from colorless to
dark orange color and the orange precipitate was formed.
The obtained orange-colored precipitate was kept for
digestion with mother liquor for 24 h. After 24 h the super-
natant liquid was decanted off and the precipitate was
filtered and washed several times with DDW to remove
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unreacted impurities. The precipitate was dried in an
oven at 50°C + 1°C, after that, it was broken into small size
granules, and was converted into H* form by treating with
0.1 mol/L HNOQO, for 24 h. Finally, the product was filtered
out and washed with DDW several times to remove the
excess acid and oven-dried at 50°C + 1°C. The color of the
dried granules became dark brown. The detailed conditions
for synthesis were given in Table 1.

2.5. Instruments

The elemental analysis of the prepared SiV has been
investigated utilizing the X-ray fluorescence spectrometry,
XRF-2400 (Philips, Holland). The FT-IR of SiV was recorded
using a BOMEM-FTIR spectrophotometer (Shimadzu,
Kyoto, Japan) and recorded in the scope of 400-4,000 cm™.
Physical properties such as morphology shape and size
distribution of the sample were characterized by utilizing
the JSM-6510A SEM (Japan) and JEOL JEM-100cx TEM
(Japan). The XRD patterns of the samples were observed
by an XD-DI (Shimadzu, Kyoto, Japan) and carried out at
30 kV, 30 mA, and a diffraction angle (20) range of 4°-90°.
TGA and DTA were completed at a heating rate of 10°C/min
using a DTG-60/60H thermal analyzer (Shimadzu, Kyoto,

Japan).

2.6. pH titration studies

Topp and Pepper method was utilized for pH titration
considers [25]. 0.1 g of the SiV exchanger was taken in each
of several conical flasks followed by equimolar solutions of
alkali metal chlorides and their hydroxides in different vol-
ume ratios, the final volume being 10 mL to maintain the
ionic strength constant (0.1 mol/L). The pH of the solution
was recorded every 24 h until equilibrium was achieved.
The pH at equilibrium was plotted against the millimoles
of OH- ions added.

2.7. Chemical stability

One hundred milligrams portions of the prepared SiV
in H* form were treated with 100 mL each of different acids
like HCI, HNO,, H,SO,, and different bases such as NaOH,
KOH, organic solvents such as acetone, n-butyl alcohol, and
also with DDW for 48 h with occasional shaking at room

Table 1
Conditions of synthesis of SiV exchanger

temperature. The quantity of exchanger material released
into the solution was determined gravimetrically.

2.8. lon-exchange capacity and thermal effect

To decide the impact of heating temperature on ion-
exchange capacity (IEC), 1 g sample of the prepared mate-
rial was heated at various temperatures (50°C, 100°C, 200°C,
300°C, 400°C, 500°C, and 600°C + 2°C) in a muffle furnace
for 4 h and Eu* ion-exchange capacity was determined after
cooling them at room temperature using the batch technique
by mixing 0.1 g of previously heated SiV with 10 mL Eu(lIII)
ion solution (100 mg/L) at V/m = 100 mL/g. The mixture was
continuously shaken in a thermostatic water bath shaker
(Kottermann D-1362, Germany) at 200 rpm for 24 h till equil-
ibration was attained. After equilibrium, the solution was
filtered and the concentration of Eu(IIl) ions was measured
using an inductively coupled plasma-atomic emission
spectrometer (ICP-AES) device, (ICPs-7500) manufactured
and supplied by Shimadzu (Kyoto, Japan). This procedure
was repeated many times with new Eu(Ill) ion solutions
or until the SiV was saturated with Eu(Ill) ions. The value
of capacity (mg/g) was determined by the next equation:

0 v (1)
m

Capacity (mg/g) =

where C; and C, are the concentrations of the ions in solu-
tion before and after equilibrium (mg/L), respectively,
Vis the solution volume (L) and m is the sorbent mass (g).

2.9. Batch sorption experiment

Sorption of Eu(Ill) and Tb(III) onto SiV was studied
by batch experiments. A known amount of the above-
mentioned metal ions solutions (50-500 mg/L) was taken
with 30 mg of SiV in the 10 mL penicillin tubes which
were sealed and agitated (V/m = 100 mL/g) at 200 rpm in
a thermostatic water bath shaker (Kottermann D-1362,
Germany). The pH of the adsorbate solution was adjusted
with 0.1 mol/L HCI solutions. The trial penicillin tubes
were withdrawn at a predetermined time interval until
the sorption equilibrium was accomplished. The metal ion
solutions were separated by centrifugation operated at

Sample Mixing volume Total pH  Condition  Appearance Yield (g) Ion-exchange
ratio (v/v) volume (mL) of beads after capacity
drying at mg/g (Eu®)
50°C +1°C
NaVvO, Na,0,Si-9H,0
in DDW in DDW
(0.5mol/L) (0.5 mol/L)
Silico 1 1 200 mL 0.75 25°C+1°C  Dark brown 4.88 25.16

vanadate (SiV)
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4,000 rpm for 5 min. The supernatants were then filtered
to guarantee that solutions were liberated from SiV before
measuring the remaining metal ion concentration. The
staying metal ions in the filtrate were analyzed using the
ICP-AES device, ICPs-7500. Different parameters for Eu(III)
and Tb(III) sorption were studied including the effect of
pH of the solution (1.50-5.50), contact time (5-1,440 min),
initial metal ion concentration (50-500 mg/L), and sorbent
weight (7.5-120 mg). All the experiments are repeated three
times and then the average for the values are assigned. The
total experimental percentage error did not exceed 3%.
The sorption percentage and amount of metal ion sorp-
tion per unit mass of SiV at equilibrium (g, mg/g) were
evaluated using the following mass balance equations;

) C, —Cf
Sorption % = x100 )
CU
(c-c )
q,(mg/g) = B 3)

3. Results and discussion
3.1. Characterization of SiV
3.1.1. Chemical composition

The material was analyzed for Si(IV) and vanadate by
X-ray fluorescence spectrometry (XRF). The weight % com-
position of the material was: SiO,, 8.79%; V,0,, 84.06%;
H,0, 7.14%.

3.1.2. Fourier-transform infrared spectroscopy

The FT-IR spectroscopy was performed to determine the
functional groups of SiV. The FT-IR spectra of SiV exchanger
were presented in Fig. 1la. As appeared in Fig. 1a, the peaks
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at 510.40 and 771.85 cm™ are due to Si-O-Si rocking mode
and asymmetric stretching vibrations of Si-OH, respectively
[26]. A smaller peak at 920.26 cm™ has been assigned to
a V-O-5i bond vibration [27]. The intense peak in the SiV
spectrum at 1,010.22 cm™ could be appointed to terminal
V=0 bonds [28]. The characteristic Si-O stretching band
can be observed at around 1,219.82 cm™ [29]. The peak at
1,401.31 cm™ relates to the deformation vibration of hydroxyl
groups (maybe Si and/or V-OH deformation vibration) [30].
The peak at 1,617.76 cm™ has corresponded to the bend-
ing mode of water molecules [30]. The broad absorption
band at 3,158.29 cm™ because of the stretching vibration of
the hydroxyl group [26] and the intensity of the absorption
band at 3,372.52 cm™ due to silanol “OH groups [31].

Fig. 1b illustrates the FT-IR images of SiV before and
after loading with Tb* and Eu® ions, respectively. These
images were used as a tool to determine the structure and
vibration frequency changes of the functional groups in the
ion exchange material after its saturation with the studied
cations. According to Fig. 1b, it could saw that the inten-
sity of all peaks is changed and improved after loading of
Tb(IlI) and Eu(IIl). These significant changes in the inten-
sity of these peaks after loading of Tb(III) and Eu(Ill) indi-
cate that H O, "OH, vanadate ion, Si-O-H, and V-O-H were
involved in the uptaking of Tb(III) and Eu(III).

3.1.3. Scanning electron microscopy

SEM photograph of SiV (Fig. 2) shows a spheri-
cal shape with different sizes. These irregular circles are
grouped forming an irregular elongated shape. This irreg-
ular morphology indicates the existence of impure phases.
Thus it was confirmed from the XRD study.

3.1.4. X-ray diffractometry

XRD pattern of the prepared exchanger (Fig. 3) shows
low intense peaks at different 20 values. The patterns
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Fig. 1. FT-IR spectrum of (a) SiV and (b) [(1) unloaded SiV; (2) Tb(III)-loaded SiV; (3) Eu(Ill)-loaded SiV].
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Fig. 2. SEM of SiV exchanger: (a) magnitude of 500x and (b) magnitude of 1,000x.
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Fig. 3. XRD patterns of SiV exchanger.

confirm that SiV consisted of mixed phases [H,O,Si,,
and V(O,H)] as seen in Table 2. The average diameter
for each phase was discovered to be 10.27 and 11.17 nm
respectively, which determined from the full width at

half-maximum of the most intense peak at 8.17 and 50.97

degrees (20) for H, O, Si,, ,, and V(O,H) phases respectively,
using Debye Scherrer’s equation [32]:
K\
= )
Bcos6

where D is the crystallite size in nm, A is the character-
istic wavelength of X-ray used (CuKa = 1.541836), O is
the diffraction angle, and {3 is the angular width in radi-
ans at an intensity equal to half of the maximum peak
intensity [33].

3.1.5. Transmission electron microscopy

The detailed structures of the prepared SiV exchanger
are displayed in TEM images (Fig. 4). It can be seen that
the sample has irregular shape particles confirming that
more than one component agglomerate with each other, a
large vanadate component is intimately mixed with nano-
sized silica. Nanosized black circle corresponded to sil-
ica are dispersed on the vanadate matrix which exists in
a needle bundles shape. The TEM images have been used
just to estimate and check-up the average size of the par-
ticles; where for the nanosized silica it is found to be 7 nm
and for the bulk vanadate sample it is about 984 nm.
The obtained results are compatible with the XRD ones.

3.1.6. Thermogravimetric and differential thermal analyses

TGA and DTA of SiV were conducted using a Shimadzu
DTG-60/60H thermal analyzer obtained from Shimadzu
(Kyoto, Japan). The sample was heated from room tempera-
ture up to 600°C * 1°C at 10°C/min with a sample holder
made of Al,O, under nitrogen flow (40 mL/min), alumina
powder was utilized as reference material. On the basis of
the nature of TGA-DTA curves (Figs. 5a and b), the mate-
rial exhibits a weight loss of 7.14 wt.% between 20°C and
114°C (at about 83.30°C), which is attributed mostly to
the desorption of absorbed water [34-36]. During heat-
ing from 115°C to 320°C (at about 144.61°C), the sample
loses additional 6.24 wt.% water that can be credited to the
removal of interstitial water molecules by condensation of
exchangeable hydroxyl groups ("OH) from the material,
which is characteristic of synthetic inorganic ion exchangers
[35]. An exothermic peak is noticed at 333°C may be caused
by physical transitions such as crystallization occurring
during heating [35]. The water content for the prepared
sample evaporated at about 320°C. In total, SiV lost about
13.38 wt.% of its total weight because of the water loss
when heated up to 320°C [36]. There is no significant weight
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Table 2
XRD data of SiV exchanger
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No. 20 d(A) 11, FWHM Matched JCPDS D

1 8.17 10.82 100 0.7733 A 99-002-4297 10.27
2 24.54 3.62 28 0.8400 A

3 25.75 3.46 36 0.7400 A

4 34.85 2.57 11 0.6200 B 99-100-0071

5 50.97 1.79 26 0.7800 B 11.18
6 60.68 1.53 17 0.400 B

PDEF-2 Database Copyright International Centre for Diffraction Data (ICDD) Match! Copyright © 2003-2009.
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Fig. 4. (a and b) Bright-field TEM images of the prepared SiV.

reduction after 320°C which demonstrates that no structural
changes occur in the material. The curve pattern suggests
that the ion exchanger is stable up to 600°C. The 7.14%
weight loss of mass represented by the TGA curve between
20°C and 114°C must be due to the loss of #H,O from the ion
exchanger structure. The value of “n”, the external water
molecules, can be determined utilizing Alberti’s equation.

©)

18,1:;({@}

100

where X is the percent weight loss (7.14%) of the exchanger
by heating up to 114°C and (M + 18n) is the molecu-
lar weight of the material without water molecules. The
calculations give ~1.5 for the external water molecule
(n) per molecule of the cation-exchanger. As a result of
the above findings, a temporary formula of (H,V,0,)
(HSi0,),'1.5H,0 has been assigned to the exchanger.

3.1.7. pH titration study

The pH titrations in the presence of SiV were performed
for NaCl-NaOH systems under equilibrium conditions
[26,37]. The pH titration curve (Fig. 6) shows that SiV
releases H* ions on the addition of NaCl solution to the
system, which is indicated by a pH value ~ 3.48 of the solu-
tion. Further, the titration curve shows two inflection points
demonstrating that SiV exchanger behaves as a bi-functional
ion exchanger. This result indicates those two functional
groups are responsible for releasing its H* to be exchanged
with the studied cations, these functional groups may be
Si-O-H and V-O-H as appeared in XRD and FT-IR sections.

3.1.8. Chemical stability

The solubility experiment (Table 3) indicated that the
material was very steady in common mineral acids, organic
solvents, and alkalies. Table 3 shows that SiV exchanger
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Fig. 5. (a) Thermogravimetric analysis (TGA) and (b) differential thermal analysis (DTA) of SiV exchanger.

12

10

pH

2 A 'l A 'l A 'l A 'l A 'l
0 2 4 6 8 10

m moles of OH ions added

Fig. 6. pH titration curve of SiV exchanger with NaCl-
NaOH system.

possesses relatively high chemical stability compared to
other ion exchange materials [37—41].

3.1.9. Thermal stability

It is observed from Table 4 that on heating the pre-
pared SiV at various temperatures for 4 h, the mass and
ion-exchange capacity was changed. The material was
found to have higher thermal stability as the sample main-
tained about 85% of the initial mass by heating up to 600°C.
However, in respect to ion-exchange capacity, this material
was found stable up to 600°C. Where it holds about 72%
of its initial ion-exchange capacity by heating up to 600°C.
The prepared SiV exchanger has high thermal stability
comparing with other inorganic ion exchangers [35,37].

In order to explore the reason for decreasing the exchange
capacity with the increase in the temperature. When SiV
exchanger heated to an elevated temperature it lost most of
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Table 3
Solubility of SiV exchanger in various solvent systems
Solvent Solubility (g/L)
1 mol/L HCI 0.140
1 mol/L HNO, 0.110
1 mol/L H SO, 0.125
0.1 mol/L NaOH 0.075
0.1 mol/L KOH 0.022
Acetone BD
n-Butanol 0.0014
DDW BD

BD: below detection.

its external and structural water which are responsible for
exchange capacity, this was accomplished with the decrease
in IEC of the prepared exchanger [35].

3.2. Batch method sorption studies
3.2.1. Effect of pH

The sorption of Eu(Ill) and Tb(IIl) ions by SiV
exchanger as a function of pH was studied at temperature
25°C + 1°C and sorbent dosage 10 g/L. In the chose range
of pH (from 1.50-5.50) for this study, it was seen that the
sorption of Eu(Ill) and Tb(III) ions by SiV increased with
increasing the pH of the solutions as appears in Fig. 7.
The maximum sorption was achieved at pH 5.50 and was
discovered to be 95.40% and 88.70% for Eu(IIl) and Tb(III)
ions, respectively. The lowering in the sorption percent-
age in high acidic solution (low pH) can be ascribed to
the surface of the SiV would be closely associated with
hydronium ions (H,0"). Similar charges in adsorbate (met-
als ions) and sorbent surface (because of the existence of
H,O" ions) were causing electrostatic repulsion and this
hindered the access of metal ions to the exchanger surface.
Consequently, the sorption was found to be decreased [42].
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Table 4
Effect of temperature on ion-exchange capacity of SiV exchanger
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Temperature (°C) Weight loss (%) IEC (mg/g) % Retention of IEC
50 0.90 25.16 100

100 5.93 24.43 97.09

200 12.32 23.28 92.53

300 13.12 22.23 88.35

400 13.98 20.91 83.11

500 14.65 19.56 77.74

600 15.16 18.13 72.06

Another explanation answerable for a decline in sorption
percentage values at low pH is a competition between
protons and the studied cations for the available sorp-
tion sites [43]. With the rise of pH of the solution, nega-
tive charged (OH") ions increased, and positively charged
ions decreased at the surface of SiV, which brings about an
attractive force between the metal ions and the surface of the
SiV. Hence, the sorption percentage of the SiV was discov-
ered to be increased at higher pH [44]. Therefore, a pH of
5.50 was chosen to conduct further sorption experiments.
The obtained results demonstrated that the sorption of
Eu(IIl) and Tb(III) ions by SiV was pH-dependent.

3.2.2. Effect of contact time

For examining the impact of contact time on the sorption
of Eu(Ill) and Tb(III) ions by SiV, time was varied between
5-1,440 min keeping the rest of the parameters constant
(pH 5.50, stirring speed 200 rpm, temperature 25°C + 1°C,
initial metal concentration 50 mg/L, volume 3 mL, diame-
ter of particles, dp 0.370 mm, and sorbent weight 0.03 g).
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Fig. 7. Effect of pH on the sorption of Eu(Ill) and Tb(III) ions,
at stirring speed, 200 rpm; contact time, 200 min; tempera-
ture, 25°C + 1°C; dp = 0.370 mm; C, 50 mg/L; volume, 3 mL;
weight, 0.03 g.

Fig. 8 shows plots of the amount of sorbed ions from aque-
ous solution onto SiV as a function of contact time. The fig-
ure shows vividly that the sorption of selected metal ions
has increased up to 200 min of contact time after that sat-
uration appears and adsorption—-desorption rate became
equal. It was observed that in the first 60 min, the sorp-
tion rate was higher for the selected metal ions, then slow
down and reached equilibrium. The initial higher rate of
metal ions sorption ascribed to the unoccupied sorption
sites as well as the concentration differences of the metal
ions at the SiV surface and in the bulk of the solution was
large. Whereas, after 60 min of contact time, the sorption
rate decreased significantly due to the slowing down of the
diffusion rate of cations into the interior channels of the
SiV. The diffusion rate was guided by the surface cover-
age of the metal ions, once the SiV surface was saturated
with the metal ions, the diffusion rate decreased. It can be
seen from Fig. 8, after 200 min of contact time, there was
a negligible or slight change in the sorption of metal ions.
Therefore, 200 min was established as equilibrium time
for Eu(Ill) and Tb(III) ions sorption onto SiV, for further
experiments in this study this equilibrium time was used.
The uptake of studied ions by SiV might be because of the
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Fig. 8. Effect of contact time on the sorption of Eu(Ill) and
Tb(III) ions, at stirring speed, 200 rpm; temperature, 25°C + 1°C;
dp = 0.370 mm; C, 50 mg/L; volume, 3 mL; weight, 0.03 g;
pH 5.50.
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sorption of the ions in the surface of SiV and/ or exchange
of these ions with some H' on the surface of the SiV.

3.2.3. Effect of SiV weight

The impact of SiV weight on the sorption of Eu(IIl) and
Tb(Ill) ions was investigated by varying sorbent weight
from 0.0075 to 0.12 g/3 mL (2.5-40 g/L) and keeping other
parameters constant (contact time 200 min, stirring speed
200 rpm, temperature 25°C + 1°C, initial metal concentration
50 mg/L, volume 3 mL, diameter of particles, dp 0.370 mm,
sorbent weight 0.03 g, and pH 5.50). The sorption percentage
of metal ions was observed to be enhanced with an increase
in sorbent weight; it was due to an increase in the number
of sorption sites with the rise of sorbent weight and hence
more removal occurs [30,45]. Fig. 9 shows that there is no
sensible change in sorption efficiency by increasing sor-
bent weight more than 0.03 g related to surface saturation.
Thus, 0.03 g/3 mL (i.e., 10 g/L of Eu(Ill) and Tb(III) ions solutions)
were chosen as the best dose for the treatment process.

3.2.4. Effect of initial metal concentration

The metal ion concentrations were varied from 50 to
500 mg/L, and their effect was observed on a fixed dosage
of the sorbent (10 g/L) as appears in Fig. 10. As per this
figure, increasing the Eu(IIl) and Tb(III) initial concen-
tration reduced the sorption yield. Under the optimized
condition, the highest sorption efficiency was acquired uti-
lizing the initial concentration of 50 mg/L. It very well may
be clarified as far as available sorption sites are limited in
the solution for higher metal ions concentrations [30]. This
study revealed that the best-achieved sorption yield was
95.40% and 88.70% for Eu(IIl) and Tb(III) ions, respectively
using an initial concentration of 50 mg/L of Eu(Ill) and
Th(III) ions.
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Fig. 9. Effect of SiV weight on the sorption of Eu(IIl) and Tb(III)
ions, at stirring speed, 200 rpm; contact time, 200 min; tem-
perature, 25°C + 1°C; dp = 0.370 mm; C, 50 mg/L; volume,
3 mL; pH 5.50.
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3.3. Sorption isotherms

The sorption isotherm experiments were accomplished
by shaking 3 mL from metal ion solutions of different con-
centrations (50-500 mg/L) with 0.03 g of SiV for 200 min,
at pH 5.50. Non-linear Langmuir, Freundlich, Dubinin-
Radushkevich, and Temkin isotherm models were uti-
lized to depict the isothermal properties of the sorbent.
However, the Langmuir isotherm considers adsorption as
a chemical phenomenon, assuming that all the available
adsorption active sites are similar, the adsorbed species
do not interact, and a monolayer is formed during adsorp-
tion [46]. Freundlich, on the other hand, valid for physical
adsorption and applies to adsorption on heterogeneous
surfaces with the interaction between the adsorbed mole-
cules, and is not restricted to the formation of a monolayer
[47-49]. The Dubinin—-Radushkevich isotherm model is
more general than the Langmuir isotherm because it does
not assume a homogeneous surface or constant sorption
potential [50]. This model was used to estimate the mean
free energy of sorption (E_.), which was used to find out
the sorption mechanism whether it is physical or chemical
adsorption or ion exchange. The Temkin isotherm model
predicts a uniform distribution of binding energies over
the population of surface binding adsorption, it applies
to chemical adsorption only [51]. Also, it was chosen to
determine the adsorption potentials of the adsorbent for
adsorbates [52].

.

The non-linear form of Langmuir, Freundlich, Dubinin-
Radushkevich, and Temkin sorption isotherms can be
expressed by Egs. (6)—(9), respectively;
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Fig. 10. Effect of initial metal concentrations on the sorption
of Eu(Ill) and Tb(Ill) ions, at stirring speed, 200 rpm; con-
tact time, 200 min; temperature, 25°C + 1°C; dp = 0.370 mm;
volume, 3 mL; weight, 0.03 g; pH 5.50.
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q.k.C
— _m e 6
T T1vk,C (©)
q.=kC" %)
9. = qpr exp(_BDRSZ) 8)
RT
q, = TIH(atce) )

t

In these equations, g, (mg/g) and C, (mg/L) is the
adsorbed amount by the adsorbent and concentration
of Eu(Ill) and Tb(II) in solution at equilibrium con-
ditions, respectively. The K, (L/mg) and g, (mg/g) are
constants related to the affinity of adsorptive sites and
the maximum adsorption capacity of the adsorbent,
respectively. The k. (mg/g) and n are Freundlich con-
stants associated with adsorption capacity and intensity,
respectively. The 3, (mol*/kJ?) is Dubinin—-Radushkevich
constant, g, (mg/g) is the theoretical adsorption capac-
ity, € is the Polanyi potential = RTIn(1 + 1/C), T is the
absolute temperature (K), and R is the universal gas
constant, 8.314 J/mol K. The a, (L/g) is Temkin iso-
therm equilibrium binding constant and b, (J/mol) is
constant corresponding to the heat of sorption = RT/b,.

The non-linear plots of these isotherm models are
shown in Fig. 11 and the obtained model parameters are
summarized in Table 5. The correlation coefficient, R? deter-
mined from the Freundlich and Langmuir models (R? > 98)
were higher than that determined from the Temkin and
Dubinin—-Radushkevich models. Furthermore, the chi-
square (x?) values of the Freundlich and Langmuir iso-
therm models are smaller than those of the other models,
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implying that the calculated k, (Freundlich capacity) and g,
(Langmuir monolayer capacity) are more compatible with
the experimental adsorption capacity [45]. The correlation
coefficient, R? determined from the Dubinin—-Radushkevich
model is low (R? < 81) confirming that the non-applicability
of this model.

Based on these results, it can be concluded that the
Freundlich and Langmuir isotherm models are more proper
for the illumination of the relationship between g, and C,
compared to the Temkin, and Dubinin-Radushkevich mod-
els. The maximum monolayer capacity, g, obtained from
non-linear Langmuir plots for Eu(Ill) and Tb(III) ions was
discovered to be 44.23 and 34.39 mg/g respectively. These
values are very reasonable compared to their counter-
parts obtained from other sorbents as appeared in Table 6.
In this manner, it very well may be concluded that the SiV
sorbent material has important potential for retention of
Eu(I1l) and Tb(III) ions from waste solutions.

3.4. Sorption kinetics

Kinetic investigations were carried out using the solu-
tions with the volume of 3 mL prepared at 50 mg/L of
Eu(Ill) and Tb(III) ions that were contacted with 0.03 g of
the sorbent at various times. The experiments were con-
ducted in a mono element system. Therefore, knowing of
the sorption reaction mechanism and diffusion mechanism
is essential. In this respect, three different kinetic models
namely, pseudo-first-order, pseudo-second-order, and intra-
particle diffusion were applied to the experimental data.
These models are employed to fit the experimental data for
the prediction of the kinetic parameters as following [65-68]:

Pseudo-first-order:

ln(qt, - ‘L) =Ing, -kt (10)
35F  Eu(m)
30
25¢
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15}
[ B Experimenal
10 — Non-linear Langmuir model
i —— Non-linear Freundlich model
5k J —— Non-linear Dubinin—-Radushkevich model

Non-linear Temkin model
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Ce,mg/L

Fig. 11. Non-linear Langmuir, Freundlich, Dubinin—-Radushkevich, and Temkin isotherm models for sorption of Eu(IIl) and Tb(III)

onto SiV.



E.A. Abdel-Galil et al. / Desalination and Water Treatment 226 (2021) 303-318 313

Table 5
Isotherm parameters of different models for Eu(III) and Tb(III) sorption onto SiV exchanger at 25°C + 1°C
Isotherm models Non-linear regression Parameters Eu(II)) Tb(III)
q, (mg/g) 44.23 34.39
o _q,kC, K (L/mg) 0.021 0.016
Langmuir isotherm T T1vk,C R ’ 0.98570 0.98435
X2 1.58 131
k, (mg/g) 3.36 2.34
Freundlich isotherm q,=k fCi/ ! ;{/Zn 8;2;92 332;78
¥ 0.84 1.45
g (Mg/g) 28.38 23.91
Dubinin-Radushkevich 2 oy (mol'/kT’y 0.02906 0.08758
cothorm 9, = 9o P (~Box’) E,, (kJ/mol) 415 2.39
R? 0.74862 0.80606
x> 34.55 16.27
a, (L/g) 0.53 0.26
RT b, 344.88 382.77
Temkin isotherm q, = Tm(”fc") b, (J/mol) 7.18 6.47
! R? 0.92151 0.95698
X2 10.79 3.61
Table 6
Comparison of Eu(IIl) and Tb(III) adsorption capacity for various sorbents
Adsorbents Maximum adsorption capacity, mg/g
References
Eu(III) Th(III)
Hydroxyl magnesium silicate 4.00 NR [53]
D155 resin 357.00 NR [54]
Magnetic alginate/hydroxyapatite biopolymeric composite 250.00 NR [55]
BaCO, 16.00 NR [56]
Activated carbon 18.41 NR [57]
CA/PEG 27.40 NR [58]
RF resin 72.9 NR [17]
HCR resin 76.40 NR [59]
TVEX-PHOR resin NR 30.49 [60]
CMC/P(PTA)/Ni, ,Zn ,Fe, O, NR 42.87 [61]
CA/CMC/Ni,ZnFe, O, NR 88.61 [62]
CA/CMC/Ni,Zn Fe, O, NR 24.41 [63]
CA-P(P-T-A)-NZFO NR 98.34 [64]
Siv 4423 34.39° Current work

NR: not reported;
“Calculated from Langmuir isotherm.

Pseudo-second-order:

t 1 t
—= +— 11
a, k4 4, ()

Intraparticle diffusion:

q, =k t*+C (12)

where g, (mg/g) and g, (mg/g) are defined as the amount
of adsorbate per gram of the adsorbent at equilibrium
and t time, respectively. k, (min™), k, (g/mg min), and k,
(mg/g min'?) respectively refer to the pseudo-first-order,
pseudo-second-order, and intraparticle diffusion rate
constants. Moreover, C provides information about the
thickness of the boundary layer, since the resistance
to the external mass transfer increases as the intercept
increases [69].
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The values of kinetic parameters obtained from Fig. 12
are shown in Table 7. As it is obvious from the results, the
highest values of R? and the remarkable agreement between
the theoretical and experimental g, obtained by pseudo-sec-
ond-order shows that the main mechanism for controlling
the sorption of Eu(Ill) and Tb(IIl) ions onto the prepared
SiV is chemisorption [63]. According to the intraparti-
cle diffusion model, the plot of g, vs. t*°> should be linear
if intraparticle diffusion is involved in the sorption pro-
cess and will pass through the origin if intraparticle dif-
fusion is the rate-controlling step. In the current case, the
linear plots not passing through origin were obtained
suggesting the involvement of intraparticle diffusion
in the sorption process but not as the sole rate-limiting
step. The sorption process is complex and external mass
transfer may also be involved in the procedure [70,71].

3.5. Thermodynamic evaluation

In order to expose the dependency of Eu(Ill) and Tb(III)
sorption on temperature, some thermodynamic parameters

E.A. Abdel-Galil et al. / Desalination and Water Treatment 226 (2021) 303-318

such as enthalpy change (AH®), entropy change (AS°),
and free energy change (AG°) were calculated from the
experimental data at 298, 318, and 338 K. The AG® param-
eter was calculated based on the adsorption distribution
constant K, (7 /C)) as shown below [29]:
AG®=-RTInK, (13)

The values of AH® and AS° were determined from the
slope and intercept of the straight line obtained from plot-

ting InK, vs. 1/T, respectively for all of the studied tem-
peratures (Fig. 13).

Ink, = AS°) (AH
R RT
The value of AG® was calculated as -1.81, -3.94, and
-6.43 kJ/mol for Eu(Ill) and 0.60, -0.19, and -1.26 kJ/mol
for Tb(III) at 298, 318, and 338 K, respectively. The acquired

negative values of AG® affirm the feasibility of the pro-
cess and the spontaneous nature of the sorption processes.

(14)
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Fig. 12. Kinetic plots obtained from (a) pseudo-first-order model, (b) pseudo-second-order model, and (c) intraparticle diffusion

at25°C +1°C.
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Table 7

315

Kinetic parameters obtained from pseudo-first-order, pseudo-second-order, and intraparticle diffusion models for sorption of Eu(III)

and Tb(III) onto SiV exchanger at 25°C + 1°C

Cation ¢, Pseudo-first-order kinetic model =~ Pseudo-second-order kinetic model Intraparticle diffusion
ME/8) k, (min') g (mgly) k(g/mgmin) q(mglp) R k,(mggmin®) C R
Eu(lll) 4.77 0.0152 2.78 0.99231 0.0121 5.01 0.99921 0.2109 1.809 0.96444
Tb) 4.40 0.0203 3.34 0.98185  0.0119 4.72 0.99915 0.2118 1.521 0.96447
2.5 supernatant was analyzed radiometrically. The decontami-
X nation factor was computed utilizing the next equation;
20
A,
L DF = 15
1.5} A (15)
x’ [ where (A) and (A) are the initial and final activities
e 10F (Bg/mL) of the radioactive solution respectively.
= - Data obtained are introduced in Table 9. It can be seen
05k that the radioisotope '"*'*Eu has the highest decontami-
I nation factor (5.60) compared to “Tb (3.81). The employ-
0.0k ment of SiV has shown that all radionuclides can be
e Tb® = EU* ‘ wonderfully separated from these samples with percent
u removals ranged from 73% to about 82% with just one

_0.5 A i A i A i A i A
0.0029 0.0030 0.0031 0.0032 0.0033
UT (K™

0.0034

Fig. 13. Plot of InK, vs. 1/T for the estimation of thermodynamic
parameters.

The increase in negative values of AG®° with increasing
the temperature (Table 8) means that the spontaneity and
feasibility of Eu(Ill) and Tb(IIl) sorption were increased
with boosting the temperature of the solution, this behav-
ior is not consistent with the sorption behavior of U(VI)
onto PC-g-P(TMC-M) [29] and Th(IV) onto CNEF-ETA-
TMC [72]. By considering the slope and intercept of the
plot in Fig. 13, AH® and AS° parameters were calculated
and summarized in Table 8. The change in AH® for Eu(III)
and Tb(III) ions was discovered to be positive values con-
firming the endothermic nature of the sorption process.
The positive values of AS° suggest increased random-
ness at the solid/solution interface with an increase in the
degree of freedom of the sorbed species.

3.6. Application

One of the great dangers facing humans and differ-
ent animals is a pollution of the environment with pol-
lutants, whether radioactive or non-radioactive. Among
the most important pollutants are those that are produced
from nuclear applications [73,74]. The removal efficiency
of the prepared SiV towards ™7**Eu and *Tb radionu-
clides solution were tested using batch technique under
the optimum conditions, known volume (3 mL) of this
solution was mixed with (0.03 g) of SiV exchanger as opti-
mum weight at 25°C + 1°C. The mixture was intermittently
shaken at a constant agitation speed of 200 rpm for 200 min.
After shaking, the SiV exchanger was separated and the

treatment. The results offered that SiV exchanger could be
counted to be an exceedingly effective and helpful material
for other lanthanides or trivalent actinides such as 24242m243
Am removal from wastewaters or real radioactive waste.

3.7. Desorption studies

Desorption or elimination of the adsorbate from the
adsorbent surface makes it possible to regenerate the adsor-
bent and recycling the adsorbate. Desorption of Eu(Ill) and
Tb(III) ions from loaded SiV is commonly completed utiliz-
ing different mineral acids from 0.01 to 0.5 mol/L. In each
experiment, 0.03 g of SiV loaded with Eu(IIl) or Tb(III) ions
was vigorously shacked with 3 mL mineral acids of desired
concentration for 200 min at 25°C + 1°C. Utilizing the min-
eral acids, for example, HCl and HNO, make the sorbent
surface rich with protons (H"). Then, the H* can remove more
easily the positively charged metal ions, thus leading to the
desorption of adsorbed ions by ion exchange mechanism
[60]. As depicted in Fig. 14, the recovery of Eu(III) and Tb(III)
ions from loaded SiV increased with increasing the HNO,
concentration till 0.4 mol/L. HNO,. Further increase in the
HNO, concentration does not affect the desorption of Eu(III)
and Tb(III) ions. 0.4 mol/L. HNO, can be utilized as a decent
desorbing reagent to elute the adsorbed metal ions from SiV
ion exchange material with the highest desorption percent-
age of 87.11% and 80.60% for Eu(IIl) and Tb(III), respectively
after one step desorption. When metal-SiV adsorbed was
treated with nitric acid of 0.4 mol/L, a desorption process
was proceeded due to a competition between hydrogen
ion provided by the HNO, solution and the cationic form
of the metal ions, which makes active sites occupied by H*.
It affects the association of the resin with metals and most
of Eu(Ill) or Tb(II) returns to the solution. Subsequently,
0.4 mol/L HNO, can be considered as a promising eluent for
Eu(II) and Tb(III), and the reuse of resin remains significant.
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Table 8
Thermodynamic parameters for sorption of Eu(Ill) and Tb(III) from aqueous solution onto SiV exchanger at different reaction
temperatures
Cation Temp. (K) AG® (kJ/mol) AH® (kJ/mol) AS° (J/mol K)
298 -1.81
Eu(III) 318 -3.94 32.53 115.06
338 —6.43
298 0.60
Tb(III) 318 -0.19 14.43 46.28
338 -1.26
Table 9

Radiometric measurements for Eu-152+154 and Tb-160 sorbed
onto SiV exchanger to determine the sorption percent and
decontamination factor

Ion A, A Sorption % D.F.
Eu-152+154 3,657 653 82.14 5.60
Tb-160 2,445 642 73.74 3.81
T
3+
80 I Eu
B
S 60
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o
o
@ 40
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14. Recovery of Eu(Ill) and Tb(Ill) from loaded SiV

exchanger using different concentrations from HNO,.

4. Conclusions

con

In view of the results mentioned above, the following
clusions can be pointed out:

Silico vanadate was prepared as a new and novel crys-
talline inorganic ion exchanger which possesses high
chemical and thermal stabilities.

XRD patterns and TEM photographs confirm that more
than one component agglomerate with each other; a large
vanadate component is intimately mixed with nano-
sized silica.

FT-IR and pH titration studies indicate that Si-O-H
and V-O-H groups are responsible for releasing its H*
ions to be exchanged with the studied cations.

The SiV ion exchange material is a potential material
for the removal of Eu(Ill) and Tb(Ill) from aqueous

solution with sorption of 95.40% and 88.70%, respectively
within 200 min.

Both Freundlich and Langmuir models were the best fit
models to depict the sorption equilibrium and the maxi-
mum monolayer capacity (q,) was 44.23 and 34.39 mg/g
for Eu(Ill) and Tb(IIl), respectively at 25°C + 1°C
using non-linear Langmuir plots.

The experimental data are in good conformity with the
pseudo-second-order and the intraparticle diffusion
mass transfer kinetic models.

The sorption of Eu(Ill) and Tb(IIl) by SiV was sponta-
neous and endothermic in nature.

Desorption studies indicated that both metal ions can
be disposed of from the used sorbent using 0.4 mol/L
HNO, solution and SiV can be regenerated and reused
for further sorption processes.
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