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ABSTRACT

In this work, functionalized silica (F-silica) was synthesized by condensation reaction of
2-hydroxyacetophenone-3-thiosemicarbazone with diazotized silica and evaluated for
removal of cesium ion from aqueous solution. The synthesized compound was characterized
using Fourier transform-infrared spectroscopy. The batch experiments were carried out in a
range of initial cesium concentration from 500 to 2,500 pg/L using F-silica in the solution.
The effect of initial cesium concentration and contact time on process kinetics and equilib-
rium were also studied. Nonradioactive cesium chloride was used as a surrogate of the
radioactive cesium. The experimental data were analyzed using equilibrium isotherm Fre-
undlich and Langmuir models. The adsorption data were well described by Freundlich
model. Pseudo-first-order and pseudo-second-order kinetic models were used to analyze the
adsorption-rate data. The pseudo-second-order model was found to correlate best with the
kinetic data. The results showed that F-silica can adsorb Cs(I) with high efficiency by chemi-
sorption and physiosorption mechanisms.
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1. Introduction

The heavy metal ions are toxic or carcinogenic and
hence present a threat to human health and the envi-
ronment, when they exist in or are discharged into
various water resources. These metal ions are present
in wastewater discharge of many industries among
which the plating facilities, batteries, alloys, electro-
plated metal parts, mining, refining and production of
textiles, paints and dyes operations are easily distin-
guishable due to their severe environmental impacts
and ever-present risks associated with mismanage-
ment [1,2]. Nowadays, the major problem is contami-
nation of the water with long-lived radionuclides such
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as cesium, strontium, lanthanides, and actinides. The
main sources of radioactive wastes are operation of
nuclear power plants, research facilities, and the use
of radioisotopes in industry and diagnostic medicine
[3-6]. During the nuclear war and mismanagement of
nuclear power reactors, drinking water was contami-
nated with radionuclides and their degraded prod-
ucts. The nuclear war and mismanagement of nuclear
power reactors has already taken place at different
times such that water is contaminated with radioac-
tive iodine and cesium after an explosion at a nuclear
power plant due to the great east Japan earthquake.
Recently, drinking water contaminated with radionuc-
lides has become an emerging threat to military as
well as civilian population. Therefore, the removal of
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radionuclides from contaminated water is a necessary
requirement.

Several technologies such as thermal treatment,
precipitation, filtration, evaporation, nanofiltration,
ion exchange using organic resins, and adsorption
[7-9] have been proposed to treat radioactive waste.
Among these techniques, adsorption is one of the
most promising processes and many types of adsor-
bents have been applied including modified alu-
mina, TiO, (Anatase and Rutile), attapulgite [10-12],
synthetic inorganic material [13,14], modified zeolites
[15], bentonite [16], polyacrylamide cerium titanate
polymer [17], and titanium tungstate [18]. However,
the organic resins and other adsorbents have a
drawback due their ability to swell and low-removal
efficiency.

The adsorptions of radionuclides on other materi-
als such as carbon nanotubes [19,20] and cement mor-
tar [21] have been studied. Nonmodified carbon
nanotubes show insufficient adsorption efficiency due
to their poor-dispersion property. Therefore, research-
ers carried out investigation for new promising adsor-
bents [22]. Among the different adsorbents, silica gel,
especially immobilized with various organic com-
pounds with metal-chelating functionality, has
received great attention [23]. Silica has various advan-
tages over other organic/inorganic supports such as:
immobilization is easier on silica surface than on
organic polymeric supports, high specific surface area
[24] high mass exchange characteristics and no swell-
ing, great resistance to organic solvents [25], and very
high thermal resistance [26]. In this context, a search
for newer adsorbent is essential. The adsorption
approach involving application of F-silica in removal
of cesium from the waste water can offer a complete
solution.

Our laboratory has developed various water purifi-
cation technologies for wastewater treatment [27].
Now our research and development is focusing on
developing a novel adsorbent for removal of radio-
nuclides from contaminated water. The objective was
to find the optimum conditions for the removal of Cs
(D) from contaminated water under different treatment
conditions such as contact time, dose, pH, and initial
concentration.

In this paper, F-silica has been prepared by the
condensation reaction of diazotized 3-aminopropyl
silica with 2-hydroxyacetophenone-3-thiosemicarba-
zone. After characterization, it was evaluated for the
removal of Cs(I) ions from aqueous solution and
adsorption kinetics parameters were also calculated.
To our best knowledge, the use of such material for
the removal of Cs(I) ions has not been reported.
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2. Experimental
2.1. Instrumentation

Metal-ion removal studies were carried out by
using atomic absorption spectrometer (AAS)
(Analytik-Jena-Nova-400) on flame mode with single
beam. AAS equipped with 100mm burner, a cross
flow nebulizer 5.0 mL/min, and 1.2 mm slit were used
throughout the experiments. Each experiment was
duplicated under identical conditions wusing this
instrument for concentration determination. IR spectra
of the compound were recorded on Jasco fourier trans-
form-infrared spectroscopy (FT-IR) model 610 by using
KBr pellets. The pH measurements were made on a
digital pH meter (HACH, sension 1, model 51935-00)
equipped with a gel-filled pH electrode. The meter
was calibrated with the buffers of 4, 7, and 10.

2.2. Chemicals and solutions

All the reagents used during experiments were of
analytical-grade. All laboratory wares used for analyti-
cal determination were cleaned first by nitric acid and
hydrochloric acid, followed by repeated rinsing with
de-ionized water. All the solutions were prepared
with ultrapure water (resistivity: 18.2MQ cm) from an
Elix analytical reagent-grade water purification
system. 3-Aminopropyl silica was purchased from
Aldrich with characteristics of particle platform
irregular, functionalized 9%, surface area 550m?/g
and mean pore size 60 A.

Calibration standard solutions and internal stan-
dards were prepared from commercial metal standard
solutions. Analytical grade nitric acid (Fisher) was
used as acid for the preparation of all the calibration
standard solutions and analytical solutions. Standard
working solutions 1,000mg/L of cesium were pre-
pared from CsCl Suprapur® (Merck, Germany) and
solutions of varying initial concentrations were
prepared from the 1,000mg/L solution by serial dilu-
tion, using distilled deionized water.

2.3. Functionalization of 3-aminopropyl silica with
2-hydroxyacetophenone-3-thiosemicarbazone

2.3.1. Synthesis of 2-hydroxyacetophenone-3-thiosemi-
carbazone

2-Hydroxy acetaphenone (0.3mol dissolved in
50mL of methanol), thiosemicarbazide (0.3mol dis-
solved in 200mL of water) and potassium hydroxide
(3g dissolved in 25mL of water) were mixed in a
round bottomed flask and refluxed for 3h and after
cooling the mixture, was poured in ice water. The
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yellow crystals obtained were washed with ethanol
and recrystallized in ethanol (Scheme 1).

3-Aminopropyl silica (10g) and 20mL HCI solu-
tion (conc. HCI:H,O; 1:1v/v) were stirred in conical
flask at 0—-4°C. To this, drop wise solution of 10mL
NaNQO, (5M solution of NaNO, in water) was added
until the reaction mixture showed a permanent dark
blue color with starch-iodine paper with continuous
stirring. The diazotized silica was washed with ice-
cold water and reacted with 2-hydroxyacetophenone-
3-thiosemicarbazone (2g dissolved in 50mL of 10%
NaOH solution) at 0—4°C for 10h. The resulting prod-
uct was filtered, washed with water, and dried
(Scheme 2).

2.4. Adsorption studies with batch method

Batch adsorption experiments were carried out in
glass bottles (100mL) containing F-silica (50 mg) with
10 mL of Cs(I) ions of desired concentration at 30 +1°C.
The bottles were shaken for 5-30min and solutions
containing Cs(I) ions were filtered using Whatman fil-
ter paper (No. 42). After each experiment, the residual
concentration of Cs(I) ions was determined by AAS.
The amount of metal ion adsorbed by F-silica
(Qemmol/g) was calculated according to the following
equation:

Qe =(Ci—Ce)xV/m (1)

where C; and C, are initial and equilibrium concentra-
tion (ng/L), respectively. V(L) and m(g) are volume
of the sample solution and mass of the F-silica. The
observed adsorption data were fitted with Langmuir
and Freundlich models.

2.5. Kinetic adsorption experiment

The kinetic study was carried out at two concen-
trations (1,000 and 2,000 /L) at pH 7. Data acquisi-
tion protocol includes the treatment of a series of
50mg of the F-silica with 10mL of cesium solution.
These series of samples are quenched at time interval
by filtration. The concentrations of the filtrate were
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Scheme 1. Synthesis of
thiosemicarbazone.
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Scheme 2. Functionalization of 3-aminopropyl silica with
2-hydroxyacetophenone-3-thiosemicarbazone.

analyzed by AAS. These results were also used to
obtain the adsorption kinetics.

3. Results and discussion
3.1. Characterization of functionalized silica

A schematic representation of synthesis of
2-hydroxyacetophenone-3-thiosemicarbazone (1) is
shown in Scheme 1. The FT-IR spectrum of 2-hydroxy-
acetophenone-3-thiosemicarbazone (Fig. 1) showed
absorption bands at 3,420, 3,250, 1,623, 1,376, 1,240, and
1,106 cm™ ! due to NH, stretching, O-H stretching,
C=N stretching, C=S stretching, O-H bending and
C-N stretching [28], respectively. The appearance of the
characteristic IR absorption bands of these groups is a
proof for the compound 1.

The synthesized compound was used to function-
alize 3-aminopropyl silica as shown in Scheme 2.

FT-IR of 3-aminopropyl silica (Fig. 2(a)) shows
absorption band at 1,150cm ™' for the Si-O-Si group
and O-H stretching of silanol group at 3,450cm .
After functionalization with compound 1 new
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Fig. 1. FT-IR spectra of functionalized 2-hydroxyacetop
henone-3-thiosemicarbazone (Compound 1).
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Fig. 2. Comparative FT-IR spectra of (a) 3-aminopropyl
silica (b) F-silica with 2-hydroxy acetaphenone-3-
thiosemicarbazone.

absorption bands (Fig. 2(b)) appear at 3,436, 1,670,
1,525, 1,390, 1,230 and 1,105cm ' which may be
assigned to NH, stretching, C=N stretching, N=N
stretching, O-H bending, C=S stretching and C-N
stretching, respectively, and the presence of Si-O-Si
group absorption band at 1,150 cm ™ '[29]. The presence
of absorption band of these groups confirmed that
3-aminopropyl silica functionalized with 2-hydroxy-
acetophenone-3-thiosemicarbazone.

3.2. Adsorption isotherm

The adsorption isotherm of Cs(I) onto F-silica from
aqueous solution has shown that the adsorption
capacity of Cs(I) onto F-silica increases with increasing
the initial Cs(I) concentration, increases and continues
up to 2,000 ug/L and levels off thereafter. The initial
Cs() concentrations (500, 1,000, 1,500, 2,000 and
2,500 pg/L) have been used for investigation of the
adsorption isotherm. The equilibrium concentrations
are obtained after 10 min of contact time.

Langmuir [30] and Freundlich [31] models are
employed to describe the adsorption process.

The Langmuir isotherm (Fig. 3) model is given as

0.7 1
0.6 4 >
0.5 1
0.4 1
0.3 1

CelQe

0.2 4
0.1 1

0 50 100 150 200 250 300

Ce

Fig. 3. Langmuir isotherm of Cs(I) adsorption onto F-silica.
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Ce/Qe = 1/(qmb> +Ce/Qm (2)

where C. is the equilibrium concentration obtained
from the initial concentration upon a certain period of
contact time with the F-silica, Q. is the amount of Cs
(I) adsorbed per gram of F-silica (ug/g) at equilibrium,
and Qy, is the maximum adsorption capacity (ug/g).
b is the Langmuir parameter related to energy of
adsorption. Q. is derived from the Eq. (1). The linear
plot of C./Q. vs. C. gives the intercept and slope cor-
responding to 1/(Qmb) and 1/Qy,, respectively, from
which both Q,, and b are derived. A plot of Co/Qe Vs.
C. obtained a straight line if the Langmuir equation is
obeyed by the adsorption equilibrium [32].
Freundlich isotherm (Fig. 4) can be expressed as

log Q. = 1/n log C. + log K 3)

where K and 1/n are Freundlich constants, indicating
the sorption capacity and sorption intensity, respec-
tively. C, is the equilibrium concentration of Cs(I) in
aqueous solution and Q. is the sorption capacity. The
plot of logQ. against log C. gave the intercept and
slope corresponding to log K and 1/n, respectively,
from which both K and 7 are obtained.

The regression equation parameters Q. K, 1/n,
and the correlation coefficient are summarized in
Table 1. It is seen that the Freundlich model is more
suitable to fit the adsorption data than Langmuir
model, since the correlation coefficients are higher
than 0.99. The numerical value of 1/n<1 indicates
that adsorption is fitted to Freundlich model and mul-
tilayer adsorption on the surface.

3.3. Adsorption kinetics

The kinetic property of Cs(I) adsorbed on the
F-silica was assessed (Fig. 5). The adsorption rates
were determined at pH 7 in the range of Cs(I) concen-
trations 1,000 and 2,000 pg/L in aqueous solution. It is
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Fig. 4. Freundlich isotherm of Cs(I) adsorption onto
F-silica.
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Table 1
Langmuir and Freundlich parameters of Cs(I) adsorption
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Langmuir model

Freundlich model

Om(ng/g) b(L/pg) R? K 1/n R?
370 0. 0039 0.9613 0.1760 0.4369 0.9992
400 —
300 — @ 1000 ppb
5 - B 2000 ppb
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Fig. 5. The adsorbed amounts of Cs(I) at different time
intervals.

observed that the adsorption increases with increased
concentration of the metal ion. At any given concen-
tration, the Cs(I) adsorption quickly rose, and then
reached the plateau, which is the equilibrium
capacity.

The adsorption data will be applied to selected
adsorption kinetic models, namely the pseudo-first-
order and pseudo-second-order equations [33]. The
pseudo-second-order reaction is expressed as [34]:

t/Q = 1/(k2Qo)* +t/Qe (4)

where Q. (ug/g) is the amount of metal ion adsorbed
at equilibrium, Q;(ug/g) is the amount of metal ion
on the surface of the sorbent at time t and k[g/

Table 2
Kinetic parameters for Cs(I) adsorption onto the F-silica

Fig. 6. Second-order kinetic plot for the adsorption of Cs(I)
ions.

(ugmin)] is the rate constant of pseudo-second-order
adsorption. The values of 1/ (k2Q.)? and 1/Q. are
derived experimentally from the intercept and slope
of the linear plots of t/Q; vs. t, which eventually leads
to values of k; and Q. (Fig. 6).

The kinetic parameters for the adsorption of Cs(I)
onto F-silica are summarized in Table 2. An analysis of
the data in Table 2 indicates that the correlation coeffi-
cient R?, of the pseudo-first-order model at initial con-
centration (1,000, 2,000 pg/L) did not exceed the value
of 0.6320 and Q. value is too low. This shows that the
adsorption of Cs(I) by F-silica did not follow the
pseudo-first-order reaction. The correlation coefficient
R* of the pseudo-second-order model is extremely
high (greater than 0.995) and Q. value is also too high.

Pseudo-second-order

Co(ng/L) K> [g/(min pg)]
1,000 5.3404 x 1072
2,000 3.14 x 1072
Pseudo-first-order

Co(ug/L) K5 (1/min)
1,000 3.1076 x 107
2,000 1.0945 x 107

Qe (ng/g) R?
187.235 0.997
380.571 0.995
Qe (ng/g) R?
9.378 0.3172
14.064 0.6320
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It is found that pseudo-second-order model is applica-
ble to the present adsorption kinetics of Cs(I).

4. Conclusions

F-silica was successfully prepared by condensation
reaction of diazotized 3-aminopropyl silica with
2-hydroxyacetophenone-3-thiosemicarbazone and char-
acterized by FT-IR. The adsorption of Cs(I) ions on
functionalized silica was investigated by the batch
method. The effect of parameters on removal of Cs(I)
from aqueous solution were also studied. The equilib-
rium data were analyzed using Freundlich and Lang-
muir isotherms. The Freundlich model was
demonstrated to provide the best correlation constant
0.995 of cesium adsorption onto F-silica. The maximum
adsorption capacity was determined to be 370 ng/g for
cesium ions. The kinetic studies revealed that the
adsorption process of cesium ions followed well the
pseudo-second-order kinetic model. The present study
showed that F-silica can be used as a novel adsorbent
for removal of radioactive Cs(I) ions from contami-
nated water.
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