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Abstract A novel composite material of SiO,—Al,O3
based on poly(acrylic acid—maleic acid) was synthesized
by irradiated with ®°Co y-rays at a dose of 25 KGy. The
composite material was characterized using FTIR, TGA
and BET surface area. Adsorption of '**Cs from HNO; was
studied as a function of contact time, temperature and
concentration of Cs. Sorption behavior of '**Cs in different
concentration of HCI, HNOs;, acetic acid, ascorbic acid,
citric acid, NaCl and NaNO; solutions has been investi-
gated. It can be concluded that the P(AA-MA)/Si0,/Al,05
is promising adsorbent for Cs removal from acidic liquid
radioactive waste.

Keywords Cesium - Composite material - Kinetic model

Introduction

Radiocesium is a common constituent in radioactive
wastewaters from nuclear processes. The availability of
37Cs into environment poses a threat to the eco-system
owing to its long life and unlimited solubility, which
causes its migration to the biosphere through ground water
and tends to remain in an available form to biota for several
decades. Also, it is well known that radioactive cesium is
an excellent gamma source for some clinical and biotech-
nological applications like surgical instrument disinfection,
radiotherapy and food sterilization [1, 2]. Therefore,
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separation and recovery of radioactive cesium from waste
solutions are a significant issue and has drawn particular
attention of researchers. Hence, effective and simple
methods should be explored for its removal before dis-
posing of the wastes in aquatic systems.

From past few decades, considerable efforts have been
directed towards the development of various physico-
chemical methods for removal and recovery of radioactive
Cs isotopes from nuclear waste streams involving co-pre-
cipitation, coagulation [3, 4], ion exchange [5-10], solvent
extraction [11-15] and membrane processes [16—18].

Separation procedures based on adsorption phenomena
are important in the analytical and radiochemistry of trace
elements because of their simplicity, efficiency and selec-
tivity. Fundamental investigations for better understanding
of adsorption mechanisms of radionuclides will continue in
order to be able to select most suitable materials for a
particular requirement. Various types of inorganic and
organic ion exchangers have been synthesized; however,
inorganic ion exchangers generally are superior to organic
resins because of their greater resistance to high tempera-
ture and high radiation, which is of great importance in the
nuclear technology. In this regard, several types of adsor-
bents have been developed in recent years [19-27]. Insol-
uble metal oxides have attracted particular interest in the
treatment of radioactive liquid wastes [19, 20]. These
oxides are effective materials for the treatment of
radioactive liquid wastes because they have an affinity for
certain ions or groups of ions from both acidic and alkaline
solutions.

Due to high amount inventory presences of radiocesium
in acidic radioactive waste that produced during operation
of different nuclear facilities, there has been increased
attention by researchers [2, 12, 14, 16, 22, 28]. This
attributed to challenge in order to find suitable efficient
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materials for removal of radiounclides from acidic liquid
radioactive waste. Ammonium molybdophosphate based
on poly acrylonitrile (AMP-PAN) exhibits satisfactory
sorption of cesium from acidic waste solution was reported
by Raut et al. [22] and Tranter et al. [29]. Evaluation of
resorcinol formaldehyde (RF) resin for removal of cesium
from Hanford waste solutions was investigated by Hassan
et al. [30]. Mrad et al. [31] investigated the preparation and
characterization of zirconium phosphate (ZrP) in order to
explore the behavior and the mechanism of radionuclide
sorption onto amorphous, anhydrous crystalline and
monohydrate crystalline phases of ZrP. The sorption of
three radioisotopes 234Th, 238U, and '**Cs from different
concentrations of acidic solution (namely: nitric acid,
hydrochloric acid and citric acid) onto three different
phases of ZrP has also been reported.

The literature reports '*’Cs removal from alkaline nuclear
waste using crystalline silicotitanates (CST) as exchange
material [32]. Studies using CST from acidic waste feed [33,
34] have shown some success, but with less cesium
adsorption capacity than is obtained with alkaline systems.

Crystalline silicotitanate manufactured and marketed by
UOP as IONSIV IE-911 and an (AMP-PAN) composite
sorbent have been evaluated for the removal of cesium
from the Idaho National Engineering and Environmental
Laboratory (INEEL) concentrated acidic tank waste has
also been reported by Todd and Romanovskiy [35]. Spur-
red by need to find the suitable adsorbent materials with
specific properties and looks essential to be utilized for
treatment of acidic radioactive waste is still much attention.
Therefore, the present work was carried out with a view to
synthesize novel Al,O3;-SiO, based on poly(maleic acid—
acrylic acid) resin as novel composite material and evalu-
ates their adsorption behavior of cesium from different
acidic media. In order to understand the sorption mecha-
nisms applicable for cesium sorption a number of kinetic
models have been explored.

Experimental

Chemicals and reagents

All chemicals and reagents used in this study were of
analytical grade and were used without further purification.
Radioactive tracers '**Cs (half-life 2.056 year) artificially
produced in the 2nd Egyptian Nuclear Reactor, ERR-2,
was finally used in the form of the corresponding nitrates.

Preparation of radio-tracer

For radiochemical investigations, radioactive tracer 134
(half-life 2.06 years) was produced via irradiation of
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cesium chloride, at the Egyptian Second Research Reactor,
ETRR-2. Accurately weighed portions of cesium chloride
(about 10 mg) were wrapped in thin aluminum foils pre-
liminary cleaned with acetone and were placed in thick
aluminum irradiation capsules. These capsules were
transferred to an aluminum irradiation of length 670 mm,
arranged adjacent to the ETRR-2 core, and irradiated at a
thermal neutron flux of 10'* n cm™2 s~ for about 4 h.

Synthesis of composite polymeric material

Natural silicon and aluminum was obtained from natural
material of bentonite that rich with Al and Si. A portion of
bentonite was mixed with of sodium hydroxide and the
ratio was kept at (1:1). The reaction was carried out at
600 °C for 2 h, then the mixture was dispersed in distilled
water with stirring for 4 h. A co-monomer composition of
acrylic acid—maleic acid (AA-MA) with 10 % for each
monomer concentration was mixed with a constant portion
of silicon/aluminum for the prepared composite materials
as demonstrated in Table 1.

Each mixture was dissolved in de-oxygenated water the
each mixture was stirred at room temperature for 2 h. The
mixture was irradiated at dose 25 K Gy with the constant
dose rate in gamma cell (°°Co). After irradiation the sample
was filtrated from their aqueous solution. The samples were
precipitated from their aqueous solution by adding excess
acetone slowly with continuous stirring. Finally, the sam-
ple was dried in a vacuum at 50 °C overnight.

Characterization of composite polymeric material
Infrared absorption spectra

Infrared spectra of samples were measured by the standard
KBr disc method using FTIR (Perkin Elmer Spectrum. The
IR spectrum of P(MA-AA)-Al,03-SiO, sample was

scanned over the wave number range 600—4000 cm™".

Thermogravimetric analysis

Thermogravimetric analysis (TGA) and differential ther-
mal analysis (DTA) of sample was performed at a heating
rate of 15 °C min~' using Shimadzu DTA-40 thermal
analyzer.

Table 1 The concentration of co-monmer and inorganic in the irra-
diated composite material

Monmer Si/Al (ml) Dose rate (KGy/h)
AA (ml) MA (ml)
10 8 4 25
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BET surface area

Characterizations of P(IMA—-AA)-Al,05-Si0, sample was
determined by nitrogen adsorption at —196 °C with the
help of a Quantachrome Nova 1000e surface area and pore
size analyzers. Before measurement, the sample was
degassed at 300 °C for 2 h. The BET surface area, total
pore volume and average pore radius were obtained from
the adsorption isotherms.

Sorption experimental measurements

Batch experiments were conducted with 0.5-1.0 mm sieve
size of composite polymeric material to investigate the
effects of the contact time, temperature, and initial con-
centration of cesium as well as a different acidic solution
on the sorption process.

The kinetic behavior of Cs was investigated by shaking
0.05 g of the prepared P(MA-AA)-Al,05-SiO, with 5 mL
of radioactive liquid waste containing 50 mg/L of Cs, at a
speed of 300 RPM in thermostatic shaker at 298, 308, 318
and 328 K for a specified period of contact time. The clear
liquid phase was obtained by filtration and the activity of
134Cs in solution was determined radiometrically, using a
high resolution (7.5 %) Nal(T1) scintillation detector model
802-3X3, Canberra, USA. The distribution coefficient (Ky),
removal percent (R %) as well as amount of metal ion
sorbed onto the polymer at time (t), ¢, (mg/g) were cal-
culated from the following relations:

Ko = S5 (L fe) (1)
R(%) = ﬁ x 100 (2)
o = (957 G mee) 4

where C; and C; are the initial and the counting rate at time
(1) per unit volume for the radionuclide, respectively; C, is
the initial concentration (mg/L) of metal ions used, V is the
volume of the aqueous phase (mL), and m is the weight of
the composite polymeric material (g).

Results and discussion

Characterization of composite polymeric material
FT-IR spectra

The FTIR Spectra of P(AA-MA) and P(AA-MA)SiO,/

Al,O5 composite and polymeric material, respectively, are
shown in Fig. 1. The absorption peaks at 3419 and

3427 cm™" are attributed to the stretching vibration of the
hydroxide group (—OH) [36]. The slightly weak bands in
the region 2925 and 2966 cm ™' are due to the stretching
vibration of C-H groups. The peaks at 1719 and
1722 em™! indicates to C=O stretching vibration of car-
boxylic groups in the polymer and composite material. The
peaks at 1428, 1167, 1104, 1074, 1036 cm™! (in Fig. 1a)
and 1429, 1172, 1102 and 1033 cm™! (in Fig. 1b) are
characterized for CH bending of the aliphatic -CH, groups
[37]. The absorption bands at 902506 cm™' may be due to
Si—-O and Al-O bonds, this confirm the formation of
composite material as shown in Fig. la. The absence of
any absorption bands for C=C groups indicates the
copolymerization of acrylic acid and malic acid.

Thermogravimetric analysis (TGA)

TGA and DTA thermograms of the prepared composite
material are shown in Figs. 2. The TGA curve of the
composite material showed a continuous loss in weight up
to the maximum heating temperature used (600 °C). The
TGA thermograph shows that the loss of weight occurs at
different stages. In the first zone of the thermogram from
25-215 °C, the decrease of weight is 76.57 % for com-
posite, which can be attributed to desorption of remaining
water inside the crystal lattice of the composite. Within the
temperature range from 215-500 °C the second weight loss
reached to 17.61 %, which is corresponding to polymer
decomposition [38]. This indicates that the thermal stabil-
ity of polymer/oxide composites is superior to that of the
pure polymer. It further demonstrates that the incorporation
of Si0,/Al,0; improves the thermal stability of poly[-
maleic acid-acrylic acid] by delaying the phase transfor-
mation process [39, 40].

DTA shows that endothermic peak at (59.1 and
136.4 °C) due to removal of external water molecules and
endothermic peak at (195.8 °C) due to the removal of
interstitial water molecules removed by condensation of —
OH groups. The endothermic peaks at 219.6 and 256.3 °C
as can be attributed to release of ammonia gas and CO,
release as a result of dehydration of maleic acid [41].

Porous properties

The shape of the adsorption isotherm can provide qualita-
tive information on the adsorption process and the extent of
the surface area available to the adsorbate. The properties
of the composite material were characterized in terms of
pore volume and surface area. In order to determine the
specific surface area and pore volume, composite was
characterized by BET method. N, adsorption—desorption
isotherms analysis of composite are shown in Fig. 3. As
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Fig. 2 TGA-DTA curves of P(AA-MA)SiO,/Al,03
material

composite

shown in Fig. 3, the isotherm type of P(AA-MA)/Al,Os-
Si0; is type IV according to the [UPAC isotherm, which is
typical for mesoporous materials that exhibit capillary
condensation and evaporation and that have large pore
sizes with narrow size distributions. The pore characteristic
of composite material is summarized in Table 2. The data
obtained shows that BET surface area of the prepared
composite is 67.74 m?/g.
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Fig. 3 Adsorption and desorption of N, by P(AA-MA)/SiO,/Al,03

Adsorption behavior of '**Cs
Adsorption of '3*Cs from different solutions
In order to determine the adsorptive properties of the

Poly(AA-MA)/Al,05-SiO, as a composite polymeric
material used to separation of '**Cs from different



J Radioanal Nucl Chem (2016) 307:1231-1241

1235

Table 2 Porous structure parameters of poly(AA-MA)/Al,05-SiO,

Parameters Values
BET-surface area (mzlg) 67.74
Langmuir surface area (m2/g) 133.8
Total pore volume (cm3/g) 0.048
Average pore radius (nm) 1.429

solutions, such as hydrochloric acid, nitric acid, acetic acid,
ascorbic acid, citric acid and sodium chloride as well as
sodium nitrate solutions, has been investigated as listed in
Table 3. It was found that the distribution coefficient of
34Cs  onto  Poly(AA-MA)/AL,O5-SiO, is different
according to the kind of solution. Under the same condi-
tions, it was observed that the distribution coefficient of
134Cs is decreased with increasing the concentration of
hydrochloric acid, nitric acid, acetic acid, ascorbic acid,
citric acid and sodium chloride as well as sodium nitrate
solutions. The obtained results are in agreement with those
reported in [5] for separation of Cs, Ba, Cu and Zn using
zirconium antimonate (ZrSb) ion exchanger. It was also
observed that the maximum removal of '**Cs from HNO;
and NaCl solutions has been obtained. This property is
desirable in practical application. Therefore, the sorption
potential, thermodynamic and kinetic behavior of P(AA-
MA)/Al,05-SiO, for the removal of '**Cs from 0.1 M
HNO; was further evaluated.

Effect of shaking time on adsorption of '**Cs

Sorption is time-dependent process and the equilibrium
times are one of the most important parameters for eco-
nomical liquid waste treatment application. '**Cs removal
by P(AA-MA)/Al,05-SiO, was studied using three dif-
ferent initial concentrations so as to optimize the adsorp-
tion equilibrium time. Figure 4 illustrates the adsorption of
134Cs onto the PCAA-MA)/A1,05-Si0, from 0.1 M HNO5
aqueous solution as a function of contact time and initial
concentration. It was found that the amount of '**Cs
adsorbed increases with increase in contact time, but after
some time, it is gradually approaching a constant value,
denoting attainment of equilibrium. The uptake of '**Cs by
P(AA-MA)/A1,05-Si0O, was very rapid at the beginning.
The initial rapid phase may be due to the large number of
vacant sites available at the initial period of the sorption.
The amount of cesium adsorbed increases with time and
reaches a constant value after about 2 h. After the equi-
librium time, the amount of cesium adsorbed did not sig-
nificantly change with time. This plateau represents
saturation of the active sites available on P(AA-MA)/
Al,05-Si0, for interaction with cesium ions. It was
assumed that the equilibrium time is that at which curves

appear nearly asymptotic to the time axis. In the present
case, the equilibrium time for 134Cs removal was obtained
at 120 min and hence considered for further study.

It can be seen that the adsorption of cesium at different
concentrations is rapid in the initial stages and gradually
decreases with the progress of adsorption until the equilib-
rium is reached. The amount of '**Cs adsorbed at equilib-
rium (g.) increased from 7.9 to 14.7 mg/g as the
concentration was increased from 100 to 200 mg/l. This
may be because an increase in the initial concentration
enhances the interaction between cesium ions and the sur-
face of P(AA-MA)/A1203-Si02. The initial concentration
of cesium provides an important driving force to overcome
all mass transfer resistances of the cesium between the
aqueous and solid phases. Hence a higher initial concen-
tration of adsorbate will enhance the adsorption process. For
higher initial concentration studied, it was found that there
was no change in the equilibrium time at the observed initial
cesium concentration range. The uptake of '**Cs versus time
curves is smooth and continuous leading to saturation,
suggesting the possibility of monolayer coverage of cesium
on the outer surface of P(AA-MA)/A1203-Si02.

Adsorption capacity

The adsorption capacity of P(AA-MA)/A1203-Si02 com-
posite material for Cs was tested by measuring the g, values
of the radiotracer in the presence of various concentrations
of the similar non-radioactive metal ion. The concentration
of the non-radioactive metal ion was varied in the solution
until maximum sorption capacity was obtained. As shown
in Fig. 5, the highest sorption capacity of Cs (16 mg/g) for
the composite material P(AA-MA)/Al,O5/Si0,, from
HNO; solution has been obtained. Low capacity is attrib-
uted to the inorganic portion of Al/Si reduced a number of
functional groups and/or porous of P(AA-MA) which is
known to be efficient for ion exchange/or adsorption of
ions. Table 4 represents a comparison of the adsorption
capacity of the PLAA-MA)/A1,05/Si0, composite material
with those other adsorbents reported from the literature for
the adsorption of cesium. The obtained sorption capacity is
relatively low compared with those stated in the literature.

Adsorption thermodynamic parameters

It is well known that temperature changes play an important
role in the adsorption process [44-46]. To know an indica-
tion about thermodynamic of adsorption, the effect of tem-
perature on the adsorption capacity should be studied. The
plot of adsorption of '**Cs as a function of temperature
shows that adsorbed amount of '**Cs decreased with tem-
perature from 303 to 333 K, indicating that the adsorption is
an exothermic process, as shown in Fig. 6. The temperature
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Table 3 Distribution

coefficient of '*Cs onto P (AA— Conc. HCl HNO; Acetic acid Ascorbic acid Citric acid NaCl NaNO;
MA)/S102/A1,03 composite 0.1 1995 267 50 131 139 247 189
material from different media
0.001 243 282 135 158 160 254 239
0.0001 250 322 170 171 201 384 265
C
85 Kc — Ae ( 5)
CSe

T T
100 150 250

Shaking Time, min

0 50 200

Fig. 4 Effect of contact time for removal of Cs from HNOj using
P(AA-MA)Si0,/Al,0;
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Fig. 5 Sorption capacity of 134Cs onto P(AA-MA)SiO»/AL,O; from
0.1 M nitric acid solution

dependence of the adsorption process is associated with
changes in several thermodynamic parameters. Thermody-
namic parameters such as the change in free energy (AG),
enthalpy (AH) and entropy (AS) of adsorption were calcu-
lated from the following equation [43, 44]:

AG® = —RT In K, (4)

where R is the gas constant (8.314 J/mol K), K. is the
equilibrium constant and 7 is temperature in K. The K.
value is calculated from Eq. (5):
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where Ca. and Cs. is the equilibrium concentration of
metal ions on adsorbent (mg/L) and in the solution (mg/L),
respectively. Enthalpy (AH, kJ/mol) and entropy (AS,
J/mol K) of adsorption can be estimated from van’t Hoff
equation as represented as follows:

AG® = AH°—TAS° (6)

The van’t Hoff plot for the adsorption of Cs onto the
P(AA-MA)/Al1,05-Si0, was performed as a relation
between AG® against T as shown in Fig. 7. The slope and
intercept of the van’t Hoff plot is equal to —AS and AH°,
respectively. Thermodynamic parameters obtained are
summarized in Table 5. The negative value of enthalpy
change (AH) indicating the exothermic nature of the pro-
cess that further confirms the experimental results, the
entropy of adsorption (AS) reflects the affinity of the
adsorbent material toward Cs and the negative free energy
values AG indicate the feasibility of the process and its
spontaneous nature [45].

Kinetic studies

Some kinetic models, namely, pseudo-first-order, pseudo

second-order and intraparticle diffusion [8, 43, 44, 47] have

been applied to the experimental data in order to analyze the

sorption kinetics of 134Cs onto the P(AA-MA)/A1,05-Si0,.

The Mathematical equations of these models that have been

tested the experimental data are described as follows:
Pseudo-first-order

ki

log (ge — q:) = log ge — mt (7)
Pseudo-second-order

t 1 t

I R 8
% kg qe ®)
Intraparticle diffusion

g = kint"> + C (9)

where g. and g, are amounts of ion adsorbed (mg/g) at
equilibrium and time t (min), respectively. C, is the initial
concentration of the adsorbate in solution (mg/L), and m is
the weight of the adsorbent used (g). The parameters &, &,
kin, and C are the adsorption rate constants of pseudo-first-
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Table 4 Comparing the . - )
adsorption capacity of P(AA— Material Media q. (mg/g) References
MA)/AI203-SiO2 for cesium P(AA-MA)/AI203-Si02 HNO; 16 This work
with those reported in literatures .
using other materials P(AM-AA-AN)/Si0,-ZrO, H,O (pH 8) 31.6 [23]
P(AM-1A)/ZrO, H,O (pH 8) 43-215 [24]
Ammonium molybdophosphate—SiO, HNO; 18.1 [25]
Ammonium molybdophosphate 88.2
Fe-hexacyanoferrate Acidic waste stimulant (pH 1.1) 16.5 [42]
Copper(Il) ferrocyanide-silica 213
P(AA-AN)/titanium vanadate H,O (pH 6) 206 [43]

85
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65

Uptake, %

60 -
55 4
50

45 T T T T T T T
30 35 40 45 50 55 60

Temperature, °C

Fig. 6 Influence of temperature on the adsorption of '**Cs onto
P(AA-MA)SiO,/Al,05 from HNO;

-13 |

-14 4 |

AG, (KJ/mol)

-154

300 310 320 330 340
Temperature, K

Fig. 7 Variation of free energy versus temperature for '**Cs removal
using P(AA-MA)SiO,/Al,03

order (minfl), pseudo-second-order (g/mg min), the
intraparticle diffusion rate constant (mg/g min~"?), and is
a constant related to the thickness of the boundary layer
that might be formed, respectively. In the Eq. (8) has been
assumed h = kog2 where h is the initial adsorption rate
(g/mg min).

A simple kinetic analysis of adsorption is the first-order
equation. The values of log(g.—q,) were calculated from the
kinetic data of Fig. 4. The plots of log(g.—q;) versus t for
the pseudo-first-order model are given in Fig. 8 for Cs at
concentration of 100-200 ppm. The k; values were cal-
culated from the slope of this plot. The kinetic parameters
for kinetic models and correlation coefficient (R?) were
calculated and listed in Table 6. The coefficient of deter-
mination (R?) is ranging from 0.992 to 0.964. Moreover,
the experimental g.(exp) values do not agree with the
calculated q.. This shows that the adsorption of Cs is not
compatible with the first-order reaction.

On the other hand, the plots of (t/g,) versus t for the
pseudo-second-order model given in Eq. (8) are repre-
sented at different concentration in Fig. 9. Parameters of
pseudo-second-order model, g, and k, values were calcu-
lated from the slope and intercept of this plot, respectively,
that are presented in Table 6. The relationships are linear,
and the corresponding coefficient of determination (R?),
suggested a strong relationship between the mathematical
parameters and also explained that the process of sorption
of '**Cs follows the pseudo-second-order kinetics. From
these data, it is observed that, the coefficient of determi-
nation (R2) has a high value (0.999) and closer to unity for
the pseudo-second-order kinetic model than for the pseudo-
first-order kinetic model. Also, it was found the calculated
sorption capacity (q.) values, using this model, are agree-
ment with the experimental data clarifying the matching of
the experimental data to the pseudo-second-order kinetics.
These results imply that the adsorption system studied
follows to the pseudo-second-order kinetic model at all
time intervals. It was found that the Eu, Sm, Cs, Co, Sr ions
and different dyes have described the sorption kinetic
process by the pseudo-second-order kinetic model as
reported in [27, 4345, 47].

The intraparticle diffusion rate was obtained from the
plots g, at versus ¢'/?, as shown in Fig. 10. According to
this model, plotting graphs of q, versus ¢'? gives a
straight line. It can be assumed that the involved mech-
anism of the sorption process is controlled by intraparticle
diffusion [45]. The values of intercept, C give an idea
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Table 5 Thermodynamic j
paremeters for sorption of Hcs  Temp: (€) Uptake (%) AG (KJ/mol) AH (KJ/mol) AS (J/mol/K)
onto P(AA-MA)Si0,/ALO; 303 77.83431 ~15.57 —45.16 98.69
313 68.17216 ~13.97
323 55.49262 ~12.96
333 48.77352 ~1261
0.8
1 W 100 ppm
0.6 ~ ® 150 ppm
1 A 200
0.4 - bpm
| Y
0.2
=
& 001
2 0.2
0.4 -
0.6 - ]
b 0 T T T T T T
1 0 10 20 30 40 50 60 70
0 10 20 30 40 50 60 70 Time, min

Time, min
Fig. 8 Pseudo first-order model of '**Cs adsorption onto P(AA—
MA)SiO,/Al,05

Table 6 The calculated parameters of the kinetic models of '**Cs
sorbed onto P(AA-MA)SiO,/Al,O3zcomposite material

Model Parameters Concentration (mg/L)
100 150 200
Pseudo-first order ky (min™!) 0.03 0.01 0.02
q. Cal. (mg/g) 1.61 2.04 4.17
R? 0.992 0978  0.964
q. Exp. (mg/g) 791 11.3 14.9
Pseudo-second order K, (g/mg min) 0.081 0.085 0.031
ge Cal. (mg/g) 7.87 1058  14.28
R 0.999  0.999  0.999
qe Exp. (mg/g) 791 11.3 14.9
Weber—Morris Kid (mg/g min®%) 0212 0232  0.558
C (mg/g) 6.006  8.849  9.747
R 0970  0.980  0.969

about the boundary layer thickness, i.e., the larger the
intercept, the greater is the boundary layer effect. Values
of C and k;,,, the intraparticle diffusion rate constant of
134Cs are given in Table 6. The present investigation is
well compared with other studied that reported in [8, 27,
43, 45, 47].
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Fig. 9 Pseudo second-order model of '**Cs adsorption onto P(AA—
MA)SiO,/Al,05

15
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= 10 4
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8
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0.5 .
t, min

Fig. 10 Weber and Morris model of intra-particle diffusion of Cs
onto P(AA-MA)SiO,/Al,05

Adsorption isotherm

Common adsorption isotherm models including Langmuir
and Freundlich isotherm models were considered to fit the
obtained isotherm data. Langmuir isotherm is valid for
monolayer sorption onto a surface containing a finite
number of identical sites. It is characterized by a decreas-
ing slope as the concentration increases, since vacant
sorption sites decrease as the sorbent becomes covered.
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Langmuir sorption equation based on sorption on a homog
eneous surface can be expressed as [48]:

1_1Jr 1
ge Q DbOC.

where, Q is the monolayer sorption capacity (mg/g), and b
is a constant related to the free energy of sorption. By
plotting of 1/g. versus 1/C,, a straight line was obtained, as
shown in Fig. 11, b and Q can be determined from the
slope and the intercept, respectively. The value of b equals
0.005 L/mg and Q equals 30.9 mg/g as presented in
Table 7. The essential characteristics of Langmuir isotherm
can be expressed in terms of a dimensionless constant,
separation factor or adsorption intensity, R;, which is
defined by:

1
1 + K1.Co

(10)

Ry (11)
Ry value indicates the type of isotherm to be irreversible
(R, = 0), favorable (0 <Ry < 1), linear (R = 1), or
unfavorable (R;. > 1) [49]. The value of Ry is between 0.28
and 091 indicating favorable adsorption as shown in
Fig. 12.

Freundlich equation is derived to model the multilayer
sorption and for the sorption on heterogeneous surfaces.
The logarithmic form of the Freundlich equation may be
written as [48]:

1
log g = logky, +—1log C. (12)
n

where Kg (mg/g) and n are characteristic constants related
to the relative sorption capacity of the sorbent and the
intensity of sorption, respectively. Plotting log q. against
log C, gives a straight line with slope and intercept equal to
1/n and log Kg, respectively, as demonstrated in Fig. 13.
The observed value of K of Cs* onto the prepared com-
posite was found to be 0.520 mg/g and confirm a

0.6

0.0 T T T T
0.00 0.02 0.04 0.06 0.08 0.10

1/Ce

Fig. 11 Langmuir isotherm model of Cs adsorption onto P(AA—
MA)SiO,/Al,05

Table 7 Langmuir and Freundlich parameters of Cs* adsorption on
the prepared composite

Langmuir constants Freundlich constants

Q(mg/g) b@L/mg R K (mglg)  n R
30.90 0.0051 0.993  0.520 1.616  0.895
1.0
0.9 - -\
0.8 =
| \
0.7 4 N
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Fig. 12 Variation of adsorption intensity (Rp) with initial Cs
concentration of P(AA-MA)SiO,/Al,03
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Fig. 13 Freundlich isotherm model of Cs adsorption onto P(AA—
MA)Si0,/Al,05

significant affinity of the Cs ions to the studied composite
material. The parameter n characterizes the heterogeneity
of the system. The Freundlich plot gave a slope less than 1,
indicating nonlinear sorption behavior with the concentra-
tion of Cs™ in the range studied. It can be seen from these
data that the Freundlich intensity constant (n) are greater
than unity for both studied ions. This has physicochemical
significance with reference to the qualitative characteristics
of the isotherms, as well as to the interactions between
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metal ion species and composite material. In our case,
n > 1, the composite material shows an increase tendency
for sorption with increasing solid phase concentration. This
should be attributed to the fact that with progressive sur-
face coverage of adsorbent, the attractive forces between
the metal ion species such as van der Waals forces,
increases more rapidly than the repulsive forces, exempli-
fied by short-range electronic or long-range Coulombic
dipole repulsion, and consequently, the metal ions manifest
a stronger tendency to bind to the composite material site
[50]. The adsorption of Cs by the synthesized composite
material obeys to Langmuir isotherm with high coefficient
of determination (R> > 0.99).

Conclusion

Direct and indirect releases of large quantities of radioce-
sium in the environment may result in serious health and
environmental problems. Therefore, isotopes of cesium
should be removed from contaminated liquid before release
to the environment or delivery for public use. Batch
adsorption studies for the removal of '**Cs from aqueous
solutions have been carried out using the novel composite
material. P(AA-MA)/AI203-Si02 as novel composite
material have been successfully synthesized by induced
gamma-ray of 25 KGy. TGA showed that the composite
material is high thermally stable. The adsorption equilib-
rium is reached at 120 min. Adsorption capacity of P(AA-
MA)/AI203-SiO2 for Cs is 16 mg/g. The second-order
kinetic model is more applicable in this study. Equilibrium
isotherms have been determined and tested for different
isotherm expressions and the adsorption data were suc-
cessfully modeled wusing Langmuir and Freundlich
approaches. It might be the chemisorption reaction is
expected. The negative value of free energy and enthalpy
means spontaneous and exothermic reaction, respectively.
The preliminary investigation has given promising results
for acidic radioactive liquid waste treatment containing
fission product such as Cs isotopes using P(AA-MA)/
Al203-Si02. However, further column experiments will
be needed in the upcoming work, to confirm the applica-
bility in practice.
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