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a b s t r a c t

ZnO/poly (acrylamide-sodium styrene sulfonate) and Sb2O3/poly (acrylamide-sodium styrene sul-
fonate) nanocomposites were synthesized by in situ radiation-induced polymerization of sodium 
styrene sulfonate (SSS) onto poly acrylamide (PAAm) in the presence of ZnO and Sb2O3 nanoparti-
cles. The prepared samples were characterized by X-ray diffraction (XRD), Fourier transform infra-
red spectroscopy (FTIR), the thermogravimetric analysis (TGA) and scanning electron microscopy 
(SEM). Batch studies were performed to estimate the influence of pH and contact time on the uptake 
of the nanoparticles and nanocomposites towards Cs+, Co2+ and Eu3+. The optimum pH for metal 
uptake were found to be at 8, 6 and 5for Cs+, Co2+ and Eu3+ ions, respectively. The obtained results 
revealed that the removal percentage for the nanocomposite is higher than that of the correspond-
ing nanoparticles and the removal efficiency of ZnO-nanocomposite is better than that obtained 
by Sb2O3-nanocomposite. The experimental maximum retention capacities for Cs+, Co2+ and Eu3+ 

ions were found to be 100, 90 and 85 mg/g for ZnO-nanocomposite and 90, 75 and 72 mg/g for 
Sb2O3-nanocomposite, respectively. The results indicated that the ZnO-nanocomposite is the most 
promising resin and has higher potential use for efficient removal of Cs+, Co2+ and Eu3+ ions from 
aqueous solutions over Sb2O3-nanocomposite. 
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1. Introduction

Due to water shortage, successful treatment of waste-
water is a noteworthy essential for developing economies. 
This can be accomplished either by improvement of totally 
new strategies or by enhancing new material. Radioactive 
aqueous wastes that have hazardous long-lived radionu-
clides are usually treated using conventional methods such 
as chemical precipitation, ion exchange, evaporation, filtra-
tion and solvent extraction [1].

To prepare efficient materials for radioactive waste 
treatment, fillers have important roles in modifying the 
properties of various polymers and lowering the cost of 

their nanocomposites. The effect of fillers on the properties 
of nanocomposites depends on their level of loading, shape 
and particle size, aggregate size, surface characteristics 
and degree of dispersion. Recently, polymer-matrix nano-
composites have attracted much attention owing to their 
unique mechanical, optical, electric and magnetic proper-
ties, and strong interactions with the matrix resulting from 
the nanoscale microstructure and extremely large interfa-
cial area between filler and matrix [2–4].

Zinc oxide (ZnO) is a promising candidate for the 
removal of contaminants and environmental remediation 
[5]. It has many surface active sites for the adsorption of 
heavy metal ions from an aqueous solution. Further, ZnO 
nanoparticles with a porous micro/nanostructure provide 
an ample surface area for the adsorption of heavy metal 
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ions from contaminated water. Recently,there have been 
many reports on the adsorption of heavy metal ions using 
porous micro/nanostructured materials with different mor-
phologies, such as nano-assemblies, nano-plates, hierarchi-
cal ZnO nano-rods and microspheres with nano-sheets as 
absorbents [6–8].

Lee et al. [9] prepared ZnO nanoparticles by solu-
tion-combustion method (SCM). The zinc oxide nano-
powder showed higher removal rate of Cu2+ ions from the 
solution than titanium dioxide powders, P25 which, pre-
pared by a homogeneous precipitation process at low tem-
perature.

Oxides of antimony (OA) are a key member among all 
the other metal oxides from groups V to VI [10]. Literature 
reports that there are three phases of well-identified OA, 
which are diantimony trioxide (Sb2O3), diantimony tetra-
oxide (Sb2O4), and diantimony pentoxide (Sb2O5) [11]. The 
change in Gibbs free energy is the key parameter that affects 
the formation of the desired phase [12,13]. For instance, 
Sb2O5 does not exist above 525°C, only Sb2O3 and Sb2O4 are 
formed. Literature proves that nanoparticles of OA possess 
excellent properties as compared to bulk OA, for example, 
a higher refractive index [14,15], higher abrasive resistance, 
higher proton conductivity [16,17], excellent mechanical 
strength [18], and higher absorbability [19].

In general, OA nanoparticles can be synthesized via 
several methods, which can be classified according to the 
starting material for synthesizing nanoparticles. There are 
three main groups of starting material namely antimony 
trichloride (SbCl3), antimony (Sb), and slag. For SbCl3 as a 
starting material, microemulsion [20], solution phase reduc-
tion [21], hydrothermal [22,23], γ-ray radiation-oxidization 
[24] and biosynthesis [25] methods have been used. Poly 
thiophene–dodecyl benzene sulfonate (PTh–DBSNa)/Sb2O3 
nanocomposite was chemically prepared in aqueous media 
and it was employed for the removal of lead ions from the 
aqueous solution [26]. Antimony phosphate nanoribbons 
were synthesized and characterized using different tech-
niques. The synthesized nanophosphate was studied for 
its efficiency as sorbent for uptake of various metal ions 
including uranyl ion. The results indicated that a clean sep-
aration of uranyl ion from its various binary mixtures could 
be achieved at an optimized pH of 4.5 and equilibration 
period of 1 h using 0.1 g of the sorbent [27]. 

In recent years, polymer nanocomposites (PNCs) have 
attracted the attention of scientists and technologists in 
water purification due to improved processability, sur-
face area, stability, tunable properties, and cost effective-
ness. PNCs showed fast decontamination ability with high 
selectivity to remove various pollutants [28]. The advanced 
nanocomposite membranes could be designed to meet spe-
cific water treatment applications by tuning their structure 
and physicochemical properties (e.g. hydrophilicity, poros-
ity, charge density, and thermal and mechanical stability) 
and introducing unique functionalities (e.g. antibacterial, 
photocatalytic or adsorptive capabilities) [29].

60Co and 152+154Eu radionuclide were successfully 
removed using the polymer composite ion exchanger, 
hydrous titanium oxide (TiO-OH) incorporated in polyac-
rylonitrile (PAN) from the aqueous solution [30]. Further-
more, the synthesis of TiO2/P (AAm–SSS) nanocomposite 
was investigated and applied to remove Cs+, Co2+ and Eu3+ 

metal ions from aqueous solution. The maximum experi-
mental retention capacities for Cs+, Co2+ and Eu3+ were 
found to be 120, 100.9 and 85.7 mg/g, respectively [30].

The present paper is oriented to synthesize functional-
ized polymeric nanocomposites that gather the advantages 
of both morphological structure of nanomaterial (such as 
high surface area) and the presence of function groups 
loaded on the polymer (sulfonate groups). Simple and 
effective method was used to synthesize ZnO/P (AAm-
SSS) and Sb2O3/P (AAm-SSS) nanocomposites. These mate-
rials should provide several advantages over the individual 
organic and inorganic materials. Moreover, the effect of the 
sorption parameters were systematically investigated in 
order to improve the sorption efficiency of Cs+, Co2+ and 
Eu3+ ions from aqueous solutions.

2. Experimental

2.1. Chemical and Reagent

Zinc acetate dihydrate (Zn(C2H3O2)2·2H2O) was pur-
chased from Merck Co., Antimony tricholride was pur-
chased from Sigma Aldrich Co. Polyacrylamide (PAM), 
and sodium hydroxide were purchased from alpha Co., 
Ltd., China. N,N’-methylenebisacrylamide (MBA) was pur-
chased from Merck Co., Sodium styrene sulfonate (SSS) was 
purchased from Sigma Aldrich Co. Acetone and Ethanol 
were purchased from Alnaser Co., Egypt.

2.2. Synthesis of ZnO nanoparticles

In a typical procedure, 6.58 g Zn(C2H3O2)2·2H2O was 
first dissolved in 150 ml of distilled water with continuous 
stirring until a homogeneous solution was obtained. 0.2 M 
of NaOH was added drop by drop until the pH of the solu-
tion reached 12. The white precipitate was obtained with 
continuous stirring at 70°C for 1 h and was then cooled to 
room temperature. The precipitate was filtered, rinsed with 
distilled water and ethanol several times, then collected and 
calcined at 300°C for 2 h.

2.3. Synthesis of Sb2O3 nanoparticles

Sb2O3 nanoparticles were prepared by adding 10.03 g of 
antimony trichloride (SbCl3) to dilute HCl solution (pH = 
1.35) to avoid the hydrolysis of SbCl3. Ammonium hydrox-
ide, 30%, was added to the SbCl3 solution till white pre-
cipitate was formed. The mixture was magnetically stirred 
for 30 min at the pH range of 8.5–9.0, followed by filtering, 
washing several times with distilled water and anhydrous 
alcohol and drying at 200°C for 2 h.

2.4. Synthesis of ZnO/P (AAm-SSS) and Sb2O3/P (AAm-SSS)
nanocomposites

ZnO/P(AAm-SSS) and Sb2O3/P(AAm-SSS) nanocom-
posites were prepared according to the following proce-
dures: 0.75 g of SSS was dissolved in 5 ml distilled water 
while 0.02 g of MBA was dissolved in 5 ml distilled water 
and poured to the SSS solution, then stirred for 10 min. 
After that, different amounts of ZnO and Sb2O3 nanoparti-
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cle powders were dispersed individually in the above men-
tioned solution. The mixture was stirred vigorously for 30 
min. Known amount of poly acrylamide (0.03 mg/10 ml) 
was then added under nitrogen atmosphere. After stirring 
for 20 min at 25°C, the mixture was subjected to Gamma 
cell 60Co γ-irradiator at dose 20 kGy. The resulting rubbery 
gel was removed from the reaction vessel; cut up into small 
pieces and washes several times by acetone and dried at 
60°C until constant weight.

2.5. Characterization

X-ray diffraction spectra of the powders were recorded 
at room temperature using a powder diffractometer Bruker 
AXS D8 Advance, Germany with Cu Kα radiation source (λ 
= 1.5406 Å) and 2θ in the range 10–80°. The average crystallite 
size was determined according to the Scherrer equation [31]. 

D = 0.9 λ/(β cos θ)…  (1)

where λ is the X-ray wavelength, θ is the Bragg angle of the 
peak of interest and β is the line broadening measured from 
the peak width at half height.

All IR spectra were recorded using a Jasco FT/IR-460 
pluse, Japan. Samples were measured on KBr disc (1:10, 
sample/KBr), using 16 scans per sample at resolution of 4 
cm–1 over the range 4000–400 cm–1.

Thermogravimetric analysis (TGA) was carried out 
by using TA 50 Shimadzu, Japan. The temperatures were 
cycled at a constant rate of 20°C/min from ambient tem-
perature to 800°C. 

Magnification SEM micrographs of nanocomposites 
particles were characterized by field emission scanning 
electron microscope (FESEM, Quanta FEG 250, Holland,) to 
analyze the fine structures in a single particle and character-
ize the morphology.

2.6. Adsorption procedure

Co+2 and Eu+3 stock solutions were prepared from 
CoCl2·6H2O and EuCl3·6H2O by dissolution of desired 
weight in 0.1% nitric acid. Non-radioactive CsCl was used 
as a carrier for radioactive Cs+. Kinetic and adsorption 
capacity experiments were conducted in a series of 15 ml 
polyethylene tubes containing 0.05 g of the nano-struc-
tured materials ZnO, ZnO/P(AAm-SSS), Sb2O3 and Sb2O3/
P(AAm-SSS) with 10 ml of 100 mg L–1 metal ions solution. 
The desired pH value of the aqueous solution was adjusted 
by acetate buffer prepared at the desired pH. The nano-
structured materials/aqueous solution mixture was shaken 
at 25°C. Solid/liquid phases were then separated by cen-
trifugation (4,000 rpm) then filtered through a 0.45 µm filter 
membrane (super pure filter, Sartorius Company). 

2.7. Metal analysis method

The unknown concentrations of metal ions (Co2+ and 
Eu3+) were measured by forming colored complexes using 
4-(Pyridyl-2-azo) resorcinol (PAR) as sensitive coloring 
reagent. 1 ml of the metal solution was placed into the 10 
ml standard flask and then 1 ml of PAR and 1 ml of buf-

fer solution (pH: 8.0 and 6.0 for Co (II) and Eu (III), respec-
tively) were added and diluted to 10 ml with water. The 
absorbance was measured at 510 nm and 515 for both Co2+ 
and Eu3+, respectively. The absorbance value was then com-
pared with the calibration curve of the standard metal ions 
at different concentrations.

Radioactive Cs+ ions were measured by NaI scintillation 
detector connected to the multi-channel analyzer (Genne 
2000, USA). The uptake percent (uptake %) of Cs was calcu-
lated from the following equation:

Uptake % = (A° – A)/A°) × 100… (2)

where A° and A are the activities expressed in counts per 
minute of 10 ml solution of the radioactive Cs before and 
after contacting with nanocomposite. The uptake percent-
age of both Co(II) and Eu(III) metal ions was calculated by 
the following equation:

Uptake % = (C° – Ceq)/C° × 100… (3)

The capacity of metal adsorbed on nanoparticles and 
nanocomposite, q (mg/g), was calculated according the 
equation:

q = (C° – Ceq) x V/m… (4)

where C°, Ceq, are the initial and finial metal ion concentra-
tions in solution after equilibrium (mg/L). V and m are the 
volume of the solution (L) and the mass of nanoparticle and 
nanocomposite (g). 

3. Results and discussion

3.1. Characterization of ZnO, Sb2O3 nanoparticles and polymeric 
nanocomposite

3.1.1. XRD analysis

Fig. 1 shows the XRD patterns of ZnO nanoparticles 
and ZnO/P(AAm-SSS) nanocomposite. Pattern (A) of ZnO 
nanoparticles showed a single phase of ZnO structure and 
the dominant peaks of nano-ZnO appear at 2θ angles of 
31.7°, 34.3°, 36.12° and 56.5°.

Fig. 1B for ZnO/P(AAm-SSS) nanocomposite showed 
four dominant peaks corresponding to crystalline character-
istic peaks at 2θ angles of 31.7°, 34.3°, 36.1° and 56.4°, which 
are analogous to the main characteristic peaks of nano-ZnO. 
The XRD results show that nano-ZnO was incorporated in 
the ZnO/P(AAm-SSS) nanocomposite. All the characteris-
tic peak locations in the ZnO/P(AAm-SSS) nanocomposite 
were slightly shifted to lower angles compared with those 
of nano-ZnO. Also, Li et al. [32] have also, observed the shift 
of the peaks of TiO2 in TiO2/ Polyethersulfone (PES) hybrid 
membranes. This shift was most probably due to the inter-
actions between TiO2 and polyethersulfone (PES). Similarly, 
for ZnO/ P(AAm-SSS) nanocomposite, it was observed 
a slight shift in the peaks location due to the interactions 
between ZnO and P(AAm-SSS). The average crystallite size 
of ZnO in the nanocomposite was calculated by Scherrer 
equation and found to be 22.3 nm.
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The XRD of Sb2O3 nanoparticles and Sb2O3/P (AAm-
SSS) nanocomposite are shown in Fig. 2. The XRD pattern 
of the Sb2O3 nanoparticles showed only the peaks of val-
entinite (orthorhombic polymorph) form, with no evidence 
for the presence of senarmontite form. The diffraction peaks 
centered at 2θ = 19.48°, 25.59°, 28.44°, 44.34° and 50.56° in 
pattern 2 (a) are similar to the peaks found in pattern 2 
(b), which confirmed the existence of Sb2O3 (valentinite) 
nanoparticles in the P (AAm-SSS) matrix.

The average crystallite size of antimony trioxide in the 
nanocomposite was calculated by Scherrer equation, and 
found to be about 42.64 nm. 

3.1.2. FTIR analysis

Structural investigations using FT-IR spectra, particu-
larly in the fingerprint region (400–4500 cm–1) are presented 
in Figs. 3 and 4.

For Fig. 3 (a) and (b), absorption peaks at 436.798 cm–1 

and 423.298 cm–1 are attributed to the stretching vibrations 
of ZnO nanoparticle. The absorption peaks at 3437 cm–1 and 
3433.64 cm–1 correspond to the stretching vibration of inter-
molecular hydrogen bond (O–H).

ZnO/P(AAm-SSS) and Sb2O3/P(AAm-SSS) spectra 
present the following absorption bands: 2922.59 and 2923 
cm–1 corresponds to (st(C–C)), 1126.22 and 1125 cm–1 cor-
responds to (C–H, 1,4 substitution), and 1179.26 and 1186 
cm–1 corresponds to st(S=O), associated to 4-styrene sulfon-
ate group, and absorption bands at 1632.45 and 1530 cm–1-
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Fig. 1. XRD patterns of (A) ZnO nanoparticles calcined at 300°C 
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10 20 30 40 50 60 70
0

50

100

150

200

250

300

3500

20

40

60

80

100

∗ ∗

∗

∗

Li
n 

(c
on

ut
s)

2Θ

 Sb2O3 Nanoparticles

(a)

∗

∗ valentinite 

∗ valentinite 

∗

∗

∗
∗

Li
n 

(c
ou

nt
s)

 Sb2O3/P(AAm-SSS) nanocomposite

(b)

∗

Fig. 2. XRD patterns of (a) Sb2O3 nanoparticles calcined at 200°C 
(b) Sb2O3/poly (AAm-SSS) nanocomposite.

4000 3500 3000 2500 2000 1500 1000 500
20

40

60

80

70

80

90

100

1628.59 (H-O-H)

Tr
an

sm
itt

an
ce

 (a
.u

.)

Wavenumber (cm-1)

 ZnO Nanoparticles
3433.64 (O-H)

1632.45 (H-O-H)

Zn-O (423.298)

3437.49 (O-H)

(b)

Zn-O (436.798)

Tr
an

sm
itt

an
ce

 (a
.u

.)

 ZnO/P(AAm-SSS) Nanocomposite

(a)

Fig. 3. FT-IR spectra of the prepared ZnO powder and ZnO/
P(AAm-SSS).



M.M.E. Breky et al. / Desalination and Water Treatment 116 (2018) 148–157152

corresponds to δ(NH2), 1040.41 and 1040 cm–1 corresponds 
to st(C–N) related to acrylamide group and an overlapped 
band appear at 1632.45 and 1644 cm–1 associated to 1,4 sub-
stitution of aromatic ring and carbonyl stretching of amide 
for ZnO/P(AAm-SSS) and Sb2O3/P (AAm-SSS) nanocom-
posites, respectively [33]. 

Fig. 4a shows that the peaks at 473, 579 and 677 cm–1 are 
corresponding to symmetric and anti-symmetric Sb-O-Sb 
vibrations [34].

As shown in Fig. 4b, Sb2O3 nanoparticles exhibit charac-
teristic bands located at 690, 559 and 452 cm–1 which corre-
sponding to symmetric stretching, symmetric bending and 
asymmetric bending Sb-O-Sb vibrations of the valentinite 
form of SbO3 trigonal pyramids with Cs or C2 symmetry, 
respectively [35].

3.1.3. Thermal characterization

3.1.3.1. ZnO Nanoparticles

Fig. 5 shows the thermal behavior (TGA) of the as pre-
pared ZnO nanoparticles. It can be seen that there are two 
pronounced mass loss steps in the temperature ranges 
15–58°C and 175–323°C, respectively. The first weight loss 
is mainly attributed to the evaporation of surface adsorbed 
water, whereas the second one might be ascribed to the vol-
atilization and combustion of organic species (acetate part) 
in sample. The first mass loss was 1.3%, while the second 
weight loss was 9%. 

3.1.3.2. ZnO/P(AAm-SSS) nanocomposite

The thermal analysis results of the prepared ZnO/
P(AAm-SSS) are illustrated in Fig. 6. The figure indicates 
that the P(AAm-SSS) and ZnO/P (AAm-SSS) nanocompsite 
show analogous thermal decomposition tendencies. The fig-
ure showed three weight loss steps. The P(AAm-SSS) poly-
mer exhibited first decomposition between 25–160°C (15 % 
weight loss). For ZnO/P(AAm-SSS) nanocompsite, the first 
decomposition step between 25–175°C is accompanied by 
17% weight loss. It can be attributed to water evaporation 
and organic impurities. The second decomposition is accom-
panied by 8% weight loss at (446–483°C) and (465–510) 
for ZnO/P (AAm-SSS) nanocomposite and P(AAm-SSS), 
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respectively. It can be attributed to the acrylamide moiety. 
The third decomposition is accompanied by 40% weight loss 
(578–685°C) and 40% (576–662°C) for ZnO/P (AAm-SSS) 
nanocomposite and P(AAm-SSS), respectively. These are 
attributed to the decomposition of styrene sulfonate groups. 

From Fig. 6, the addition of ZnO nanoparticles to the 
polymer matrix enhance the thermal properties and shifted 
the thermal curve to higher values. These results  were also 
in an agreement with Li et al. [32] and Wei et al. [36] whose 
observed that the addition of inorganic particles improved 
the thermal stability of polymer.

3.1.3.3. Sb2O3  Nanoparticles

The TG curve of Sb2O3 in air is shown in Fig. 7. Sb2O3 
nanoparticles are stable in air up to 550°C above which tem-
perature it starts absorbing oxygen to form Sb2O4. Between 
550 and 700°C a net weight gain of 1% is observed and there 
is no further change in the mass of sample up to 800°C [37].

3.1.3.4. Sb2O3/P (AAm-SSS) nanocomposite

In Fig. 7, TGA profile of Sb2O3/P(AAm-SSS) nanocom-
posite and P(AAm-SSS) show three weight loss steps. The 
first step shows that the decomposition between 0–215°C, 
is accompanied by 12 and 14% weight losses for Sb2O3/
P(AAm-SSS) nanocomposite and P(AAm-SSS), respec-
tively. This is can be attributed to evaporation of water and 
organic impurities. The second decomposition (455–500°C), 
is accompanied by 6.5 and 8%weight losses for Sb2O3/
P(AAm-SSS) nanocomposite and P(AAm-SSS), respectively, 
which attributed to the acrylamide moiety. The third decom-
position (501–710°C), was accompanied by 44.5 and 43.5% 
for Sb2O3/P(AAm-SSS) nanocomposite and P(AAm-SSS), 
respectively. These losses are attributed to the decomposi-
tion of styrene sulfonate groups. On the other hand, 1% gain 
weight is attributed to conversion of Sb2O3 to Sb2O4. With the 
last decomposition step, the Sb2O3/P(AAm-SSS) nanocom-
posite is decomposed into sulfur dioxide and ammonium 
and Sb2O4. The total weight loss is 63 and 65.5% for Sb2O3/
P(AAm-SSS) nanocomposite and P(AAm-SSS), respectively. 

Based on the obtained results, it could be stated that the 
shifting in the thermal curve of Sb2O3/P(AAm-SSS) nano-
composite, is attributed to the addition of Sb2O3 nanopar-
ticles which enhances the thermal stability of the polymer.

3.1.4. Morphology of ZnO/P(AAm-SSS) and Sb2O3/
P(AAm-SSS) nanocomposites

The morphology of ZnO nanoparticles, ZnO/P(AAm-
SSS), Sb2O3 nanoparticles and Sb2O3/P(AAm-SSS) nano-
composites are shown in Fig. 8. The size and homogeneity 
of particles are dependent on zinc oxide and antimony 
oxide. It can be stated that, the ZnO nanoparticles and Sb2O3 
nanoparticles are not only dispersed on the surface of the 
polymer, but also embedded into the polymer matrix. 

3.2. Effect of ZnO and Sb2O3 nanoparticles content on  
nanocomposite uptake

The effect of ZnO and Sb2O3 nanoparticles content incor-
porated into the nanocompsite on the adsorption behavior 
of the investigated metal ions has been tested. From Fig. 9, 
it can be seen that with the increase of nanoparticle con-
centration, the uptake percentage of Co2+ and Eu3+ increases 
firstly then decreases. This may attributed to the presence 
of hydroxyl groups on the nanoparticle surface that can 
synergistically interacted with the sulfonic acid groups on 
P(AAm-SSS) polymer chains. In this case, nanoparticles can 
be considered as a cross-linker in the reaction. 

With the decrease of nanoparticles concentration 
lower than 0.06 g/10 mL, the solubility of nanocomposite 
increases, resulting in decrease the removal efficiency of 
Co2+ and Eu3+. With the increase of nanoparticles concen-
tration higher than 0.06 g/10 mL, the cross-linking density 
of the nanocomposite is significantly increased. Therefore, 
remaining structure network spaces left for Co2+ and Eu3+ 

sorption are decreased. The optimum concentration of 
nanoparticles was achieved at 0.06g/10 ml at which satis-
factory uptake percentages were obtained (Fig. 9).
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3.3. Batch sorption experiments

Cs+, Co2+ and Eu3+ were selected to represent mono, di 
and trivalent metal ions that mostly exist in radioactive 
waste solution. All experiments were carried out using 
radioactive Cs-137 and Co2+ and Eu3+metal ions.

3.3.1. Effect of shaking time

The effect of shaking time on radioactive Cs+, Co2+ and 
Eu3+ ions distribution have been tested to clarify its insights 
into reaction kinetics. The sorption kinetics of radioactive 
Cs+, Co2+ and Eu3+ was studied at different time intervals 
ranging from 10 min to 24 h at constant V/M ratio. 

As shown in Table 1, the equilibrium time for radio-
active Cs+ is reached at two hrs on the ZnO/P (AAm-
SSS) and Sb2O3/P(AAm-SSS) nanocomposites. Table 1 
shows the uptake efficiency of Co2+ and Eu3+ ions by ZnO, 
Sb2O3, ZnO/P(AAm-SSS) and Sb2O3/P(AAm-SSS) nanocom-
posites. The maximum uptake value for Co2+ and Eu3+ 
reached after three and two hrs for metal oxide nanopar-
ticles and metal oxide/P(AAm-SSS) nanocomposites, 
respectively. The data indicated that the uptake percentage 
of Sb2O3 nanoparticles and Sb2O3/P(AAm-SSS) nanocom-
posite were lower than the corresponding values of ZnO, 
ZnO/P(AAm-SSS) nanocomposite. The presence of ZnO 
nanoparticles in P(AAm-SSS) nanocomposite enhanced 
the uptake process for radioactive Cs+, Co2+ and Eu3+ ions, 
respectively.

3.3.2. Effect of pH

The pH of the aqueous solution has been identified as 
the most important variable governing metal adsorption. 

This is partly due to the fact that hydrogen ions themselves 
are strong competing ions and partly because the solution 
pH influences the chemical speciation of the metal ions 
as well as the ionization of the functional groups onto the 
adsorbent surfaces. The solution pH affects the surface 
charge of the adsorbents; hence it affects the adsorption 
process. Also, the active sites are closely associated with 
hydronium ions H3O

+ may interact with the existing func-
tional groups [38]. In order to evaluate the influence of pH 
on the adsorption capacity, the experiments were carried 
out at different pH ranging from 2–10, 2–8 and 2–6 for 
Cs+, Co2+ and Eu3+ ions, respectively, with an initial Cs+, 
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posites.
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Co2+ and Eu3+ ions concentration of 100 mg/L and a con-
tact time of 120 min. These pH ranges are selected for each 
metal ion to avoid the metal hydrolysis. The results are 
shown in Fig. 10, 11 and 12 for Cs+, Co2+ and Eu3+ ions, 
respectively. 

As can be seen, all the uptake percentages of Cs+, Co2+ 
and Eu3+ ions by ZnO/P(AAm-SSS) and Sb2O3/P (AAm-
SSS) nanocomposite increase with increasing the solution 
pH and an optimum value was obtained at pH 8, 6 and 5 
for Cs+, Co2+ and Eu3+ ions, respectively. On the contrary, 
in the case of Sb2O3 nanoparticles, the uptake percentage of 
Co2+ increases with decreasing the solution pH and an opti-

mum value was obtained at pH 4. The possible reason for 
pH 4 is the synergistic effect of surface complexation and 
ion exchange. Also, the more absorptive sites in Sb2O3 may 
also play an important role in the improvement of adsorp-
tion capacity.

3.3.3. Maximum retention capacity of Cs+, Co+2and Eu+3

As shown in Fig. 13, the retention capacities of Cs+, 
Co2+ and Eu3+ ions by ZnO/P(AAm-SSS) and Sb2O3/
P(AAm-SSS) nanocomposites as a function of their 
concentration ranged from 100 to 1000 mg L–1 at the 

Table 1
Effect of contact time on adsorption of Cs+, Co2+ and Eu3+ on ZnO, ZnO/P (AAm-SSS), Sb2O3 and Sb2O3/P (AAm-SSS) nanocomposite, 
C(initial) = 100 ppm, pH 4.0, m/v = 5 g L–1

Time (min.) ZnO ZnO/P (AAm-SSS)

Cs+ (ppm) Co2+ (ppm) Eu3+ (ppm) Cs+ (ppm) Co2+ (ppm) Eu3+ (ppm)

10 – 32.8 26.6 15.7 42.4 30.6
30 – 39.5 31.1 28.4 49.3 47.1
60 – 49.9 36.1 44.7 64.9 61.1
120 – 51.4 37.9 51.6 75.8 66.4
180 – 52.6 40.4 53.9 76.8 68.1
1440 – 53.2 40.6 54.1 78.1 68.1

Sb2O3 Sb2O3/P (AAm-SSS)

Cs+ (ppm) Co2+ (ppm) Eu3+ (ppm) Cs+ (ppm) Co2+ (ppm) Eu3+ (ppm)

10 – 30.7 16.9 12.5 40.5 28.6
30 – 34.6 20.8 25.6 53.1 39.6
60 – 41.3 29.09 38.7 64 55.4
120 – 41.7 30.7 43.7 69.8 63.97
180 – 42.1 32.2 45.5 70.2 64.2
1440 – 42.2 32.4 45.7 70.2 64.4
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nanocomposite. The variation in the maximum metal 
adsorption capacity for the three investigated elements 
indicated that the sorption process is not only dependent 
on the surface characteristics of the ZnO/P(AAm-SSS) 
nanocomposite and Sb2O3/P(AAm-SSS) nanocomposite 
(physical sorption) but also correlated to the chemical 
interaction between the function groups of the nanocom-
posites and the metal ions. This chemical interaction is 
stronger with the monovalent Cs ions than that occurred 
with divalent Co ions and trivalent Eu ions. This interac-
tion is mainly attributed to the presence of sulfonic acid 
groups (–SO3Na) and amino groups (–NH2) as shown 
previously by FTIR results.

4. Conclusions

Gamma irradiation has been successfully used to pre-
pare ZnO/P(AAm-SSS) and Sb2O3/P(AAm-SSS) nano-
composites with enhancement of thermal properties. The 
addition of metal oxide nanoparticles (ZnO or Sb2O3) to 
synthetic polymers increased the removal capabilities of 
Cs+, Co2+ and Eu3+. It was found that ZnO nanoparticles 
embedded in polymeric matrix exhibit higher Cs+, Co2+ and 
Eu3+ ions removal capability than Sb2O3/P(AAm-SSS) nano-
composite.
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