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a b s t r a c t

PS-D2EHPA beads were prepared by immobilizing di-2-ethylhexyl-phosphoric acid (D2EHPA) with 
polysulfone (PS). The prepared PS-D2EHPA beads were characterized by using a Fourier transform 
infrared spectrometer (FTIR) and scanning electron microscopy (SEM). The removal characteristics 
of Sr(II) from an aqueous solution by the prepared PS-D2EHPA beads was investigated in a batch 
system. The kinetic data followed the pseudo-second-order kinetic model. Equilibrium data fit the 
Langmuir isotherm model well and the removal capacity of Sr(II) by the PS-D2EHPA beads obtained 
from the Langmuir model was 1.71 mg/g at 298 K. The removal process of Sr(II) by the PS-D2EHPA 
beads is dependent on the initial pH of the solution. The optimum removal of Sr(II) by PS-D2EHPA 
beads was observed in the range of pH 6–10. The values of the thermodynamic parameters such as 
Gibbs free energy change (ΔG°), enthalpy change (ΔH°) and entropy change (ΔS°) showed that the 
adsorption of Sr(II) by the PS-D2EHPA beads was feasible, spontaneous and endothermic at 298–328 
K. The results implied that the prepared PS-D2EHPA beads could be an interesting alternative mate-
rial for the removal of Sr(II).
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1. Introduction

The radioactive waste containing radio nuclides have 
been considered the most hazardous environmental pollut-
ant, and its treatment has received much attention. Cesium 
and strontium are the most abundant radio nuclides in 
nuclear fission products that are routinely or accidentally 
released. They have a relatively long half-life of about 30 
years and are considered hazardous elements for the envi-
ronment [1,2].

In general, many methods such as precipitation [3], ion 
exchange [4], solvent extraction [5] and adsorption [6] in the 
removal of Sr(II) from aqueous solutions are being used. 
Among these methods, solvent extraction is widely used to 
remove heavy metal ions from aqueous solutions because 
of its high selectivity and rapid removal rate. Mishra and 
Devi [7] reported that Cyanex 921 can effectively remove 
Cu(II) from aqueous solutions. Nejad and Kazemeini [8] 
conducted a study to remove platinum ions using trioc-
tylphosphine oxide (TOPO) as an extractant. Kidani and 
Imura [9] studied the removal of Cu(II) using the extractant 
thenoyltrifluoroacetone (TTA). Sarangi et al. [10] reported 
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that extractants such as tri-n-butyl phosphate (TBP), LIX 
84I and Cyanex 923 can effectively remove Cu(II), Fe(III), 
and Zn(II) in aqueous solutions. Ren et al. [11] suggested 
that di (2-ethylhexyl) phosphoric acid (D2EHPA) can effec-
tively remove Cu (II) from aqueous solutions. Belkhouche 
et al. [12] investigated the removal characteristics of Ni(II) 
and Cu(II) when using D2EHPA as the extractant. Dozol et 
al. [13] studied the removal of SR(II) and Cs(I) in aqueous 
solutions using dicarbollides, crown ethers and calixarenes 
with functional groups. Kocherginsky et al. [5] studied the 
removal of Sr(II) by D2EHPA in very high pH wastewater. 
Various extraction agents have been used in the removal of 
heavy metals in water by the solvent extraction method. 
Among these extracting agents, D2EHPA is known to have 
high efficiency and selectivity for removing heavy metal 
ions from aqueous solutions and is widely used commer-
cially [14]. However, liquid-liquid extraction requires 
a large amount of organic solvent and the spillage of the 
organic solvent in water is a problem [15].

Thus, many studies have been carried out using impreg-
nated porous materials such as supported liquid mem-
branes [16], ion exchange resins [17], and carbon nano tubes 
[14]. However, when a porous material is impregnated with 
an extraction agent, it is known to have a short life span 
because the extraction agent is lost from the membrane or 
resin [18,19]. Recently, to overcome these problems, many 
studies have been carried out to recover or remove metal 
ions by encapsulating an extractant with a polymer mate-
rial [20,21]. If the liquid extractant is encapsulated using a 
polymeric material, the extractant is present inside the cap-
sule and isolated from the surroundings by the thin capsule 
wall. Thus it is possible to use a small amount of organic 
solvent compared to liquid-liquid extraction and also it can 
be recovered and reused after use.

Nishihama et al. [22] used micro capsules consisting of 
styrene–divinylbenzene copolymer containing bis(2-eth-
ylhexyl) phosphinic acid for the separation of rare earth 
metals, Yang et al. [21] prepared and used polystyrene 
microcapsules containing Aliquat 336 for the separation of 
metal ions. Ozcan et al. [19] investigated the removal of 
Cr(VI) from aqueous solutions using polysulfone micro-
capsules containing Cyanex 923 as the extraction reagent. 
Zhang et al. [23] prepared PVA–alginate gel beads contain-
ing [A336] [MTBA] as novel solid-phase extractants for the 
recovery of Hg(II) from aqueous solutions. Lee and Lee 
[24] studied for the enhanced adsorption of Sr(II) from 
aqueous solutions using solid-phase extractants contain-
ing TTA and TOPO. Also, Yang et al. [20] reported that a 
microcapsule of size 80 μm was prepared by immersing 
the extractant D2EHPA in polysulfone and that the pre-
pared PS-D2EHPA microcapsules could remove Cu(II) 
from aqueous solutions. Ciopec et al. [25] performed 
the removal of Cu(II) with PS-D2EHPA microcapsules 
prepared by immobilizing D2EHPA in polysulfone and 
Davidescu et al. [26] used DEHPA impregnated XAD7 
copolymer resin for the removal of Cr(III) from water. 
Singh et al. [27] studied uranium sorption using D2EH-
PA-impregnated polymeric beads containing D2EHPA on 
polyethersulfone polymer matrix and Kanagare et al. [28] 
synthesized the D2EHPA extractant encapsulated poly-
meric beads and investigated for the sorption of Zn (II) 
from aqueous solutions.

Even micro capsules can prevent the leakage of the 
organic solvent, but the phase separation and the handling 
are not easy and problems such as pressure drop may occur 
during continuous operation because the particle size of the 
micro capsules is small. It is considered that it is more effec-
tive to make beads with larger size than micro capsules in 
field application.

Therefore, in this study, PS-D2EHPA beads were pre-
pared by immobilizing D2EHPA in PS for the removal of 
radioactive Sr(II) from aqueous solutions. The prepared 
PS-D2EHPA beads were characterized by SEM and FTIR 
analysis. The removal of Sr(II) by PS-D2EHPA beads were 
carried out batch wise and the removal performance evalu-
ated in terms of solution pH, contact time and initial Sr(II) 
concentration. The kinetic parameters and the isotherm 
parameters were calculated and discussed.

2. Materials and methods

2.1. Materials and chemicals

PS-D2EHPA beads were prepared by an immobiliza-
tion method as used in our previous study [27]. All the 
chemicals and reagents used in the present study were of 
analytical grade and used without further purification. 
Polysulfone (PS) was purchased from Sigma–Aldrich and 
N-methyl-2-pyrrolidone (NMP) was purchased from Sam-
chun Pure Chemical. The pH value of the solution was 
adjusted with hydrochloric acid (Samchun Pure Chemical, 
EP) and sodium hydroxide (Shinyo pure chemicals Co, 
GR). Stock solution of Sr(II) (1,000 mg/L) was prepared 
by dissolving strontium nitrate anhydrous (Shimakyu’s 
pure chemicals Co, EP) in deionized water. All the working 
solutions were obtained by diluting the stock solution with 
deionized water.

2.2. Preparation of PS-D2EHPA beads

1.5 g of PS was put into a beaker (50 mL), and 10 mL of 
NMP (density = 1.03 g/mL) was added. After 1 h of stir-
ring, 1 mL of D2EHPA (density = 0.965 g/mL, molecular 
weight = 322.42 g/mol) was added, and the mixture was 
stirred for 1 h at 150 rpm using magnetic stirrer at room 
temperature. PS-D2EHPA beads were prepared by drop-
ping this mixed slurry into a mixed solution of 150 mL of 
distilled water and 350 mL of ethanol using a 1 mm-di-
ameter syringe, and the obtained PS-D2EHPA beads were 
washed with deionized water several times. D2EHPA was 
not detected in the residual solution after the preparation 
of the beads. 

2.3. Instrumentation

The morphologies of the PS-D2EHPA beads were 
observed with a microscope (SV-55, SOMETECH). Fou-
rier transform infrared spectroscopy (FT-IR spectroscopy, 
Bruker Vertex 70) was used for the IR spectral studies of PS, 
D2EHPA and PS-D2EHPA. The thermogravimetric analy-
sis (TGA) was analyzed with a thermogravimetry (Perkin 
Elmer, TGA 7) at a heating rate of 10°C/min in the range 
of 50°C to 700°C in a N2 atmosphere. The concentration of 
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Sr(II) was measured with an atomic absorption spectrome-
ter ((AAS) Shimadzu, AA-7000). 

2.4. Batch experiment 

Batch experiments were performed at 298 K in a 
1,000 mL Erlenmeyer flasks containing 300 mL of Sr(II). The 
solution was stirred at 170 rpm using a shaker (Johnsam 
Co., Js-Fs-2500) and sampled at certain time intervals. To 
investigate the effect of pH on the removal of Sr(II) by the 
PS-D2EHPA beads, it was varied from 2.5 to 10.5 by grad-
ually adding 0.1 M HCl/NaOH. The solution’s pH was 
measured with a pH meter (Istek, AJ-7724). The required 
quantity of PS-D2EHPA beads was added to each flask, and 
the mixtures were stirred for 2  h, which was enough time 
to achieve equilibrium. For kinetic studies, Sr(II) concentra-
tions were varied between 5 and 100 mg/L. The thermody-
namic parameters were studied at 298, 313, and 328 K. After 
each experiment, each sampled solution was centrifuged 
at 10,000 rpm for 5 min by using a centrifuge (Eppendorf, 
Centrifuge 5415c). After centrifugation, the concentrations 
of Sr(II) in the supernatant were analyzed by the AAS.

The reusability experiment was carried out as follows. 
5 g of the equilibrated PS-D2EHPA beads through the con-
tact with fresh solution (5 mg/L of Sr(II) ion) were added to 
1000 mL of 2 M HNO3 and stirred at 150 rpm for 300 min, 
and the loaded Sr(II) ions were leached out. The stripped 
PS-D2EHPA beads were washed with deionized water and 
re-equilibrated again with fresh feed solution. These pro-
cesses were repeated five times.

The amount of Sr(II) removed by the PS-D2EHPA beads 
was calculated using Eq. (1)

( )o tC C V
q

W

−
=  (1)

where q (mg/g) is the removal capacity at time t, C0 (mg/L) 
is the initial concentration, Ct (mg/L) is the solution con-
centration at time t, W (g) is the dosage of the PS-D2EHPA 
beads, and V (L) is the volume of the solution.

3. Results and discussion

3.1. Characterization of PS-D2EHPA beads

Fig. 1 shows the microscopic images of a PS-D2E-
HPA bead. As shown in Fig. 1a, the prepared PS-D2EHPA 
beads exhibited a spherical shape with a mean diameter of 
about 2.5 mm. These PS-D2EHPA beads were bigger than 
the micro capsules of size 80 μm prepared by Yang et al. 
[20]. The cross sectional view in Fig. 1b shows the cavity 
surrounded by a porous membrane. During the curing of 
the PS-D2EHPA beads, D2EHPA does not diffuse into the 
water-ethanol solution but remains in the inner space of 
the bead. On the other hand, NMP diffuses into the solu-
tion through the outer wall from the inside of the bead, so 
that the outer wall of the bead forms a porous structure in 
which the objective solution flows smoothly [29]. The pre-
pared PS-D2EHPA beads were calculated to contain 1.21 
mmol D2EHPA (0.39 g D2EHPA)/g PS-D2EHPA beads by 
the immobilization method in this study. Ciopec et al. [30] 
prepared XAD7-D2EHPA beads by impregnating XAD7 
with extractant D2EHPA, and reported that the extractant 
content of the beads produced was 0.35 g D2EHPA/g SIR. 
This value is comparable to the result of 0.39 g D2EHPA/g 
beads for the PS-D2EHPA beads prepared in this study.

Fig. 2 shows the FT-IR spectra of PS, D2EHPA, and 
PS-D2EHPA. As shown in Fig. 2a, the spectra of D2EHPA had 
a P=O stretching band at 1,223.46 cm−1 and P-O-C at 1,014.89 
cm–1 [14]. The specrtra of PS in Fig. 2b had O=S=O and aro-
matic C=C at 1147.28 cm−1 and 1485.82 cm–1, respectively. The 
spectra of PS-D2EHPA in Fig. 2c show a P=O peak (1,223.46 
cm−1) observed in the spectra of D2EHPA, and also showed 
C=O (1,014.89 cm–1) and O=S=O (1,151.01 m−1) peaks observed 
in the spectra of PS. This result indicated that D2EHPA was 
successfully immobilized in the PS-D2EHPA beads.

3.2. Effect of pH

Fig. 3 shows the distribution of the ion species of Sr (II) 
as a function of pH using a chemical equilibrium model 

 

 (a) (b)

Fig. 1. SEM images of (a) the whole shape and (b) the cross-section of PS-D2EHPA bead.
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program (Visual MINTEQ ver. 3.0). As shown in Fig. 3, 
Sr(II) is present as a free ion at below pH 10, however, 
it is present in the form of SrOH+ complex at above pH 
10.5. Therefore, the effect of pH was investigated over the 
pH range of 2.5–10.5. As shown in Fig. 4, it was observed 
that the removal process of Sr(II) by PS-D2EHPA beads is 
dependent on the initial pH of the solution. The removal 
efficiency of Sr(II) by the PS-D2EHPA beads was con-
stant at about 55% in the range of pH 6–10, but decreased 
abruptly at below pH 4. To reduce the removal of Sr(II) 
at a lower pH than pH 4 is due to the fact that the hydro-
gen ions in the solution increase at under pH 4 and these 
hydrogen ions compete with Sr (II) ions at the binding 
sites of PS-D2EHPA beads. The test of the experiments in 
this study was conducted at pH 6.

3.3. Effect of initial Sr(II) concentration

The removal efficiency of Sr(II) is also largely affected 
by the initial Sr(II) concentration in the aqueous solutions. 

The initial concentration of Sr(II) in the aqueous solutions 
was varied (5–100 mg/L) with varying contact times 
(0–90 min). Fig. 5 shows the changes in concentrations at 
different time intervals. As shown in Fig. 5, the removal 
capacity of Sr(II) by the PS-D2EHPA beads increased with 
increasing initial Sr(II) concentration. Also, the removal 
of Sr(II) was very rapid in the first 10 min, slowed down 
from 20 min and reached the equilibrium state after about 
40 min. 

3.4. Kinetic studies

To describe the changes in the removal capacity 
of Sr(II) by the PS-D2EHPA beads with time, the pseu-
do-first-order and the pseudo-second-order kinetic mod-
els were investigated.

Fig. 3. Example of Sr speciation as a function of pH.

Fig. 2. FTIR spectra of (a) D2EHPA, (b) PS, and (c) PS-D2EHPA.

Fig. 4. Effect of initial pH for the removal of Sr(II) by PS-D2E-
HPA beads (PS-D2EHPA = 5 g/0.3 L (20.7 mmol D2EHPA/L), 
agitation speed = 170 rpm, concentration = 10 mg/L, tempera-
ture = 298 K).

Fig. 5. Effect of contact time for the removal of Sr(II) by PS-D2E-
HPA beads (PS-D2EHPA = 5 g/0.3 L (20.7 mmol D2EHPA/L), 
agitation speed = 170 rpm, temperature = 298 K).
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The linear form of the pseudo-first-order kinetic equa-
tion is described as follows [31]: 

( ) ( ) 1log log
2.303e t e

K t
q q q− = −  (2)

where qt (mg/g) and qe (mg/g) are the amount of Sr(II) 
removed by the PS-D2EHPA beads at time t (min) and 
at equilibrium, respectively. k1 (1/min) is the pseu-
do-first-order rate constant. The pseudo-first order 
kinetic constants can be determined experimentally by 
plotting log(qe− qt) vs. t 

The linear form of the pseudo-second-order equation is 
expressed as follows [32]:

2
2

1 1

t e e

t
t

q K q q
= +  (3)

where k2 (g/mg∙min) is the pseudo-second-order rate con-
stant. The removal rate constant (k2) can be determined 
experimentally by plotting t/qt vs. t.

Figs. 6 and 7 show the linearized plots of pseu-
do-first-order kinetic model and pseudo-second-order 
kinetic model, respectively. The kinetic parameters for 
the removal of Sr(II) by the PS-D2EHPA beads are sum-
marized in Table 1. As shown in Table 1, the values of 
correlation coefficient (R2) obtained for the pseudo-sec-
ond-order kinetic model are higher than those of the 
pseudo-first-order kinetic model. This indicates that the 
removal of Sr(II) by the PS-D2EHPA beads does not follow 
the pseudo-first-order kinetic model and that the pseu-
do-second-order model best fits the removal kinetic data. 
Similar results were found by Ciopec et al. [30], Singh et al. 
[27], and Kanagare et al. [28]. 

To investigate the kinetic model further, an intra particle 
diffusion model was also applied. This model is based on 
the theory proposed by Weber and Morris [33].

1
2

t dq K t C= +  (4)

where qt (mg/g) is the amount adsorbed at time t (min), Kid 
is the intra particle diffusion rate constant (mg/g min−0.5) 
and C is the intercept that gives an idea about the thickness 
of the boundary layer. 

Fig. 8 shows that initially the linear portion reflects 
the film or boundary layer diffusion effect and the sub-
sequent linear portion attributed to the intra parti-
cle diffusion effect [34]. Table 2 shows that Kid values  
were obtained from the slope of the linear portion of the 
curve at each solute concentration. The Kid values in the sec-
ond linear portion were about 100 times lower than those 
in the first linear portion. This suggests that the adsorp-
tion of Sr(II) by the PS-D2EHPA beads is governed by the 
diffusion within the pores of the adsorbent. Kanagare et 
al. [28] reported that the intra-particle diffusion is not the 
sole rate determining parameter controlling the sorption of 
Zn(II) in the study of the removal of Zn(II) from zinc-rich 
waste liquor by D2EHPA impregnated polymeric beads. 
Ciopec et al. [30] reported that intra particle diffusion was 
the rate-controlling step after rapid saturation of surface 
and big pores of XAD7-D2EHPA beads in the study of the 
removal of Cd(II) and Zn(II) from aqueous solutions by 
D2EHPA-impregnated XAD7 resin.

3.5. Equilibrium isotherms

To study the effect of temperature, the removal of 
Sr(II) by the PS-D2EHPA beads were carried out at three 
different temperatures of 298, 313, and 328 K. The results 
are shown in Fig. 8. The equilibrium data was applied to 
the Langmuir and Freundlich isotherm models to exam-
ine the relationship between the sorbate concentration 
and the maximum removal capacity of the sorbent at 
equilibrium.

The linearized form of the Freundlich isotherm is as fol-
lows [35]: 

1
log log loge F eq K C

n
= +  (5)

where qe (mg/g) is the equilibrium Sr(II) concentration 
on the sorbent PS-D2EHPA beads, kF((mg/g)(L/mg)1/n) 

Fig. 6. Pseudo-first-order kinetic plots for the removal of Sr(II) 
by PS-D2EHPA beads.

Fig. 7. Pseudo-second-order kinetic plots for the removal of 
Sr(II) by PS-D2EHPA beads.
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is a constant relating the removal capacity and 1/n is an 
empirical parameter relating the sorption intensity. Ce 
(mg/L) is the equilibrium concentration of Sr(II) in the 
solution. 

The linearized form of the Langmuir isotherm is as fol-
lows [36]:

1e e

e L m m

C C
q K q q

= +  (6)

where qm (mg/g) is the maximum removal capacity of the 
sorbent PS-D2EHPA beads and kL is the Langmuir constant 
related to the free energy of sorption.

The values of Langmuir and Freundlich isotherm 
parameters calculated from Eqs. (5) and (6) are given in 
Table 3. As shown in Table 3, the equilibrium data of Sr(II) 
fit the Langmuir and Freundlich isotherm models well. 
However, Fig. 9 shows that the Langmuir isotherm model 
fits the experimental data better than the Freundlich iso-
therm model. Also, the Langmuir constants qm and kL for 
the removal of Sr(II) by the PS-D2EHPA beads increased 
with temperature. This indicates that the removal of Sr(II) 
by the PS-D2EHPA beads is endothermic in nature. The 
increase in removal with increase in temperature may be 
attributed to either the increase in the number of active 
sites present on the surface of the sorbent or the increase 
in the attractive forces between the metal ions and the 
sorbent. These results imply that the removal capacity 
and intensity for the removal of Sr(II) by the PS-D2EHPA 
beads are enhanced at higher temperatures. The maxi-
mum removal capacity (qm) obtained from the Langmuir 
isotherm was 1.07–1.64 mg Sr/g PS-D2EHPA (0.88–1.36 
mg Sr/mmol D2EHPA).

The essential characteristics of the Langmuir isotherm 
can be described by a separation factor (RL), which can be 
calculated using the following equation [37]: 

1
1L

L o

R
K C

=
+

 (7)

where kL (L/mg) is the Langmuir constant and C0 (mg/L) is 
the initial concentration of Sr(II). The value of the coefficient 
(RL) indicates the type of isotherm either to be unfavorable 
(RL > 1), linear (RL = 1), favorable (0 < RL < 1) or irreversible 
(RL = 0). 

As shown in Fig. 10, the RL values of 0 < RL < 1 indicate 
applicability of the Langmuir isotherm and suggests the 
monolayer coverage of Sr(II) on the surfaces of the PS-D2E-
HPA beads.

3.6. Thermodynamic studies

In order to evaluate the thermodynamic nature of the 
removal process of Sr(II) by the PS-D2EHPA beads, exper-
iments were carried out at three different temperatures 
and thermodynamic parameters such as Gibbs free energy 
change (ΔG°), enthalpy change (ΔH°), and entropy change 

Table 1
The calculated parameters of the pseudo-first-order and pseudo-second-order kinetic models for the removal of Sr(II) by  
PS-D2EHPA beads with different initial concentrations

Concentration, mg/L Pseudo-first-order Pseudo-second-order

qe,cal, mg/g k1, 1/min R2 qe,cal, mg/g k2, g/mg∙min R2

5 0.0406 0.0260 0.3444 0.3499 6.0012 0.9999
10 0.1918 0.0477 0.8965 0.5437 1.2424 0.9991

20 0.2087 0.0493 0.8738 0.6518 1.2470 0.9998
30 0.2692 0.0431 0.7712 0.7362 0.7916 0.9987
50 0.3685 0.0523 0.7498 0.8508 0.5334 0.9994
100 0.4339 0.0387 0.8155 0.9824 0.4054 0.9990

Fig. 8. Plot of qt vs. t1/2 for the adsorption of Sr(II) by PS-D2EHPA 
beads.

Table 2
The calculated parameters of intra-particle diffusion model for 
the removal of Sr(II) by PS-D2EHPA beads

Ion C0  
(mg/L)

First linear line Second linear line

kd1  
(mg/g∙min1/2)

R2 kd2  
(mg/g∙min1/2)

R2

Sr 10 0.1839 0.6822 0.0129 0.9127

20 0.2187 0.7439 0.0121 0.8646

30 0.2444 0.9580 0.0147 0.9300

50 0.2465 0.7438 0.0147 0.7740

100 0.2600 0.8165 0.0328 0.7058
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(ΔS°) were determined. ΔG° was calculated from the follow-
ing equation [1]:

ln LG RT KΔ ° = −  (8)

where T (K) is the temperature, KL is an equilibrium con-
stant obtained by multiplying the Langmuir constants kL 
and qm, and R (J/mol∙K) is the ideal gas constant.

ΔHo and ΔSo were calculated from experimental data at 
different temperatures using the following Van’t Hoff ther-
modynamic equation [1]:

ln L

S H
K

R RT
Δ ° Δ °

= −  (9)

Fig. 11 shows the plot of ln KL versus 1/T. The thermody-
namic values calculated from the slope and intercept in Fig. 
11 are given in Table 4. As shown in Table 3, the values of 
ΔG° for all temperatures were negative and decreased with 
increasing temperature. The negative values of ΔG°suggest 
that the removal process of Sr(II) by the PS-D2EHPA beads 
is a spontaneous process and thermodynamically favor-
able under the experimental conditions. The positive value 
of ΔH° suggests that the removal process of Sr(II) by the 
PS-D2EHPA beads is endothermic. 

3.7. Reusability of PS-D2EHPA beads

To investigate the reusability of PS-D2EHPA beads, 
PS-D2EHPA beads were first equilibrated with fresh Sr(II) 
solution, then the loaded Sr(II) were leached with nitric 
solution, and the stripped PS-D2EHPA beads were re-equil-
ibrated with fresh Sr(II) solution again. These processes 
were repeated 5 times. Fig. 12 shows the removal effi-
ciency of Sr(II) obtained from the reusability experiment 
of PS-D2EHPA beads. As shown in Fig. 12, although the 
removal efficiency of Sr(II) slightly decreased with reuse of 
the beads, it was almost constant at about 88%. In addition, 
the leakage of extractant from PS-D2EHPA beads or the 
structural damage of PS-D2EHPA beads was not observed 
during the repeated use of 5 times. These results suggest 

Fig. 9. Isotherm plots for the removal of Sr(II) ions by PS-D2EH-
PA beads at different temperatures.

Fig. 11. Van’t Hoff plot for the removal of Sr(II) by PS-D2EHPA 
beads.

Fig. 10. Separation factor for the adsorption of Sr(II) by PS-D2E-
HPA beads.

Table 3
Isotherm model parameters for the removal of Sr(II) by PS-D2EHPA beads

Temp., K Freundlich Langmuir

KF, (mg/g)(L/mg)1/n n R2 KL, L/mg qm, mg/g qm, mg Sr/mmol D2EHPA R2

298 0.4768 5.9321 0.9869 0.1866 1.0725 0.8864 0.9951
313 0.4798 4.7798 0.9694 0.1226 1.3586 1.1228 0.9963
328 0.4194 3.5050 0.9680 0.1213 1.6435 1.3583 0.9887
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that the PS-D2EHPA beads could be used several times with 
sustaining initial removal efficiencies of Sr(II).

4. Conclusion

PS-D2EHPA beads were prepared by immobilizing 
di-2-ethylhexyl-phosphoric acid (D2EHPA) with polysul-
fone (PS) and those beads exhibited a spherical shape with 
about 2.5 mm diameter. The removal process of Sr(II) by 
the PS-D2EHPA beads was dependent on the initial pH 
of the solution and the optimum removal of Sr(II) by the 
PS-D2EHPA beads was observed in the range of pH 6–10. 
The removal capacity of Sr(II) by the PS-D2EHPA beads 
increased with increasing initial concentration of Sr(II). 
Also, the removal of Sr(II) was very rapid in the first 10 
min and reached the equilibrium state after about 40 min. 
The kinetic data obeyed the pseudo-second-order kinetic 
model and the equilibrium data fit the Langmuir isotherm 
model well. The thermodynamic parameters showed that 
the removal process of Sr(II) by the PS-D2EHPA beads is 
spontaneous, endothermic, and thermodynamically favor-
able under the experimental conditions. The PS-D2EHPA 
beads prepared in this study have potential as an effective 
adsorbent for removing Sr(II) in aqueous solutions.

References

[1]  A.M. El-Kamash, Evaluation of zeolite A for the sorptive 
removal of Cs+ and Sr2+ ions from aqueous solutions using 
batch and fixed bed column operations, J. Hazard. Mater., 151 
(2008) 432–445.

[2]  H. Faghihian, M. Iravani, M. Moayed, M. Ghannadi-Mara-
gheh, Preparation of a novel PAN-zeolite nano composite for 
removal of Cs+ and Sr2+ from aqueous solutions: Kinetic, equi-
librium, and thermodynamic studies, Chem. Eng. J., 222 (2013) 
41–48.

[3]  E.I. Kurbatova, A.I. Ksenofontov, A.M. Dmitriyev, J.L. Regens, 
Irradiation of sorbents by ions of polymorphic metals for mod-
eling 90 strontium sedimentation, Environ. Sci. Pollut. Res. 
Interna., 14 (2007) 251–255.

[4]  M.L. Dietz, J.A. Dzielawa, Ion-exchange as a mode of cation 
transfer into room-temperature ionic liquids containing crown 
ethers: implications for the ‘greenness’ of ionic liquids as dilu-
ents in liquid liquid extraction, Chem. Commun., 20 (2001) 
2124–2125.

[5]  N.M. Kocherginsky, Y.K. Zhang, J.W. Stucki, D2EHPA based 
strontium removal from strongly alkaline nuclear waste, 
Desalination, 144 (2002) 267–272.

[6]  S. Chegrouche, A. Mellah, M. Barkat, Removal of strontium 
from aqueous solutions by adsorption onto activated carbon: 
kinetic and thermodynamic studies, Desalination, 235 (2009) 
306–318.

[7]  S. Mishra, N. Devi, Extraction of copper(II) from hydrochlo-
ric acid solution by Cyanex 921, Hydrometallurgy, 107 (2011) 
29–33. 

[8]  H.H. Nejad, M. Kazemeini, Optimization of platinum 
extraction by trioctylphosphine oxide in the presence of alka-
line-metal salts, Procedia Eng., 42 (2012) 1302–1312.

[9]  K. Kidani, H. Imura, Solvent effect of ionic liquids on the dis-
tribution constant of 2-thenoyltrifluoroacetone and its nickel 
(II) and copper (II) chelates and the evaluation of the solvent 
properties based on the regular solution theory, Talanta, 83 
(2010) 299–304.

[10]  K. Sarangi, P.K. Parhi, E. Padhan, A.K. Palai, K.C. Nathsarma, 
K.H. Park, Separation of iron (III), copper(II) and zinc(II) from 
a mixed sulphate/chloride solution using TBP, LIX 84I and 
Cyanex 923, Sep. Purif. Technol., 55 (2007) 44–49.

[11]  Z. Ren, W. Zhang, H. Meng, Y.M. Liu, Y. Dai, Extraction equi-
libria of copper (II) with D2EHPA in kerosene from aqueous 
solutions in acetate buffer media, J. Chem. Eng. Data., 52 (2007) 
438–441.

[12]  N.E. Belkhouche, M.A. Didi, D. Vellemin, Separation of nickel 
and copper by solvent extraction using di-2-ethylhexylphos-
phoric acid-based synergistic mixture, Solvent Extr. Ion Exc., 
23 (2005) 677–693.

[13]  J.F. Dozol, M. Dozol, R.M. Macias, Extraction of strontium and 
cesium by dicarbollides, crown ethers and functionalized 
calixarenes, J. Inclu. Phenom. Macrocyc. Chem., 38 (2000) 1–22.

[14]  S. Vellaichamy, K. Palanivelu, Preconcentration and separation 
of copper, nickel and zinc in aqueous samples by flame atomic 
absorption spectrometry after column solid-phase extraction 
onto MWCNTs impregnated with D2EHPA-TOPO mixture, J. 
Hazard. Mater., 185 (2011) 1131–1139.

[15]  N.A. Ochoa, C. Illanes, J. Marchese, C. Basualto, F. Valenzuela, 
Preparation and characterization of polymeric micro spheres 
for Cr(VI) extraction, Sep. Purif. Technol., 52 (2006) 39–45.

[16]  F.J. Alguacil, M. Alonso, F. Lopez, A. Lopez-Delgado, Uphill 
permeation of Cr(VI) using Hostarex A327 as ionophore by 
membrane-solvent extraction processing, Chemosphere, 72 
(2008) 684–689.

[17]  A.W. Trochimczuk, N. Kabay, M. Arda, M. Streat, Stabilization 
of solvent impregnated resins (SIRs) by coating with water 
soluble polymers and chemical cross linking, React. Funct. 
Polym., 59 (2004) 1–7.

[18]  N. Kabay, J.L. Cortina, T. Trochimczuk, M. Streat, Solvent-im-
pregnated resins (SIRs) methods of preparation and their 
applications, React. Funct. Polym., 70 (2010) 484–496.

[19]  S. Ozcan, A. Tor, M.E. Aydin, Removal of Cr(VI) from aqueous 
solution by polysulfone micro capsules containing Cyanex 923 
as extraction reagent, Desalination, 259 (2010) 179–186.

[20]  W.W. Yang, G.S. Luo, F.Y. Wu, F. Chen, X.C. Gong, Di-2-ethyl-
hexyl phosphoric acid immobilization with polysulfone micro 
capsules, React. Funct. Polym., 61 (2004) 91–99.

Table 4
Thermodynamic parameters for the removal of Sr(II) by PS-
D2EHPA beads

ΔHo, kJ/mol ΔSo, J/mol∙K ΔGo, kJ/mol

298 K 313 K 328 K
4.37 37.14 −6.70 −7.26 –7.82

Fig. 12. Reusability of PS-D2EHPA beads for the removal of 
Sr(II) (PS-D2EHPA beads = 5 g/0.3 L (20.7 mmol D2EHPA/L), 
agitation speed = 170 rpm, concentration = 5 mg/L, tempera-
ture= 298 K).



M.-G. Lee et al. / Desalination and Water Treatment 124 (2018) 184–192192

[28] A.B. Kanagare, K.K. Singh, M. Yadav, V.S. Shinde, M. Kumar, 
Synthesis of D2EHPA impregnated polymeric beads for the 
extraction of zinc from zinc-rich waste liquor, Current Appl. 
Poly. Sci., 1 (2017) 1–12.

[29]  S.K. Kam, J.W. Jeon, M.G. Lee, Removal of Cu(II) and Pb(II) 
by solid-phase extractant prepared by immobilizing D2EHPA 
with polysulfone, J. Environ. Sci. Int., 23 (2014) 1843–1850.

[30]  M. Ciopec, C. Davidescu, A. Negrea, L. Lupa, P. Negrea, A. 
Popa, C. Muntean, Use of D2EHPA-Impregnated XAD7 resin 
for the removal of Cd(II) and Zn(II) from aqueous solutions, 
Environ. Eng. Manage. J., 10 (2011) 1597–1608.

[31]  S. Lagergren, About the theory of so-called adsorption of solu-
ble substances, Kung. Sven. Veten. Hand., 24 (1898) 1–39.

[32] Y.S. Ho, G. McKay, Psuedo-second order model for sorption 
processes, Process Biochem., 34 (1999) 451–465.

[33] W.J. Weber, J.C. Morris, Equilibria and capacities for adsorp-
tion on carbon, J. Sanit. Eng. Div. Proc. Am. Soc. Civ. Eng., 90 
(1964) 79–91.

[34]  O. Hamdaoui, Batch study of liquid-phase adsorption of meth-
ylene blue using cedar sawdust and crushed brick, J. Hazard. 
Mater., 135 (2006) 264–273.

[35]  H.M.F. Freundlich, Over the adsorption in solution, J. Phys. 
Chem., 57 (1906) 385–470.

[36]  I. Langmuir, The constitution and fundamental properties of 
solids and liquids, J. Am. Chem. Soc., 38 (1916) 2221–2295. 

[37]  K.R. Hall, L.C. Eagleton, A. Acrivos, T. Vermeulen, Pore-and 
solid-diffusion kinetics in fixed-bed adsorption under con-
stant-pattern conditions, I&EC Fundam., 5 (1996) 212–223.

[21]  W.W. Yang, G.S. Luo, X.C. Gong, Extraction and separation of 
metal ions by a column packed with polystyrene micro cap-
sules containing Aliquat 336, Separ. Purif. Technol., 43 (2005) 
175–182.

[22]  S. Nishihama, N. Sakaguchi, T. Hirai, I. Komasawa, Extraction 
and separation of rare earth metals using micro capsules con-
taining bis(2-ethylhexyl)phosphinic acid, Hydrometallugy, 64 
(2002) 35–42.

[23]  Y. Zhang, D. Kogelnig, C. Morgenbesser, A. Stojanovic, F. Jirsa, 
I. Lichtscheidl-Schultz, R. Krachler, Y. Li, B.K. Keppler, Prepa-
ration and characterization of immobilized [A336] [MTBA] in 
PVA–alginate gel bead as novel solid-phase extractants for an 
efficient recovery of Hg (II) from aqueous solutions, J. Hazard. 
Mater., 196 (2011) 201–209.

[24]  C.H. Lee, M.G. Lee, Enhanced adsorption of strontium(II) ion 
from aqueous solution using solid-phase extractant containing 
TTA and TOPO, Desal. Water Treat., 58 (2017) 413–419.

[25] M. Ciopec, C.M. Davidescu, A. Negrea, L. Lupa, P. Negrea, A. 
Popa, Di-2-Ethylhexyl phosphoric acid immobilization with 
polysulfone micro capsules for Cu(II) extraction, Chem. Bull. 
“Politehnica” Univ. (Timisoara), 56 (2011) 43–46.

[26]  C. Davidescu, M. Ciopec, A. Negrea, A. Popa, L. Lupa, P. 
Negrea, C. Muntean, M. Motoc, Use of di-(2-thylhexyl) phos-
phoric acid (DEHPA) impregnated XAD7 copolymer resin for 
the removal of chromium (III) from water, Rev. Chim., 62 (2011) 
712–717.

[27]  K.K. Singh, S.K. Pathak, M. Kumar, A.K. Mahtele, S.C. Tripathi, 
P.N. Bajaj, Study of uranium sorption using D2EHPA-impreg-
nated polymeric beads, J. Appl. Poly. Sci., 127 (2013) 410–419.


