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Abstract. An Amberlite XAD-4 resin impregnated with di(2-ethylhexyl)phosphoric acid was prepared and
its adsorption-desorption behaviors with Sr(ll) ions under various conditions was examined. The resin was
characterized by fourier transform infrared and thermal analysis techniques. The effects contact time,
temperature, pH, interfering ions and eluants were studied. Results showed that adsorption of Sr (1) well
fitted with pseudo-second-order kinetic model. The equilibrium adsorption data of Sr (1) on the impregnated
resin were analyzed by Jossens, Weber-van Vliet, Redlich-Peterson and Fritz-Schlunder models to find out
desirable equilibrium condition. Among them, the Fritz-Schlunder model best fitted to the experimental data.
The maximum sorption capacity of impregnated resin amounted to 0.45 mg/ g at pH 8.0 and 20°C.
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1. Introduction

In recent years, a great effort has been focused on the control of heavy metals in surface and
ground waters because of their toxic effects on human, animals and plants health. Strontium is one
of the heavy metals which have dangerous health effect on human beings. Strontium has a similar
biochemical behavior with calcium and can alter bone mineralization and cause bone deformities
in the human body. Large amounts ingestion of strontium can develop into strontium rickets
(Nielsen 2004, Greve et al. 2007, Prohl et al. 2006). Furthermore, among its isotopes; strontium-
90 is one of the most dangerous materials which are produced from nuclear power plants with a
relatively long half-life of about 28.8 years. Strontium-90 collects in the bone and bone marrow of
humans and soft tissues, developing into anemia and leukemia (Grynpas et al. 1996). Several
methods have been developed for the strontium separation from various samples until now. Some
of these methods have been assigned to those involving the use of inorganic and hybrid ion
exchangers (Taj et al. 2009, Xiusheu et al. 2008, Sivaih et al. 2005, Tripathi et al. 2003, Puziy
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1998, Cakir et al. 2014, Solecki et al. 2006, Biligin et al. 2001). The main drawback of these
materials is that their reactions with some metal ions are irreversible and as a result, they are
frequently not reusable and economical. Solvent extraction (Schulz et al. 1963, Kocherginsky et
al. 2002, Dinga et al. 2010, Makrlik et al. 2010, Schulz 1968), ion exchange (Hafizi et al. 2011,
Zhang et al. 1999), membrane (Ashraf Chaudry et al. 1994, Raut et al. 2012), combination of
these methods (Jeong et al. 2002, Chen 2007) and extraction chromatography (Heilgeist 2000,
Jyh-Herng et al. 2003) are other important methods. Of these methods, although the extraction
chromatography is well-developed over the last twenty years, little attention has been paid to those
particularly involving the reversible recovery of strontium.

The aim of this work was to study Sr (1) adsorption-desorption onto Amberlite XAD-4 resin
impregnated with di (2-ethylhexyl) phosphoric acid (D2EHPA). To achieve this purpose, the effect
of contact time, pH, initial concentration of Sr (1), temperature, interfering ions, thermodynamics
and kinetics of adsorption were investigated.

2. Material and methods

2.1 Chemicals and reagents

All chemicals used were of analytical grade from Merck, Fluka and Sigma Aldrich companies.
Standard and stock solutions were prepared using double distilled water. For further purification of
the resin, it was washed with methanol, water, 1 mol/L HNO3, water, 1 mol/L NaOH and water
respectively. For adjusting the pH of solutions, we used 0.01-1M HCI and NaOH.

The pH of solutions was measured by a Metrohm instrument, model 744 pH meter (Zofingen,
Switzerland). Infrared spectra were recorded by Vector 22 FT-IR spectrometer (Bruker, Germany)
using the potassium bromide pellet method. The metal ion measurements were done using the
Varian Turbo 150AX ICP-OES instrument. Thermal analysis was performed by Rheometric
Scientific STA 1500H analyzer in argon atmosphere at a linear heating rate 10°C min™.

2.2 Conditioning of Amberlite XAD -4

We washed Amberlite XAD-4 resin with 4M HCI and then rinsed with water. Rinsing was
continued until the pH of supernatant reached to neutral. After that, it was washed with a
methanol-water (1:1) solution to remove residual monomer species and washed again with water.
Then the resin was filtered and dried at room temperature for 24 hours and kept in a desiccator.
Finally, it was stored in a polyethylene bottle.
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Fig. 1 Chemical structure of Di-(2-ethylhexyl) phosphoric acid (D2EHPA)
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2.3 Impregnation procedure

The impregnated resin was prepared by mixing of 1g of purified Amberlite XAD-4 with 6ml of
D2EHPA (Fig. 1) and 6ml of ethanol. The resulting slurry was gently stirred for 24 hrs. Then,
ethanol was removed by evaporation at ambient temperature (25°C). Finally, the resin was dried at
50 °C.

2.4 Batch adsorption studies

Adsorption experiments were performed in various solutions by adding 0.1 or 0.2 g of the
impregnated resins and 20 ml of Sr(ll) ions with a concentration of 2.5 mg/L at 25+1°C during 5
hrs using a water bath shaker. The adsorbed metal ion g, (mg/g) was calculated using the
following equation

qe = (Co — Cp) X V/M oy

where C, and C, are the initial and the equilibrium concentrations (mg/ L) of metal ion in solution,
respectively, V is the volume of solution (L) and M is the weight (g) of the adsorbent.
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Fig. 2 FT-IR spectra of pure XAD-4, D2EHPA and XAD-4 impregnated with D2EHPA
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Fig. 3 Thermograms of XAD-4 resin and XAD-4 impregnated with D2EHPA
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3. Results and discussion
3.1 Characterization of impregnated resin

The FT-IR spectra of pure XAD-4, D2EHPA and XAD-4 impregnated with D2EHPA are
presented in Fig. 2. The characteristic bands of D2EHPA are P=0O, P-O-C, P-O-H and O-H, and
these bands are given at 1230, 1032, 1632 and 3441 cm * respectively (Krishan Kant et al., 2013).
Other bands are less important and correspond with aliphatic and aromatic bonds related to styrene
divinyl benzene. Fig. 3 shows the thermograms of pure impregnated Amberlite XAD-4 and
D2EHPA up to 800°C. The weight loss for the impregnated resin in the range of 230-260°C (about
30%) can be attributed to either destruction or evaporation of D2EHPA and residue remaining
after 700-800 °C (about 20%) is related to the decomposition products of D2EHPA and formation
of phosphorous oxides. The weight loss at temperature 460°C relates to the start of the resin
degradation.

3.2 Effect of pH on Sr (Il) adsorption

We used 0.1 M HCL and 0.1 M NaOH solutions for adjusting pH. As can be seen in Fig. 4(a),
the Sr(Il) uptake is strongly pH-dependent. The maximum uptake occurs at pH 8.0 with 94%
recovery. This behavior of the impregnated resin can be attributed to the more stable complexes of
Sr (1) ions with D2EHPA at alkaline pH. The following mechanism can be written for Sr(ll)
adrorption onto impregnated resin

5
Srazq+ + E (HX)Z resin = Ser :BHXresin + 2H¢-1'-q (2)
Na;;q + (HX)Z resin = NaXZHresin + H(-;q (3)
Srazq*' + 2NaX,Hyesin = ST(HX2)3 yesin + 2Naj{q 4)
2Nak, +Sr(HX2)yresin =  2Na(HX2); resin + ST (5)

where (HX), refers to to the dimeric species of D2EHPA. It should be noted that the
dimerization/polymerization of D2EHPA molecule is one of the limiting factors during M"™-
D2EHPA complexation. The earlier study shows that with increasing D2EHPA concentration,
polymerization increases namely, the rate of complex formation decreases with increasing
D2EHPA concentration (Peppard et al. 1985). When D2EHPA concentration reaches to the
highest value in the pores of the resin (after evaporation of the solvent), dimerization factor will be
more important in the decrease of rate of Sr (11)-D2EHPA formation at lower pH. As Eq. 2 shows,
the formation of Sr(I1)-D2EHPA complex involves the association of five molecules of D2EHPA
with one Sr (1) ion (Ashraf Chaudry et al. 1994). It can be anticipated that the reaction rate is very
slow in neutral agueous solutions because of the formation of relatively large complex (SrX,.3HX,
Eq. 2). Our preliminary experiments showed that Sr(l1)-D2EHPA species cannot be formed in
dilute acid solutions. For instance, the adsorption of Sr (I1) ions reaches to less than one percent at
pH=1. Fig. 4(a) shows the variation of adsorption versus pH in the range of 3 to 11. By adding
alkali to the solution containing impregnated resin, H* ions are consumed and sodium salt of
D2EHPA is formed and dimer species are decomposed to monomers (Eqg. (3)). Under these
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conditions, Sr (1) ions are easily complexed with D2EHPA molecules and the Sr (I) adsorption
reaches to its highest values (Eqg. (4)). When excess alkali is added, Sr (11)-D2EHPA complexes
are decomposed by the rapid acid-base reaction of NaOH and D2EHPA, and as a result Sr(ll)
adsorption decreases to its lowest values at pH=11(Eq. (5)).

3.3 Effect of dose of impregnated resin

A series of experiments was carried out in which adsorbent dosage was varied in the range of
0.02-1.0 g. (Fig. 4(b)). The uptake of Sr (Il) increases from 60.0 to 96.2 % with increasing the
impregnated resin namely; there would be greater sites for metal ions adsorption under higher
dosage of the impregnated resin. The best amount of adsorbent for removal of Sr (11) obtained was
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0.25g. Increasing the amount of adsorbent did not show any significant changes on adsorption
process. This can be due to overlapping of adsorption sites relevant to overfilling of adsorbent
particles. Considering this fact, 0.2 g of adsorbent was chosen for further experiments.

3.4 Impact of initial concentration of Sr (II)

According to the various parameters affecting on the Sr (Il) adsorption, initial ionic
concentration which can provide a high concentration driving force between liquid and solid phase
and decreasing the mass transfer resistance is of great importance. The impact of initial
concentration in the range of 0.1 to 3 mg/L was studied (pH 8.0 and the adsorbent dose of 0.2 g,
stirring speed of 180 rpm, contact time of 360 min and temperature of 25°C). The maximum
adsorption occurs in the initial concentration of 2.5 mg/L (Fig. 4(c)).

3.5 Desorption study

Desorption of Sr (1) was investigated with 10 ml solutions of 1M HCI, 1M HNO; and 1M
NH;NOs(at pH=8). A considerable amount of Sr (Il) ions was desorbed by applying these
solutions. As shown in Fig. 4(d), better result was obtained with 1M NH4NO;, and desorption
efficiency obtained was 87%, while for HCI and HNO; were 74% and 66% respectively. The
significant differences between ammonium nitrate desorption and the other two aforementioned
acids can be attributed to the formation of D2EHPA-NH, salt in alkaline region. More experiments
with the same volume of 5M NH,4NO; showed a Sr (1) recovery of 93% (Fig. 4(e)).

3.6 Effect of contact time on adsorption-desorption

The effect of contact time on Sr (11) uptake was studied in the range of 5-120 minutes. As can
be seen from Fig. 5(a), strontium uptake reaches the equilibrium about 30 min. Under this
condition, the adsorption capacity of Sr (II) was found to be 0.45 mg/g. Similarly, Sr(Il) elution
can fulfilled with 10 mL of 5 mol/L NH4;NOs. The desorbed Sr (1) ions can be calculated using the
difference between adsorbed Sr(ll) and the final concentration of Sr(ll). After charging the
D2EHPA-XAD-4 resin with 5 mg/L Sr (I1) solution, desorption was almost fast and reached to the
equilibrium within 30 to 60 min (Fig. 5(a)). We repeated the adsorption-desorption process to
determine the regeneration and desorption efficiency of the D2EHPA-XAD-4. The Sr(Il) capacity
decreased from 0.5 to about 0.041 mg/g at the fourth adsorption step after repeated loading with 5
mg/ L solution and 30 min incubation period.

3.7 Equilibrium isotherms of adsorption

Equilibrium isotherm of adsorption shows the mathematical relationship between the amount of
adsorbate and the equilibrium concentration of ion in the solution at a constant temperature. To
survey the adsorption isotherms, 0.2 g of resin beads was mixed with 20 mL solution and stirred
for 4 hrs under various concentrations of Sr (1) at different temperatures of 20, 30 and 40°C. As
Fig. 5(b) shows, the capacity of D2EHPA-XAD-4 increases with increasing the initial
concentration of the Sr (I1) ions. Under such condition, the Sr (11) capacity amounted to 0.45 mg/g
with initial concentration of 20 mg/L. Isotherm curves were estimated using different models
(Tables 1 and 2). Fig. 6 suggests The Jossens, Weber-van Vliet and Fritz-Schlunder isotherms at
various temperatures.
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Fig. 5 (a) Adsorption and desorption of Sr (1) ions as the function of time and (b) Effect of initial
concentration and temperature on the uptake of Sr (1) ions

Table 1 Types of adsorption isotherms and their equations

Model Parameter Equation
i _ qlelCe
Langmuir 2 9 =1 K,
Freundlich 2 qe = K,C, /™
Temkin 2 g = B¢ In(A.C.)
- q q
Elovich 2 = = KeCeexp(——)
me qm
Ktce
Toth 2 Qe=—— 1~
(K +Ce) /me
. _ e
Redlich-Peterson 3 Ge =T p.cr
. QmeCe"®
Generalized 3 Qe =
Kg +C,
qe mi
Jossense 3 C.= ?exp(njqe )
]
. _ qmerrpCe
Radke-prausnitz 3 % =Tk _com
L n
. _ mestslce fs
Fritz-Schlunder 4 4e =77 Koy
Weber-Van Vliet 4 Ce = Ky mwae™ #iw)

ge: equilibrium capacity,C,: adsorbed equilibrium concentration, ¢.,: maximum capacity,K,A,B:
equilibrium constants,m,n,l: power constants

Table 2 Isotherm parameters obtained using different non-linear models*at different temperatures

isotherm  Temperatures(°C) Coefficients R?
gmi ki
. 40 0.6270 0.0489 0.9798
Langmuir
30 1.2879 0.0202 0.9521

20 16.20 0.0018 0.9894
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isotherm  Temperatures(°C) Coefficients R
nf kf
i 40 1.4843 0.0428 0.9755
Freundlich
30 1.2337 0.0333 0.9591
20 1.1013 0.0296 0.9836
At Bt
) 40 0.5394 0.1252 0.9642
Temkin
30 0.4716 0.1476 0.8938
20 0.3548 0.2437 0.9702
gme ke
) 40 1.34x10* 1.41x10°® 0.9020
Elovich 3 =
30 8.62x10 2.4075x10 0.9460
20 783.80 3.66x10° 0.9892
Ar Br nr
Redlich- 40 0.0264 0.0089 1.4793 0.9805
Peterson 30 7.51x10%° 2.2533x10% 0.1894 0.9591
20 0.0292 4.46x10™ 1.4440 0.9893
Ktl Kt2 nt
Toth 40 1.3x10° 1.5813 -0.1161 0.9745
30 0.1200 6.9075x107 -23.61 0.9704
20 0.0453 1.26x10* -19.67 0.9892
gqmg kg ng
) 40 0.6168 20.3503 1.0084 0.9798
Generalized m m
30 1.87x10 5.6157x10 0.8106 0.9591
20 1.9653 81.82 1.1527 0.9893
Kj nj mj
) 40 0.0225 1229 6.4840 0.9872
jossens
30 777.77 10.78 0.0172 0.9636
20 78.19 7.91 -3.26x10° 0.9892
gmrp krp nrp
radke- 40 280.08 1.016x10* 311.56 0.9811
prausnitz 30 8.11x10* 97.99 0.1896 0.9591
20 46.85 6.26x10™ 2.8565 0.9894
kw nw mw lw
weber-van 40 71.1446 -2.26x10® 16.6723 1.2498 0.9913
vliet 30 37.82 -21.955 0.0103 22.46 0.9664
20 0.5748 -12.94 1.6014 -0.5249 0.9966
. Kfsl Kfs2 nfs mfs
fritz-schlunder 0
40 0.0354 1x10 0.7668 7.3533 0.9867
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Table 2 Continued
isotherm  Temperatures(°C) Coefficients R?
fritz-schlunder Kfsl Kfs2 nfs mfs
30 0.2698 7.0996 0.8106 -6.57x10°  0.9591
20 2.72x10™ 0.0080 5.6467 4.7143 0.9917

*The sum of square of the average squares of the errors(ERAV) was selected for curve fitting because its R-

1 n
square is lowest and its expression as follows: f :,/Hg(ym—vm)z
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Fig. 6 Isotherm curves obtained by the best non-linear modeling at various temperatures
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3.8 Adsorption kinetic models

To find out the mechanism of the adsorption, we examined the pseudo-first-order and pseudo
second-order equations. For simple kinetic analysis, we can apply the pseudo-first-order equation
as follows

dqgy/dt = k; (Qe-0r) (6)

where k; is the rate constant of pseudo-first-order adsorption and g. presents the adsorption
capacity (i.e. the adsorption agrees to monolayer coverage). After definite integration by applying
the initial conditions t=0 to t and g,=0 to q;, Eq. (6) becomes

In (e —qr) = In(qe)— kat ()

where ge and g, are Sr (1) ions adsorbed (mg.g-*) at equilibrium and at time t, k; is the constant
(min™). The plot of In (q.-q) Versus t gives a straight line for the pseudo-first-order adsorption
kinetics (Fig. 7(2)).

The pseudo-first-order rate constant (k;) results from the slope of the straight line (k;=-0.1972).
The g value can be estimated from the intercept (qe;=0.459). The pseudo-second-order model is as
follows

da/dt = k; (9e-Gr)’ (8)

where k; is the rate constant of pseudo-second-order adsorption. With integration of Eq. (8) and
applying the initial conditions, we have

t/qe = (1/k2)qe + (1/ge)t 9)

The pseudo-second-order plots for Sr(ll) ions at pH 8 is shown in (Fig 7b). The pseudo-second-
order rate constant k,, and ge, were calculated from the intercept (k,=0.381986) and from the slope
(9.2=0.465875) respectively. Considering the correlation coefficients obtained for the pseudo-first-
order (R?=0.9945) and pseudo-second-order (R?=0.9997), it seems likely that pseudo-second-order
mechanism dominates the sorption kinetics.

Here, entropy (AS®) (KJ/ mol, K), enthalpy (AH®) (kJ/ mol) and free energy (AG®) (kJ/ mol)
can be estimated using the following equations

Ko = Csolid/Cquuid (10)
AG°= -RT InK, (1)
InK, = AS°/ R-AH°/ RT (12)

where Ko,Csiig, Ciiguiax T and R are the equilibrium constant, solid phase concentration at
equilibrium (mg/L), liquid phase concentration at equilibrium (mg/L), temperature in Kelvin, and
gas constant(8.314 J/mol,K) respectively. By plotting the graph of In(K.) versus I/T (Fig. 7(c)), the
values AH® and AS° are estimated from the slopes and intercepts. As shown in Table 3, the
negative AG° value suggests Sr (II) adsorption onto the D2EHPA-XAD-4 resin is
thermodynamically possible and spontaneous. The negative AH® value suggests the exothermic
nature of adsorption. The positive value of AS® shows a randomness increase at the solid-solution
interface. Physical adsorption occurs if free energy AG®is about -20 to -40 kJ/mol and if AG® is to
be greater than -40 kJ/mol, chemical adsorption is dominant mechanism. In the case of chemical
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adsorption, a coordinate bond is formed due to charge sharing or transfers from the solid-phase
surface to a metal ion. The AG® value obtained in this study for the Sr (lI) ions is<-9 kJ/mol,
suggesting that physical adsorption was the dominant mechanism of adsorption.
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Fig. 7 (a) Pseudo-first-order kinetics for the removal of Sr (I1) ions by D2EHPA impregnated XAD-4
resin at different concentrations, (b) Pseudo-second-order kinetics for the removal of Sr (1I) ions by
D2EHPA impregnated XAD-4 resin at different concentrations and (c) In (K.) vs. I/T for adsorption of Sr
(1) ions on D,EHPA —XAD-4 resin

Table 3 Thermodynamic parameters for the adsorption of Sr (11) ions onto D,EHPA —XAD-4 resin
dG(kJ/mol)

Co(mg/L) T=20© T-30C T=20C dH(kJ/mol) dS(KJ/mol.K)
5 -8.04 -8.78 -8.77 2.54 -0.0365
7.5 -8.23 -7.70 -7.80 -14.43 0.0215
10 -8.42 -7.81 -8.12 -12.66 0.0150

12.5 -8.33 -7.99 -7.90 -14.59 0.0215
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Table 3 Continued

dG(kd/mol)

Co(mg/L) T=20C T=30 T=20° dH(kJ/mol) dS(KJ/mol.K)

15 -8.24 -7.51 -7.88 -13.33 0.0180

17.5 -8.12 -7.62 -7.58 -15.96 0.0270

20 -8.30 -7.65 -71.34 -22.32 0.0480

Table 4 Effect of interfering ions on the adsorption of Sr (1) ions

Interfering lon A (mg/L) %L %E D
- 4.7 0 94 9.4
Cd+2 4.0 14.9 80 8.0
Ni+2 3.75 20.2 75 7.5
Ca+2 3.0 36.2 60 6.0
Mg+2 2.5 48.8 50 5.0
Fe+2 3.75 20.2 75 7.5
Ba+2 35 255 70 7.0
Al+3 3.9 17.0 78 7.8
Mixed Above 2.0 57.4 40 4.0

A: Amount of adsorbed Sr (1) (mg/L), L: Loss adsorption (%), E: extraction percentage (%)
And D: distribution ratio

Table 5 Results of Sr (I1) recovery after spiking in various water samples

Sample Spiked(mg/L) Found(mg/L) #Recovery% + RSD%

0.0 0.14 -

Tap Water 0.2 0.34 100 2.9
0.4 0.55 101.8+ 3.7
0.0 3.13 -

Well Water 0.2 3.33 100+ 3.0
0.4 3.47 98.3+3.7
0.0 6.7 -

River Water 0.2 7.07 1025+ 2.9
0.4 7.2 101.4+ 2.8

3.9 Effect of foreign ions on adsorption of Sr(1l)

The effect of various foreign ions (5 mg/L) on the uptake of Sr (11) ions (concentration 5 mg/L)
was investigated and extraction percentage (E%) from the following equations was calculated

Q= (Co-Ce) VIW (13)

E=C./Co (14)
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D=EV/IW (15)

L = CeM™"- Ce/ CeMNo™" (16)

where Q is the resin capacity (mg/g), C, and C, stand for the initial and equilibrium concentration
(ng/ mL), W, V and E% are the mass of the resin (0.2 g), the volume of solution (0.02L) and the
extraction percentage. As is shown in Table 4, the interfering ions have negligible effect on Sr (1)
uptake.

3.10 Analysis of real samples

To examine the ability of the impregnated resin under real conditions, adsorption of Sr (I1) in
various water samples was investigated and the results are given in table 5. It should be noted that
before starting these experiments, the pH of all water samples was adjusted to 8. The following
formula was used for recovery percent

CFound(N +1)

Recoveryyiq1) % = %X 100 a7

CSpiked(N+1) + CFound(N)

4. Conclusions

The presented method is simple and rapid for the preconcentration of Sr (1) ions from agueous
solutions. The impregnated resin used has an acceptable adsorption capacity toward the Sr (I1) ion.
The results of kinetics models confirm the pseudo-second order can be applicable for the reaction
rate of Sr(l1) ions with the impregnated resin. The uptake of strontium ions was found to be 94.0%
at optimal pH. Also, the results show that ammonium nitrate is a suitable eluant to desorb Sr (1)
ions from the surface of the resin with 93 percent recovery. As a result, it can potentially be used
to estimate Sr (I1) ions quantitatively in different real samples.
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