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Received: 8 December 2014 / Published online: 28 February 2015
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Abstract A crosslinked polyester resin containing acrylic

acid as functional groups was synthesized and character-

ized by using FT-IR method. Adsorption behavior of

strontium ions on the synthesized polyester resin was in-

vestigated as a function of sorptive concentration, time,

temperature, and pH by using ICP-OES measurements.

Adsorption data were analyzed by the modified Freundlich,

Elovich, pseudo-first order and pseudo-second order ki-

netic models, by the Freundlich, Langmuir and Dubinin–

Radushkevich isotherms and by the thermodynamic pa-

rameters such as enthalpy (DH�), entropy (DS�) and free

energy change (DG�).

Keywords Polyester resin functionalized with acrylic

acid � Thermodynamic and kinetic parameters �
Adsorption isotherms � Strontium ions

Introduction

The radioactive or toxic metal ions such as U(VI), Sr(II)

and Cs(I) cause progressive or irreversible rental injury and

in acute cases may lead to kidney failure and dead [1–11].

The fission products such as strontium and cesium are

important contaminants in nuclear waste solutions or

wastes [1, 11–17]. Radioactive strontium is produced not

only as a waste fission product from plants, but also in the

processing of nuclear fuels. Radioactive 90Sr has a typical

high value of radioactivity of 3000–4500 lCi 90Sr per liter

and half life of 28 years. 90Sr once incorporated into bone

continues to b-irradiate localized tissues with the eventual

development of bone sarcomas and leukemias [11, 13, 16,

17]. For this reason, the removal of radioactive strontium

ions from waste solutions or wastes is of great importance.

Many separation and preconcentration techniques, such

as, chemical precipitation, ion-exchange, solvent extraction

and sorption on inorganic or organic solids have been de-

veloped to remove toxic or radioactive metal ions from

aqueous waste solutions or wastes [18–21]. At present

time, there is an increasing effort for removing toxic or

radionuclide contaminants from aqueous waste solutions or

wastes by using various polymeric adsorbents [22–25]. It is

known that the use of polymeric adsorbents to remove

toxic or radioactive metal ions from aqueous waste solu-

tions or wastes pose many advantages for controlling ad-

sorption capacity and may present selective adsorption of

metal ions from waste solutions [25–28]. For these pur-

poses, many studies have been performed using polymers

or polymeric networks having functional groups such as

amideoximes and phosphoric, methacrylic, itaconic,

acrylic, succinic, iminoacetic acid and hydroxamic acids

for the removal of metal ions from waste solutions [26–37].

Unsaturated polyester polymer or copolymer dissolved

in reactive monomer, such as, styrene can be copolymer-

ized into infusible, insoluble tree dimensional networks by

using an organic peroxide or hydroperoxide [9, 38, 39].

Decomposition of peroxide or hydroperoxide is accom-

plished either thermally or by the addition of chemical

reducing agents, such as, N,N-dimethylaniline or cobalt

octoate [9, 40–43]. In this study, the unsaturated polyester

resin containing the monomers of styrene and acrylic acid

was chosen because of high hydrolytic stability of its ester

linkage and it is commercially available and cheap com-

pound. The copolymer bearing acrylic or methacrylic acid

functional groups has been chosen as chelating compound
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because of its well-known chelating ability with metal ions

in aqueous solutions [9, 11, 25, 32, 33]. Adsorption

mechanism between strontium ions and acrylic acid func-

tional groups in the unsaturated polyester resin involves

chemical reaction and mass transport processes in liquid

phase, diffusion across the liquid film surrounding the solid

particles, diffusion in macropores and micropores. The

sorption data has been analyzed by the sorption isotherms

of the Freundlich, Langmuir, and Dubinin–Radushkevich

(D–R) isotherms. Adsorption capacity and free energy

change have been determined by using D–R isotherm. In

order to examine the fitting of adsoption data to the kinetic

models, various kinetic models, such as, the modified

Freundlich, Elovich, pseudo-first order and pseudo-second

order kinetic models have been used to characterize the

adsorption kinetics of different ion-exchangers as described

in previous studies [44–48].

In this study, the Sr(II) adsorption on the crosslinked

polyester resin bearing acrylic acid functional groups from

aqueous solutions were analyzed as a function of adsorp-

tion parameters such as the amount of adsorbent, initial

strontium concentration, pH of solution, contact time and

temperature. Adsorption data changing with adsorption

time were used to test for the kinetic models of the mod-

ified Freundlich, Elovich, pseudo-first order and pseudo-

second order kinetic models. The fitting of adsorption data

to the kinetic equations and the constants in these equations

were analyzed. Adsorption data obtained from ex-

perimental results as depending on strontium concentration

were used to analyze the fitting of adsorption data to the

adsorption isotherms of the Freundlish, Langmuir and D–R

isotherms. The constants in the adsorption isotherms were

determined and adsorption capacity and free energy change

(E) were calculated by using the D–R isotherm. The en-

thalpy (DH�), entropy (DS�) and free energy change (DG�)
were calculated by using adsorption data obtained from

experimental results as depending on temperature.

Experimental

Standard polyester resin (Polipol 353, Poliya), acrylic acid

(Merck), cobalt octoate solution containing 1 % Co as

weight percentage in toluene (Ege Kimya), methylethylke-

tone peroxide, MEKp (Butanox M60, Akzo Nobel) and

strontium nitrate (Merck) were used without further

treatment.

80 g solution of unsaturated polyester resin in styrene

monomer (Polipol 353) and 20 g of acrylic acid by using

initiator system of 0.5 mL of cobalt octoate solution con-

taining 1 % Co as weight percentage and 1 mL of

methylethylketone peroxide, MEKp (Butanox M60) were

used in a typical synthesis [9] and the crosslinked

copolymer having chemical structure given in Scheme 1

was obtained and used to remove Sr(II) from aqueous

solutions.

FT-IR spectra of crosslinked polyester resin containing

acrylic acid functional groups and the same polymer ad-

sorbed Sr(II) from aqueous solution are shown in Fig. 1. As

can be seen from Fig. 1, curve 1, the band observed at

3550 cm-1 shows the O–H stretching vibration in –COOH

group. The C=O in ester linkage or carbonyl group are

observed at 1730 cm-1. The bands at 1397 and 1460 cm-1

indicate O–H bending and vibration bending of C–O in

C–O–H plane. The C–O–C asymmetric stretching in ester

group is observed at 1150 cm-1. The sharp bands observed

at 1600, 1497 and 1456 cm-1 are the characteristic for

–COOM bond due to complexation of carboxyl groups of

the crosslinkled polyester resin with strontium ions (Fig. 1,

curve 2).

The crosslinked polyester resin functionalized with

acrylic acid was ground to the powder and the particles

which are smaller than 150 lm of diameter were separated

to use them in the adsorption measurements of strontium

ions from aqueous solutions. The scanning electron mi-

croscopy image of the particles of the crosslinked polyester

resin functionalized with acrylic acid was shown in Fig. 2.

As seen from Fig. 2, the diameter of the biggest particle is

lower than 150 lm.

The effects of following parameters for the adsorption of

Sr(II) on the crosslinked polyester resin bearing acrylic

acid functional groups were scrutinised. These parameters

are: (1) the amount of adsorbent (mAdsorbent = 0.01, 0.02,

0.03, 0.04, 0.05, 0.06 and 0.07 g) at constant initial Sr(II)

concentration of 11.01 ppm, time (t = 60 min) and tem-

perature (T = 293 K)), (2) initial Sr(II) concentration

(CSr(II) = 5.13, 9.99, 26.08, 52.12 and 103.90 ppm for

various temperatures (T = 283, 293, 303 and 313 K) at

constant amount of adsorbent (mAdsorbent = 0.05 g) and

contact time (t = 60 min)), (3) contact time (t = 1, 2, 3, 5,

10, 15, 30 and 60 min for T = 293 K, m = 0.05 g and

various Sr(II) concentrations), (4) temperature (T = 283,

293, 303 and 313 K for t = 60 min, mAdsorbent = 0.05 g
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Scheme 1 The chemical structure of synthesized crosslinked polye-

ster resin
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and various Sr(II) concentrations of 5.13, 10.01 and

26.08 ppm) and (5) pH of solution from 1.51 to 8.51 at

295 K for mAdsorbent = 0.05 g and CSr(II) = 10.83 ppm.

Batch adsorption method was used in the Sr(II) adsorption

experiments.

During Sr(II) adsorption on the crosslinked polyester

resin containing acrylic acid functional groups, 0.05 g of

polymer was immersed into 5 mL of Sr(II) solution and the

mixture was shaken for definite time, temperature and pH.

The copolymers were separated from the solution by cen-

trifugation at 3500 rpm for 20 min. Sr(II) adsorption was

calculated by determining the amount of Sr(II) in solution

at beginning and after definite adsorption time by means of

ICP-OES measurements. The percentage (Ads.%) of ad-

sorption, distribution coefficients (KD), the concentrations

of Ct and Ce and the amounts of qt and qe were calculated

by the equations given below:

Ads:% =
C0 � Ce

C0

� 100 ð1Þ

KD ¼ C0 � Ce

Ce

� V

m
ð2Þ

qt ¼ C0 � Ctð Þ � V

m
ð3Þ

qe ¼ C0 � Ceð Þ � V

m
ð4Þ

Ct ¼ 1 � Ads:% =100ð Þ � C0; ð5Þ

where C0 is the initial Sr(II) concentration (mol/L), KD is

the batch distribution coefficient (mL/g), Ct and Ce are the

Sr(II)) concentrations (mol/L) in solutions at time, t and at

equilibrium at 60 min, respectively. qt and qe are the

amount of adsorbed Sr(II) in terms of mol/g on the cross-

linked copolymer at time, t and at equilibrium

(t = 60 min), respectively. V is the volume of Sr(II) so-

lution (mL) in the adsorption experiment and m is the

weight of adsorbent used in adsorption measurements (g).

Results and discussion

The effect of the amount of adsorbent

Various amounts of the crosslinked copolymer containing

acrylic acid functional groups was mixed with 5 mL of

Sr(II) solution (11.01 ppm) at 293 K and pH 4.48 (Fig. 3).

As can be seen from Fig. 3, at 11.01 ppm Sr(II) concen-

tration, with increasing the amount of adsorbent from 0.01

to 0.07 g in the adsorption measurement of Sr(II) at 293 K,

it was observed that the adsorption percentage increased
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Fig. 1 FT-IR spectra of

polyester resin containing

acrylic acid functional groups

(1) and the same polymer

adsorbed Sr(II) from aqueous

solution (2)

Fig. 2 SEM imagine of particles of the crosslinked polyester resin

functionalized with acrylic acid used in Sr(II) adsorption

measurements
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and reached an equilibrium at the range of mCopolymer =

0.05–0.07 g. For this reason, 0.05 g of adsorbent which has

an adsorption efficiency of 15.83 % was used in further

adsorption experiments to investigate the dependence of

Sr(II) adsorption to the parameters, such as, initial Sr(II)

concentration, contact time, temperature and pH of solution

by using the crosslinked copolymer bearing acrylic acid

functional groups as adsorbent.

The effect of contact time

The dependence of Sr(II) adsorption on the contact time

was illustrated in Fig. 4 for Sr(II) adsorption on the

crosslinked copolymer bearing acrylic acid functional

groups from aqueous solutions at initial Sr(II) concentra-

tions from 5.26 to 103.80 ppm at 293 K. As seen from

Fig. 4, With increasing contact time, the percentage of the

adsorbed Sr(II) on the crosslinked polyester resin increased

and reached at equilibrium after 30 min. As described in

previous investigations, a rapid initial Sr(II) adsorption on

the crosslinked polyester resin has been followed by a

steady and at later stages adsorption reached an apparent

plateau in 30 min.

The modified Freundlich kinetic model

The modified Freundlich or fractional power kinetic

equations were written by the Eq. (6) given below [4, 9, 32,

49]:

qt ¼ atb: ð6Þ

The linearized form of Eq. (6) can be written by fol-

lowing Eq. (7).

ln qt ¼ ln aþ b ln t; ð7Þ

where qt is the amount of Sr(II) adsorbed by crosslinked

polyester resin functionalized with acrylic acid at time,

t. The a and b are the constant for the modified Freundlich

kinetic equation. Figure 5 shows a plot of qt against ln t of
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Fig. 3 The effect of adsorbent mass on the adsorption percentage for

the Sr(II) adsorption on the crosslinked polyester resin bearing acrylic

acid functional groups from aqueous solution for 11.01 ppm of initial

Sr(II) concentration at constant temperature of 293 K and adsorption

time of t = 60 min
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Fig. 4 The effect of contact time on the percentage of Sr(II)

adsorption for the croslinked polyester resin bearing acrylic acid

functional groups. Initial Sr(II) concentration of 5.26 ppm (filled

circle), 10.83 ppm (filled triangle), 26.16 ppm (filled square),

49.10 ppm (open circle) and 103.80 ppm (open triangle) at 293 K

of adsorption temperature
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Fig. 5 The fitting of adsorption data on the modified Freundlich

adsorption model for initial Sr(II) concentration of 5.26 ppm (filled

circle, 10.83 ppm (filled triangle), 26.16 ppm (filled square),

49.10 ppm (open circle) and 103.80 ppm (open triangle) at 293 K
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the modified Freundlich kinetic equation for the Sr(II)

adsorption on the crosslinked polyester resin for various

initial Sr(II) concentrations from 5.26 to 103.80 ppm at

constant temperature (293 K). As seen from Fig. 5, there is

a linear relationship between ln qt and ln t values. The

values of a, b and correlation coefficient (R) were deter-

mined for various initial Sr(II) concentration at 293 K

(Table 1). When the modified Freundlich kinetic model

was applied to the adsorption data, the slightly better cor-

relation coefficients (0.980 B R B 0.993) were attained.

The Elovich kinetic model

The Elovich or Rodinky–Zeldovich kinetic equation is

generally expressed as follows [4, 9, 32, 49, 50]:

dqt

dt
¼ A exp �Bqtð Þ; ð8Þ

where qt is the amount of Sr(II) adsorbed by the crosslinked

polyester resin functionalized with acrylic acid at time, t. A

is the initial Sr(II) adsorption rate (mol/g min) and B is the

adsorption constant (g/mol). The linearized form of the

Elovich Eq. (8) can be written as follows:

qt ¼ B ln ABð Þ þ B ln t; ð9Þ

when the linear plot of qt versus ln t is drawn, the constants

of A and B can be determined from the values of slope and

intercept. In this case, The linear relationships were ob-

tained between the adsorbed Sr(II) (qt) on the crosslinked

copolymer and ln t for the lines given in Fig. 6. When

adsorption data were applied to the Elovich equation, the

calculated values of A, B and correlation coefficients were

listed in Table 1. As can be seen from Fig. 6 and Table 1,

slightly low correlation coefficients have been obtained.

When initial Sr(II) concentration increased from 5.26 to

103.80 ppm, The values of B increased from 2 9 10-7 to

10 9 10-7 and the values of A decreased from 16.6 9 107

to 5.46 9 107 respectively. The quality of A in the Elovich

equation is the equivalent to the initial gradient which

varied with different Sr(II) concentrations.

The pesudo-first order kinetic model

The pseudo-first order kinetic model describes a reversible

equilibrium between the ions in solution and those ad-

sorbed on solid phase [4, 9, 32, 50–54]. In order to in-

vestigate the sorption rate of Sr(II) on the crosslinked

polyester resin, the following pseudo-first order equation

given below was used:

dqt

dt
¼ k qe � qtð Þ; ð10Þ

where qe and qt are the amounts of uranium ions adsorbed

by the crosslinked polyester resin at equilibrium and at

time, t, respectively. The k (1/min) is the rate constant for

pseudo-first order kinetic equation. The linearized form of

the pseudo-first order kinetic equation can be written

below.

ln qe � qtð Þ ¼ ln qe � kt: ð11Þ

Table 1 The kinetic constants obtained from the modified Freundlich and Elovich kinetic equations for the Sr(II) adsorption on crosslinked

polyester resin functionalized with acrylic acid from aqueous solutions at 293 K

C0 (ppm) The Modified Freundlich kinetic model The Elovich kinetic model

a b R B A R

5.26 7.316 9 10-7 0.215 0.993 2 9 10-7 1.66 9 108 0.986

10.83 8.785 9 10-7 0.216 0.992 2 9 10-7 4.50 9 108 0.987

26.16 13.280 9 10-7 0.267 0.980 5 9 10-7 1.48 9 107 0.998

49.10 20.840 9 10-7 0.216 0.992 6 9 10-7 4.67 9 107 0.986

103.80 37.230 9 10-7 0.215 0.993 10 9 10-7 5.46 9 107 0.987
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Fig. 6 The relation between qt and ln t in the linearized Elovich

adsorption equation for the Sr(II) adsorption on the crosslinked

polyester resin functionalized with acrylic acid at 293 K. The initial

Sr(II) concentrations are 5.26 ppm (filled circle), 10.83 ppm (filled

triangle), 26.16 ppm (filled square), 49.10 ppm (open circle) and

103.80 ppm (open triangle) at 293 K
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Figure 7 shows the results of the Sr(II)) adsorption on

the crosslinked polyester resin for initial Sr(II) concentra-

tions from 5.26 to 103.80 ppm at 293 K The linear rela-

tionships between ln (qe - qt) and t have been checked for

various initial Sr(II) concentrations of 5.26, 10.83, 26.16,

49.10 and 103.80 ppm at 293 K. Fairly low correlation

coefficients (0.906 B R B 0.986) have been found and the

adsorption rate constants were determined at the range of

7.02 9 10-2 B k B 13.53 9 10-2 in the term of min-1 for

different initial Sr(II) concentration from 5.26 to

103.80 ppm at constant temperature of 293 K (Table 2).

The pseudo-second order kinetic model

The pseudo-second order kinetic model defines that the rate

controlling mechanism formed by chemical reaction for the

sorption of metal ions on adsorbents [4, 9, 32, 49–51, 54–

58]. In order to describe Sr(II) sorption on the crosslinked

polyester resin by using the initial Sr(II) concentrations

from 5.26 to 103.80 ppm at constant temperature

(T = 293 K), the adsorption data obtained from the batch

adsorption experiments have been analyzed using the

pseudo-second order kinetic equation given below.

dqt

dt
¼ k qe � qtð Þ2; ð12Þ

where qe and qt are the amounts of Sr(II) adsorbed by the

crosslinked polyester resin bearing acrylic acid functional

groups at equilibrium and at time, t, respectively. The

k (L/mol s) is the rate constant for pseudo-second order

kinetic equation. By separating variables and integrating

the equation for initial limit, t = 0, qt = 0, the following

Eq. (12) is obtained which is the integrated rate law of

pseudo-second order reaction.

1

qe � qt
¼ 1

qe

þ kt: ð13Þ

This Eq. (13) can be rearranged to obtain the following

linear form illustrated in earlier studies:

t

qt
¼ 1

kq2
e

þ 1

qe

t: ð14Þ

The kinetic plots of t/qt versus t for Sr(II) adsorption on

the crosslinked polyester resin functionalized with acrylic

acid are represented in Fig. 8. As can be seen from Fig. 8,

there is a linear relationship between t/qt and t values for

Sr(II) adsorption on the crosslinked copolymer by using the

initial Sr(II) concentration from 5.26 to 103.80 ppm at

constant temperature of 293 K. The adsorption rate con-

stants (k), initial adsorption rates (h ¼ kq2
e) and equilibrium

adsorption capacity (qe) calculated from slope and intercept

of linear lines given in Fig. 8 were listed in Table 2. As can

be seen from Fig. 8 and Table 2, The data-fits for Sr(II)

adsorption on the crosslinked polyester resin have resulted

in high correlation coefficients (0.997 B R B 0.999), when

the pseudo-second order kinetic model was employed to the

experimental results. The goodness of the fit of Sr(II) ad-

sorption data to the pseudo-second order kinetic model

indicates that Sr(II) adsorption on the crosslinked polyester

-16
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(q

e
-q

t)
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Fig. 7 The dependence of adsorption data ln(qe - qt) to time, using

pseudo-first order kinetic model as a function of initial Sr(II)

concentrations of 5.26 ppm (filled circle), 10.83 ppm (filled triangle)

and 26.16 ppm (filled square) 49.10 ppm (open circle) and

103.80 ppm (open triangle) at 293 K

Table 2 The kinetic constants obtained from the pseudo-first order and pseudo-second order kinetic equation for the Sr(II) adsorption on

crosslinked polyester resin functionalized with acrylic acid from aqueous solutions at 293 K

C0 (ppm) Pseudo-first order kinetic model Pseudo-second order kinetic model

k (min-1) R qe (mmol/g) k (g/min/mmol) h (mmol/min/g) R

5.26 12.45 9 10-2 0.986 1.31 9 10-3 7.123 9 102 1.223 9 10-3 0.997

10.83 7.02 9 10-2 0.966 1.58 9 10-3 5.890 9 102 1.465 9 10-3 0.997

26.16 13.53 9 10-2 0.906 2.64 9 10-3 3.078 9 102 2.153 9 10-3 0.999

49.10 12.30 9 10-2 0.986 3.74 9 10-3 2.486 9 102 3.476 9 10-3 0.997

103.80 12.25 9 10-2 0.985 6.66 9 10-3 1.407 9 102 6.243 9 10-3 0.997
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resin has occurred by chemisorption mechanism [9, 32, 33,

50]. When we compare the values of adsorption rate con-

stants (k), initial adsorption rates (h) and equilibrium ad-

sorption capacity (qe) as function of initial Sr(II)

concentration at 293 K and at constant adsorbent mass

(m = 0.05 g), With increasing the initial Sr(II) concentra-

tion from 5.26 to 103.80 ppm, the equilibrium adsorption

capacity (qe) and initial adsorption rates (h) increased from

1.31 9 10-3 mmol/g copolymer to 6.66 9 10-3 mmol

Sr(II)/g copolymer and from 1.223 9 10-3 mmol Sr(II)/(g

copolymer 9 min) to 6.243 9 10-3 mmol Sr(II)/(g

copolymer 9 min), whereas the adsorption rate constants

decreased from 7.123 9 102 g copolymer/(mmol

Sr(II) 9 min) to 1.407 9 102 g copolymer/(mmol

Sr(II) 9 min), respectively. The values of correlation co-

efficients indicated that the kinetic data obtained from ex-

perimental Sr(II) adsorption results fitted better to the

pseudo-second order kinetic model than other kinetic

models.

The effect of pH

It is known that the pH of medium has an influence upon the

adsorption of metal ions onto adsorbent [9, 32–34, 44, 50,

59–63]. In order to examine the dependence of Sr(II) ad-

sorption on the crosslinked polyester resin, 5 mL of

10.83 ppm Sr(II) solutions at pH 4.48 and 0.05 g of adsor-

bent were mixed. The pH values of mixtures were adjusted

by adding 0.01 M HCl and 0.01 M NaOH solutions. The pH

value of prepared mixture of 5 mL Sr(II) and 0.05 g of the

crosslinked polyester resin were varied from 1.5 to 8.5

keeping other parameters constants as adsorption tem-

perature (T = 293 K) and contact time (t = 60 min) The

effect of pH on the adsorption percentage of Sr(II) was il-

lustrated in Fig. 9. As can be seen from Fig. 9, the adsorp-

tion percentage of the Sr(II) adsorbed on the crosslinked

polyester resin first started to increase to 1.61 % at pH 1.5

and showed a marked increase from 6.44 to 31.66 %, with

increasing pH from 3.1 to 7.35 and then reached an equi-

librium value (33.38 %) at pH 8. The binding mechanism of

Sr(II) adsorption on the crosslinked polyester resin func-

tionalized with acrylic acid can be depicted in Scheme 2.

Regeneration and reuse at suitable pH value of the

crosslinked polyester resin functionalized with acrylic acid

can be easily performed with 0.1 M HCl and 0.1 M NaOH.

Reusability of the selected crosslinked polyester resin was

checked and it was found that for three consecutive runs

there was no loss of adsorption capacity. These properties

make the crosslinked polyester resin functionalized with

acrylic acid potential candidate adsorbent for removal of

radioactive or heavy metal ions from aqueous waste

solutions.

The Effect of initial Sr(II) concentration

The dependence of the percentage and the amount of Sr(II)

adsorption on the crosslinked polyester resin containing

acrylic acid functional groups was investigated at different

temperatures of T = 283, 293, 303 and 313 K at a constant

time of t = 60 min (Fig. 10). As can be seen from Fig. 10,
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Fig. 8 The fitting of adsorption data on the pseudo-second order

kinetic equation for the Sr(II) adsorption on the crosslinked polyester

resin functionalized with acrylic acid at 293 K. The initial Sr(II)

concentrations are 5.26 ppm (filled circle), 10.83 ppm (filled trian-

gle), 26.16 ppm (filled square) 49.10 ppm (open circle) and

103.80 ppm (open triangle) at 293 K
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Fig. 9 The effect of the solution pH on the adsorption percentage of

Sr(II). The Initial pH of 10.83 ppm of Sr(II) solution is 4.48. The

amount of adsorbent is 5 mg. Other adsorption parameters of

temperature (T) and contact time (t) are kept constants as

T = 293 K and t = 60 min
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the percentage of strontium ions adsorbed on the cross-

linked polyester resin decreased with increasing the initial

Sr(II) concentration (Fig. 10, curves 1–4). However the

amount of adsorbed Sr(II) increased with a rise in initial

Sr(II) concentration (Fig. 10, curves 5–8). It was observed

that when temperature in the adsorption measurements

increased from 283 to 313 K, the percentage and amount of

adsorbed Sr(II) on the crosslinked polyester resin increased

from 14.74 to 58.03 % and from 7.56 9 10-2 mg Sr(II)/g

copolymer to 29.76 9 10-2 mg Sr(II)/g copolymer

respectively for 5.13 ppm Sr(II) concentration and from

2.41 to 8.36 % and 25.00 9 10-2 mg Sr(II)/g copolymer

to 86.90 9 10-2 mg Sr(II)/g copolymer for 103.90 ppm

Sr(II) concentration, respectively (Table 3) due to aug-

mentation of the diffussibility of strontium ions on the
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Fig. 10 The effect of initial Sr(II) concentration ranging from 5.13 to

103.90 ppm on the percentage (curves 1–4) and amount (curves 5–8) of

adsorbed Sr(II) on the crosslinked polyester resin functionalized with

acrylic acid at different temperatures of T = 283 K (filled circle),

293 K (filled triangle), 303 K (filled square) and 313 K (filled

diamond) for the values of adsorption percentage (curves 1–4) of Sr(II)

and T = 283 K (open circle), 293 K (open triangle), 303 K (open

square) and 313 K (open diamond) for the values of amount (curves

5–8) of adsorbed Sr(II) at constant adsorption time (t = 60 min)

Table 3 The dependence of percentage and equilibrium adsorption

capacity on the initial Sr(II) concentration ranging from 5.13 ppm to

103.90 ppm at different temperatures (T = 283, 293, 303 and 313 K)

for Sr(II) adorption on the crosslinked polyester resin bearing acrylic

acid functional groups from aqueous solutions

T (K) C0 (ppm) Ads. (%) qe (mg Sr(II)/g

copolymer)

283 5.13 14.74 7.56 9 10-2

9.99 9.56 9.56 9 10-2

26.08 5.64 14.70 9 10-2

52.12 3.59 18.70 9 10-2

103.90 2.41 25.00 9 10-2

293 5.13 25.91 13.29 9 10-2

9.99 16.76 16.74 9 10-2

26.08 9.05 23.60 9 10-2

52.12 5.83 30.40 9 10-2

103.90 4.18 43.40 9 10-2

303 5.13 42.39 21.74 9 10-2

9.99 27.21 27.19 9 10-2

26.08 13.80 36.00 9 10-2

52.12 8.63 45.00 9 10-2

103.90 5.09 52.90 9 10-2

313 5.13 58.03 29.76 9 10-2

9.99 38.63 38.60 9 10-2

26.08 22.97 59.90 9 10-2

52.12 13.33 69.50 9 10-2

103.90 8.36 86.90 9 10-2
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polymer matrix or more ionization of carboxyl groups by

increase in temperature described in previous studies [9,

11, 25, 32].

The adsorption isotherms

The equilibrium relationship between concentration in the

liquid phase and the concentration in the adsorbent parti-

cles at constant temperature and pH has been studied by

adsorption isotherms such as the Freundlich, Langmuir and

Duninin–Radushkevich (D–R) as defined in the literature

[9, 32, 33, 43–48]. The fitting of adsorption data to the

Freundlich, Langmuir and D–R isotherms was examined

for initial Sr(II) concentrations ranging from 5.13 to

103.90 ppm at various temperatures (T = 283, 293, 303

and 313 K) at constant adsorption time (t = 60 min).

The Freundlich equation which is a suitable model for

describing the surface heterogeneity, exponential distribu-

tion of active sites and infinite surface coverage has been

written as follows:

qe ¼ KF � CnF

e ; ð15Þ

where qe is the amount of Sr(II) adsorbed on the cross-

linked copolymer functionalized with acrylic acid from

aqueous solution at equilibrium (mol/g) and Ce is the

equilibrium solution concentration as mol/L. nF and KF are

the Freundlich adsorption constants which relates adsorp-

tion intensity and adsorption capacity. The linearized form

of equation has been presented as follows:

log qe ¼ logKF þ nF � logCe: ð16Þ

The plot of log qe against log Ce plots shows a straight

line in the linearized Freundlich Eq. (16) for the Sr(II)

adsorption on the crosslinked polyester resin functionalized

with acrylic acid as chelating agent at various temperatures

(T = 283, 293, 303 and 313 K) and various initial Sr(II)

concentrations of CSr(II) = 5.13, 9.99, 26.08, 52.12 and

103.90 ppm (Fig. 11). The nF and KF constants in the

Freundlich equation were calculated from the values of

slope and intercept of the lines for the range of initial Sr(II)

concentrations from 5.13 to 103.90 ppm at various tem-

peratures at a constant contact time of t = 60 min were

listed in Table 4. As seen from Table 4, the nF values were

found as 0.257 B nF B 0.383 for temperature range from

283 to 313 K. The correlation coefficient for the Freundlich

plot was found to be of 0.990 B R B 0.999. These results

indicated that heterogeneous adsorption of Sr(II) on the

crosslinked polyester resin functionalized with acrylic acid

from aqueous solutions occurred and n values meant that

adsorption surface was heterogeneous as described in

previous investigations [9, 11, 32, 33, 63, 64].

Fitting of adsorption data on the Langmuir adsorption

isotherm was examined for Sr(II) adsorption on the

crosslinked polyester resin functionalized with acrylic acid

from aqueous solutions and the following linearized forms

of Langmuir I (Eq. 17) and II (Eq. 18) equations were used

to describe equilibrium data:

Ce

qe

¼ 1

bqm

þ Ce

qm

ð17Þ

1

qe

¼ 1

bqmCe

þ 1

qm

; ð18Þ

where qe is the amount of Sr(II) adsorbed on the cross-

linked copolymer bearing acrylic acid functional groups at

equilibrium (mol/g), Ce is the equilibrium solution con-

centration as mol/L, the qe and b are the Langmuir ad-

sorption capacity and adsorption constant respectively.

Figures 12 and 13 shows the plot of Ce/qe versus Ce and

1/qe versus 1/Ce indicating the relationships between the

Ce/qe and Ce values and between 1/qe and 1/Ce values have

been not linear, implying that the adsorption data did not

show a good fit to the Langmuir I and II equations re-

spectively. The correlation coefficients, and the values of

qm and b are listed in Table 5. As seen from Table 5, the
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313 K
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Fig. 11 The relation between log qe against log Ce for the Sr(II)

adsorption on the crosslinked polyester resin functionalized with

acrylic acid for various initial Sr(II) concentrations at constant

temperature of 293 K and time of t = 60 min

Table 4 The nF and KF values determined at different temperatures

(T = 283, 293, 303 and 313 K) by applying the Freundlich adsorption

isotherm to the adsorption data

T (K) nF KF R

283 0.383 3.785 9 10-5 0.998

293 0.355 5.174 9 10-5 0.990

303 0.257 3.467 9 10-5 0.999

313 0.287 7.094 9 10-5 0.992
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correlation coefficients are found to be in the ranges of

0.956 B R B 0.992 and 0.905 B R B 0.937 for the Lang-

muir equations I and II respectively at temperature range

from 283 to 313 K at constant adsorption time

(t = 60 min). The deviation from linearity for fitting of

adsorption data to the Langmuir isotherm could be due to

the fact that these types of isotherms have originally been

derived for the adsorption of gases on the adsorption sur-

faces and thus have been some limitations in the ex-

trapolation of adsorption of other compounds [25, 32, 33,

65, 66] as in current study.

The D–R isotherm model has been applicable at low

concentration range and could be used to describe the

sorption on both homogeneous and heterogeneous surfaces

[67–70]. The D–R isotherm model was represented by the

following equation:

qe¼qm exp� Ke2
� �

; ð19Þ

where e is the polany potential given as RT ln(1 ? 1/

Ce)(kJ/mol), R is the ideal gas constant (8.314 J/mol K), T

is absolute temperature (K) and qm is adsorption capacity

per unit weight (mol/g). K is the D–R isotherm constant in

the term of (mol2/kJ2) related to the degree of adsorbate

adsorption by adsorbent surface Linearized form of D–R

equation was

ln qe ¼ ln qm � Ke2: ð20Þ

The values of K and qm obtained from the slope and

intercept of straight lines are ilustrated in Fig. 14 at dif-

ferent adsorption temperatures. The correlation coefficient

(R) of straight lines was found to be in the range of

0.972 B R B 0.997. The K and qm values in the linearized

D–R equation at different adsorption temperatures were

found as -3.7 9 10-3 and 7.834 9 10-3 mmol Sr(II)/g

copolymer at 283 K, -3.4 9 10-3 and 11.805 9 10-3

mmol Sr(II)/g copolymer at 293 K, -2.4 9 10-3 and

11.805 9 10-3 mmol Sr(II)l/g copolymer at 303 K and

-2.7 9 10-3 and 20.874 9 10-3 mmol Sr(II)/g copoly-

mer at 313 K respectively (Table 6). The apparent free

energy of adsorption (E, kJ/mol) which is the energy

change when 1 mol of ion is transferred to the surface of

solid from infinity in the solution was calculated using the

following relationship [9, 25, 32, 33, 67–70]:

E ¼ �2Kð Þ�1=2: ð21Þ

The E values for the Sr(II) adsorption on the crosslinked

polyester resin bearing acrylic acid functional groups from

aqueous solutions at different temperatures of T = 283,

293, 303 and 313 K were found as 11.62, 12.13, 14.43 and

13.61 kJ/mol, respectively by using Eq. (21) [9, 25, 32, 33,

67–70]. It was reported in previous investigations [9, 25,

32, 33, 67–70], the adsorption energy could be employed to

estimate the type of adsorption based on ion-exchange

mechanism which is around 8–16 kJ/mol. The average

adsorption energy, E which was found as 12.95 kJ/mol

determined in present study was in the energy ranges of

ion-exchange described above. Therefore, the Sr(II) ad-

sorption by crosslinked polyester resin functionalized with

acrylic acid has been of ion-exchange.
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Fig. 12 The application of adsorption data on the linearized Lang-

muir equation I for initial Sr(II) concentration changing from 5 13 to

103.90 ppm at different temperatures of T = 283 K (filled circle),

293 K (filled triangle), 303 K (filled square) and 313 K (open circle)

and at constant adsorption time of t = 60 min
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Fig. 13 The application of adsorption data on the linearized Lang-

muir equation II for initial Sr(II) concentration changing from 5 13 to

103.90 ppm at different temperatures of T = 283 K (filled circle),

293 K (filled triangle), 303 K (filled square) and 313 K (open circle)

and at constant adsorption time of t = 60 min
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The effect of temperature

The increase in the temperature has generally increased the

adsorption of metal ions on adsorbent surfaces bearing

carboxylate functional groups due to increase in mobility of

ionic species in solution and acceleration of some originally

slow steps at higher temperature reported in previous studies

[9, 25, 32]. The dependence of Sr(II adsorption on the

temperature ranging from 283 to 313 K for Sr(II) adsorption

by crosslinked polyester resin functionalized with acrylic

acid from aqueous solutions were examined for various

Sr(II) concentration from 5.13 to 26.08 ppm (Fig. 15). As

can be seen from Fig. 15, when the temperature of adsorp-

tion increased from 283 to 313 K, the percentage of Sr(II)

adsorbed on the crosslinked copolymer increased.

In order to determine the thermodynamic parameters for

Sr(II) adsorption reaction by crosslinked polyester resin,

the following equation was used to calculate DH� and DS�
values

lnKD ¼ DS
�

R
� DH

�

RT
; ð22Þ

where KD is the constant of distribution coefficient (cm3/g),

DS� is the standard entropy (kJ/(mol K), DH� is the stan-

dard enthalpy (kJ/mol), T is the absolute temperature (K)

and R is the gas constant (R = 8.314 9 10-3 kJ/mol K).

The relationship between ln KD and 1/T values for various

initial Sr(II) concentration from 5.13 to 26.08 ppm was

illustrated in Fig. 16. Entropy and enthalpy values for

Sr(II) adsorption on the crosslinked copolymer were cal-

culated from the intercept and slope of Eq. (22) given

above. The standard free energy values were determined by

using the following equatin given below.

DG
� ¼ DH

� � TDS
�
; ð23Þ

where DG� is the standard free energy (kJ/mol). The cal-

culated results of DH�, DS� and DG� values were listed in

Table 7. The positive values of enthalpy (DH�) correspond

to the endothermic adsorption process. The value of free

energy (DG�) are negative and indicate that a decrease in

DG� values with increase in temperature and initial Sr(II)

concentration. Positive entropy (DS�) reflects the affinity of

crosslinked polyester resin and the contribution of entropic

term makes the adsorption free energy negative as de-

scribed in earlier studies [9, 32, 50, 55, 68].

Table 5 The adsorption capacity (qm) and b values determined at different temperatures (T = 283, 293, 303 and 313 K) by applying the

linearized forms (Eqs. I and II) of Langmuir isotherm to the adsorption data

T (K) Linearized Langmuir I equation Linearized Langmuir II equation

qm (mmol/g) b (L/mmol) R qm (mmol/g) b (L/mmol) R

283 3.256 9 10-3 4.661 0.978 2.453 9 10-3 10.071 0.937

293 5.557 9 10-3 4.715 0.956 3.879 9 10-3 13.641 0.905

303 6.431 9 10-3 10.038 0.992 5.226 9 10-3 24.852 0.910

313 10.520 9 10-3 9.858 0.989 8.190 9 10-3 26.740 0.905
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Fig. 14 The fitting of adsorption data on the D–R isotherm for

adsorption on the crosslinked polyester resin functionalized with

acrylic acid at different temperatures of T = 283 K (filled circle),

293 K (filled triangle), 303 K (filled square) and 313 K (open circle)

and at constant adsorption time of t = 60 min

Table 6 The values of correlation coefficient (R), K, and qm and E obtained by applying D–R isotherm to the adsorption data at different

temperatures

T (K) qm (mmol Sr(II)/g resin) -K (mol2/kJ2) R E (kJ/mol)

283 7.834 9 10-3 3.7 9 10-3 0.994 11.64

293 11.805 9 10-3 3.4 9 10-3 0.977 12.13

303 11.805 9 10-3 2.4 9 10-3 0.995 14.43

313 20.874 9 10-3 2.7 9 10-3 0.992 13.61
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Conclusion

The crosslinked copolymer obtained from the mixture of

unsaturated polyester resin dissolved in styrene and acrylic

acid was used for Sr(II) adsorption from aqueous solutions.

The dependence of Sr(II) adsorption on the amount of

adsorbent, contact time, pH of solution and temperature

was investigated. With increasing the amount of adsorbent

from 0.01 to 0.07 g in the adsorption measurements of

Sr(II) at 293 K, it was observed that the adsorption per-

centage increased and reached an equilibrium at the range

of mCopolymer = 0.05–0.07 g. The fitting of adsorption data

obtained from experimental results produced as depending

on contact time was analyzed by the modified Freundlich,

the Elovich, the pseudo-first order and the pseudo-second

order kinetic models. It was observed that the adsorption

data obtained as depending on contact time provided much

better fitting for the pseudo-second order kinetic equation

with high correlation coefficients (0.997 B R B 0.999).

The goodness of the fit of adsorption data to the pseudo-

second order kinetic model indicates that Sr(II) adsorption

on the crosslinked polyester resin bearing acrylic acid

functional groups occurred by chemisorption mechanism.

When the pseudo second order kinetic model was applied

to the obtained experimental results depending on contact

time, it was observed that with increasing the initial Sr(II)

concentration from 5.26 to 103.80 ppm, the equilibrium

adsorption capacity(qe) and initial adsorption rates (h) in-

creased from 1.31 9 10-3 mmol/g copolymer to

6.66 9 10-3 mmol Sr(II)/g copolymer and from

1.223 9 10-3 mmol Sr(II)/(g copolymer x min) to

6.243 9 10-3 mmol Sr(II)/(g copolymer 9 min), whereas

the adsorption rate constants decreased from 7.123 9 102 g

copolymer/(mmol Sr(II) 9 min) to 1.407 9 102 g

copolymer/(mmol Sr(II) 9 min), respectively. When the

dependence of adsorption percentage of Sr(II) on the pH of

solution was examined, It was observed that the adsorption

percentage of Sr(II) adsorbed on the crosslinked polyester

resin indicated a marked influence from 6.44 to 31.66 %,

with increasing pH of solution from 3.1 to 7.35 and then

reached an equilibrium value (33.38 %) at pH 8. Regen-

eration and use at suitable pH value of the crosslinked

polyester resin functionalized with acrylic acid can be

easily performed with 0.1 M HCl and 0.1 M NaOH. Reu-

sability of the selected crosslinked polyester resin was

checked and it was found that for three consecutive runs

there was no loss of adsorption capacity. These properties

make the crosslinked polyester resin functionalized with

acrylic acid potential candidate adsorbent for removal of

radioactive or heavy metal ions from aqueous waste solu-

tions. When the effect of initial Sr(II) concentration on the

Sr(II) adsorption by the crosslinked copolymer function-

alized with acrylic acid was examined, with increasing the

initial Sr(II) concentration from 5.13 to 103.90 ppm at

different temperatures of 283, 293, 303 and 313 K and at

constant contact time of 60 min, the percentage of Sr(II)

adsorbed on 0.05 g of adsorbent decreased. Whereas the

amount of adsorbed Sr(II) increased. It was also observed

that adsorption temperature increased from 283 to 313 K,
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Fig. 15 The dependence of adsorption percentage on the temperature

for the Sr(II) adsorption on the crosslinked polyester resin bearing

acrylic acid functional groups from aqueous solution. Initial Sr(II)

concentrations are 5.13 ppm (filled circle), 10.01 ppm (filled triangle)

and 26.08 ppm (filled square) at constant adsorption time of

t = 60 min and the pH (the pH of initial Sr(II) solutions is around

4.48)
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Fig. 16 The plot of ln KD versus 1/T for the Sr(II) adsorption on the

crosslinked polyester resin functionalized with acrylic acid at

different initial Sr(II) concentration of 5.13 ppm (filled circle),

10.01 ppm (filled triangle) and 26.08 ppm (filled square) at constant

adsorption time of t = 60 min
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the percentage and amount of adsorbed Sr(II) on the

crosslinked polyester resin increased from 14.74 to

58.03 % and from 7.56 9 10-2 9 mg Sr(II)/g copolymer

to 29.76 9 10-2 mg Sr(II)/g copolymer for 5.13 ppm of the

initial Sr(II) concentration and from 2.41 to 8.36 % and

from 25.00 9 10-2 mg Sr(II)/g copolymer to

86.90 9 10-2 mg Sr(II)/g copolymer for 103.90 ppm of the

initial Sr(II) concentration, respectively at constant contact

time of 60 min. The produced adsorption data depending

on the initial Sr(II) concentration were examined by the

Freundlich, Langmuir and D–R isotherms at different

temperatures of 283, 293, 303 and 313 K. The nF values

determined from the Freundlich equation at different tem-

peratures were found to be 0.257 B nF B 0.383 Average

free energy change and adsorption capacities by using ad-

sorption data depending for various initial Sr(II) concen-

trations and temperatures were calculated as 12.95 kJ/mol

and 13.08 9 10-3 mmol Sr(II)/g copolymer, respectively.

It was reported that an energy adsorption based on ion

exchange mechanism was around 8–16 kJ/mol. The ad-

sorption free energy of 12.95 kJ/mol determined in this

study was in the range of ion-exchange energy. Therefore

the Sr(II) adsorption by the crosslinked polyester resin

functionalized with acrylic acid has been ion-exchange

type. By using adsorption data obtained at various tem-

peratures and initial Sr(II) concentrations of 5.13, 10.01 and

26.08 ppm, enthalpy (DH�), entropy (DS�) and free energy

change (DG�) were calculated for Sr(II) adsorption on the

crosslinked polyester resin functionalized with acrylic acid

from aqueous solutions. The enthalpy value (DH�) found in

this study found to be positive shows the nature endother-

mic adsorption process. The value of free energy (DG�) has

been negative and indicates a decrease in DG� values with

increase in temperature. Positive entropy (DS�) found in the

Sr(II) adsorption experiments reflects the affinity of the

crosslinked polyester resin bearing acrylic acid functional

groups as adsorbent towards strontium ions in the Sr(II)

solutions and consequently contribution of entropy term

makes the free energy change negative.
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