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In  performance  assessment  studies,  the  uptake  of the  radioactive  elements  by rock  formations  play an
important  role  in  retarding  their  aqueous  phase  migration.  Sorption  studies  of  radionuclides  have been
conducted  to  obtain  data  on  the distribution  coefficient  (Kd)  that  is  as  an  input  parameter  in  the  perfor-
mance  assessment  of  the  geological  disposal  of  radioactive  wastes.  In this  work,  sorption  experiments
were  studied  in a batch  sorption  system  using  Sr(NO3)2 solution  on  non-treated  and  HCl-treated  Kula
volcanics.  The  distribution  coefficient  (Kd) values  of  Sr2+ derived  from  batch  experiments  were  used  to
evaluate  the  migration  behavior  of Sr2+.  Central  Composite  Design  was  used  in the experiments.  Sr sorp-
trontium
orption
adionuclide migration
entral Composite Design
ula volcanics

tion  was  studied  as  a  function  of pH, temperature,  initial  concentration  of  adsorbate  and  contact  time.
The  results  show  that  the  Kd values  are  higher  at pH  7–9  which  is the  pH range  of  the  natural  waters.  The
kinetic  data  conformed  better  to the  pseudo-second-order  equation.  Thermodynamic  parameters  �H◦,
�S◦ and  �G◦ were  estimated  and  these  parameters  show  that  adsorption  is  endothermic.  The correlation
coefficients  indicate  that  the  Langmuir  model  fits  better  for the  strontium  sorption  onto  non-treated  and
HCl-treated  Kula  volcanics  with  monolayer  capacities  as 2.04  and  1.72  mg/g,  respectively.
. Introduction

Radionuclide migration in geologic media is an important part
f the performance assessment studies for the radioactive waste
isposal concepts to provide a long term safety [1–3]. Sorption is

 main retardation mechanism of radionuclide migration in the
urroundings of a deep geological disposal [4,5]. Safety analysis
f nuclear waste repositories requires realistic prediction of the
ates of migration of nuclides from the repository through the host
eological medium to the accessible environment [6].

Laboratory sorption studies on natural soils and rocks have been
onducted to obtain data on the radionuclide migration [7–10]. The
istribution coefficient (Kd) values of nuclides derived from batch
xperiments are usually used to evaluate the migration behavior
f radionuclides in environment [3].  These values can be used as
n input parameter in the performance assessment of the geolog-
cal disposal of radioactive wastes [2]. The Kd parameter, which is
he most common and simplest model available, is a factor related

o the distribution of a nuclide between the solid and aqueous
hases [11]. Sorption modeling represents many functional data
thermodynamics, kinetics and sorption type) are able to predict

∗ Corresponding author. Tel.: +90 232 388 6466; fax: +90 232 388 6466.
E-mail address: ceren.kutahyali@ege.edu.tr (C. Kütahyalı).
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mechanism of how radionuclides migrate in the rock formations
[5].

Ebner et al. [12] investigated the constant pH adsorption
isotherms for nonradioactive Cs+, Sr2+, and Co2+ on pure magnetite
and an 80% (w/w) magnetite–silica composite at different pHs rang-
ing from 5 to 9. All of the metal ions exhibited a positive dependence
of the adsorption capacity with pH. At infinite dilution, the Kds were
strongly pH-dependent and ranged between 7 and 163; the values
were also considerably higher for the 80% (w/w) magnetite–silica
composite.

Nemes et al. [13] studied the surface reaction of strontium
ions on rock samples with a radioactive tracer method. The dis-
tribution coefficient of montmorillonite, rectorite, illite, quartz and
cristobalite was determined from the mineral composition and the
distribution coefficient of samples with a linear model. The results
showed that the minerals with similar structure generally have
similar distribution coefficients.

Mell et al. [14] investigated the sorption properties of 60Co,
85Sr, 137Cs and 125I on samples originated from Boda (siltstone–)
claystone formation (BCF) (Hungary) a candidate media for final
disposal of HLW. The distribution of Kd values was determined

in static batch experiments using natural groundwater. It was
found that the order of sorption of isotopes was Co > Cs > Sr > I,
where iodine exhibits sorption properties in a modest
extent.

dx.doi.org/10.1016/j.jhazmat.2011.11.047
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ceren.kutahyali@ege.edu.tr
dx.doi.org/10.1016/j.jhazmat.2011.11.047
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Table 1
Specific surface area and pore size distribution of non-treated and HCl-treated Kula
volcanics.

BET (m2/g) Pore diameter
(nm)

Pore volume
(cm3/g)

Clay minerals are usually examined by using transmission infrared
methods with a KBr disc. Clay minerals may  be differentiated by
their infrared spectra through a study of the bands due to the O–H
16 C. Kütahyalı et al. / Journal of Haza

Tephra is a general term for fragments of volcanic rock and lava
egardless of size that are blasted into the air by explosions or car-
ied upward by hot gases in eruption columns or lava fountains.
ephra consists of a wide range of rock (size, shape, density and
hemical composition), including combinations of pumice, glass
hards and shattered rocks of all types (igneous, sedimentary and
etamorphic). The largest pieces of tephra (grater than 64 mm)  are

alled blocks and the smallest one (<2 mm)  is called ash [15].
Tephra has porous structure because it contains a large amount

f gas space formed by dissociation of evolved gases due to rapid
ooling magma  [16]. Accordingly, natural porous materials and
heir activated forms have been used for technical purposes, like
ater purification or as an adsorbent in final storage of nuclear
aste [15].

The main constituents in the chemical structure of tephra are
iO2 and Al2O3 and it is classified as acidic, neutral and basic accord-
ng to its SiO2 content. Kula volcanics used in this study is in Basaltic
ephra type, since the SiO2 content is 45% by weight [17].

In this study, Sr sorption onto the geological material typically
ound in the vicinity of a fracture in the granitic rock at the Manisa
egion was modeled. Strontium has 4 naturally occurring isotopes:
4Sr (0.55%), 86Sr (9.75%), 87Sr (6.96%), and 88Sr (82.74%). The other
adioisotopes of strontium are between 80Sr and 95Sr. Only 90Sr
half life (t½) = 28.1 years], a fission product, is of concern in waste
isposal operations and environmental contamination [11]. The
istribution coefficients derived from batch experiments are used
o evaluate the migration behavior of strontium and would con-
ribute to the establishment of a database for transport models.
urthermore, since strontium is homolog of important species of
adium [18], the results could provide information about its migra-
ion behavior. In this article, we briefly discuss to obtain data on
he radionuclide migration. The significance of this research is due
o the novel application of the Central Composite Design method
n Kula volcanics.

. Experimental

.1. Chemicals

All chemicals used in this study were analytical grade. Granitic
ock samples were taken from Manisa-Kula region in Turkey. Milli-

 water (resistivity of 18.2 M� cm)  was used in all experiments.
r(NO3)2·6H2O (Merck) was used to prepare Sr(II) stock solutions
1000 mg  L−1). The working solutions were prepared by diluting
he stock solutions to appropriate volumes. Considering the same
hemical reactivity of radioactive and stable Sr2+ isotopes, natural
sotope of strontium (88Sr) was used instead of 90Sr for economical
nd safety reasons.

.2. Adsorbent preparation

Granitic rock samples were crushed and sieved in ≤0.125 mm
article size. Samples were then divided into two portions. The first
ortion was rinsed with Milli-Q water and dried in an oven at 60 ◦C
or 24 h; for removing moisture, sample was kept in a vacuum oven
t 60 ◦C for 2 h. This sample was named as non-treated Kula vol-
anics. The second portion was ultrasonically stirred with 1 M HCl
or 5 min. The sample was then rinsed with Milli-Q water for sev-
ral times to remove chloride ions. After dechlorination, sample
as dried with same procedure as of the first portion. The second
ortion was named as HCl-treated Kula volcanics.
.3. Characterization

Nitrogen adsorption and desorption isotherms were measured
sing the Micromeritics ASAP 2020 system at −196 ◦C. Samples
Non-treated 3.02 ± 0.038 29.20 0.013
HCl-treated 8.43 ± 0.073 21.30 0.020

were degassed at 130 ◦C for 2 h under vacuum. Table 1 shows spe-
cific surface area and pore size distribution analyses results. The
pore size distribution was  calculated from the adsorption branch of
the isotherm by Barrett–Joyner–Halenda (BJH) method. Increasing
the cumulative pore volume from 0.013 to 0.020 cm3/g by HCl treat-
ment of Kula volcanics can be explained by the removal of metals
accumulated in the pores by acid treatment. Average pore diameter
reduces by acid treatment depending on cleaning of small closed
pores on the structure. Specific surface area was  obtained by the
Brunauer–Emmett–Teller (BET) method. By acid treatment, surface
area increases from 3.02 to 8.43 m2/g. This result can be explained
that as well cleaning of pores by acid treatment. Fig. 1 shows the
intra-structure of non-treated and HCl-treated volcanics obtained
by scanning electron microscopy (SEM). From the picture different
pore sizes may  be observed.

Infrared spectroscopy has been frequently used to investigate
the structural properties of clay minerals. These materials are
hydrated aluminium silicates with a layered structure formed by
tetrahedral sheets (containing Si(IV)) via shared oxygen atoms.
Fig. 1. SEM photographs of non-treated (A) and HCl-treated (B) Kula volcanics.
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Fig. 2. FTIR spectroscopy of non-trea

nd Si–O groups. In the O–H stretching region, 3800–3400 cm−1

or clay minerals, there are a number of bands observed. The inner
ydroxyl groups between the tetrahedral and octahedral sheets
esult in a band near 3620 cm−1. The other three O–H groups at the
ctahedral surface form weak hydrogen bonds with the oxygens
f the Si–O–Si bonds in the next layer and this result in stretching
ands at 3669 and 3653 cm−1. Where clays have most of their octa-
edral sites occupied by divalent central atoms such as Mg(II) or
e(II), a single band in the O–H stretching region is often observed.
n the 1300–400 cm−1 region, clay minerals show Si–O stretching
nd bending and O–H bending bands. The shape and position of
he bands depend very much on the arrangement within the layers
19]. FTIR spectroscopy was used to understand the surface charac-
eristics of volcanics. As can be seen in Fig. 2, the absorption bands
bserved in the region 450–1100 cm−1 was assigned to the Si–O
ending and stretching vibrations. A broad absorption band due

o O–H stretching vibration is observed around 3800–3200 and
700–1600 cm−1 regions. Characteristic infrared bands of CO3

2−

t around 880–800 cm−1, can be seen at the spectrum of the non-
reated volcanics.
) and HCl-treated (B) Kula volcanics.

2.4. Sorption experiments

The experimental data in sorption can be expressed in terms of
a distribution coefficient, Kd, defined as the ratio of the quantity
of the adsorbate per gram of solid to the amount of the adsorbate
remaining in solution at equilibrium:

Kd = Mass of adsorbate sorbed (mg/g)
Mass of adsorbate in solution (mg/mL)

(1)

Batch tests are commonly used to measure Kd values. The test is
conducted by spiking a solution with the element of interest, mix-
ing the spiked solution with a solid for a specified period of time,
separating the solution from the solid, and measuring the con-
centration of the spiked element remaining in the solution. The
concentration of element associated with the solid is determined

by the difference between initial and final element concentrations.
The primary advantage of the method is that such experiments can
be completed quickly for a wide variety of elements and chemical
environments [11].
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Table 2
The ranges and the levels of the investigated parameters.

Parameters −  ̨ −1 0 +1 +˛

pH X1 3 4.5 6 7.5 9
Temperature (◦C) X2 20 30 40 50 60
Initial Sr2+ concentration (mg  L−1) X3 10 30 50 70 90

coefficients for the four main effects, four quadratic effects, six
interactions and intercept term. yi is the predicted response, a0 is

T
E

18 C. Kütahyalı et al. / Journal of Haza

.5. Experimental design

In assessing the effects of multiple parameters on sorption effi-
iency, the use of an adequate experimental design is particularly
mportant. To study the interactions of two or more variables,
esponse surface methodology (RSM) has proved a useful tool [20].
t is a collection of mathematical and statistical techniques for
esigning experiments, building numerical models, evaluating the
ffects of variables and searching for the optimum combinations
f factors. Experimental design methodology involves changing all
ariables from one experiment to the next. The reason for this
s the variables can influence each other, and the ideal value for
ne of them can depend on the values of the others. This inter-
ction between variables is a frequent phenomenon. RSM usually
ontains three stages: (i) design and experiment, (ii) response
urface modeling through regression, and (iii) optimization. The
ain advantage of RSM is the reduced number of experiments

eeded to describe the effects of multiple parameters and their
nteractions [21].

In this study, the Central Composite Design (CCD) was employed
o determine the optimum sorption conditions for non-treated
nd HCl-treated Kula volcanic samples, avoiding the traditional
one-factor-at-a-time” experiments. The CCD is an effective design
ethod which is ideal for sequential experimentation and allows

 reasonable amount of information for testing lack of fit while not
nvolving an unusually large number of design points. CCD consists
f 16 factorial points, 9 star points and 6 replicates.

According to the CCD, the optimization of Sr2+ removal was
arried through four independent process variables: pH (X1), tem-

2+
erature (X2), initial Sr concentration (X3) and contact time (X4)
ith seven replicates at centre points. The values of these variables

re given in Table 2.

able 3
xperimental data points used in CCD statistical design and predicted and actual respons

No. pH Temp. (◦C) Sr conc. (mg  L−1) Contact time (min) Non-trea

Kd (mL/g)
Actual

1 1 1 1 1 43.35 

2  1 1 1 −1 38.86 

3  1 1 −1 1 129.07 

4  1 1 −1 −1 98.36 

5  1 −1 1 1 36.93 

6 1  −1 1 −1 36.52 

7  1 −1 −1 1 109.94 

8  1 −1 −1 −1 105.05 

9  −1 1 1 1 54.74 

10  −1 1 1 −1 43.35 

11 −1  1 −1 1 115.09 

12  −1 1 −1 −1 96.62 

13  −1 −1 1 1 53.60 

14  −1 −1 1 −1 44.50 

15  −1 −1 −1 1 105.01 

16  −1 −1 −1 −1 80.89 

17   ̨ 0 0 0 67.33 

18  −  ̨ 0 0 0 31.25 

19  0  ̨ 0 0 54.96 

20  0 −  ̨ 0 0 52.41 

21  0 0  ̨ 0 59.31 

22  0 0 −  ̨ 0 261.96 

23  0 0 0  ̨ 63.23 

24  0 0 0 −  ̨ 47.79 

25  0 0 0 0 66.71 

26  0 0 0 0 62.25 

27  0 0 0 0 56.87 

28 0  0 0 0 57.36 

29 0  0 0 0 62.69 

30  0 0 0 0 54.21 

31 0  0 0 0 56.48 
Contact time (min) X4 15 55 95 135 175

The effects of the independent variables on Sr2+ sorption of non-
treated and HCl-treated Kula volcanic samples were examined by
batch tests. Batch sorption behavior of Sr ions on the volcanics was
conducted by immersing 0.1 g volcanics in 10 mL  of liquid phase.
Shaking experiments were done in a temperature controlled envi-
ronment at 135 rpm using a GFL 1086 water bath shaker equipped
with microprocessor thermostat. After Sr2+ loading, samples were
filtered by blue ribbon filter paper then obtained clear liquid phases
were measured by Perkin Elmer Optima 2000DV ICP-OES.

Five “levels” were used for each variable: “+1”, the higher; “−1”,
the lower; and “0” the central point, “−  ̨ and +˛” as star points.
The quadratic equation model for predicting the optimal point was
expressed according to Eq. (2):

yi = a0 +
∑

aiXi +
∑

aiiXii
2 +

∑
aijXiXj (2)

Four parameters varied, 14 coefficients has to be estimated, i.e.
the intercept term, ai is the ith linear coefficient term, aii is the ith
quadratic coefficient term and aij is the interaction coefficients term

es.

ted HCl-treated

Kd (mL/g)
Predicted

Kd (mL/g)
Actual

Kd (mL/g)
Predicted

39.47 37.10 39.79
34.37 29.92 34.53

134.88 119.43 120.89
116.58 97.25 108.05

36.07 32.49 35.42
37.61 33.79 39.35

124.11 95.01 106.22
112.45 102.71 102.57

47.16 28.95 26.88
36.42 29.39 22.77

121.24 85.86 84.87
97.30 78.31 73.18
42.62 31.93 25.70
38.50 34.46 30.79

109.32 80.21 73.39
92.01 69.00 70.90
52.14 100.42 82.05
39.40 21.47 37.46
54.50 47.80 46.61
45.82 41.15 39.96
82.65 41.11 43.69

231.57 169.86 164.90
63.19 45.28 45.37
40.78 40.10 37.62
59.51 45.22 44.58
59.51 38.76 44.58
59.51 47.07 44.58
59.51 44.97 44.58
59.51 44.09 44.58
59.51 47.01 44.58
59.51 44.95 44.58
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Fig. 3. Effect of solution pH on Sr2+ adsorption onto non-treated and HCl-treated

is endothermic in nature.
C. Kütahyalı et al. / Journal of Haza

or the model. Second-order polynomial equation can be presented
s Eq. (3):

 = a0 + a1X1 + a2X2 + a3X3 + a4X4 + a11X1
2 + a22X2

2 + a33X3
2

+ a44X4
2 + a12X1X2 + a13X1X3 + a14X1X4 + a23X2X3 + a24X2X4

+a34X3X4 (3)

Experimental data points used in CCD statistical design and pre-
icted and actual responses are given in Table 3.

. Results and discussion

The relationship between independent variables and response
as drawn by second-order polynomial equation. The regression

quation coefficients were calculated and data were fitted to a
econd-order polynomial equations for removal of Sr2+ ions with
on-treated (Eq. (4)) and HCl-treated (Eq. (5))  Kula volcanic sam-
les.

 = 59.51 + 3.19 × X1 + 2.17 × X2 − 37.23 × X3 + 5.60 × X4

− 3.44 × X1
2 − 2.34 × X2

2 + 24.40 × X3
2 − 1.88 × X4

2

−0.29 × X1X2 − 5.33 × X1X3 − 1.41 × X1X4 − 1.84 × X2X3

+1.66 × X2X4 − 3.30 × X3X4 (4)

 = 44.58 + 11.15 × X1 + 1.66 × X2 − 30.30 × X3 + 1.94 × X4

+ 3.79 × X1
2 − 0.32 × X2

2 + 14.93 × X3
2 − 0.77 × X4

2

+0.80 × X1X2 − 5.78 × X1X3 + 0.29 × X1X4 − 2.58 × X2X3

+2.30 × X2X4 − 1.90 × X3X4 (5)

On the basis of second-order polynomial equation of response
urface methodology, the effect of independent variables: pH, tem-
erature, initial Sr2+ concentration and contact time on the sorption
f Sr2+ were analyzed. The efficiency values obtained as a result of
1 experiments determined at the Central Composite Design con-
itions were compared with the calculated efficiency values from
he applied model. Table 4 represents analysis of variance (ANOVA)
or the regression model for Sr2+ sorption capacity of non-treated
nd HCl-treated Kula volcanics. The value of R2 was  found 0.95 and
.97 for strontium sorption on non-treated and HCl-treated Kula
olcanics, respectively. Probability F values (F < 0.05) and high R2

alues (R2 ≥ 0.95) indicate that the model fits the experimental data
ell for each samples. The coefficients of independent variables, t

nd P values according to the investigated parameters (pH, tem-
erature, initial Sr2+ concentration and contact time) are given in
able 5.

pH (P = 9.07 × 10−6), initial Sr2+ concentration (P = 8.43 × 10−12)
ere found significant, temperature and contact time (P > 0.05)
ere found non-significant for HCl-treated Kula volcanics. In

he case of non-treated Kula volcanics, initial Sr2+ concentration
P = 5.40 × 10−10) was statistically significant, while pH, tempera-
ure and contact time were non-significant (P > 0.05).

The positive values of coefficients belong to pH (X1 = 11.15),
emperature (X2 = 1.66) and contact time (X4 = 1.94) indicate the
ositive effect, negative values of coefficients belong to initial Sr2+

oncentration (X3 = −30.30) indicate the negative effect on sorption

f Sr2+ from aqueous solution by HCl-treated Kula volcanics. Similar
ehavior can be seen for non-treated Kula volcanics. pH (X1 = 3.19),
emperature (X2 = 2.17) and contact time (X4 = 5.60) show positive
ffect, Sr2+ concentration (X3 = −37.23) shows negative effect on
Kula volcanics.

sorption of Sr2+ from aqueous solution by non-treated Kula vol-
canics.

The positive effect means the sorption of Sr2+ increases as the
solution pH (Fig. 3), temperature (Fig. 4) or contact time increases
(Fig. 6). On the other hand, negative values of coefficients belong to
initial Sr2+ concentration for non-treated and HCl-treated Kula vol-
canics indicate that initial Sr2+ concentration has a negative effect
on sorption of Sr2+ from aqueous solution by non-treated and HCl-
treated Kula volcanics. It means that the sorption of Sr2+ decreases
when initial Sr2+ concentration increases (Fig. 5).

Due to at lower pHs sorbent surface is mostly protonated
the adsorption is not favored because the metal ions which are
expected to be adsorbed are positively charged. Increasing pH the
adsorbent surface becomes more negatively charged and there-
fore the adsorption of positively charged species is more favorable
[22]. Fig. 3 shows that optimum pH is 6 and 9 for the non-treated
and HCl-treated Kula volcanics, respectively. Decreasing Sr2+ sorp-
tion by increasing initial Sr2+ concentration can be explained as
energetically less favorable sites become involved in sorption with
increasing concentrations of the metals [23]. As can be seen from
Fig. 5, maximum adsorption occurs at 10 ppm initial Sr2+ concentra-
tion. Temperature increase causes slight increase of the adsorption
of Sr2+ until 40 ◦C. It is not wrong to say that, almost no significant
effect can be seen (Fig. 4). This behavior indicates that the process
Fig. 4. Temperature effect of Sr2+ adsorption onto non-treated and HCl-treated Kula
volcanics.



120 C. Kütahyalı et al. / Journal of Hazardous Materials 201– 202 (2012) 115– 124

Table 4
Analysis of variance (ANOVA) for the regression model for Sr2+ distribution coefficient (Kd) of non-treated and HCl-treated Kula volcanics.

df SS MS F Sig. F R2

Non-treated Regression 14 54,127.84 3866.27 20.10 1.57 × 10−07 0.95
Residual 16 3077.43 192.34
Total 30 57,205.26

HCl-treated Regression 14 32,781.47 2341.53 32.00 4.98 × 10−09 0.97
Residual 16 1170.83 73.18
Total 30 33,952.29

Table 5
Coefficients, t stat and P-values of the strontium sorption with non-treated and HCl-treated Kula volcanics.

Non-treated HCl-treated

Coefficients t stat P-value Coefficients t stat P-value

Intercept 59.51 11.35 4.58 × 10−09 44.58 13.79 2.68 × 10−10

X1 3.19 1.13 2.77 × 10−01 11.15 6.38 9.07 × 10−06

X2 2.17 0.77 4.54 × 10−01 1.66 0.95 3.55 × 10−01

X3 −37.23 −13.15 5.40 × 10−10 −30.30 −17.35 8.43 × 10−12

X4 5.60 1.98 6.53 × 10−02 1.94 1.11 2.84 × 10−01

X1X1 −3.44 −1.32 2.04 × 10−01 3.79 2.37 3.06 × 10−02

X2X2 −2.34 −0.90 3.81 × 10−01 −0.32 −0.20 8.42 × 10−01

X3X3 24.40 9.41 6.38 × 10−08 14.93 9.33 7.13 × 10−08

X4X4 −1.88 −0.73 4.79 × 10−01 −0.77 −0.48 6.37 × 10−01

X1X2 −0.29 −0.08 9.35 × 10−01 0.80 0.37 7.13 × 10−01

X1X3 −5.33 −1.54 1.43 × 10−01 −5.78 −2.70 1.57 × 10−02

X1X4 −1.41 −0.41 6.89 × 10−01 0.29 0.13 8.95 × 10−01

X2X3 −1.84 −0.53 6.02 × 10−01 −01

X2X4 1.66 0.48 6.39 × 10
X3X4 −3.30 −0.95 3.55 × 10

Fig. 5. Effect of initial Sr2+ concentration of the Sr2+ adsorption onto non-treated
and HCl-treated Kula volcanics.

Fig. 6. Effect of contact time on Sr2+ adsorption on non-treated and HCl-treated Kula
volcanics.
−2.58 −1.20 2.46 × 10
−01 2.30 1.07 2.98 × 10−01

−01 −1.90 −0.89 3.88 × 10−01

3.1. Non-treated Kula volcanics

Interactions between independent variables are shown in 3D
surface plots with other variables being at fixed levels (Fig. 7A–F).
Fig. 7A shows the dependence of adsorption on both pH (X1)
and temperature (X2). Between 20 ◦C and 45 ◦C, sorption increases
by increasing of temperature and after that decreases slightly by
increasing of temperature. At a temperature of 45 ◦C and pH 6.6,
maximum Kd (60.68 mL/g) is observed.

Fig. 7B and C shows the interactions between pH (X1)–initial
Sr2+ concentration (X3) and pH (X1)–contact time (X4), respec-
tively. Maximum Kd (245.5 mL/g) is observed at 10 ppm initial Sr2+

concentration and pH 9. At a 150 min  contact time and pH 6.3,
maximum Kd (63.77 mL/g) is observed.

Interaction between temperature (X2) and initial Sr2+ concen-
tration (X3) is shown in Fig. 7D. Maximum Kd (235.1 mL/g) is
observed at 10 ppm of initial Sr2+ concentration and 50 ◦C. Fig. 7E
shows the interaction between temperature (X2) and contact time
(X4). At 52 ◦C and 175 min  contact time, maximum Kd (66.41 mL/g)
is observed. Fig. 7F shows the interaction between initial Sr2+ con-
centration (X3) and contact time (X4). Maximum Kd (248.4 mL/g) is
observed at 175 min  contact time and 10 ppm initial Sr2+ concen-
tration.

3.2. HCl-treated Kula volcanics

Interactions between independent variables are shown in 3D
surface plots with other variables being at fixed levels (Fig. 8A–F).
Fig. 8A shows the interaction between two  independent vari-
ables of pH (X1) and temperature (X2). Maximum Kd (87.27 mL/g)
is observed at 60 ◦C and pH 9. Fig. 8B shows the interaction
between pH (X1) and initial Sr2+ concentration (X3). Maximum Kd

(225.5 mL/g) is observed at 10 ppm initial Sr2+ concentration and
pH 9. Fig. 8C shows the interaction between pH (X1) and contact
time (X4). Maximum Kd (83.98 mL/g) is observed at 175 min  contact
time and pH 9. Fig. 8D shows the interaction between temperature



C. Kütahyalı et al. / Journal of Hazardous Materials 201– 202 (2012) 115– 124 121

F f Sr2+

e fect o
t

(
i
s
(
c
c
o
t

3

p
s

ig. 7. (A–F) Response surface graphs for interactions of investigated parameters o
ffect  of pH and initial Sr2+ concentration; (C) effect of pH and contact time; (D) ef
ime;  (F) effect of contact time and initial Sr2+ concentration.

X2) and initial Sr2+ concentration (X3). Maximum Kd (177.2 mL/g)
s observed at 10 ppm initial Sr2+ concentration and 60 ◦C. Fig. 8E
hows the interaction between temperature (X2) and contact time
X4). Maximum Kd (56.6 mL/g) is observed at 60 ◦C and 175 min
ontact time. Fig. 8F shows interaction between initial Sr2+ con-
entration (X3) and contact time (X4). Maximum Kd (173.3 mL/g) is
bserved at 175 min  contact time and 10 ppm initial Sr2+ concen-
ration.

.3. Kinetic investigations
Various models can be used to analyze the kinetics of sorption
rocess. Azizian [24] reported that when the initial concentration of
olute is low, the pseudo second order model is suitable for analysis
adsorption onto non-treated Kula volcanics. (A) Effect of pH and temperature; (B)
f temperature and initial Sr2+ concentration; (E) effect of temperature and contact

of sorption kinetics, and when the initial concentration is high, the
pseudo first order model becomes suitable.

The Lagergren first-order kinetic model equation is given as:

ln(qe − qt) = ln qe − k1t (6)

The plot of ln(qe − qt) against t provides a linear relationship from
which k1, constant of pseudo-first-order adsorption (min−1) and
qe, adsorption capacity at equilibrium (mg/g) are determined from
the slope and intercept of the plot, respectively, given that qt is the
adsorption capacity at time t (mg/g).
The rate law for a pseudo second order system is expressed as

dq

dt
= k2(qe − q)2 (7)
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here q and qe are the grams of solute sorbed per gram of sorbent at
ny time and at equilibrium, respectively, and k2 is the rate constant
f second order sorption. After integration to obtain a linear form:

t

qt
= 1

k2q2
e

+ 1
qe

t (8)

he plot of t/qt versus t gives a straight line with slope of 1/qe and
ntercept of 1/k2q2

e . Thus, the gram of solute sorbed per gram of
orbent at equilibrium (qe) and sorption rate constant (k2) could
e evaluated from the slope and intercept, respectively. Kinetic

nvestigation was performed under the following experimental
onditions: 50 ppm initial Sr2+ concentration, pH 6, 40 ◦C tempera-
ure and time range as 15–175 min  by 15 min  time intervals. Then q

alues for non-treated and HCl-treated Kula volcanics are obtained
y evaluation of Eqs. (4) and (5),  respectively (Table 6). The cor-
elation coefficients for the pseudo-second-order kinetic model
ere higher than that of the Lagergren first-order. Therefore, the
adsorption onto HCl-treated Kula volcanics. (A) Effect of pH and temperature; (B)
f temperature and initial Sr2+ concentration; (E) effect of temperature and contact

sorption system fits to the pseudo-second-order kinetic model. qe

values obtained from the pseudo-second-order kinetic model show
that Sr2+ sorption is higher on non-treated Kula volcanics than
HCl-treated. However, as k2 values, faster adsorption occurs on
HCl-treated Kula volcanics. It can be concluded that modification of
Kula volcanics with HCl increases the sorption rate of Sr2+ ions. Cor-
relation coefficient (R2) values indicate that pseudo second order
rate equation completely fits the sorption behavior of low concen-
trations of strontium ions onto non-treated and HCl-treated Kula
volcanic samples.

3.4. Sorption isotherms
In order to understand the sorption capacity of the adsorbents,
the equilibrium data were evaluated according to the Freundlich,
Langmuir and D–R isotherms. Fig. 9 shows the experimental
isotherm data (qe versus Ce) for both adsorbents.
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Table 6
Grams of solute sorbed per gram of sorbent at equilibrium (qe), Lagergren first order (k1) and pseudo second order (k2) rate constants and correlation coefficient values.

Lagergren first-order Pseudo-second-order

qe (mg/g) k1 (min−1) R1
2 qe (mg/g) k2 (g/mg min) R2

2

0.940
0.890

m

w
a
c
L
t
h
u
s
t
o

s

q

F
v

Non-treated 0.61 −0.01 

HCl-treated 0.23 −0.01 

The Langmuir equation, which has been successfully applied to
any sorptions, is given by:

Ce

qe
= 1

bnm
+ Ce

nm
(9)

here Ce is the equilibrium concentration (mg  L−1), qe is the
mount absorbed at equilibrium (mg/g), nm and b are the Langmuir
onstants related to monolayer capacity and energy of sorption.
angmuir isotherm models the monolayer coverage of the sorp-
ion surface. This model assumes that sorption occurs at specific
omogeneous sorption sites within the adsorbent and intermolec-
lar forces decrease rapidly with the distance from the sorption
urface. The Langmuir sorption model further based on the assump-
ion that all sorption sites are energetically identical and sorption
ccurs on a structurally homogeneous adsorbent [25].

The Freundlich equation, which was applied for the sorption of

trontium is given as,

e = KCn
e (10)
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ig. 9. Experimental isotherm data for non-treated (A) and HCl-treated (B) Kula
olcanics.
9 2.04 0.05 0.9994
0 1.60 0.16 0.9998

Eq. (10) can be rearranged to linear form,

log qe = log K + n log Ce (11)

where qe is the amount of solute adsorbed per mass unit adsorbent,
Ce is the equilibrium concentration, K and n are the Freundlich con-
stants characteristic of a particular sorption isotherm and can be
evaluated from the intercept and slope of the linear plot of log qe

versus log Ce.
The experimental data were fitted using the Dubinin–

Radushkevich (D–R) equation in order to understand the sorption
type.

The linearised D–R equation can be written as,

ln X = ln Xm − Kε2 (12)

where ε is Polanyi potential and is equal to,

ε = RT ln
(

1 + 1
Ce

)
(13)

X is the amount of metal adsorbed per unit mass of adsorbent, Xm

is the theoretical sorption capacity, Ce is the equilibrium concen-
tration of metal, K is the constant related to sorption energy, R is
the universal gas constant and T is the temperature in Kelvin.

D–R isotherm constants K and Xm were evaluated from the slope
and intercept of the plot ln X versus ε2, respectively. The mean free
energy of sorption (EDR) is the free energy change when 1 mol of a
solute is transferred to the surface of the adsorbent from infinity in
the solution, and that has been calculated by

EDR = (−2K)1/2 (14)

The magnitude of EDR (kJ mol−1) is useful for estimating the type of
sorption reaction, and if it ranged between 8.0 and 16.0 the sorption
should be taken place by ion exchange reaction.

For the sorption isotherm examination, initial Sr2+ concentra-
tions ranging from 10 to 70 mg  L−1 (at pH 6, 40 ◦C temperature, and
95 min  contact time) were chosen and q values for non-treated and
HCl-treated Kula volcanics obtained by evaluation of Eq. (4).  In the
present case, the EDR values obtained (12.58 and 13.36 kJ mol−1, for
non-treated and HCl-treated Kula volcanics, respectively) indicate
ion exchange mechanism. The corresponding Freundlich, Lang-
muir and D–R parameters along with correlation coefficients are
reported in Table 7. The correlation coefficients (R2 0.99) indicate
that the Langmuir model fits better than the Freundlich model for
the strontium sorption onto non-treated and HCl-treated Kula vol-
canics.

3.5. Thermodynamic results

Sorption enthalpy was  measured using the method based on the
Van’t Hoff plot. The values of �H◦ and �S◦ are calculated from the
slopes and intercepts of the linear variation of ln Kd with reciprocal
temperature, 1/T, using the relation:

ln Kd = �S◦
− �H◦

(15)

R RT

where �H◦ and �S◦ are the standard enthalpy and entropy changes
of sorption, respectively. The results are given in Table 8. Pos-
itive �H◦ values for strontium sorption onto non-treated and
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Table 7
Sorption isotherm constants for the sorption of strontium onto non-treated and HCl-treated Kula volcanics.

Freundlich Langmuir Dubinin–Radushkevich

R2 n K R2 nm (mg/g) b (L/mg) R2 K (mol2 kJ−2) Xm (mol/g) EDR (kJ mol−1)

Non-treated 0.92 0.38 0.53 0.99 2.40 0.14 0.94 3.16 × 10−03 8.59 × 10−05 12.58
HCl-treated 0.83 0.32 0.49 0.99 1.72 0.21 0.86 2.80 × 10−03 5.65 × 10−05 13.36

Table 8
Thermodynamic parameters for strontium sorption onto non-treated and HCl-treated Kula volcanics.

�H◦ (kJ mol−1) �S◦ (J/(mol K)) �G◦ (kJ mol−1)
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[24] S. Azizian, Kinetic models of sorption: a theoretical analysis, J. Colloid Interface
Sci. 276 (2004) 47–52.
Non-treated 2.91 54.50 

HCl-treated 3.50 53.61 

Cl-treated Kula volcanics indicate that sorption of strontium is
ndothermic.

The free energy of specific sorption �G◦ is calculated using the
quation:

G◦ = �H◦ − T �S◦ (16)

he calculated negative values of �G◦ for all cases indicate that the
orption process of each is spontaneous and preferentially driven
oward the products. Temperature change has no significant effect
n �G◦ values for both non-treated and HCl-treated Kula volcanics.
emperature effect on strontium sorption onto both of non-treated
nd HCl-treated Kula volcanics was discussed previously in Section

 and it was found that temperature had no significant effect on
orption. Thermodynamic results are in same sense and prove that
onclusion.

. Conclusions

In the present work, sorption behavior of Sr2+ onto Kula volcanic
amples was investigated to obtain data on the radionuclide migra-
ion. The distribution coefficient (Kd) values of Sr2+ derived from
atch experiments were used to evaluate the migration behavior
f Sr2+. Central Composite Design was used in the experiments. Sr
orption was studied as a function of pH, temperature, initial con-
entration of adsorbate and contact time. The results show that
he Kd values are higher at pH 7–9 which is the pH range of the
atural waters. The kinetic data conformed better to the pseudo-
econd-order equation. Thermodynamic parameters �H◦, �S◦ and
G◦ were estimated and these parameters show that adsorption is

ndothermic. The Langmuir, Freundlich and D–R adsorption mod-
ls were used for mathematical description of the adsorption of
he Sr2+ ions onto Kula volcanics. The correlation coefficients indi-
ate that the Langmuir model fits better than the Freundlich model
or the strontium sorption onto non-treated and HCl-treated Kula
olcanics (correlation coefficients are 0.99).
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