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Activated carbon prepared by the chemical activation of olive stone was examined for the sorption of ura-
nium and thorium from aqueous solutions. Precursor/activating agent (ZnCl2) ratio (1:2) and 500 �C car-
bonization temperature were used for the preparation of the sorbent. The total sorption capacities were
found to be 0.171 and 0.087 mmol g�1 for uranium and thorium, respectively. The sorption of uranium
and thorium was studied as a function of shaking time, pH, initial metal ion concentration, temperature
and adsorbent concentration in a batch system. The sorption followed pseudo-second-order kinetics. DH�
and DS� values for thorium and uranium sorption were calculated from the slope and intercept of plots of
ln Kd versus 1/T. The positive values of DH� indicate the endothermic nature of the process for both met-
als and decrease in the value of DG� with rise in temperature show that the sorption is more favorable at
high temperature.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Many activities dealing with radioactive materials produce low,
intermediate and high level radioactive wastes that require ad-
vanced treatment [1–3]. Evaporation, precipitation, ion exchange,
or adsorption may be used to concentrate wastes for further treat-
ment or disposal. Among these separation techniques; adsorption
is one of the most widely used one. Especially, activated carbon
adsorption is often used in nuclear industry due to its selective
adsorption, high adsorption capacity, high radiation stability and
high purity [4].

Active carbons can be produced almost any carbonaceous mate-
rial. Agricultural by-products represent an important and economic
source for the production of carbon adsorbents, particularly where
coal as a conventional source is not available. Many investigations
have been devoted for the preparation and characterization of car-
bons and activated carbons from agricultural by-products; fruit
stones, shells, seeds and olive stones [5–9].

The removal of radionuclide and toxic heavy metals such as ura-
nium and thorium from aqueous waste solutions seems to be a sig-
nificantly useful subject for environmental control [10]. The major
use of uranium and thorium as nuclear fuel for the production of
nuclear energy in a nuclear reactor is well known [11]. Nuclear
power is derived from uranium, which has no significant commer-
cial use other than as a fuel for electricity generation. Thorium can
ll rights reserved.
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be used as an alternate nuclear fuel by converting into 233U. Unlike
uranium, thorium and its compounds and alloys find widespread
use. Thorium oxide finds application as catalyst, high temperature
ceramic and high quality lenses [12]. In view of the extensive usage
of uranium and thorium for various industrial purposes and their
toxicity, precise determination of these metals in environmental,
metallurgical, geological materials is of greatest importance prior
to pollution control measures or its use as alloys or in understand-
ing the correlation between diseases of animals and aquatic organ-
isms and soil chemistry.

Many researchers have been studying the removal of uranium
and thorium using different types of activated carbons. Metaxas
et al. [13] reported different types of adsorbents including acti-
vated carbons for the adsorption of thorium. Mahramanlioglu
[14] tested the activated carbons from used tires adsorption of ura-
nium. There are several research related to adsorption of uranium
on activated carbons in the literature [15–19]. Furthermore
activation processes by using gases for the production of activated
carbons from olive stones has been investigated of many research-
ers [20–22].

In this study, olive stones were used as the starting material
for the production of activated carbon owing to Aegean Region
of Turkey is famous with olive trees. Therefore, there are consid-
erable amount of olive stones as an agricultural by-product which
can be widely used as a precursor for the preparation of activated
carbon. Chemical activation was used for the preparation of acti-
vated carbon. Adsorption experiments were made by batch
technique.

http://dx.doi.org/10.1016/j.jnucmat.2009.11.018
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Fig. 1. Preparation conditions and adsorption capacities of the activated carbons.
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2. Materials and methods

2.1. Chemicals and reagents

UO2(NO3)2�6H2O and Th(NO3)4�5H2O were obtained from Merck
Co. A stock solution of uranium and thorium (1 g l�1) was prepared
by dissolving UO2(NO3)2�6H2O and Th(NO3)4�5H2O in deionized
water and acidified with concentrated HNO3 to prevent hydrolysis.
Unless stated otherwise, all chemicals and reagents used in this
study were of analytical reagent (AR) grade.

2.2. Preparation of the adsorbent and its characterization

Olive stone was used as the starting material for the preparation
of activated carbon in this study. Olive stones were collected,
washed with tap water, dried at 100 �C and crushed. Activated car-
bon was prepared by chemical activation of the starting material
using ZnCl2 as chemical agent. The preparation method has been
described elsewhere [23]. The starting material was mixed by stir-
ring with ZnCl2 solution in the ratios of (starting material/activat-
ing agent) 1:1 and 1:2. The resulting chemical-loaded samples
were then heated to varying carbonization temperatures from
500 to 700 �C.

The adsorption capacity of activated carbons is determined by
their porous structure and surface area but is also strongly influ-
enced by the presence of functional groups at the carbon surface.
Activated carbons are known to contain a variety of heteroatoms
such as oxygen, hydrogen, chlorine, and sulfur. Heteroatoms are
either derived from the starting material, and become a part of
the chemical structure as a result of imperfect carbonization, or
chemically bonded to the carbon during activation or during subse-
quent additional treatments, such as oxidation. The most common
are carboxyl, carbonyl, carbonyl (quinone type), phenolic hydroxyl,
anhydride, ether-type, lactone, and lactal [24]. For this purpose FTIR
spectroscopy was used to understand the surface characteristics of
resulted activated carbon. The internal structure of the adsorbent
was examined using a scanning electron microscopy.

Textural characteristics of the activated carbon were deter-
mined by nitrogen adsorption at 77.15 K using an automatic
Micromeritics ASAP-2020 surface area analyzer. The Brunauer–
Emmett–Teller (BET) surface area, micropore volume, and micro-
pore surface area of the activated carbons were determined using
BET method, using the software available with the instrument.
The Barrett–Joyner–Halenda (BJH) method was used to calculate
the pore size distribution.

2.3. Adsorption experiments

Batch adsorption experiments were performed by a thermostat-
ically controlled shaker (GFL-1083 model). In the experiments,
activated carbon was separately shaken with metal solutions at
varying experimental conditions in 25 ml Erlenmeyer flasks at a
speed of 100 rpm. The concentration of uranium and thorium
was determined before and after equilibrium by the Perkin Elmer
Optima 2000 DV Inductively Coupled Plasma-Optical Emission
Spectrometer (ICP-OES). All the experiments were carried out in
duplicate and the mean value was used in all cases.

The amount of metal adsorbed by activated carbon was calcu-
lated using the following equation:

qe ¼ ðC0 � CeÞ � V=m ðmg=gÞ ð1Þ

where qe is the metal uptake (mg g�1), C0 and Ce are the initial and
equilibrium metal concentrations in the solution (mg l�1), respec-
tively, V is the solution volume (l), and m is the mass of adsorbent
(g).
The distribution coefficient (Kd) of metal ions between the
aqueous phase and the solid phase can be directly obtained using:

Kd ¼
C0 � Ce

Ce
� V

m
ðml=gÞ ð2Þ

where C0 (g l�1) and Ce (g l�1) are initial and equilibrium uranium or
thorium concentrations, respectively, V/m is the ratio of the volume
of the metal solution (ml) to the amount of adsorbent (g) in a batch.
3. Results and discussion

3.1. Total sorption capacity

The total sorption capacity studies were carried out using the
batch technique for uranium and thorium. The ratios of (starting
material/activating agent) 1:1 and 1:2 and varying carbonization
temperatures from 500 to 700 �C were examined. Adsorbent
(0.1 g) was equilibrated with 200 mg l�1 metal ions for 3 h at
30 �C. All activated carbons have a particle size of <0.125 mm.
The smaller particle sizes of a porous carbon have the greater rate
of diffusion and adsorption. Therefore the smaller particles have
more outer surface for contacting the adsorbate solution [23,24].
The amount of metal ions sorbed on the activated carbon was cal-
culated from the difference in the metal ion concentration in the
solution before and after sorption. Fig. 1 shows that the prepara-
tion conditions and total sorption capacities of the activated car-
bons. The results show that uranium sorption capacities are very
similar for all types of adsorbents. But in the case of thorium,
500 �C carbonization temperature and starting material/activating
agent ratio of 1:2 has the highest sorption capacity. The total sorp-
tion capacities of this adsorbent were found to be 0.171 and
0.087 mmol g�1 for uranium and thorium, respectively.

Uranium adsorption has been previously investigated by some
researchers. For instance, Karadeniz et al. [25] have used commer-
cially available activated carbon (Merck) for the uranium adsorp-
tion, and found the adsorption capacity of 0.120 mmol g�1 which
is slightly lower than that of observed for olive stone. The similar
result was found for Th adsorption worked by Metaxas et al.
[13]. Activated carbon prepared by the activation of olive stone
with a steam/nitrogen mixture, and Kd values found as
123.4 ml g�1 which is lower than the value obtained in current
work (Kd = 170.0 ml g�1). From this point of view starting mate-
rial/activating agent ratio of 1:2 and 500 �C carbonization temper-
ature were used for the preparation of the adsorbent and tested for
the adsorption of uranium and thorium.

Fig. 2 shows the intra-structure of the prepared adsorbent ob-
tained by scanning electron microscopy (SEM). From the picture
different pore sizes may be observed.



Fig. 2. SEM photograph of activated carbon.
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Fig. 4. Effect of shaking time on uranium and thorium adsorption (initial uranium
and thorium concentrations: 200 mg l�1; temperature: 30 �C; adsorbent amount:
0.1 g).
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The BET surface area of activated carbon is found as 464.68 m2/g.
BJH adsorption cumulative surface area of pores (17 Å < d < 3000 Å)
is 0.521 m3/g, whereas BJH adsorption cumulative volume of pores
(17 Å < d < 3000 Å) is 0.020 cm3/g. BJH adsorption average pore
diameter is 1559.33 Å. According to t-plot analysis micropore
volume is 0.11 cm3/g and micropore area is 259.6 m2/g.

FTIR spectroscopy was used to understand the surface charac-
teristics of resulted activated carbon which has starting material/
activating agent ratio of 1:2 and 500 �C carbonization temperature.
As can be seen in Fig. 3, the absorption bands observed in the re-
gion 1000–1440 cm�1 was assigned to the C–O stretching and O–
H bending modes [6]. The band in the region of 1800–1540 cm�1

was associated with the C@O stretching mode in carbonyls, car-
boxylic acids, and lactones [6,21,24].

3.2. Effect of contact time

The effect of contact time was investigated for the adsorption of
U(VI) and Th(IV) on activated carbon as a function of shaking time
varying from 5 to 240 min. Fig. 4 shows that increasing shaking
time does not affect significantly the adsorption of U(VI) on acti-
vated carbon. But in case of thorium adsorption, the adsorption
slightly increases with an increase of shaking time and reaches
Fig. 3. FTIR spectroscopy of activated carbon.
equilibrium within 30 min. Therefore, 5 min and 30 min shaking
times were chosen as optimum contact times for uranium and tho-
rium, respectively.

3.3. Kinetics of adsorption

In order to study the specific rate constant of uranium and tho-
rium activated carbon system, a pseudo-second-order rate equa-
tion [26] was used to simulate the kinetic sorption of uranium
and thorium on activated carbon.

t
qt
¼ 1

K2q2
e
þ 1

qe
t ð3Þ

where qt (mg/g) is the amount of uranium or thorium adsorbed on
activated carbon at time t, and qe (mg/g) is the equilibrium adsorp-
tion capacity. K2 (g mg�1 h�1) is the pseudo-second-order rate con-
stant of adsorption. The straight-line plots of t/qt versus t (Fig. 5)
indicate that the kinetic sorption of uranium and thorium on acti-
vated carbon is well described by the pseudo-second-order rate
equation. The values of K2 and qe which are calculated from the
intercept and slope of Eq. (3) were given in Table 1.

The correlation coefficients of the pseudo-second-order rate
equation for the linear plot suggests that the kinetic adsorption
can be described by the pseudo-second-order rate equation very
well.

3.4. Effect of solution pH

The pH dependence of metal ion adsorption is a complex phe-
nomenon and strongly influences the metal ion adsorption. Fig. 6
presents the effect of pH on the amount of metal ions adsorbed
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Fig. 5. Pseudo-second-order kinetic plots for the adsorption of uranium and
thorium onto activated carbon.



Table 1
Kinetic parameters for the adsorption of uranium and thorium onto activated carbon.

K2 (g mg�1 h�1) qe (mg g�1) R2

Pseudo-second-order
Uranium 1.53 40.49 0.9997
Thorium 0.89 13.35 0.9953
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Fig. 7. Effect of initial uranium and thorium concentration of activated carbon
adsorption (initial pH: 6 for uranium, pH: 4 for thorium; shaking time: 5 min for
uranium, 30 min for thorium; temperature: 30 �C; adsorbent amount: 0.1 g).
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onto activated carbon with respect to qe (mg g�1). Uranium solu-
tion pH was adjusted using Na2CO3 and HNO3. Carbonates can
strongly coordinate uranyl ion. About pH 7, the uranyl ion forms
very stable complexes with carbonate. As can be seen from the
Fig. 6, adsorption slightly decreases as the pH higher than 6, this
is because of the formation of ðUO2ðCO3Þ2Þ

2� and/or
ðUO2ðCO3Þ3Þ

4� stable complexes [27].
Sodium acetate and acetic acid were used for adjusting thorium

solution pH. As it was known that when pH is around 4.0, the pre-
dominant thorium complex ions would be [ThCH3COO]3+ and
½ThðCH3COOÞ2�

2þ, while the complexes ½ThðCH3COOÞ2�
2þ and

½ThðCH3COOÞ3�
þ are dominant when pH is around 5.0. So, it could

be concluded from the experimental results that the size of Th(IV)
complex ions is an important factor influencing the adsorption
capacity on the adsorbent [28]. Hence, pH 6 for uranium and pH
4 for thorium were used all further studies.

3.5. Effect of initial metal ion concentration

The effect of initial metal ion concentration on the adsorption of
uranium and thorium was studied in the range of 25–300 mg l�1.
The amount of uranium and thorium adsorbed on the adsorbent
(mg g�1) increased with the initial concentration of the metal ions.
As can be seen from Fig. 7, an increase in the initial metal ion con-
centration from 25 to 300 mg l�1, leads to an increase in the
amount of metal ions from 6.1 to 52.2 mg g�1 for uranium and
4.5–18.3 mg g�1 for thorium adsorbed on activated carbon. The in-
crease in initial metal ion concentration enhances the interaction
between adsorbate and the adsorbent.

3.6. Effect of temperature

Fig. 8 shows that the effect of temperature on the adsorption of
uranium and thorium on activated carbon. Uptake of uranium and
thorium slightly increases with increasing temperature.

Adsorption enthalpy was measured using the method based on
the Van’t Hoff plot. The values of DH� and DS� are calculated from
the slopes and intercepts of the linear variation of ln Kd with reci-
procal temperature, 1/T, Fig. 9, using the relation:
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Fig. 6. Effect of initial pH on uranium and thorium adsorption on activated carbon
(initial uranium and thorium concentrations: 200 mg l�1; shaking time: 5 min for
uranium, 30 min for thorium; temperature: 30 �C; adsorbent amount: 0.1 g).
ln Kd ¼
DS�

R
� DH�

RT
ð4Þ

where DH� and DS� are the standard enthalpy and entropy changes
of adsorption, respectively. The free energy of specific adsorption
DG� is calculated using the equation:

DG� ¼ DH� � TDS� ð5Þ

DG� values are also given in Table 2. Positive values of DH� indicate
the endothermic nature of the adsorption process for both metals
and decrease in the value of DG� with rise in temperature show that
the adsorption is more favorable at high temperature.

3.7. Effect of adsorbent concentration

The effect of the adsorbent concentration on the adsorption of
uranium and thorium was studied. As seen from Fig. 10, the
adsorption of uranium and thorium decreases with the rise of
the concentration of adsorbent. Increasing number of adsorbent
particles in the solution allows that more uranium and thorium
ions to interact with the reaction sites.

3.8. Adsorption isotherms of uranium and thorium

In order to understand the adsorption capacity of the adsorbent,
the equilibrium data were evaluated according to the Freundlich,
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Fig. 8. Effect of temperature on the uranium and thorium adsorption (initial
uranium and thorium concentration: 25 mg l�1; initial pH: 6 for uranium, pH: 4 for
thorium; shaking time: 5 min for uranium, 30 min for thorium; adsorbent amount:
0.1 g).
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Fig. 10. Effect of adsorbent concentration on the uranium and thorium adsorption
(Initial uranium and thorium concentration: 25 mg l�1; Initial pH: 6 for uranium,
pH: 4 for thorium; shaking time: 5 min for uranium, 30 min for thorium;
temperature: 30 �C).
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Fig. 11. Langmuir plots for the adsorption of uranium and thorium on activated
carbon.
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Fig. 12. Freundlich plots for the adsorption of uranium and thorium on activated
carbon.
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carbon.

Table 2
Thermodynamic parameters for uranium and thorium adsorption on activated
carbon.

DH� (kJ/
mol)

DS�(kJ/
molK)

DG� (kJ/mol)

288 K 303 K 313 K 323 K

Uranium 16.59 0.13 �20.76 �22.71 �24.00 �25.30
Thorium 7.42 0.08 �15.73 �16.94 �17.74 �18.54

y = -0,0032x - 7,1359

R2 = 0,9664
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R2 = 0,9581
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Fig. 13. D–R plots for the adsorption of uranium and thorium on activated carbon.
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Langmuir and D–R isotherms. The Langmuir equation [29], which
has been successfully applied to many adsorptions, is given by:

Ce

qe
¼ 1

bnm
þ Ce

nm
ð6Þ

where Ce is the equilibrium concentration (mg l�1), qe is the amount
absorbed at equilibrium (mg g�1), nm and b is the Langmuir con-
stants related to monolayer capacity and energy of adsorption. A
linearised plot of Ce/qe versus Ce is obtained for uranium and tho-
rium adsorption on activated carbon as shown in Fig. 11.

The Freundlich equation, which was applied for the adsorption
of uranium and thorium is given as,

qe ¼ KC1=n
e ð7Þ
Eq. (7) can be rearranged to linear form,

log qe ¼ log K þ 1
n

log Ce ð8Þ

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 adsorption isotherm and can be
evaluated from the intercept and slope of the linear plot of log qe

versus log Ce (Fig. 12).
The experimental data were fitted using the Dubinin–Rad-

ushkevich (D–R) equation in order to understand the adsorption
type.



Table 3
Adsorption isotherm constants for the adsorption of uranium and thorium on activated carbon.

Freundlich Langmuir Dubinin-Radushkevich

R2 n K R2 nm (mg/g) b (l/mg) R2 K (mol2kJ�2) Xm (mol/kg) EDR (kJ/mol)

Uranium 0.9720 2.30 8.14 0.9884 57.80 0.095 0.9664 3.2 � 10�3 7.9 � 10�4 12.5
Thorium 0.9762 2.41 1.79 0.9423 21.28 0.018 0.9581 3.7 � 10�3 2.2 � 10�4 11.6
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The linearised D–R equation can be written as,

ln X ¼ ln Xm � Ke2 ð9Þ

where e is Polanyi potential and is equal to,

e ¼ RT ln 1þ 1
Ce

� �
ð10Þ

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

is the theoretical adsorption capacity, Ce is the equilibrium con-
centration of metal, K is the constant related to adsorption en-
ergy, R is the universal gas constant and T is the temperature
in Kelvin.

Fig. 13 shows the plot of ln X against e2. DR isotherm constants
K and Xm were evaluated from the slope and intercept of the plot,
respectively. The mean free energy of adsorption (EDR) is the free
energy change when one mole of a solute is transferred to the sur-
face of the adsorbent from infinity in the solution, and that has
been calculated by

EDR ¼ ð�2KÞ�1=2 ð11Þ

The magnitude of EDR (kJ mol�1) is useful for estimating the type of
adsorption reaction, and if it ranged between 8.0 and 16.0 the
adsorption should be taken place by ion exchange reaction. The
D–R parameters and mean free energies evaluated are shown in
Table 3. In the present case, the EDR value obtained (12.5 and
11.6 kJ mol�1, for uranium and thorium, respectively), which indi-
cates ion exchange mechanism.

The corresponding Freundlich, Langmuir and D–R parameters
along with correlation coefficients are reported in Table 3. The cor-
relation coefficients indicate that the Langmuir model fits better
than the Freundlich model for the uranium adsorption on activated
carbon (correlation coefficient is 0.99). nm and b was found as
57.80 mg g�1 and 0.095 l mg�1, respectively. In the case of thorium,
the adsorption can be modelled by the Freundlich Isotherms. The
K and n values, respectively, were found to be 1.79 and 2.41
(correlation coefficient is 0.98).

4. Conclusion

In the present study the preparation conditions of activated car-
bon from olive stones and its uranium and thorium adsorption
properties are reported. Chemical activation process was used to
prepare activated carbon from olive stones. ZnCl2 was selected as
an activating agent and 1:2 (starting material/activating agent) ra-
tio and 500 �C carbonization temperature were determined as the
optimum conditions to be used for the uranium and thorium
adsorption. Adsorption experiments were conducted by batch
technique. Uranium and thorium adsorption on activated carbon
prepared from olive stone was pH dependent and the maximum
adsorption occurred at pH 6 and pH 4, respectively. The kinetic
data conformed better to the pseudo-second-order equation. Ther-
modynamic parameters DH�, DS� and DG� were estimated and
these parameters show that adsorption is endothermic. The exper-
imental results indicated that the activated carbon from olive stone
can be effectively applied to the removal of uranium and thorium
from aqueous solutions.
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